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Preface
As a kid, if someone asked me what I wanted to become, ’engineer’ would not be the answer. At pri-
mary school I answered this question with: dolphin trainer. Later, in high school I answered it with: pilot.
Even during my studies I had not yet thought that I would eventually become a mechanical engineer.
The interest in technology and the fascinating possibilities that it brings are slowly grown. Which has
now ledme to observing the latest technologies with full admiration and the urge to work on themmyself.

During my master I thought a lot about what kind of mechanical engineer I would like to become.
This resulted in, eventually, that I want to help others. Engineering for medicine falls within this goal, in
which technology makes life more comfortable for patients and can assist doctors during surgery. With
the help of many technical developments, medicine has grown into what it is today.

With this thought the direction of this thesis was chosen. It is still a long way off, but energy har-
vesting for pacemakers is such a technical development. The patients comfort increases, since a
pacemaker replacement would no longer be required. I enjoyed working on this research, bearing in
mind that this will hopefully bring energy harvesting for pacemakers a step closer to reality. And that,
in my own way, I have been able to contribute to the improvement of the medical world. Even if it is
only a small contribution. I hope you enjoy reading my thesis.

R. Bastiaanse
Delft, January 2021

iii





Summary
A pacemaker runs on a conventional battery that lasts for approximately 6-12 years, after which the
pacemaker must be replaced. Converting the heart wall vibrations into electricity through a vibration
energy harvester has been considered a promising solution to this problem. However, the complexity
of the heart signals on which the energy harvester has to operate is a challenge. The human heart
signal is a broadband signal, consisting of a varying acceleration amplitude at low frequencies. Most of
the testing signals used in the labs are harmonic signals, Gaussian white noise or Gaussian coloured
noise. These signals do not have the same characteristics as a human heart signal. In addition, the
dynamical behaviour of an energy harvester differs per input signal. Therefore, it is important to test
energy harvesters on the operation signal, in this case human heart acceleration signals. A heart sig-
nal differs per person depending on, for instance, someone’s age, sex and health. This means that
multiple human heart input signals are needed. Ethical requirements make the measurement of these
signals with the necessary details a challenge in itself.

In order to meet this demand and to avoid this ethical issue, a heart signal generator is developed
as a first step towards the testing of energy harvesters on an approximation of human heart signals.
Three different sources of heart signals are combined in order to obtain a new source of heart signals,
an approximation of reality, which can be used for the testing. Speckle Tracking Echocardiography
signals, open-chest pig heart acceleration signals and human chest motion acceleration signals are
analysed and their characteristics are used as the source for the heart signal generator. This heart sig-
nal generator is able to mimic multiple heartbeats and the influence of the heart rate on the amplitude
and signal duration. The disadvantages of accelerometer measurements are compensated with the
advantages of Speckle Tracking Echocardiography measurements, and vice versa, in order to obtain
an accurate and detailed heart signal.

The output of the heart signal generator is a one-dimensional acceleration signal. An energy har-
vester is tested on multiple generated heart signals for a heart rate range of 120-200 bpm. It was
observed that the mean power output and the efficiency of the energy harvester differs per heart sig-
nal. This shows that testing on multiple heart signals is crucial in order to validate that enough power
is generated for charging the battery.
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1
Introduction

This chapter introduces the concept of energy harvesting for powering pacemakers.
It discusses what is needed for further developments. This is translated into a
problem statement and research question. Finally, the thesis structure is outlined.
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2 1. Introduction

1.1. Background
Each year 600.000 new pacemakers are implanted [1]. A pacemaker ensures that the heart of a patient
with cardiac arrhythmia keeps beating in the right rhythm. The activity of the pacemaker necessary to
combat the arrhythmia determines the battery life. Nowadays, a pacemaker runs on a conventional
battery that lasts for approximately 6-12 years, after which the pacemaker must be replaced [2]. This
means that a new pacemaker implantation is needed, accounting for approximately 25% of all pace-
maker implantation procedures. As these procedures come with complications, such as infections
or bleeding [3], powering the pacemaker through an energy harvester has been considered to be a
promising alternative. Energy can be harvested by heat, wind or vibration, for example. Vibration en-
ergy harvesting refers to the method in which ambient vibrations are converted to electricity [4]. These
vibrations can be anything in the environment, from machines that vibrate, the oscillations of a bridge
and, in this case, the pulsation of the human heart wall. By converting these vibrations into electric-
ity, a battery can be recharged. A method of converting these vibrations to electricity is by the use of
piezoelectric material, which starts to vibrate due to the heart wall vibrations. The continues movement
causes the material to stretch and compress. A characteristic of this material is that when it experi-
ences stretch, this stretch generates electrical energy. This energy can be used to recharge a battery.
This example can be seen in a schematic overview in Figure 1.1. The ventricular wall motion caused
by a contraction of the heart would be a reliable power source, since it is continuous with an average
heart rate of 70 beats per minute [2].

Figure 1.1: Schematic overview of vibration energy harvesting via heart wall motion. Figure of energy harvester obtained from
[5].

1.2. Energy Harvester Testing
Previous research has shown that the dynamical behaviour of a harvester could differ for various input
signals [6]. This changing behaviour influences the performance of the harvester and could slow the
charging of the battery. Neri et al. [7] experimented with a nonlinear energy harvester, and observed
that the design to obtain a maximum power output depends on the shape and intensity of the used input
signal. This shows that an energy harvester designed for a certain application should be tested on the
input signal of that application to accurately estimate the performance. An energy harvester intended
for powering a pacemaker should be tested on a heart signal in order to obtain the matching dynamic
behaviour. However, the majority of the energy harvesters are tested on a harmonic signal. The char-
acteristics of a harmonic signal do not match the characteristics of the human heart signal. The heart
signal is a broadband signal, consisting of a varying acceleration at low frequencies. An example of a
human heart signal measured by Kanai et al. [8] is shown in Figure 1.2a and Figure 1.2b, the time and
frequency domain, respectively. The signal has a high power at low frequencies, which decreases for
higher frequencies. Several researchers tested their designed energy harvesters on a heart signal of
a single human, giving information of the behaviour of the energy harvester on the needed operation
signal. However, this operation signal can differ per person, since it also depends on a subjects age
or health and the time of measuring [8, 9]. Furthermore, it is questionable whether the measurement
methods used give a signal that is representative enough for the testing of energy harvesters. Accord-
ing to the Food and Drug Administration are for the implementation of new implantable pacemakers
bench tests needed to verify the mechanical and electrical working principle. This shall be tested under
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conditions in the operational environment [10]. During the clinical trial of a new device, the pilot phase,
consisting of 10-30 subjects, the preliminary safety and performance in humans is investigated [11].
Since the dynamical behaviour of an energy harvester depends on the input signal, it is likely that the
bench tests should also be validated on 10-30 different heart signals.

(a) (b)

Figure 1.2: The heart signal measured with ultrasonic measurements. (a) The time signal of the acceleration of the heart wall.
(b) The frequency response of the same signal. Both obtained from [4].

1.3. Problem Statement
More heartbeat signals measurements are needed to verify the performance of energy harvesters for
different input conditions, such that it could be widely used in pacemakers. The aim is to approximate
the human heart signal, containing the required information for the testing of energy harvesters. In
addition to the heartbeat frequency, the signal should also contain the input acceleration information
during the cardiac cycle. The database of heartbeat signals is expanded, helping researchers with the
verification of the performance of the energy harvester in a realistic manner. This leads to the following
research objective for this thesis:

To obtain and verify signals to approximate the human heart wall motion to perform experi-
ments for energy harvesters intended for powering pacemakers to improve the testing facilities.

For this objective the following research question is formulated:

On what signals should the testing for energy harvester intended for powering a pacemaker
be performed in order to obtain sufficient information?

In order to answer this question, two sub questions are formulated:

• How accurate are measurements performed on the human heart wall in order to obtain acceler-
ation information?

• How can different sources of heart signals be combined in order to obtain an approximation of
the human heart acceleration signal?

1.4. Thesis Outline
This thesis aims to bring the research for powering pacemakers with an energy harvester one step
closer to reality. The state of the art is discussed, in order to find what is needed to improve the testing
facilities. To this end a tool is developed.

As some readers may be unfamiliar with the working principle of the human heart and the medical
terms used in this thesis, Chapter 2 provides a short introduction. The general heart anatomy and
properties are discussed. In addition, the chapter discusses the heart motion, heart arrhythmia and
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how this can be treated with pacemakers.

Chapter 3 contains the literature research paper, discussing the current development status of en-
ergy harvesting for powering a pacemaker. Here, a first analysis of the heart signal measurement
methods found in literature is performed. An overview of nonlinear techniques currently used in MEMS
low frequency energy harvesters is given and the dynamical behaviour of energy harvesters is dis-
cussed. The testing signals used for testing in the lab are analysed and it is investigated if these
signals are sufficient for the testing of energy harvesters for pacemakers. The signals are compared
to a human heart signal, whose properties are explained.

This is followed by Chapter 4, presenting the experimental paper. Here heart signals were ob-
tained from three different sources: open-chest pig heart acceleration signals, human heart ultrasound
measurements and human chest motion signals. These signals are analysed in detail and the signal
characteristics are described. The characteristics are processed in a heart signal generator, to approx-
imate human heart wall acceleration signals. Various heart signals are generated with the generator
and used for testing in the lab. An energy harvester with moving mid magnets is used and the power
output and efficiency on the different signals is analysed.

The final chapter, Chapter 5, contains the discussion and conclusion. The discussion reflects briefly
on the challenges and learning points during the project, followed by the conclusions of the entire project
and recommendations for further research are given.

Appendices were added that substantiate the results obtained in this thesis, the analysis performed
to obtain all the information for the heart signal generator and background information for energy har-
vesting for powering pacemakers. Appendix A argues whether energy harvesting could be used for
powering a pacemaker. Different boundary conditions are discussed, intended to align the view on
matters of energy harvesting for pacemakers. In this chapter also the testing conditions for medical
implantable devices are discussed. Appendix B consists of a short description of the potential mea-
surement methods to obtain the human heart signal. Positive and negative aspects of these methods
are discussed and compared. Then, Appendix C explains the measurement methods used in this the-
sis in more detail. A signal analysis is performed and it is elaborated how the results are used in the
heart signal generator. Appendix D discusses the acceleration signals, how the signals are processed
and analyses how the signals can be used for the further analysis. Then, the discussion of the prin-
ciple component that should be the output of the heart signal generator can be found in Appendix E.
Appendix F elaborates on the heart signal generator design. It is explained how previous findings are
processed in the code and the results are shown and discussed. The generated signals are compared
to the human heart signals and the pig heart signals. For the testing of the signals in the lab an energy
harvester was designed. However, eventually this energy harvester was not used during the testing.
The design process is shown in Appendix G. Finally, Appendix H shows how the heart wall can be
imitated with silicone. This was intended for tests in the lab, but this experiment was found to be out of
the scope of the thesis. This information can be used for future research.



2
The Human Heart

This chapter describes several aspects of the human heart. First, the anatomy of the
heart is discussed. Second, the working principle of the heart contraction is
explained, answering the question: what ensures that the heart remains beating?
This is followed by a description of the heart motion. Then different types of
arrhythmia are discussed, as well as their influence on someone’s health. Finally, a
solution for arrhythmia is discussed: the pacemaker. This final section describes
how the device solves heart failures and what kind of pacemakers there are.

5



6 2. The Human Heart

2.1. Anatomy
The human heart, which can be thought of as a pump, is responsible for the circulation of the blood
through the body. It actually consist of two pumps: the right side of the heart ensures the circulation of
the blood through the lungs for the oxygen exchange, while the left side of the heart is responsible for
pumping the oxygenated blood to the organs [12]. Each side has an output of approximately 5 L/min,
which can be increased up to 25 L/min during exercise. The heart consist of two atria, which collect the
blood that flows in through the veins. Via the tricuspid valve (TV) and the mitral valve (MV) the blood
flows into the right and left ventricle, respectively. The ventricles pump the blood to the arteries via the
pulmonary valve (PV) toward the lungs and the aortic valve (AV), and then to the rest of the organs
[13, 14]. This is shown in Figure 2.1a. For the pumping of the blood, the heart makes translational
motions during contraction and relaxation, but also twists: it twists during the contraction and untwists
during the relaxation. Due to this twisting the ejection fraction of the human heart is increased. The
heart has a longitudinal, radial and circumferential axis, which are indicated in Figure 2.1b. The heart
twists around the longitudinal axis [15]. Furthermore, in Figure 2.1a the interventricular septum is
shown, separating the left and right ventricles. The heart wall consist of three layers: the epicardium,
the myocardium and the endocardium. The epicardium is the outer layer of the heart and protects the
heart. The myocardium is the middle layer, the thickest layer, and consist of the cardiac muscle fibers
[16]. Finally, the endocardium is the inner layer of the heart. For humans in rest, the heart rate lies
between 60-100 beats per minute (bpm).

(a) (b)

Figure 2.1: The human heart. (a) The anatomy of the heart, with the two atria and ventricles indicated. The four valves
(pulmonary valve, PV; tricuspid valve, TV; atrial valve, AV; mitral valve, MV) and the three layers of the heart are also shown.
Figure obtained from [14]. (b) The three directions of the axes in the heart: longitudinal, radial and circumferential, and the three
regions of the ventricle are indicated: basal, mid and apical. Figure obtained from [17].

Figure 2.2 shows the Wigglers diagram. The Wigglers diagram is an overview of the whole cardiac
cycle. Here the electrocardiogram (ECG), phonocardiogram, ventricle volume and pressure during
the cardiac cycle are displayed. It shows that at the R-peak in the ECG the systole, or isovolumic
contraction, starts. This results in an increasing pressure and decreasing volume in the ventricle: the
ejection of the blood. At the end of the T-wave the diastole, or isovolumic relaxation, starts, resulting in
a decreasing pressure and increasing volume in the ventricle: the blood flows back into the ventricles.

2.2. Heart Contraction Activation
To ensure that the blood circulation remains constantly flowing, the heart has to be activated continu-
ously. To obtain an optimal output of the heart, the heart has to contract in a certain order [12]. This
is done via action potentials. First, the ventricles depolarise, causing the heart muscle to repolarise
and contract. When the contraction of the left and right ventricle are synchronized, the heart has an
optimal output. In order to obtain this, the action potentials must be timed [12]. This is performed by
three pacemaking tissues or heart muscle cells. These tissues are autorhythmic, meaning that with no
input of the nerves these tissues still control the heartbeat [19].



2.2. Heart Contraction Activation 7

Figure 2.2: The Wigglers diagram, showing the electrocardiogram (ECG), phonocardiogram, ventricle volume and pressure.
The contraction (systole) and relaxation (diastole) are shown. The change in volume and pressure in the heart during a heart
cycle can be observed. Figure obtained from [18].

Figure 2.3: The working principle of the heart when electrically activated. This figure shows the action potential from the SA
node, via the AV node, to the Purkinje fibers. Figure obtained from [12].

The action potential of the heart muscle cells can be divided into five phases. During these phases,
the heart muscle cells depolarise and repolarise in order to activate the muscle [19]. The heart muscle
has two types of cells, which are myocardial contractile cells and myocardial conducting cells. The
conducting cells pass the signal to contract to the contractile cells [19]. The depolarisation of the heart
travels through the heart wall in a specific order. It starts in the sinoatrial (SA) node, which is an area
of specialised conductive cells. This SA node lies in the right atrium of the heart. When depolarising, it
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also depolarises neighboring cells, providing a wave of depolarisating cells in the right atrium, making
the atrium contract. The second node, the atrioventricular (AV) node, lies close to the TV. This node
transmits the depolarization of the atrium to both ventricles, which then travels via the right and left
bundle branches to the Purkinje fibres. All this ensures a synchronized contraction [20]. Thus, the
three pacemaker tissues are the SA node, the AV node, and the Purkinje fibers. How the depolarization
travels through the heart and the nodes is shown in Figure 2.3. These nodes have a hierarchy among
them, which depends on the frequency at which the depolarization signals are send, and set the heart
rate. Because the fastest node is the SA node, this node sets the heart rate. For a human at rest, the
rate of this node is 60 bpm or higher [12]. The SA node can adjust the frequency in three ways. It can
decrease the steepness of the depolarization during phase four (the resting phase), lower the maximum
diastolic potential, or make the threshold for the action potential more positive, prolonging the time it
takes to reach the threshold which causes the heart rate to drop [12]. Due to the action potentials and
the order in which they travel though the heart, the cardiac cycle starts with atrial contraction, followed
by isovolumetric contraction, rapid ejection, reduced ejection, isovolumetric relaxation, rapid filling and
reduced filling [21]. Problems in the nodes, however, influence the heart rate and the heart contraction
(see section 2.4).

2.3. Heart Motion
The sequence of action potentials and timing of the contraction and relaxation optimizes the output
of the heart. Besides this, the heart motion can also positively influence the heart output. The heart
motion during a contraction consist of translations and rotations, as previously described. Due to the
combination of different motions the pumping is improved. The translational and rotational motions vary
for different parts of the heart. The ventricles can be divided in the basal, mid and apical region. These
segments are shown in Figure 2.1b. In the basal region the longitudinal translation is the dominant mo-
tion. In the apical region this is more of a combination of motions: besides the longitudinal translation,
the circumferential rotation is also a dominant motion [22, 23]. During the contraction the apical region
rotates in the anticlockwise direction and the basal region rotates in the clockwise direction. Due to this
opposite movement the ejection of the blood is improved. During the relaxation the untwisting of the
heart encourages the early filling of the left ventricle. For the right ventricle, according to Grymyr [23],
the motion is ”a combination of longitudinal shortening, inward movement of the free wall and bulging
of the interventricular septum into the right ventricle during left ventricular contraction”. The described
motions, however, are different for the endocardium and epicardium layers. As explained, these layers
contain muscle fibers, which are differently orientated for the different layers. As described by Bansal
and Kasliwal [24] the fibers on the endocardium are oriented parallel to the longitudinal axis and have a
dominant longitudinal motion. The fibers on the epicardium, on the other hand, are more parallel to the
circumferential axis, resulting in the radial, circumferential and rotational motion being more dominant.

Heart motion is an important topic in this report and previous sections show that the heart motion
is complex. The motion is not the same for different parts of the heart - and even for these different
parts, the heart motion appears to be varying on the outer or inner heart wall. This should be kept in
mind during this research.

2.4. Arrhythmia
Cardiac arrhythmia can influence the electrical activity of the heart, resulting in a non-optimized heart
contraction and relaxation. Problems can arise with a heart rate that is too fast, too slow or when the
action potential does not start in the SA node [25]. For example, this could lead to the amount of blood
pumped through the body to be too low, resulting in an inability to meet the demands of the organs [20].
When the heart rate is below 60 bpm the arrhythmia is defined as a bradycardia. When the heart rate
is higher than 100 bpm, it is called a tachycardia. Below some forms of arrhythmia are described:

• Sinus bradycardia With this arrhythmia the heart rate is slower than normal, but the travel
pattern is the same. Due to this slower heart rate a person could feel tired, light-headed or dizzy,
since not enough oxygen is available in their body [25].

• Sinus tachycardia This arrhythmia is the opposite of previous one. With this arrhythmia the
heart rate is faster than normal, however, the rate rarely exceeds 180 bpm [20]. Symptoms



2.5. Pacemakers 9

of this arrhythmia are, for instance, difficulty with breathing, dizziness, fainting, chest pain and
anxiety [26].

• Atrioventricular (AV) blocks With this arrhythmia the SA node works fine, but the impulses do
not travel through the AV node to the ventricles, with the result that the ventricles do not contract.
Spontaneous activity in the Purkinje fibers can contract the ventricles, but this happens at a very
low heart rate [20]. The symptoms are similar to the other arrhythmia and include dizziness,
fainting, fatigue, chest pain, lightheadedness or shortness of breath [27].

• Ventricular tachycardia (monomorphic VT) This arrhythmia is caused by repeating circuits
within the ventricles, resulting in a ventricle that beats three or more consecutive times at a higher
rate than 120/min. This arrhythmia can cause syncope or cardiac arrest [20].

• Asynchrony The heart can also beat irregular. As a results, the right and left side of the heart
may not contract at the same time, leading to congestive heart failure due to congestion of the
blood [25].

• Atrial Fibrillation Lastly, with this arrhythmia the atria are quivering and the impulses sent to
the ventricles are irregular and erratic. This arrhythmia is a form of tachycardia. This is the most
common arrhythmia for older people [25].

As mentioned above, a slow or different heart rate can make a person feel tired, dizzy, shortness of
breath, palpitations, or result in a loss of consciousness. When this is the case a pacemaker is needed.
A pacemaker detects the arrhythmia and sends an electrical pulse to obtain a normal heartbeat [25].

2.5. Pacemakers
Pacemakers are mostly implanted to solve problems caused by SA node dysfunction, AV conduction
block or tachyarrhythmias [28]. They detect a problem with the heart rhythm and send out a pulse in
order to make sure the action potentials travel through the heart wall as they should be. The first pace-
maker was implanted in 1950: it had the size of a hockey puck and the battery was empty in less than
a year [25]. Nowadays pacemakers are smaller and the batteries last longer. A pacemaker consist of a
battery, a sensing part, an impulse sending part and leads [25]. An original pacemaker consists of one
to three leads, attached to different places on the heart. These places depend on the electrical activity
needed to improve the rhythm of the heart. The simplest pacemakers, single-chamber pacemakers,
have one lead usually connected to the right ventricle, see Figure 2.4a. A pacemaker with two leads is
called a dual-chamber pacemaker and is attached to the right atrium and right ventricle. Pacemakers
with three leads have their leads in the right atrium, right ventricle and in the left ventricle. This helps to
synchronize the contraction of the right and left ventricle [25]. Aside from the differences in the number
of leads, pacemakers can have different program settings in order to normalize the heart rate. Different
settings are for instance a fixed-rate pacemaker, which sends an impulse at a steady state independent
of the heart’s own activity. Another setting is sending on demand: the pacemaker measures the heart
rhythm and when detecting an arrhythmia, for instance a heart rate that is too slow, the pacemaker
sends an impulse. The third setting is called a rate-responsive pacemaker. With this pacemaker, a
sensor detects a person’s activity and the heart rate is sped up or slowed down depending on the per-
son’s activity [28]. Depending on the arrhythmia, the number of leads and program settings are chosen.
Other specifications of the pacemaker are shown in Table 2.1.

Further developments have been made to improve pacemakers. Problems can arise during the
placement of the leads, as they can dislodge or cause infections. Some studies argued that the weak-
est component of lead pacemakers are the leads [30], which is why leadless pacemakers have been
developed. Leadless pacemakers have the same pace characteristics as a single chamber lead pace-
maker, but the leadless pacemaker is placed in the right ventricle so it doesn’t provide any leads,
see Figure 2.4b. A leadless pacemaker paces in the ventricle, detects the heartbeat in the ventricle
and inhibits itself. An example of a leadless pacemaker is the Mirca from Medtronic. In this leadless
pacemaker the detection in the ventricle is executed by an accelerometer. The accelerometer in the
leadless pacemaker senses the activity and the pacing frequency is adjusted to that activity. These
accelerometers include a mass and piezoelectric material, of which the voltage is changed when it
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(a) (b)

Figure 2.4: The two pacing systems. (a) The single chamber lead pacemaker. (b) The leadless pacemaker. Both figures
obtained from [29].

moves or accelerates [23]. This is interesting, because such accelerometers work with the same prin-
ciple as energy harvesters, but here the voltage change is used for sensing instead of powering the
battery. The newest development of Medtronic is a Micra AV leadless pacemaker. This pacemaker
can also sense in the atrium [31]. The implementation procedure of a leadless pacemaker differs from
a lead pacemaker, as it is implanted via a catheter into the right ventricle [32]. The comparison of the
specifications of the lead and leadless pacemaker are shown in Table 2.1.

Table 2.1: Comparing the specifications of a lead and leadless pacemaker [33, 34].

Medtronic Lead Pacemaker
RVDR01

Medtronic Leadless Pacemaker
MC1VR01

Length 45 mm 25.9 mm
Volume 12.7 cm ኽ 1 cm ኽ

Weight 21.5 g 1.75 g
Pacing Mode Varying VVI
Battery 12 years* 12 years*

* This is the maximum battery duration.
The battery duration depends on the pacing settings.

Both lead or leadless pacemakers, however, suffer with the same problem: the battery life. Both
pacemakers have a battery life of approximately 5-12 years, after which the pacemaker has to be re-
placed [2]. As stated in the introduction, vibration energy harvesting could be a solution. Vibration
energy harvesting is the conversion of ambient vibrations to energy. These vibrations are the heart
wall vibrations, which bounce at a certain acceleration and frequency. Via an energy harvesting mech-
anism designed to use these vibrations in order to generate electrical energy the battery is recharged.
However, these mechanisms must meet many technical and safety requirements before it can be used
in pacemakers. These requirements and the testing procedures are discussed in Appendix A.
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Discussing the Current Development

Status of Energy Harvesting for
Powering a Pacemaker

This chapter contains the literature research paper, presenting the literature study
investigating the state of the art. The heart signal measurement methods found in
literature are analysed, followed by an overview of nonlinear techniques currently
used in MEMS low frequency energy harvesters. The dynamical behaviour of energy
harvesters is discussed. The testing signals used for testing in the lab are reviewed
and the interaction between the signals and the dynamical behaviour of an energy
harvester is analysed.
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Discussing the Current Development
Status of Energy Harvesting for

Powering a Pacemaker
R. Bastiaanse, T.W.A. Blad and N. Tolou

This article discusses the current status of energy harvesters for powering a pacemaker.
To test if an energy harvester is sufficient for powering a pacemaker, a representative human
heartbeat signal is needed. The signal should contain information about the input frequency
and the input acceleration. Methods performed to measure the human heart signal with the
required information are ultrasonic measurements and measurements with an accelerometer.
Energy harvesters operating in a pacemaker should operate at a broad range of low frequencies,
and at MEMS scale. This research contains an overview of nonlinear techniques used in low fre-
quency MEMS energy harvesters. For instance, a large displacement, stoppers and the material
stiffness of piezoelectric material are used to obtain nonlinearities in energy harvesters. The
majority of nonlinear MEMS low frequency energy harvesters are tested on harmonic signals.
This is a good first step, but energy harvesters for a specific application will have to be tested
on the signal intended for that application to obtain the dynamical performance of the energy
harvester.

Keywords: Energy Harvesting, Pacemaker, Nonlinear, MEMS, Ambient Vibrations

3.1. Introduction
Energy harvesting refers to the method in which ambient vibrations are converted to electricity [4]. This
electricity can be used as a power source for biomedical devices or wireless sensor nodes [35]. An
example of a biomedical device that is suited for this method is a pacemaker. Now, a pacemaker runs
on a conventional battery that must be replaced every 5-12 years [3]. This accounts for approximately
25% of all pacemaker implantation procedures [36]. As these procedures come with complications
such as infections or bleeding [3], powering the pacemaker through an energy harvester has been
considered a promising alternative. However, this also comes with its own challenges, since there are
several requirements for an energy harvester to power a pacemaker [37]. Examples are size (< 1 cmኽ),
a long lifetime (more than 20 years) and being capable of delivering 1-10 𝜇W of power output [37, 38].

The human heartbeat normally has a heart rate that varies between the 60 and 100 beats per minute
(bpm). This corresponds to a frequency range of 1-1.67 Hz. During an activity, like sports, this range
can increase up to 3 Hz [39]. An energy harvester for a pacemaker should, besides the aforementioned
requirements, thus also be able to operate on a broad frequency spectrum. Different techniques can
be investigated to achieve a broad bandwidth in an energy harvester. Twiefel and Westermann [40]
categorize and describe techniques for broadband energy harvesters. This categorization contains lin-
ear generators, nonlinear generators and advanced electronic networks. Toshiyoshi et al. [41] review
and evaluate recent examples of MEMS velocity-damped resonant generators (VDRG) in terms of the
power density, with the focus on size. Todaro et al. [42] discuss piezoelectric MEMS vibration energy
harvesters and compare them using several figures of merit. Also, challenges in vibration energy har-
vesters are discussed, including widening the working bandwidth. Daqaq et al. [43] write about the role
of nonlinearities in vibration energy harvesters and give a broad description of the nonlinear energy
harvesters under different types of excitations. They specify three different excitation groups, namely
harmonic excitations, random excitations and other common ambient vibrations. Comparing energy
harvesters for different input excitations can give different outcomes [44].

However, the majority of the developed nonlinear energy harvesters are tested on a harmonic signal
and research is focused on broadening the bandwidth of energy harvesters. The investigation of the
ambient vibrations on which the harvester must operate on becomes second priority [45]. Hence, it



3.2. Energy Harvesters for Pacemakers 13

can be speculated whether conclusions found under a harmonic signal can be translated to an ambient
vibration, such as the human heartbeat, that is periodic but non-harmonic [4]. The objective of this
paper is to discuss the current status of energy harvesting for powering a pacemaker. In Section 3.2
energy harvesters that are tested on a human heartbeat signal are reviewed. In Section 3.3 signal
measurements are discussed, used to obtain the human heartbeat signal for the testing of energy
harvesters. In Section 3.4 an overview of current techniques used for nonlinear MEMS low frequency
energy harvesters is given and the nonlinear characteristics are described. Furthermore, in Section 3.5
the testing conditions for energy harvesters are reviewed. Section 3.6 contains the discussion. Finally,
Section 3.7, is the conclusion.

Literature Search Method
The literature for this research has been found via Google Scholar and Scopus. During the search for
the overview some boundaries were specified. The first boundary is specified for the volume of the
harvesters. As stated by Galayko D et al. [46] a volume of 1 cmኽ can be assumed as standard and
should be the size for the power source for autonomous micro-scale systems. The second boundary
specified is for the input frequency. Ansari and Karami [47] state that the energy harvester should be
designed for a frequency below 50 Hz, to generate sufficient power for a pacemaker. This boundary
of 50 Hz is maintained. Only the articles that performed an experiment with a prototype are taken into
account.

3.2. Energy Harvesters for Pacemakers
Several researchers already developed energy harvesters intended for powering a pacemaker. Some
of these energy harvesters are discussed below. The harvesters are sorted in different categories,
these categories represent the methods used to obtain the heartbeat signal to test the harvester on.
These methods will be elaborated in Section 3.3.

Ultrasonic Signal
For the first harvester discussed, the ultrasonic measurements performed by Kanai et al. [8] are used
as heart signal input vibrations and the acceleration profile and frequency spectrum of the heartbeats is
estimated in [4]. With this signal, linear, monostable and bistable harvesters are simulated. They state
1 𝜇W as a boundary for providing sufficient power for pacemakers. A millimeter-scale zigzag linear
structure could obtain enough power output to satisfy the boundary condition, but this depends on the
frequency of heart signal. However, they found that a linear zigzag structure on microscale could not
provide sufficient power. The nonlinear harvester consists of two external magnets, one magnet at-
tached to the frame and one tip magnet, making the harvester monostable or bistable depending on the
distance between the magnets [4], this is shown in Figure 3.1a. Both the nonlinear harvesters provide
enough power output to satisfy the boundary condition. Moreover, they found that the bistable nonlin-
ear energy harvester had the largest power output over an extra wide range of the heart rate. Although
the type of vibrations and the power output change with the heart rate, the bistable energy harvester
generates more than 3 𝜇W over the heart rate range, which is 7-700 bpm [4, 48]. Furthermore, exper-
iments on the Kanai waveform also showed that the nonlinear piezoelectric energy harvesters obtain
a power output that meet the conditions if the human heart rate is between 20-700 bpm [4]. Ansari
and Karami [47] simulated a fan-folded geometry with a tip mass of 21 grams on the Kanai waveform,
which can be observed in Figure 3.1b. The device has a first natural frequency at 16.18 Hz and an
average power output 10.24 𝜇W. The harvester is simulated for different heart rates and it is stated
that the output power does not change significantly for different heart rates. This harvester is further
developed and also experimentally tested on the Kanai waveform [49]. The theoretic and experimental
results are compared and they found that the prototype is robust to a heart rate variation over a wide
range.

Accelerometer Signal
The heart signal obtained with an accelerometer by Deterre et al. [39] is used to perform a preliminary
design study. This study presents parameters specified via simulations on the obtained signal to get a
100 𝜇W power output. The found parameters are a mass of 3.5 g of tungsten, a stiffness of 100 N/m
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(a) (b) (c)

Figure 3.1: Energy harvesters discussed for powering a pacemaker. (a) Nonlinear energy harvester with magnets, from [4]. (b)
The fan-folded design, from [47]. (c) The multimodal-shaped spring design, from [50].

and an electrical damping 𝜁 of 0.1 at a frequency of 25 Hz. Obviously, further research is needed to use
these parameters in an energy harvester design. The signal of Deterre et al. [39] is also used by Vysot-
skyi et al. [50], for testing a nonlinear energy harvester having multimodal-shaped springs, shown in
Figure 3.1c. The device orientation influences the average output power. A maximum average power
of 2.38 𝜇W is measured, with a heart rate of 116 bpm and 10 m/sኼ acceleration amplitude. However,
it is known that a heartbeat is time-varying, so this power output also changes with time.

Animal Tests
Zurbuchen et al. [36] tested an electromagnetic induction based energy harvester on measured heart
motions from a pig and implanted the harvester in the right ventricle apex of a pig’s heart. At a heart
rate of 84 bpm, the harvesting device generated a total mean output power of 0.78 𝜇W. The output
power per heartbeat increased with an increasing paced heart rate up to 1.7 𝜇W at 160 bpm. The
simulation on the three heart signals obtained from animals, as described in Section 3.3, predicted a
mean output power of 14.5, 41.9, and 16.9 𝜇W. Li et al. [3] designed a piezoelectric energy harvester
with an elastic skeleton and two piezoelectric composites. Placed into the apex of the heart of an adult
Yorkshire swine, the maximal output of approximately 20 V is found. Furthermore, the measurements
performed in [4] are experimentally tested on a shaker, the harvester can generate 25 𝜇W if tested on
the signal from the heart base, 5.5 𝜇W at apex, 5.4 𝜇W at the lung, and 1.4 𝜇W below the diaphragm.
Zurbuchen et al. [2] sew an energy harvester onto a sheep’s heart resulted in a mean power of 16.7 𝜇W.

Subconclusion
The mentioned studies are a good step in the development of energy harvesters for powering a pace-
maker. However, much remains to be done before energy harvesters can be implemented in pace-
makers. There are three aspects which are important in the development process to deliver a sufficient
energy harvester for powering a pacemaker. This three related aspects are the heartbeat signal, the
energy harvester design and the testing process. Of course the energy harvester design itself is needed
to power the battery. The heartbeat signal is needed to test the energy harvester and to align the dy-
namic behaviour of the energy harvester. The heartbeat signal should contain the required information
to of use for the testing process. To investigate in which aspect the design process can be improved,
this paper will elaborate on them separately.

3.3. Heart Signal Measurements
Several methods are known to measure the heart signal. The most basic method is listening to the
sound of the heart with a stethoscope or a phonocardiograph, which use the heart sounds to mea-
sure the heart rate [51]. An electrocardiogram (ECG) provides information of the electrical activity of
the heart muscle [52]. The heart rate can be estimated from the intervals of the ECG peaks, i.e. the
beat-to-beat intervals [53]. Kim et al. [54] and Massagram et al. [53] designed a low-cost non-contact
phase-detection radar, that continuously detects the real-time heartbeat, such that one can measure
the heartbeat rate variability. This radar is developed to measure 40 cm from the chest, and uses a
bandpass filter for separating the heartbeat and respiration signals [54]. Pandia et al. [51] measured
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the heart sounds with a chest-worn MEMS accelerometer. This signal contains not only of heart in-
formation, but also of information of the motion artifacts [51], so signal filtering is needed. The heart
rate gives information about the input frequency of the signal, but it does not give information about the
heart motion. To perform experiments for energy harvesting on a human heartbeat signal, in addition
to the heartbeat rate, information on the heart acceleration is also required. The methods mentioned
above cannot provide this information. Methods that are able to provide this are discussed next.

(a) (b)

(c) (d)

Figure 3.2: Heart Signal Measurements. (a) The heart wall motion from Kanai converted to an acceleration signal in the
frequency spectrum, from [4]. (b) The acceleration spectrum of the heart measured with an accelerometer, from [39]. (c) The
proposed scheme by Horiuchi et al. [55]. One crystal of the sonomicrometry system on the heart, four or more other crystals on a
rigid base. A three-axis solid state microaccelerometer is placed on the target sonomicrometry crystal. (d) The power spectrum
of the heart acceleration of a pig, from [56].

Ultrasonic Measurements
Kanai et al. [8] used ultrasonic diagnostic equipment to track the heart wall movement. An ultrasonic
beam is passing though two points, one at the surface of the left ventricular side and one at the right
ventricular side of the interventricular septum. Via this, the position of the heart wall is determined and
a velocity signal is estimated, for six heartbeat periods. The obtained signal is used for experiments,
where the acceleration signal is obtained by the derivative and it is converted to the frequency spectrum
[4]. This signal can be seen in Figure 3.2a. However, it is questionable whether the velocity found in
the measurements is the required velocity or a different velocity, since this is a 2D method. It cannot
be assured that only one point is continuously followed.

MRI
McVeigh [57] analysed the heart wall motion with a cardiac MRI. With MRI images of the heart can be
obtained, using a combination of breath-holding, tagging and velocity-encoding. However, quantitative
analysis of the data takes a long time and lacks an appropriate interface for data acquisition, which is
a problem for all cardiac MRI [57].
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Accelerometers
Measurements are also performed with the use of accelerometers. Deterre et al. [39] implanted ac-
celerometers into several heart cavities to measure the acceleration spectrum of the heart, transferred
to the frequency domain. This signal has the main excitation component on a frequency between 1-1.5
Hz and a frequency plateau is found at the range of 10-30 Hz and shown in Figure 3.2b. However, the
study does not elaborate on how the measurements are performed. Due to this it cannot be established
for certain that the heart signal obtained is also the correct heart signal. Furthermore, Horiuchi et al.
[55] presented a method to estimate the heart motion with a 3D point of interest position on the heart
surface. They propose a sonomicrometer, that measures the moving soft tissue via ultrasound sig-
nals with crystals attached to the heart, in combination with an accelerometer that measures the target
crystal, to increase the accuracy of the heart signal. This method is evaluated by simulations and is
presented in Figure 3.2c. However, this is an open heart surgery of which it is not certain whether this
may be performed on humans.

Animal Tests
Researchers have performed tests on animals to imitate the human heartbeat. Hoff et al. [56] used
acceleration sensors to measure the heart motion during surgery on pigs. The first sensor was placed
near the apex of the heart and the second acceleration sensor placed higher, on a region supplied by
the circumflex coronary artery. The power spectrum of the heart acceleration can be observed in Figure
3.2d. The heart motion is reproduced in detail and by integrating the filtered acceleration data, the heart
wall velocity and position are obtained. Furthermore, the heart vibrations of a pig are measured with a
laser Doppler vibrometer, a non-contact method in [4], to measure the velocity of the moving surface.
The vibrations were measured at the apex of the heart, the base of the heart, the lung, and at one
point beneath the diaphragm on the liver. Also, Zurbuchen et al. [36] used a custom-made motion
tracking unit to obtain acceleration data, the measurements are performed on three pigs. The methods
discussed are open heart surgeries of which again is not certain whether this may be performed on
humans.

Subconclusion
From the measurements that provide the acceleration and frequency data, the following signal charac-
teristics can be concluded. The heartbeat signal consist of a broad low frequency spectrum. Further-
more, the acceleration amplitude of the heart signal is not constant for the entire frequency range. The
highest acceleration amplitude can be seen at the lower frequencies, while for higher frequencies the
amplitude decreases. This also means that the power is higher for low frequencies and decreases for
higher frequencies [8]. It is good to mention that the expectation was to see a frequency response of
the heart rate, which is around 1-1.67 Hz. However, a broader frequency response is seen. This can be
explained due to the fact that each heartbeat acts as an impulse [49]. This signal characteristics could
be used during the design process of an energy harvester intended for powering a pacemaker. The
measured heartbeat signals discussed do not match. This could be due to the different measurement
methods used. However, important to note is that the moment of measuring and the subject of whom
the signal is measured can also influence the found signal. More heart measurements are needed to
verify this difference.

3.4. Energy Harvester Overview
As seen in previous section, pacemakers require harvesters that can operate on a real, broad and low
frequency signal. Furthermore, a harvester that is MEMS scale (< 1 cmኽ) and has a high power output
(1-10 𝜇W) is required. Although linear energy harvesters can generate a high power, this power is
distributed over a narrow bandwidth [58], which could be solved by frequency tuning. In addition, the
size of a linear energy harvester operating at a low frequency would be larger than a nonlinear energy
harvester for the same range [59]. Ramlan et al. [60] indicate that for a linear harvester to operate on
a low frequency, a large mass and a soft spring element are required. Adding extra weight to a small
device is not preferred and a large mass supported on a soft spring may result in nonlinearity, due to
geometric stiffness. Altogether, frequency tuning for linear energy harvesters is not always an option
due to geometrical or dynamical constraints [61]. Nonlinear energy harvesting could be the solution
for this small size, in combination with a required high power on a low frequency signal. As stated by
Green et al. [62] a lot is still unknown about the use of dynamic nonlinearities to aid the harvesting of
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energy from low-frequency vibrations. These nonlinear effects increase the operating bandwidth [40]
and could positively influence the power output. The operating bandwidth is defined as the range be-
tween the half-power cut-off frequencies [63].

3.4.1. Overview of Nonlinear Techniques
Different techniques can be used to obtain nonlinear behaviour in energy harvesters. Figure 3.3 gives
an overview of the currently used techniques in MEMS low frequency energy harvesters. Sources of
nonlinearities in MEMS are forcing, damping, and stiffness [64]. According to Younis [64], forcing non-
linearities can be induced by actuation and detection mechanisms, such as electrostatic forces or with
harvesters that are operated or in-use, like capillary forces and Van der Waals forces. Another example
of forcing is with the use of external magnets. External magnets introduce a force that is dependent
on the distance. This force opposes the elastic restoring force of the bent beam [61]. Varying this
distance can results in a nonlinear monostable harvester or a nonlinear multi-stable harvester [7]. Fi-
nally, pre-buckling is categorized under forcing. Due to preloading a beam buckles, giving a bistability
[50, 65]. The next category, stiffness nonlinearities, consists of stoppers, geometric stiffness and mate-
rial stiffness. Nonlinearities can be inherently present in the dynamics of an energy harvester due to its
geometric or material properties [43, 64]. Material stiffness is a stress-strain relation, while geometric
stiffness is a displacement-strain relation in which a large displacement causes an increase in strain,
giving a nonlinear spring behaviour [43]. This can be of the softening type, with a decreasing force
with the tip deflection, or of the hardening type, with a increasing force with the tip deflection [43, 66].
Mahmoodi et al. [67] analyse a piezoelectric actuated microcantilever and relate the stress-strain re-
lation for piezoelectric material. The equation of motion of the cantilever is obtained, where quadratic
nonlinearities were found. They state that these quadratic nonlinearities are the result of material non-
linearities in the piezoelectric layer, so when deformed they add material nonlineartities to the structure
[64]. Finally, the third form of stiffness nonlinearities are stoppers, which have a piecewise-linear equa-
tion of motion [43]. On impact, the resonant branch of solutions of the harvester is broadened [43]. This
impact causes a sudden increase in the stiffness, a nonlinear hardening effect [43]. Stoppers covered
by this category are objects that limit the diversion of the harvester and cantilever stoppers.

Figure 3.3: Overview of nonlinear techniques currently used in MEMS low frequency energy harvesters. The numbers represent
the techniques used to design nonlinear energy harvesters, consisting of fifteen reports found in the literature.

In Figure 3.3 the numbers represent the techniques used by researchers to design a nonlinear
energy harvester, found in the literature, that meet the boundary conditions of MEMS and low fre-
quency energy harvesters specified in Section 3.1. Some articles use multiple techniques to obtain the
broadband behaviour. Techniques used more often in literature are stoppers and the nonlinear spring
behaviour due to large displacements.

3.4.2. Nonlinear Characteristics
Nonlinear energy harvesters have some dynamic behaviour characteristics. The characteristics dis-
cussed are found in the MEMS low frequency nonlinear energy harvesters articles, but also general
characteristics found in other literature. The characteristics described are the non-uniqueness, need
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for a specific input acceleration, the quality factor and robustness.

Non-uniqueness
Due to nonlinearity the harvester can show a hysteric behaviour, meaning that the harvester could have
a different response depending on the direction of the frequency sweep and the initial conditions. In
other words, it has a non-unique solution [43]. The frequency response curve of a frequency sweep is
shown Figure 3.4. Here a large-amplitude branch of solutions, the upper branch, and a small-amplitude
branch, the lower branch can be observed. Sets of initial conditions can be indicated to a basin of
attraction for the equilibrium points. The basin of attraction determines for which initial conditions the
harvester ends up on which branch [43, 68]. The nonlinearity determines the bending direction, the
bending degree of the frequency-response curve and does not influence the peak height. The peak
height can be influenced by the input acceleration and the damping [43].

Input acceleration
For some nonlinear energy harvesters, the performance depends on the input acceleration. Meaning
that to enter the nonlinear regime, to enlarge the bandwidth, sometimes a large input acceleration
is required [69]. For a small input acceleration, a monostable harvester behaves similar to a linear
harvester and a bistable harvester behaves the same as a monostable harvester. A bistable energy
harvester needs a certain input acceleration to activate the interwell oscillations [43]. Furthermore,
for stoppers the broadening effect is influenced by the distance of the stopper and the amplitude of
the input acceleration by which the harvester is excited. A higher acceleration and a smaller stopper
distance broadens the bandwidth. However, there is a trade-off between the bandwidth and output
power. A smaller stopper distance decreases the maximum output power and the average power, due
to impact losses [70].

Quality factor
For a nonlinear harvester it is given that a higher quality factor enlarges the bandwidth [71]. This is
in contrast to a linear energy harvester, where a higher quality factor reduces the bandwidth. The
bandwidth of the harvester depends on the damping ratio, the nonlinearity and the input acceleration
[60].

Robustness
When a nonlinear energy harvester operates on the upper branch of solution it is more tolerant to
variations in the excitation frequency, because of this enhanced bandwidth [43]. When a nonlinear
energy harvester is designed in a way that the dominant excitation frequency occurs in the middle of
the bandwidth, the harvester will have a good margin of error for when the dominant frequency shifts
[72].

Figure 3.4: An example of a frequency-up and -down sweep at input acceleration of 0.36 g for an out-of-plane MEMS electret
energy harvester, from [73].

Subconclusion
The mentioned nonlinear characteristics should be taken into account when designing a nonlinear en-
ergy harvester. Further research is needed to address these characteristics for a nonlinear energy
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harvester that is MEMS scale and operating at a low frequency. Under certain conditions, nonlinear
energy harvesters have a wider steady-state frequency bandwidth than linear energy harvesters, lead-
ing to a common belief that they can be used to enhance the performance in ambient environments [43].
However, the dynamic behaviour of harvesters can be different for varying testing signals, because of
non-uniqueness, the need for a specific input acceleration and the quality factor characteristics of a
nonlinear harvester. Altogether, the performance of a harvester should be verified on multiple testing
signals.

3.5. Testing Signals
Of the fifteen studies analysed for the nonlinear techniques overview, thirteen energy harvester designs
are tested on a harmonic frequency sweep. The output response and the bandwidth increases with
an increase in the acceleration of the input signal. Lu et al. [74] have, besides testing the electrostatic
energy harvester on a frequency sweep, also shaken the energy harvester by hand with a frequency of
7 Hz and an acceleration of 2.0 g. At this low frequency an output power of 0.06 𝜇W is found. However,
during the frequency sweep between 10-180 Hz at an acceleration of 2.0 g, a power output from 0.1-
0.9 𝜇W is found. Furthermore, Vysotskyi et al. [38] and Vysotskyi et al. [50] tested the same nonlinear
energy harvester on a harmonic frequency sweep and a human heart signal, respectively. However,
during the frequency sweep from 5-100 Hz at an acceleration of 10 m/sኼ, the harvester starts with a
power output of 0.5 𝜇Wat 5 Hz and increases to a maximum of 10 𝜇Wat 55 Hz. For the same harvester
tested on the heart signal an output power of 1.26 𝜇W is found at 130 bpm and an acceleration of 10
m/sኼ. These two examples show a different response of the harvesters on different testing signals. In
other words, testing signals have an influence on the performance of the energy harvester. This makes
analysing the testing conditions interesting.

There are multiple conditions to test an energy harvester on. A first testing signal is a harmonic fre-
quency sweep, consisting of a certain fixed amplitude and frequency. However, it is thought that Gaus-
sian white noise is a more representative signal for ambient vibrations. A characteristic of Gaussian
white noise is that the power is equal in each frequency [62]. To further improve the testing conditions
for ambient vibrations energy harvesters, coloured Gaussian noise is used. Some ambient vibrations
could have a Gaussian white noise distribution, but according to Daqaq [75], the energy of most am-
bient vibrations is present in a frequency bandwidth. They give an example of a sensor on a bridge,
where the frequency and intensity vary due to environmental conditions. The ambient signal can be
approximated with a coloured Gaussian noise, since the bridge acts like a filter and only frequencies of
a certain bandwidth are allowed to pass. In research coloured Gaussian noise is obtained by low pass
filtering Gaussian white noise [75–77].

A comparison of the discussed testing conditions with characteristics of the human heartbeat signal
found in Section 3.3, can be observed in Figure 3.5. The human heart signal is a broad signal, con-
sisting of a varying acceleration amplitude at low frequencies. The power of the signal decreases for
higher frequencies. Differences between the testing signals and the heartbeat signal can be seen. The
influence of testing signals on the behaviour of energy harvesters is discussed.

3.5.1. Harmonic Signals
In most cases, testing is performed by a frequency up or down sweep [78]. This applies also for the
MEMS low frequency nonlinear energy harvesters as discussed in Section 3.4. Some researchers
indicate that when a harvester is tested under a harmonic frequency sweep and the nonlinear energy
harvester shows a broader bandwidth, it is more suitable for ambient vibrations [58, 79–81]. However,
according to Tran et al. [44], many nonlinear harvesters have an enhanced performance when excited
by a harmonic input, but this response is diminished for other types of excitations. Daqaq et al. [43]
addresses that when a bistable harvester performs well under harmonic excitations, the harvester might
not perform as well under random or nonstationary input. In a real environment, vibrations such as a
frequency sweep of constant magnitude cannot be expected, this means that a response found under
a frequency sweep, is not the response found under a noise excitation [78].
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Figure 3.5: Overview of the comparison of testing signals with the human heartbeat signal.

3.5.2. Random Signals - Gaussian White Noise
Several researchers performed experiments with Gaussian white noise. For instance, Cottone et al.
[61] found that a bistable energy harvester can outperform a linear harvester under Gaussian white
noise, where the distance from external magnets determines the linear or bistable behaviour. Jiang and
Chen [82] produced nonlinearity by a snap-through mechanism. Comparing this to a linear harvester
of the same size shows that the nonlinear energy harvester outperforms the linear harvester under
Gaussian white noise excitations. Green et al. [83] found that under Gaussian white noise, the nonlinear
spring term is used to reduce the moving space of the device. However, the same energy harvester
has been tested on ambient vibrations, where this reduced displacement space also influences the
power output negatively [62, 83]. According to Daqaq et al. [43], to design a bistable energy harvester
that can outperform a linear harvester under Gaussian white noise, knowledge about the excitation
intensity is needed. They also state that, for Gaussian white noise excitations, nonlinear hardening
cannot improve the harvesters performance. This in contrast to nonlinear softening, which may improve
the performance.

3.5.3. Random Signals - Coloured Gaussian Noise
Testing under Gaussian coloured noise gave diverse results when comparing linear, monostable and
bistable energy harvesters. For instance, Daqaq et al. [43] indicate that under coloured Gaussian noise
a bistable energy harvester, in comparison to a monostable energy harvester, has a wider bandwidth
response. It is also less sensitive to variations in the center frequency of the excitation. Furthermore,
Daqaq [75] indicates that, with an excitation frequency close to the natural frequency of a linear har-
vester, a bistable harvester produces less power under coloured Gaussian noise. However, this does
not mean that a linear harvester is better under coloured Gaussian noise, since the performance could
differ for an other excitation frequency. Daqaq [84] found an enhanced bandwidth response under har-
monic excitations. Under coloured excitations with small bandwidths, however, a deterioration of the
mean power was observed, due to the nonlinearity. This different response under different input signals
is also found by Blystad and Halvorsen [76]. They use stoppers to obtain the nonlinear behaviour and
a different harvesting response is observed for a sinusoidal excitation compared to a coloured Gaus-
sian noise. With a sinusoidal excitation the output power reaches a plateau. For coloured Gaussian
noise the output power continues to increase when the stopper is hit, but at a slower rate than without
a stopper. This comparison has also been made by Lee et al. [72], where for a harmonic excitation
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the harvester was able to oscillate at the large-amplitude branch. In the coloured Gaussian noise the
response drops back to the small-amplitude branch after a certain time. Also Lu et al. [85] simulated
their MEMS electret-biased energy harvester on a harmonic frequency sweep and a coloured Gaus-
sian noise signal. An interesting difference in the response of the harvester is that under the Gaussian
noise two frequency components, the main resonance and the asymmetric vibration, can be observed
in the output that are not seen during the frequency sweep.

3.5.4. Ambient Signals
Beeby et al. [86] have tested energy harvesters on ambient vibrations. Piezoelectric and electromag-
netic harvesters were simulated on real vibration data from a diesel ferry engine, a combined heat and
power pump, a petrol car engine, a helicopter and Gaussian white noise. The results show that for
the four real vibrations data, in the piezoelectric case the linear energy harvester with a high Q-factor
outperforms the other harvesters. Only under Gaussian white noise a bistable energy harvester has
the highest power output. For the electromagnetic harvesters, the linear high Q-factor has the highest
power output for all the vibrations [86]. However, Neri et al. [7] experimented with an energy harvester
where the nonlinearity depends on the distance from external magnets. These experiments were per-
formed on a car, a train and microwave oven signal. They found that the distance between the magnets
to obtain the maximum output depends on the shape and intensity of the used signal. Finally, Boisseau
et al. [87] used nonlinear springs to improve the output power simulated on a car engine signal at 3000
rpm and a human walking down of a staircase. On a drill signal or the car engine at 2000 rpm, however,
nonlinear energy harvesters have a lower power output.

3.5.5. Testing according FDA
The Food and Drug Administration set the requirements which a medical implantable device should
meet. They also specify the testing requirements. According to the Food and Drug Administration,
for the implementation of new implantable pacemakers in vitro (bench) test are needed to verify the
mechanical and electrical working principle. This shall be tested under the conditions of the opera-
tional environment [10]. During the clinical trial of a new device, the pilot phase, consisting of 10-30
subjects, the preliminary safety and performance information is investigated [11]. Since the mechani-
cal and electrical working principle depends on the energy harvester’s performance, which dynamical
behaviour depends on the input signal, it is likely that the in vitro (bench) tests should also be validated
on 10-30 different input signals.

Subconclusion
During the discussion of the testing signals it was observed that harvesters tested on various input
signals gave a different output response. The behaviour of nonlinear energy harvesters depends on
the driving force [7, 78]. For nonlinear energy harvesters, understanding the characteristics of the ex-
citation signal is important to match the dynamic behaviour of the harvester to the source, since the
type and strength of ambient excitations influence the performance [7, 44, 62]. Inconsistent input ac-
celerations are a challenge for nonlinear energy harvesters [45]. Due to the different characteristics in
ambient vibrations, it is difficult to find a general solution for the energy harvesting problem [88]. Testing
a harvester with signals that reproduce the main characteristics of the operational environment gives
an optimal working setup [7]. As stated before, for powering a pacemaker with an energy harvester,
detailed knowledge is needed of the heartbeat signal of a human. There can be a difference in the
response of a nonlinear harvester when comparing the response from a heartbeat waveform to a har-
monic oscillation [4]. This means that testing an energy harvester on a harmonic signal is a good first
step, however, further testing on a heart signal is needed to obtain the actual power output.

3.6. Discussion
The current status of energy harvesters for powering a pacemaker is discussed in this article. However,
only three subjects are highlighted: the heartbeat signal, the designed energy harvesters and the testing
conditions. More components are required to integrate an energy harvester in a pacemaker. Take
for instance the transition from the obtained electrical energy to the battery. It questionable whether



22 3. Discussing the Current Development Status of Energy Harvesting for Powering a Pacemaker

the quality of the battery is good enough to keep up with the developments or that it will eventually
end up depleting faster, as with a smartphone for instance. In addition to the technical aspects, one
may wonder if, for pharmacists, it is economically feasible to produce pacemakers based on energy
harvesters. Instead of selling a pacemaker every 5-12 years, they will sell one for a whole lifetime.
Despite the importance of the other factors, this discussion focuses on the nonlinear energy harvesters
and the testing conditions on the heart signal.

3.6.1. Nonlinear MEMS Low Frequency Energy Harvesters
The volume boundary condition, in this paper specified as 1 cmኽ, can be questioned. In some of the
found articles it is not clearly specified what is defined as the volume given. It is debatable whether
the volume only includes the harvester mechanism or that the volume also contains the motion range
of the harvester. For a pacemaker the best maximum volume specified, is the volume including the
harvester’s motion range. Furthermore, the volume of a leadless pacemaker is smaller than the speci-
fied boundary condition, since volumes of 0.5 cmኽ and 0.8 cmኽ are found [36]. The volume of 1 cmኽ is
chosen for a broader scope during the research, but it should be considered that the design of energy
harvesters with the purpose of powering a pacemaker should be smaller.

Not all the nonlinear techniques found are suitable for a pacemaker, as for instance harvesters using
magnets. A pacemaker without magnets is preferred for reasons of compatibility with MRI [38]. Multiple
of the discussed harvesters that are tested on heartbeat signals consist either of magnets or of mass
of approximately 20 grams to lower the resonance frequency. Current pacemakers are approximately
20 grams in total, making the increase in weight when a harvester is added significant. Furthermore, it
must be ensured that the harvester does not impede the heart rhythm.

3.6.2. Testing Heart Signals
Energy harvesters designed for a certain application should be tested on the ambient input signal from
that specific application. To obtain the heartbeat signal, measurements with accelerometers and ul-
trasonic measurements have been performed. Ultrasonic measurement performed by Kanai et al. [8]
gave information about heart wall vibrations. However, only the vibration signals of the period of the
second heart sound, which is the closure of the aortic valve, are analysed in the frequency spectrum
and a correlation analysis of other periods in this spectrum is needed [8]. The measurement with ultra
sound of the full cardiac cycle has been performed by Takahashi et al. [89]. This method is feasible
for the longitudinal axis view. Further research is needed to use this method in various cardiac views,
such as the short axis and apical views of the heart. Furthermore, this method shows a serrated heart
wall region, caused by lumen misclassified as heart wall [89]. Further research is needed to overcome
this difficulty in tracking points in the lumen and to recover the shape of the heart wall [89]. The mea-
surements by Kanai et al. [8] show a heartbeat waveform containing a wide range of frequencies [49].
Ansari and Karami [49] state that this is because each beat acts similar to an impulse. This is different
from the frequency of the heart rate, which for a normal heart rate is around 1-1.5 Hz [49]. The accel-
eration profile and frequency spectrum of the different researchers that use the Kanai waveform show
small differences that could be explained by the way the data has been fitted or edited. This could also
influence the dynamics of the nonlinear energy harvester during testing.

Furthermore, it is not specified how the results from the acceleration measurements performed by
Deterre et al. [39] are obtained and therefore the results from this measurement cannot be adopted.
Some other measurements with accelerometers require a open heart surgery, which was performed
on animal experiments. The interpretation of these signals obtained with the accelerometer are compli-
cated, because of movement due to respiration and movements of the pig as a whole [56]. Pacemakers
with an energy harvester have been placed in animals. Despite the positive results from this test, the
conclusions can not be translated to a human heart, due to the differences between humans and ani-
mals.

The major challenge of gaining the heart signal are the different measurement conditions. First,
the location where the pacemaker is implanted has an influence on the received heartbeat signal.
Commercial cardiac pacemakers are implanted under the skin near the clavicle [90], but a new leadless
pacemaker is placed in the heart wall [91]. The location of measurement influences the acceleration and
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frequency of the obtained signal. Second, the heartbeat signal depends on the moment of measuring.
Zurbuchen et al. [36] obtained the heart signal from one animal twice, which showed a different peak
accelerations along the device’s axis and heart rates, namely 7.7 m/sኼ at 94 bpm and 15.3 m/sኼ at
165 bpm. This implies that there is a relation between acceleration and bpm. Third, the obtained heart
signal also depends on the subject of whom the signal is measured, for instance, a subjects age or
health condition [8, 9].

3.6.3. Future Research
The outcome of this research results in two recommendations for future research. The first recom-
mendation is the development of nonlinear MEMS low frequency energy harvesters, working without a
magnet and without a large mass to achieve the low resonance frequency. Instead, it is suggested to
use piezoelectric material. The broadening of the bandwidth could be achieved with stoppers, however,
it should be taken into account that the harvester does not impede the heart rhythm. The broadening
effect could also be achieved by an energy harvester consisting of a buckled beam, with an additional
advantage that this could be designed as a compliant mechanism. The mentioned nonlinear charac-
teristics should be taken into account and further research is needed to address these characteristics
for the designed energy harvesters. The second recommendation is to perform more heart measure-
ments to obtain a signal that can be used to test whether an energy harvester is sufficient to power
a pacemaker. This signal should contain the heartbeat frequencies and the input accelerations of the
heart. To obtain more signals, more testing subjects are needed. A measurement method that is med-
ically allowed and could be carried out easily is needed. An example is the detection of the heart wall
movements using ultrasonic measurements. The location of measuring and different conditions should
be taken into account, in order to obtain a representative test signal. With more signals available it
could be verified if the harvester could be used widely.

3.7. Conclusion
In this article the current status of energy harvesters for powering a pacemaker has been discussed.
Researchers have performed various measurements to obtain the input signal of the human heart. The
input signal for testing energy harvesters should contain the heartbeat frequency and input acceleration
information. Two methods to measure the heartbeat signal are described: ultrasonic measurements
and measurements with accelerometers. The human heart signal is a broadband signal, consisting of
a varying acceleration amplitude at low frequencies. The signal has a high power at low frequencies,
which decreases for higher frequencies. Thereafter, an overview of the nonlinearities of low frequency
MEMS energy harvesters is given. Popular techniques used are nonlinearity due to a large displace-
ment and stoppers. Nonlinear energy harvesters have characteristics which could influence the perfor-
mance namely, the need for a high input acceleration, the quality factor, the non-uniqueness and the
robustness of the harvester. For pacemakers, energy harvesters without magnets and large masses
are required. Furthermore, different testing conditions for an energy harvesting are discussed. It can
be concluded that when an energy harvester is designed for a certain application, the harvester should
be tested on the input signal of that specific application. The dynamical behaviour of the harvester
could be different for different input signals, which could influence the performance of the harvester.
The majority of the found nonlinear MEMS low frequency energy harvesters are tested on a harmonic
signal. This is a good first step, but further research is necessary. Several researchers tested energy
harvesters on a human heartbeat signal, which gives information about the behaviour of the energy
harvester on the heart signal. The heart signal will show a different response for different people. More
heartbeat signals are needed to verify the energy harvesters performance under different input condi-
tions, since the different input characteristics of testing signals in combination with the harvesters own
characteristics can influence the dynamic behaviour of energy harvesters.

Contributions
• Overview of nonlinear techniques currently used in MEMS low frequency energy harvesters.

• Addressing that experiments with energy harvesters should be specifically on the signal of the
environment where it will operate, to obtain a realistic performance of the harvester.

• Overview of heart signal vibration capturing results.
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• Overview and comparison of results in nonlinear energy harvesting.



4
Combining Cardiac Measurement
Techniques to Improve Testing for
Energy Harvesting Pacemakers

This chapter presents the experimental research paper. Three different heart
sources are analysed, namely: open-chest pig heart acceleration signals, human
heart ultrasound measurements and human chest motion signals. The found heart
signal characteristics are processed in a human heart signal generator. With this
generator various heart signals are generated and used for testing in the lab. An
energy harvester with moving mid magnets is used and the power output on the
different signals are compared.
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Combining Cardiac Measurement
Techniques to Improve Testing for
Energy Harvesting Pacemakers

R. Bastiaanse, J. Roos, T.W.A. Blad, N. Tolou and J.W. Spronck

In this research, a first step towards the testing of energy harvesters on human heart signals
is made. A heart signal generator has been developed in order to improve the test facilities for
the testing of energy harvesting pacemakers. Three different sources of heart signals are com-
bined in order to obtain a new source of heart signals, an approximation of reality, which can
be used for testing. The first source are open-chest acceleration measurements of pig hearts,
used as the building block of the generator. Second, ultrasound heart measurements of human
hearts are used for the scaling of the pig heart accelerations. Finally, human chest motions are
measured, in order to investigate the human heart’s acceleration trajectory and to determine
whether an increasing amplitude results from an increasing heart rate. The output of the gen-
erator are various acceleration heart signals. An energy harvester with moving magnets and
static coil is tested on signals generated by the heart signal generator. The mean power output
on the various heart signals is compared. For ten heart signals generated by the heart signal
generator for a heart rate of 160 bpm, an average power output between 0.15 𝜇𝑊 and 4.81 𝜇𝑊
is generated by the energy harvester. This shows that the dynamic behaviour of an energy har-
vester is different for various heart signals, so broad testing is needed.

Keywords: Energy Harvesting, Pacemaker, Heart Wall Motion, Human Heart Acceleration
Signals

4.1. Introduction
Each year 600.000 new pacemakers are implemented [1]. The activity of the pacemaker necessary
to combat the arrhythmia determines the battery life. Nowadays, a pacemaker runs on a conventional
battery, that lasts for approximately 6-12 years, after which the pacemaker must be replaced [2]. This
means a new pacemaker implantation is needed, accounting for approximately 25% of all pacemaker
implantation procedures. These procedures come with complications, such as infections or bleeding
[3], a new leadless pacemaker has also high costs, approximately $10.000 [92]. A potential alternative
to limit this, is the use of energy harvesting. Energy can be harvested by heat, wind or vibration, for
example. Vibration energy harvesting refers to the method in which ambient vibrations are converted
into electricity [4]. These vibrations can be anything in the environment, from machines that vibrate, the
oscillations of a bridge and, in this case, the pulsation of the human heart wall. Due to these vibrations
electricity is generated, to recharge the battery.

An energy harvester designed for a certain application, should be tested on the input signal of that
application to accurately estimate the performance [6]. For instance, Neri et al. [7] experimented with
a nonlinear energy harvester. It is found that the design for a maximum power output depends on the
shape and intensity of the used input signal. The dynamical behaviour of the harvester differs per input
signal. This means that an energy harvester intended for powering a pacemaker should be tested on
a heart signal in order to obtain the matching dynamic behaviour.

However, the majority of the energy harvesters are tested on a harmonic signal. This is a good
first step, but further research is needed, since the characteristics of a harmonic signal do not match
the characteristics of the human heart signal. The human heart acceleration signal is a broadband
signal, consisting of a varying amplitude at low frequencies. Briand et al. [4], Ansari and Karami [93]
and Karami and Inman [48] used the heart velocity signal, obtained with an ultrasonic measurement
by Kanai et al. [8], for the testing of their designed energy harvesters. It is questionable, however,
whether the velocity found in the ultrasonic measurement is the velocity of one point that is continu-
ously followed, since this is a 2D method. By Zurbuchen et al. [2] a heart signal measured with MRI
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is used for testing. The temporal resolution of the MRI measurement was 40 fps, which is too low for
obtaining a detailed heart signal. In addition, the ultrasonic signal and MRI signal were obtained from a
single human. However, the heart signal can differ per person, since it also depends on, for instance, a
subject’s heart rate, age or health, the time of measuring and measurement location [8, 9]. Deterre [94]
analysed that the magnitude of these variations can go up to 50%, this means that more input signals
are needed. Then, Zurbuchen et al. [36] and Li et al. [3] performed tests on heart signals obtained from
pig heart measurements and implanted the harvester in the right ventricle apex of a pig’s heart. The
tests performed with pig heart signals and on the pig hearts, are open-chest tests of which the signals
could contain an overestimation. Furthermore, Deterre [94] used 3D measurements performed on pig
hearts and 1D acceleration data of the right atrium of humans, to obtain the heart acceleration signals.
Deterre et al. [39] and Vysotskyi et al. [50] used these obtained signals for the testing of energy har-
vesters. The signals found are a combination of pig heart measurements with human signals. These
signals used, however, are obtained from the atrium. A leadless pacemaker is fixated in the apical
septal region, which is close the apex. This can give a wrong signal amplitude, since the heart moves
from the base to the apex. This means that there is little movement at the bottom of the heart, relative
to the top. The tests performed on the heart signals give information of the behaviour of the energy
harvester on the needed operation signal, but the signals used have their drawbacks. More heartbeat
signal are needed to verify the energy harvesters performance for different input conditions, such that
it could be widely used in pacemakers.

The aim of this research is to develop a human heart signal generator, where the signals contain
the required information that is needed for the testing of energy harvesters. With this generator multiple
heart signals can be generated that approximate a human heart wall acceleration signal. The database
of heartbeat signals is expanded, helping the researchers with the verification of the performance of
the energy harvester in a realistic manner. The generated heart signals are demonstrated with the use
of an electrodynamic shaker to analyse the power output of an energy harvester on different input heart
signals.

First, in background, the technical requirements of an energy harvester intended for powering a
pacemaker are discussed, followed by an overview of current human heart measurement options. In
methods the measurement methods of the heart motion sources used for the generator are discussed.
Furthermore, the heart signal characteristics are analysed from the heart motion sources. These char-
acteristics are processed in the heart signal generator, of which the working principle is explained. This
followed by a short description of the energy harvester used for the demonstration and the experimen-
tal test setup used. Then, in results, the results of the heart signal generator and the experiment are
shown. The final sections are the discussion, discussing the results, followed by a conclusion on the
research.

4.2. Background
First, the Technical Requirements of an Energy Harvester intended for powering a pacemaker are
discussed, followed by an overview of currentHumanHeart Measurement Methods used in the hospital.

4.2.1. Technical Requirements of an Energy Harvester
An energy harvester for a pacemaker should meet several technical requirements. First of all, when
analysing the power usage of a Micra leadless pacemaker, a pacemaker directly placed in the right
ventricle, the power usage for 100% inhibition is 1.2 𝜇𝑊 and 1.95 𝜇𝑊 for 100% stimulation per heart
cycle [34]. This is an average power output that the energy harvester should meet every heart cycle.
Second, the total volume of the Micra leadless pacemaker is 1 cmኽ, where the battery is approximately
60% of the volume. Taking into account that a spare battery is needed, the maximum volume of the
harvester is determined at 0.3 cmኽ [95, 96]. Third, a Micra leadless pacemaker weigh 1.75 g. For not
impeding with the heart rhythm, the energy harvester should not weight more than 1-2% of the heart
mass, which is approximately 3-6 g [97]. Resulting in that the energy harvester should have a weight
of 1 g at max. Zurbuchen et al. [98] concluded that when a heavier weight is attached on the heart wall,
the heart needs more force to move and thus the acceleration amplitude increases. In the hospital a
resistance of the heart motion is also seen due to a pacemaker. However, when visually analysing
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the heart motion obtained with ultrasound measurements, no difference can be observed between the
motion of the heart wall with a lead attached from a lead pacemaker or the Micra leadless pacemaker
fixated in the heart wall (E.R. Holman, personal communication, December 21, 2020). Finally, another
important requirement is that the harvester should operate on a heart signal, with a varying frequency
and amplitude. The contribution of this paper is to facilitate the signals for the validation of this last
requirement.

4.2.2. Human Heart Measurement Methods
The human heart wall motion can be measured via a CT-scan, MRI, Tissue Doppler Imaging (TDI)
and Speckle Tracking Echocardiography (STE). In Table B.1 a comparison of the four measurements
methods is made for five important specifications: the source of measuring, the temporal resolution,
the spatial resolution, the dimensions and the usability. In this table it can be seen that the preference
for measurement method lies with STE and TDI. The usability and availability of the measurement
methods in the hospital are important to take into account for the method decision. The CT-scan and
MRI are less available and more difficult to perform than STE and TDI. Furthermore, the temporal
resolution of a CT-scan and MRI is low. The temporal resolution and spatial resolution are important
to obtain a representative and accurate motion signal of the heart wall without aliasing, resulting in a
preference for STE and TDI. When comparing STE and TDI, STE measurements can obtain a signal
consisting of multiple consecutive heart cycles, instead of 1-2 heart cycles with TDI. Furthermore, TDI
measurement have an angle-dependency and measurements are only possible in one direction [99].
More comparison details can be found in Appendix B. The STE measurements are one of the three
heart signal sources used for the analysis in this research.

Table 4.1: Comparison of the different human heart measurement methods for five specifications [100–
102].

CT-Scan MRI TDI STE
Source X-Ray Magnetic Field Echo Echo
Temporal Resolution 14 fps 50 fps 100 fps 70 fps
Spatial Resolution 0.5-0.625 mm 1-2 mm 0.5-2 mm 0.5-2 mm
Dimensions Three Three One Three*
Usability In Machine In Machine Bedside Bedside

* At an approximation of the same location

4.3. Methods
The three Measurement methods, that measure the heart signals sources used in this research, are
discussed. The signals are analysed, resulting in Heart Signals Characteristics. These heart signal
characteristics are processed in the Heart Signal Generator, of which the generated signals are used
in an Experiment with the use of an electrodynamic shaker.

4.3.1. Measurements
Besides human ultrasound measurements obtained via Speckle Tracking Echocardiography, are also
Pig Heart Wall Motion measurements obtained with an accelerometer used. Furthermore, Human
Chest Motion measurements with an accelerometer attached on the chest located near the apex are
analysed.

Speckle Tracking Echocardiography
Speckle Tracking Echocardiography (STE) measurements are performed at the Leiden University Med-
ical Center (LUMC), the Netherlands, on nine patients (4 woman/5 man, age 20-79) with normal hearts.
A VIVID E95 (GE Healthcare) with a 2.5 MHz transducer is used and the data is analysed offline in
EchoPAC. The patients held their breath in order to prevent influence from respiratory motion and the
drift compensation mode was turned on. The mean spatial resolution is 0.25 mm per pixel and the
mean temporal resolution is 62 fps. The longitudinal direction is measured in the four chamber view
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and the circumferential and radial directions are measured in the apical short axis view, giving an ap-
proximation of the same apical septal location analysed in the four chamber view, Figure 4.1a. For the
longitudinal and radial direction the displacement (mm) is obtained and for the circumferential direc-
tion the motion is obtained in the rotation angle (degrees). In order to process the rotation angle, the
radius of the heart in the apical view is determined in EchoPAC, to calculate the tangential velocity. In
EchoPAC each heartbeat had to be analysed separately and was pasted one after the other for further
analysis. The derivative of the displacement signals is taken to obtain a velocity signal, Figure 4.1b.
Here an average velocity signal can be seen with the IVV-peak and s-wave, the contraction of the heart,
and the e-wave and a-wave, the relaxation of the heart.

(a) (b)

Figure 4.1: Human ultrasound measurements. (a) The short-axis apical view and four chamber view, used for the STEmeasure-
ment in order to obtain the radial, circumferential and longitudinal axis, respectively. The blue part are the placement location
of a leadless pacemaker. LV is the left ventricle and RV is the right ventricle. Also the heart regions, Apex, Apical, Mid, Basal,
Septal and Lateral are labeled in the figure. (b) An example of a longitudinal velocity signal from a patient. The IVV-peak, s-wave,
e-wave and a-wave are shown, the parts that make up a heart cycle.

Pig Heart Wall Motion
A second source are heart acceleration signals measured with an accelerometer attached on five pig
hearts, performed in [103]. The accelerometer used is a 3D accelerometer (KXM52-1040, Kionix, Inc.,
NY, USA) with a dimension of 5×5×2 mm and a sampling frequency of 500 Hz. One accelerometer is
placed in the left ventricle apical region and the second one is placed in a basal lateral region. During
the measurements the chest was left open and the pigs were placed in dorsal supine position (lying on
their back).

Human Chest Motion
A third source used are measurements performed with an accelerometer attached on the human chest.
The accelerometer used for this experiment is also a 3D accelerometer (356A32, PCB, NY, USA) with a
dimension of 11.4x11.4x11.4 mm and a sampling frequency of 2048 Hz. Measurements are performed
on three men (age 23-28) with normal hearts during rest and exercise. The accelerometer is attached
on the chest at the location of the apex of the heart. During the measurements the test persons were
also lying in the dorsal supine position and the breath was held.

4.3.2. Heart Signal Characteristics
The heart signal sources are analysed and the found heart characteristics are discussed. These char-
acteristics are categorized in Trajectory, discussing the course of the heart signal, followed by Scaling,
where it is explained how the pig heart signals are scaled to a human heart amplitude. Finally, the
Influence of Heart Rate on the amplitude is discussed.
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Trajectory
The open-chest pig heart acceleration signals contain the longitudinal, radial and circumferential direc-
tion, measured in five pig hearts. Figure 4.2a shows an example of the longitudinal direction of one
of the five acceleration signals. Every heart cycle consist of first a contraction peak, followed by a
relaxation peak. When analysing the five different acceleration heart signals, there are differences in
the details of these peaks. They differ, for instance, in duration, amplitude and number of oscillations
per peak. The contraction and relaxation peaks will be used as the building block for the heart signal
generator, since the signals are obtained with a high sampling frequency and the accelerometer was
attached directly on the heart wall. Because of this high sampling frequency the shape of the signal rep-
resents the acceleration accurately. Analysing acceleration signals found in literature, the same shape
can be observed for dogs, sheep, pigs and humans [104–107]. Furthermore, in the signals obtained
from the measurement with the accelerometer attached on the human chest, the same trajectories are
observed. A detailed analysis can be found in Appendix D. It should be kept in mind, however, that
these signals are measured epicardial instead of endocardial. The placement location of a leadless
pacemaker is endocardial. It is known that the heart wall motion is different when comparing epicar-
dial and endocardial [24]. When analysing the acceleration signals from Eggen et al. [108], where the
accelerations are obtained with an accelerometer placed in a leadless pacemaker, fixated in the heart
of a sheep. It is observed that the same shape is seen in the contraction and relaxation. Because of
this observation, it is stated that the pig signals can be used as a first step to obtain an approximation
of human heart acceleration signals. However, more details are needed.

(a) (b)

Figure 4.2: Two heart signals. (a) An example of an acceleration signal measured at the heart wall of the pig with an accelerom-
eter in the longitudinal direction. (b) The left heart ventricle with the mean acceleration values measured with ultrasound from
nine patients at the different regions.

Scaling
Comparing open and closed heart measurements, an overestimation of 100% is observed in open-
chest measurements [109]. Furthermore, the gravity component gives also an overestimation in the
acceleration signals [110]. This can not be compensated, since the rotation angles of the accelerome-
ter are unknown. To compensate for the overestimation the STE measurements are used to determine
the scaling factor. The temporal resolution and spatial resolution of the STE measurements are too low
to obtain a detailed acceleration signal. The STE data must be differentiated twice and due low resolu-
tion, these details are not visible in the differentiated signals and the signal-to-noise ratio is rather low.
However, a scaling factor to scale the pig acceleration signals in order to mimic a more realistic human
heart acceleration signal can be obtained from the data. The mean accelerations for the different heart
regions in the left ventricle are shown in Figure 4.2b. A higher acceleration is seen for the basal regions
and the acceleration decreases when analysing the mid and apical region. The peak acceleration for
the heart signal generator is randomly chosen out of a range of accelerations determined from the STE
measurements. It is chosen to vary the acceleration with a range between 0.26-1.82 𝑚/𝑠ኼ. This be-
cause of several reasons. First of all, the heartbeat signals differ per person, including the amplitude of
the acceleration and velocity. In order to include this human factor a range is used. Second, the place-
ment location of a leadless pacemaker differs per surgery. The fixation location depends on the patient
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and circumstances during surgery. Finally, the range is applied because of the ambiguous acceleration
and velocity values found in literature [111–117] and in this research when comparing STE and Tissue
Doppler measurements. Due to the range, any inaccuracies of the measurement method used in this
study are covered when scaling the heart signal generator signals. The details of this analysis can be
found in Appendix C.

Influence of Heart Rate
For an increasing heart rate, the heart has a positively increasing acceleration amplitude. This was
also observed in the chest motion lab measurements, where the acceleration amplitude was greater
during exercise than in rest. To process this in the heart signal generator, the research of Roche et al.
[118], Cifra et al. [119] and Nguyen et al. [120] are used. Here a linear increase for the contraction
and relaxation velocity and an exponential increase for the contraction acceleration is observed. It is
assumed that the relaxation acceleration has also an exponential increase. For the determination of
the slope, two tangents are used, one between 70-100 bpm and one between 100-180 bpm, shown
in Table 4.2. Since the relaxation velocity has a steeper increase, the tangents of the relaxation are
estimated larger. Pauliks et al. [121] showed that for a lower heart region the difference between the
acceleration values for a heart rate in rest and a heart rate in exercise are smaller than for a higher
heart region. So, the tangents found have been reduced in order to avoid an overestimation, since a
leadless pacemaker is places in a low region. Besides the amplitude, the duration of a heart cycle is also
influenced by the heart rate. In percentage, the duration of the relaxation decreases for an increasing
heart rate, while the percentage of the contraction increases for an increasing heart rate. This means,
that for a heart in rest, the duration of the relaxation is larger than the duration of the contraction. For
an increasing heart rate, however, the relaxation time decreases more than the contraction time of the
total heart cycle [122, 123]. This influence is incorporated in the heart signal generator.

Table 4.2: The slope numbers of the tangents to the graphs of the exponential growth of the
heart acceleration due to the rise of the heart rate. The slope numbers are shown for the
contraction and relaxation.

HR <70 bpm 70 bpm <HR <100 bpm HR >100 bpm
Contraction 0 0.014 0.054
Relaxation 0 0.017 0.060

4.3.3. Heart Signal Generator
The input for the heart signal generator is a chosen heart rate and the number of desired heart cycles.
The output of the generator is a one-dimensional acceleration signal, approximating the human heart
acceleration signal in the longitudinal direction. The energy harvester can harvest energy in one di-
rection and in the apical domain the longitudinal direction has the highest velocity and acceleration.
The heart signal generator uses the pig signals as building blocks, where a simulated time response of
the dynamic model of the contraction and relaxation peaks is obtained. The dynamic systems are ob-
tained from a transfer function estimation. This estimation is found from an input vector and the original
measurement data using a nonlinear least-squares search method. The dynamic systems are loaded
into the generator. Every run a new input vector is generated for both the contraction and relaxation,
varying in impulse locations and peak heights, causing a different simulated time response. The fact
that every person has a different heartbeat is imitated. More details are explained in Appendix F. The
obtained simulated time response of the contraction and relaxation parts are scaled according to the
acceleration values determined from the STE measurements. Every run a random value is selected
from the range with a little variation for each heart cycle. This is added to mimic the human factor in the
signal, and the influence of the heart rate is applied. The parts between the contraction and relaxation
are a sum of cosine and sine with varying amplitudes and frequencies. When analysing the pig heart
acceleration signals these parts have a low acceleration around zero that will not affect the movement
of the energy harvester and therefore the amount of power generated.
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4.3.4. Experiment
The signals generated with the heart signal generator are used in an experiment in the lab. The Energy
Harvester Device and the Measurement Setup used are discussed.

Energy Harvesting Device
The energy harvester used during the experiments is an electromagnetic energy harvester consisting
of a stack of eight moving magnets and a static coil, Figure 4.3b. On both ends of the moving mag-
nets, repulsive magnets are placed in 3D printed end caps, resulting in a nonlinear spring. The tube
is made of transparent PVC and ferrofluid is added around the magnets. The energy harvester has a
total length of 70 mm and a diameter of 16 mm. The moving magnets have a total mass of 12.47 g.
Further details of this energy harvester can be found in Appendix G.1.

(a) (b)

Figure 4.3: The experimental setup. (a) A schematic overview of the measurement setup used during the experiments. (b) The
energy harvester attached on the shaker.

Measurement Setup
The performance of the vibration energy harvester on the human heart signal is experimentally validated
on an electrodynamic vibration exciter. Figure 4.3a schematically depicts the various components in
the setup, where the NI cRIO-9040 with the depicted modules act as an actuator, data sampler and
controller. The actuation signal is send to the amplifier and successively to the shaker. On top of the
shaker, a PCB accelerometer is attached next to the energy harvester. During the experiments the
acceleration signal was measured simultaneously with the harvester’s output voltage over a 100 Ω re-
sistance.

In order to excite the desired human heartbeat on the shaker, a feedforward controller was used.
A system identification as described by Martini [124] was performed in order to determine the shaker’s
transfer function. Based on the shaker’s transfer function, a feedforward controller was designed as
described by Della Flora and Gründling [125]. Successively, the controller was implemented on the
cRIO, where the desired heartbeat signal from the heart signal generator is adjusted before being send
to the shaker.

Heart signals generated with the heart signal generator are used as input signal for experiments
to analyse the power output and efficiency of the energy harvester on different heart signals. The
heart signals are generated for a heart rate of 120-200 bpm in steps of 20 bpm. High heart rates are
chosen, otherwise no magnet motion was obtained, this results in no power generation to compare.
The efficiency is calculated by dividing the measured power output of the energy harvester by the power
present in the input signal, which is obtained in Equation 4.1. Where a is the acceleration, m is the
mass of the moving mid magnet and T is the measurement period of the signal.
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𝑃።፧ =
∫ 𝑎ኼ 𝑑𝑥
𝑇 ⋅ 𝑚 (4.1)

4.4. Results
4.4.1. Heart Signal Generator
In Figure 4.4, three examples of acceleration signals obtained with the heart signal generator can be
observed, with the corresponding velocity signals. The first two signals are both generated for a heart
rate of 70 bpm, the third signal is generated for a heart rate of 130 bpm.

(a)

(c)

(e)

(b)

(d)

(f)

Figure 4.4: Three examples of signals generated by the heart signal generator for a heart rate of 70 bpm and 130 bpm. (a,b)
The acceleration and velocity profile of a heart signal of 70 bpm. (c,d) The second acceleration and velocity profile of a heart
signal of 70 bpm. (e,f) The acceleration and velocity profile of a heart signal of 130 bpm.

4.4.2. Experiment
The acceleration signal, velocity signal and the corresponding power output of 160 bpm and 200 bpm
can be observed in Figure 4.5. The average power output and the corresponding efficiency of the
signals with a heart rate of 120-200 bpm, in steps of 20 bpm, are shown in Figure 4.6a and Figure 4.6b.

4.5. Discussion
4.5.1. Heart Signal Generator
Comparing the two 70 bpm signals, it can be seen that details in the peaks are different and the velocity
signals have differences, but in both velocity signals the IVV-peak, s-wave, e-wave and a-wave can
be detected. When comparing the 70 bpm signals to the 130 bpm signal, differences can be seen in
the peak height and duration of the heart cycles. It is validated that the heart rate indeed has a linear
influence on the velocities and an exponential influence on the acceleration. The heart signal genera-
tor generates different heart signals, in order to mimic the fact that everyone has a different heartbeat.
The information provided by the measurements is brought together in the generator, in order to mimic
a human heart acceleration signal within the possibilities. The results of the three heart sources are
combined in order to obtain an accurate and detailed heart signal, in which the disadvantages of one
method are compensated by the advantages of another method.

Heart signals that have been used for testing so far, are a heart signal obtained by an ultrasonic
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(a)

(c)

(e)

(b)

(d)

(f)

Figure 4.5: Two examples of signals generated by the heart signal generator for a heart rate of 160 bpm and 200 bpm and
used for the experiment. (a,c,e) 160 bpm heart rate acceleration and velocity profile with the power generated by the energy
harvester. (b,d,f) 200 bpm heart rate acceleration and velocity profile with the power generated by the energy harvester.

(a) (b)

Figure 4.6: The experiment results. (a) The boxplot for the mean power measured for the ten heart signals generated per heart
rate. (b) The boxplot for the efficiency calculated for the for ten heart signals generated per heart rate.

measurement and a MRI measurement [2, 8] or acceleration signals obtained from pig measurements
[3, 36]. It is questionable whether the measurement methods used gave a correct signal of the heart
wall accelerations. The ultrasonic measurement is 2D and MRI has a low temporal resolution. A
measurement of a single person is not representative for the population and it is known that pig heart
acceleration signals contain an overestimation. This heart signal generator takes these drawbacks
into account by means of combining detailed pig heart signals with human ultrasound measurements.
The pig heart accelerometer measurements ensure that one point is continuously followed with a good
resolution, but the ultrasound measurements add the human factor in the generator signal. Another
contribution of this generator is that multiple, varying heart signals can be generated, without the need
of difficult and against ethical requirements, heart measurements. Varying heart signals, for different
heart rates can be generated quickly, which makes it easier to validate whether an energy harvester
can generate sufficient power in order to power pacemakers. In this generator human heart signals
measured in the apical septal and mid septal region, are used to scale the pig heart signals in order to
prevent an overestimation in the testing signals. Due to this scaling with amplitudes measured in the
apical septal region, the fixation location of a leadless pacemaker is taken into account.
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4.5.2. Experiment
Analysing the power output in Figure 4.5, a higher power output is generated for the relaxation part of
the heart signal. This can be explained by the fact that the surface underneath the acceleration signal,
and thus the velocity, of the relaxation part is larger than the contraction part, giving a larger motion
to the energy harvester. This is not always true, as everyone has a different heartbeat. As shown in
Figure 4.6a and Figure 4.6b for different acceleration signals, generated for the same heart rate, the
energy harvester has a varying power output and efficiency. For example, when analysing the mea-
surements performed for signals generated at a heart rate of 160 bpm, a mean power output between
0.15 𝜇𝑊 and 4.81 𝜇𝑊 is measured and an efficiency between 0.0013-0.013% is calculated. Analysing
the mean power output and efficiency for the measurements performed at other heart rates, spread
power and efficiency values are also observed. When analysing the mean power for 120 bpm, the vari-
ance is lower. This can be explained by the fact that this energy harvester has little motion for the low
acceleration in the 120 bpm signals, this means that little power is generated. The efficiency calculated
with Equation 4.1 can be compared with the efficiencies of other harvesters, as it is dependent on the
mass. Figures of merit designed to compare various energy harvester designs, as for example from
Blad and Tolou [126], can not be used, because this requires a harmonic input signal, which a heart
signal is not. In addition to the varying power output and efficiency, it was expected that for a higher
heart rate the power output would increase due to more power in the input signal. In Figure 4.6b it can
be observed that this is true when analysing the median of the mean power for the ten signals gener-
ated for an increasing heart rate. For different heart signals generated by the heart signal generator
this energy harvester has varying power outputs and efficiencies, showing that the dynamic behaviour
of the energy harvester changes for different signals. This observation shows the importance of the
testing of energy harvesters on multiple heart input signals.

The average power output of this energy harvester is too low in order to charge the battery of a
leadless pacemaker since, for 100% inhibition a leadless pacemaker uses 1.2 𝜇𝑊 and 1.95 𝜇𝑊 for
100% stimulation per heart cycle [34]. This energy harvester is not specially designed for this input
signal. When performing a frequency-sweep with an acceleration of 1 g, at 12.5 Hz an average peak
power output of 13.44 𝑚𝑊 is measured, with a calculated efficiency of 2.16%. When optimizing the
design of an energy harvester for the intended input signal, the efficiency can be increased, increasing
the power output. Blad and Tolou [126] analysed different types of energy harvesters and their efficien-
cies are calculated. It is observed that for the same types of energy harvesters diverse efficiencies are
found and that large profits can be made by optimizing the design. Further advice for energy harvester
designs intended for pacemakers are harvesters that can generate power at a heart rate in rest and
without moving magnets, since this is not desired inside a human body for safety and potential medical
investigations. The final orientation of the energy harvester design depends on the positioning of the
leadless pacemaker, which is different for each person during surgery. In a non-optimal position the
energy harvester should generate still enough power in order to recharge the battery of the pacemaker.

4.5.3. Recommendations
When comparing the velocity signals generated with the heart signal generator the s-wave amplitude
is relatively low to what is seen in both literature and the STE measurements from the LUMC of the mid
septal and apical septal regions. The heart has different motions for different heart locations. When
analysing the location of the accelerometer placed during the pig heart measurements, the location of
this sensor is between the apical septal region and the apex. This could explain the fact that the gen-
erated velocity signals have more similarities with this location than with the motion at the mid septal
segment. Scaling the signals with the peak amplitudes from the apical septal and mid septal segments
does not change the shape of the velocity signal. It is advised to measure the pig heart wall motion at
different locations from the apex to the mid apical heart wall location, in order to further improve the
heart signal generator.

Another challenge is to test the energy harvester under real life circumstances that can influence
the reliability of the energy harvester and the amount of energy harvested. Examples of circumstances
to take into account are the heart wall rotation, and the fact that the leadless pacemaker is fixated in
soft tissue, making the leadless pacemaker move in a wobbly motion. The next step, after testing the
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energy harvester on a shaker, is to test the energy harvester with the heart wall environment imitated.
The energy harvester should be fixated in a material just as soft as the heart wall and after that be
tested on the three dimensional motion.

4.6. Conclusion
In this work a heart signal generator has been developed in order to improve the test facilities for
the testing of energy harvesters intended for powering pacemakers. Three different sources of heart
signals are combined in order to obtain a new source of heart signals, an approximation of reality,
which can be used for the testing of energy harvesters. The detailed contraction and relaxation parts
of pig heart wall acceleration signals are used as building blocks. The pig acceleration signals are
scaled according to the acceleration values found in the human STE measurements performed at
the LUMC. The influence of the heart rate is added in the generator. Humans have a positive force-
frequency relation between the heart rate and the signal amplitude for the contraction and relaxation,
observed in the human chest motion measurements. The heart signal generator can be seen as a
first step towards the testing of energy harvesters on human acceleration signals on a broad range of
human heart wall acceleration signals, where the dynamic behaviour on the different signals can be
investigated. Heart signals generated by the heart signal generator at a heart rate of 120-200 bpm,
with steps of 20 bpm, are used for experiments in the lab on an energy harvester. Analysing the
measurements performed for signals generated at a heart rate of 160 bpm, the average power output
measured for the different signals is varying between 0.15 𝜇𝑊 and 4.81 𝜇𝑊, with an efficiency varying
between 0.0013-0.013%. The varying power output and efficiency show that the energy harvester has
a different dynamic behaviour on the different heart signals. Testing energy harvesters intended for
powering pacemakers on various heart signals is needed, since it is important that the energy harvester
generates sufficient power to charge the battery on all human heart signals. This heart signal generator
is a first step to validate if energy harvesters have a sufficient performance on different heart signals.
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Recommendations

This chapter contains a reflection on the project progress. The successes, learning
points and unsuccessful attempts are described, followed by the project conclusions
and recommendations for further research.
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5.1. Project Reflection Discussion
The project reflection is divided in successes and unsuccessful attempts, where the successes are
divided in project successes and personal successes.

One of the major project successes is the collaboration with the cardiologist from the LUMC. It is
known that doctors are busy and have little spare time. Despite this, fortunately, the doctors were able
to free up enough time to assist me during this project. This has taken the project to the next level,
because the aim of this project is to improve the testing facilities, requiring human heart signals. The
cardiologists have the medical knowledge. The fact that this thesis combines the knowledge from the
cardiologist with the technical knowledge is a success. Eventually, the goal of powering a pacemaker
with an energy harvester is that this technical devices will be used in hospitals. Therefore it is impor-
tant that during the research process, those who eventually use the device are involved in the design
process. This project is a small step in the long way to implementation. Via this thesis a first attempt is
made by testing the energy harvesters on the signal sources for which they are intended. To bring the
project of powering a pacemaker by an energy harvester to a successful end, an interaction of several
specialisms is required.

The personal successes gained during this project, besides going through a project from start to
finish and being your own project manager, can be described as three life lessons. Three lessons that
I have learned and I will take with me in my further career. The first lesson is that you have to do
what you like, stay true to yourself and what makes you unique. That may sound like a hackneyed life
lesson, but during this project I started with a different project direction. In this first project the skills
that make me unique were not used. On the contrary, I thought they would not be useful. But nothing
could be further from the truth. After the project switch the progress went more smoothly and pleasure
was taken from the research. A second life lesson is: ’focus’. While working on a project, the actual
goal of the project can sometimes be forgotten and is it easy to drift away. During the process is it
important to sometimes take a step back and analyse the whole project. What am I working on? Does
this help achieving my goal? What are the steps needed to achieve the goal? It is important that these
questions are asked from time to time. The third life lesson is there is a solution for everything. During
the project there were challenges. Ultimately, by making certain choices, asking for advice or getting
a good night’s sleep something that seemed impossible at first, turned out to be possible. The work
could be continued and this has led to a beautiful end result.

Besides the successes, there were also unsuccessful attempts in the project that were not used for
the end result. The first unsuccessful attempt is the electromagnetic energy harvester design, which
not used during the experiments (Appendix G). Designing an energy harvester with the lowest possi-
ble stiffness has taken some time. The focus of this thesis was obtaining the heart signals in order to
improve the testing facilities and not designing an energy harvester that can operate on these heart
signals, which is a research by itself. It would have been better to take a step back and see what was
available in the lab, than start with designing immediately. However, it was educational to go through
the design process and to simulate the dynamic behaviour of the energy harvester.

A second unsuccessful attempt is the investigation of how to imitate the heart wall material. It was
thought that in order to improve the testing facilities the heart environment could be better imitated
when the energy harvester was pinned in a soft tissue. It turned out that the investigation of how to
imitate the soft tissue of the heart wall is more difficult than expected (Appendix H). The silicone tests
were a good first approach, however, more detailed research is needed to obtain the finer details of
the heart wall tissue. Furthermore, despite the fact that the aim of this thesis is to improve the testing
facilities the mimicking of soft heart wall tissue with silicone was out of the scope of this research.

5.2. Conclusion
In this work, first, the current status of energy harvesters for powering a pacemaker has been dis-
cussed. Different heart measurement techniques are discussed, varying from ultrasound measure-
ments to measurements with an accelerometer. All the methods have their advantages and disad-
vantages. Obtaining detailed heart signals from humans is a challenge, because of the measurement
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methods available in the hospital and the ethical rules. In the literature research, it is concluded that
when an energy harvester is designed for a certain application, the harvester should be tested on the
input signal of that certain application. The dynamical behaviour of the harvester could be different
for different input signals, which could influence the performance of the harvester. The majority of the
found nonlinear MEMS low frequency energy harvesters are tested on a harmonic signal. This is a
good first step, but further research is needed. Several researchers tested energy harvesters on a
heartbeat signal of a single human, which gives information of the behaviour of the energy harvester
on the operation signal. However, the heart signal differs per person. Different signals have varying
characteristics, that can influence the dynamic behaviour of the harvester. To verify the performance
of energy harvesters under multiple heart conditions, more diverse heartbeat signals are needed. In
order to fulfill this demand, a heart signal generator has been designed in order to improve the test fa-
cilities for the testing of energy harvesters intended for powering pacemakers. Three different sources
of heart signals are combined in order to obtain a new source of heart signals, an approximation of
reality, which can be used for testing. The detailed contraction and relaxation parts of pig heart wall
acceleration signals are used as building blocks. The pig acceleration signals are scaled according to
the acceleration values found in the human STE measurements performed at the LUMC. The influence
of the heart rate is added in the generator. Humans have a positive force-frequency relation between
the heart rate and signal amplitude, which was observed in human chest motion measurements. The
results of the three heart sources are combined in order to obtain an accurate and detailed heart signal,
in which the disadvantages of onemethod are compensated by the advantages of another method. The
heart signal generator is a first step towards the testing of energy harvesters on human acceleration
signals on a broad range of human heart wall acceleration signals, where the dynamic behaviour on
the different signals can be investigated. Heart signals generated by the heart signal generator at a
heart rate of 120-200 bpm, with steps of 20 bpm, are used for experiments in the lab on an energy
harvester. Analysing the measurements performed for signals generated at a heart rate of 160 bpm,
the average power output measured for the different signals is varying between 0.15 𝜇𝑊 and 4.81 𝜇𝑊,
with an efficiency varying between 0.0013-0.013%. The varying power output and efficiency show that
the energy harvester has a different dynamic behaviour on the different heart signals. Testing energy
harvesters intended for powering pacemakers on various heart signals is needed, since it is important
that the energy harvester generates sufficient power to charge the battery on all human heart signals.
This heart signal generator is a first step to validate if energy harvesters have a sufficient performance
on different heart signals.

5.3. Recommendations
Although this thesis is a first step towards the testing of energy harvesters intended for powering pace-
makers, further research is needed in order to further improve the facilities.

First, the heart has different motions for different heart locations. When analysing the location of
the accelerometer placed during the pig heart measurements, the location of this sensor is between
apical septal region and the apex. This could explain the fact that the generated velocity signals have
more similarities with this location than with the motion at the mid septal segment. Scaling the sig-
nals with the peak amplitudes from the apical septal and mid septal segments does not change the
shape of the velocity signal. It is advised to measure the pig heart wall motion at different locations
from the apex to the mid apical heart wall location, in order to further improve the heart signal generator.

Second, in the heart signal generator only the heart rate has an influence on the heart signal. How-
ever, it is known that the a heartbeat is influenced by multiple factors, as for instance someone’s age
or health. Further research is needed in order to process these differences in the heart signal generator.

Third, testing an energy harvester on a human heart wall signal is a first step of imitating the heart
environment. However, it is known that the heart motion is not one-dimensional, but has translations
and rotations in three dimensions. In addition, it is known that the heart wall is a soft tissue, influenced
by connective tissue formation, scar tissue and the blood flow in the heart ventricle. The influence of
this phenomena on the leadless pacemaker motion and thus the energy harvester motion or reliability is
unknown. It should be investigated if these phenomena should be included in the testing of an energy
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harvester intended for powering pacemaker or not.

Finally, the energy harvester design must be further improved. Besides the fact that the harvester
must generate enough power, at least 1.95 𝜇𝑊, it must be small, approximately 0.3 cmኽ, light weighted,
must not contain toxic material, and be made of a material that lasts for a lifetime. The energy harvester
should also operate on different heart signals with varying heart rates. It must be investigated if one
general energy harvester can be designed for the entire population. A few energy harvesters, where
the right energy harvester is allocated on the base of signal characteristics. Or that a personal energy
harvester should be designed. A person’s heart rate also differs with time. It is different when someone
is asleep, in rest, or during exercise. The energy harvester should generate sufficient power on all the
different moments.
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A
Leadless Pacemaker Requirements

In medicine there are different classes for medicines and medical devices, specifying
the test procedure. A class III device is a device that supports or sustains human life
[127]. A leadless pacemaker is a class III device, meaning that Premarket Approval
Application (PMA) is required, consisting of assurance of safety and effectiveness,
bench-animal-human tests and clinical studies [128]. This appendix discusses the
technical requirements and questions that arise using energy harvesting for a
leadless pacemaker. The testing conditions required in order to meet the PMA
specifications are also discussed.
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A.1. Technical Requirements
The use of energy harvesting for powering a pacemaker raises several technical questions and should
meet challenging requirements, such as mass, volume and power requirements. These requirements
and more are discussed.

• Mass A leadless pacemaker is attached in the heart wall of the right ventricle, making that the
leadless pacemaker and the heart interact. This interaction should not impede the heart rhythm,
in other words the pacemaker should not be too heavy. For not impeding the heart rhythm, the
energy harvester should not weigh more than 1-2% of the heart mass, which is approximately
3-6 g [97]. A leadless pacemaker weigh 1.75 g (Micra MC1VR01, Medronic) [34], meaning that
the energy harvester ideally, in order not to disturb the heart rhythm, should have a weight of 1 g
at max.

• Volume The total volume of the Micra leadless pacemaker is 1 cmኽ [34]. In Figure A.1 a cross
section of the Mirca leadless pacemaker is shown. In this figure, the battery of the pacemaker is
also visible. This takes approximately 60% of the total volume. With an energy harvester in the
mechanism, a battery is still needed in order to store any extra generated power by the harvester.
This means that in order to fit the originally needed electronics, a battery and the energy harvester
in the leadless pacemaker, the energy harvester should have a volume of 0.3 cmኽ [95, 96]. The
leadless pacemaker has an outer diameter of 6.7 mm, so the area in which the energy harvester
should operate is not flat but cylindrical. In order to match this form, the energy harvester should
also be three-dimensional [93].

• Power The third requirement discussed is the power. For this, the Micra leadless pacemaker
is taken into account again. For the Micra leadless pacemaker the power consumption during
100% inhibition is approximately 0.8 𝜇A, giving, with 1.5 V, a power usage of approximately 1.2
𝜇W. The power consumption of the pacemaker during 100% stimulation is 1.3 𝜇A, giving, with
1.5 V, a power usage of 1.95 𝜇W [34]. This is the power usage with a full battery at VVIR-mode
at 60 bpm and a pulse width of 0.24 ms. So the power generated by an energy harvester should
be 1.95 𝜇W at minimum. When the pacemaker is not in stimulation mode, the remaining energy
can be stored in the existing battery as a buffer. A calculation of the average power usage can
be seen in Equation A.1, A.2, A.3. Where the average power usage is calculated for a leadless
pacemaker pacing at 60 bpm, a pulse width of 0.24 ms, 1.5 V, 120 mAh and a resistance of 500
Ω. Leading to a battery life of 11.7 years (102492 hours) [34]. The average power usage is 1.7
𝜇W.

ℎ𝑜𝑢𝑟𝑠 = 𝑚𝐴ℎ
𝐴𝑚𝑝𝑠 ⋅ 1000 (A.1)

𝐶𝑢𝑟𝑟𝑒𝑛𝑡 = 120𝑚𝐴ℎ
102492ℎ𝑜𝑢𝑟𝑠 ⋅ 1000 = 1.17 ⋅ 10

ዅዀ𝐴 (A.2)

𝑃𝑜𝑤𝑒𝑟 = 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 ⋅ 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 = 1.5𝑉 ⋅ 1.17 ⋅ 10ዅዀ𝐴 = 1.7 ⋅ 10ዅዀ𝑊 = 1.7𝜇𝑊 (A.3)

• Material A leadless pacemaker is in contact with human tissue for a long time. The piezoelectric
material, consisting of lead, used in most energy harvesters is toxic [4]. However, the energy
harvester is located inside the leadless pacemaker. For the Micra leadless pacemaker that is
a case made of titanium, a bio-compatible material [34]. So the toxic material does not make
contact with the human tissue.

• Material Failure An important question to ask is if the material of which the energy harvester exist
lasts long enough. Fatigue failure can occur in materials when the samemotion is often repeated,
which is the case for energy harvesting. For energy harvesting for powering a pacemaker the
material experiences the samemotion between 60-100 bpm, meaning 86.400-144.000 cycles per
day. The material also undergoes high heart accelerations, of which no plasticity may arise [36].
In literature, piezoelectric energy harvesters are found that can experience one million cycles
before deformation occurs. This leads to a decrease in the power output due to a change in
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Figure A.1: X-ray image of the Micra leadless pacemaker showing the battery size. (1) is the x-ray identification. Figure obtained
from [34].

the eigen frequency [129–131]. An energy harvester that can last for one million cycles, last
for approximately 2-3 years on a heartbeat vibration. However, this depends on the bpm, the
acceleration and on the energy harvesting design. In order to be able to draw conclusions, testing
on the human heartbeat signal is needed. However, it can be said that further development of
the piezoelectric material is needed in order to operate for a lifetime.

• HeartbeatAnother important question is if the energy harvester can operate on a heartbeat. Does
the heartbeat make the energy harvesting mechanism move, in other words is the acceleration
of the contraction and relaxation sufficient to make the harvester vibrate? It is also important to
investigate whether the other motions present in the heart contraction, for example the twisting
of the heart, influences the harvester. Do gravity and the respiratory motion have an influence?
For this the heartbeat signal should be used to test the energy harvester.

Besides the main requirements and questions mentioned above, there are a few side questions that
should be taken into account. For instance: does the motion of the energy harvester in the pacemaker
influence the force acting on the heart wall? A leadless pacemaker is attached to the heart wall with
the usage of tines. Does the motion of the energy harvester influences how the tines are attached
in the heart wall? Connective tissue grows around a leadless pacemaker. Does this influence the
motion of the pacemaker, and thus the motion of the energy harvester inside the leadless pacemaker?
Furthermore, is the quality of the battery good enough to keep up with the developments or will the
battery eventually end up depleting faster (as with a smartphone for instance)? Should an extra sensing
system be added to measure the battery fatigue?

A.2. Testing Requirements
Besides technical requirements, have medical devices also testing requirements in which, among other
things, the technical requirements are tested. These testing requirements are specified by for instance
the American Food and Drug Administration (FDA). As stated, a leadless pacemaker is a class III de-
vice so the testing is strict. The timeline for the testing can be seen in Figure A.2.

In Figure A.2, the first phase consist of invention and prototype building. This phase interacts with
the second phase, which is the preclinical studies. The prototype is tested in the preclinical phase,
redesigned if needed and is preclinically tested again. This preclinical phase includes bench test-
ing, technical testing, computer simulations and animal studies. With computer simulations it can be
modeled how the device should operate in the human body. During the bench testing and technical
testing the performance and safety is measured. The accuracy and reliability of the elements used in
the prototype are also tested. In these tests it is established that the designed device operates as it
should. Finally, in the animal studies the efficacy is tested, whether the bio-compatibility and toxicology
[132, 133]. Animal studies are performed to mimic the device operating in humans.

After the preclinical testing the next tests are in the clinical trials. First, the testing plan has to be
approved during the regulatory and ethics review. There are four phases in the clinical trials, the first-in-
human phase consists of 10-30 subjects, the traditional feasibility phase consists of 20-30 subjects, the
pivotal phase consists of 100 subjects and the post market phase consists of 1000 subjects. In these
phases again the efficacy, safety, effectiveness, device performance are tested, but now in humans.
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Figure A.2: An overview of the phases that a medical device should go trough in order to be accepted at the market. Figure
obtained from [133].



A.2. Testing Requirements 47

These testing requirements are specified for a pacemaker without an energy harvester. A pace-
maker generating power with an energy harvester to recharge the battery requires more testing. Since,
in such a pacemaker, it must sense the heart signal in order to obtain information if it should stimu-
late the heart and it should also operate on the heart signal in order to generate power. Tests must
be performed to assess whether energy harvesters produce enough power to recharge the battery.
The developments of energy harvesting for powering pacemakers are in the invention and prototyping
phase. The challenge is to design an energy harvester that is small enough the fit into the leadless
pacemaker, operate on a low frequency and to generate sufficient power. For an energy harvester, the
power output depends on the signal where it operates on. The dynamic behaviour can vary per input
signal. To validate if an energy harvester generates enough power, test are needed on a human heart
signal consisting of the acceleration and the frequency information of the signal. In literature, tests are
performed on measured heartbeat signals (Chapter 3). Further bench testing is needed to validate the
mechanical and electrical working principle of energy harvesters in pacemakers. For the validation,
multiple human heart signals are needed as input, in order to guarantee a sufficient performance of an
energy harvesters on a broad scale. As can be read in Chapter 3, heart measurements are performed
in order to obtain a signal with the needed input. However, in order to investigate if the dynamical
behaviour of energy harvesters differs also per different heart signal more input signals are needed,
particularly human heart signals (Chapter 3).





B
Heart Signal Measurement Method

This appendix elaborates on the decision for the heart signal measurement method.
Four methods are highlighted, namely: Computer Tomography-Scan, Magnetic
Resonance Imaging, Tissue Doppler Imaging and Speckle Tracking
Echocardiography. The pros and cons of the methods are discussed, leading to a
chosen method used in this research.
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B.1. Heart Signal Requirements
A signal intended to test the performance of energy harvesters in the lab should contain the frequency
and acceleration information of the specific ambient vibration. This means that for energy harvesters
intended for powering pacemakers, the frequency and acceleration information of the heart wall vibra-
tion is also required. The heartbeat signal is a low frequency signal consisting of a varying acceleration
and the heart rate in rest is between 60-100 bpm. In order to obtain an accurate signal of the heart
wall acceleration, a temporal resolution of 100 frames per second (fps) is needed [134]. This is needed
to prevent aliasing and to resolve all relevant events in the time-dependent parameters. To determine
the spatial resolution required for the measurements Equation B.1 is used. Here the displacement of
a sine wave is calculated for a specific acceleration 𝑎 and frequency 𝑓. For instance, with an accel-
eration of 5 m/sኼ and a frequency of 22 Hz, the estimated displacement is 0.52 mm. This results in a
spatial resolution with a pixel size of 0.50 mm as sufficient for capturing the displacement. The minimal
needed pixel size during the measurements is specified at 0.50 mm. In the calculations it is shown that
for an acceleration of 1 m/sኼ and a pixel size of 0.50 mm, the displacements can be captured until 10
Hz and for an acceleration of 10 m/sኼ a displacement can be seen until 30 Hz.

𝑑 = 𝑎
(2𝜋𝑓)ኼ ⋅ 2 (B.1)

In previous research it is seen that the highest power in the signal is at the heart rate frequency,
varying between 1-2 Hz for humans [39]. The power in the signal decreases for an increasing fre-
quency. At a frequency of 20 Hz, the power in the signal is significantly lower than at the heart rate
frequency. However, higher frequencies present in the signal are needed in order to obtain a represen-
tative signal to mimic the heart signal during the testing of energy harvesters. The displacement was
calculated for accelerations varying from 1 m/sኼ to 10 m/sኼ. During this research, it must be critically
examined whether this is indeed sufficient and if the signal contains enough frequency information in
order to be representative. The apical region of the heart has a displacement of around 1-5 mm during
the cardiac cycle [135]. This means that the estimated pixel size should be sufficient in order to capture
the heart wall motion. According to the Nyquist theorem the pixel size should be at least the halve of
the spatial resolution. In order to reduce noise, the pixel size should be smaller: the spatial resolution
divided by three [136, 137]. This results also in a pixel size of approximately 0.50 mm.

The spatial resolution and temporal resolution depend on each other. Increasing the temporal reso-
lution usually worsens the spatial resolution or vice versa [134]. The measured signal must be at least
ten seconds long in order to analyse the frequency content in the signal. When the duration of the
same signal is longer, the lower frequencies in the signal can be analysed.

B.2. Measurement Method
The functioning of the heart can be analysed in different ways. For instance, a first simple and fast
analysis of the heart is via the heart sounds, this is done via a stethoscope [51]. Another method is
an electrocardiography (ECG), showing the electrical activity of the heart. With these measurements
heart arrhythmia can be seen. However, these methods do not provide the required heart information,
the motion. Methods that can obtain heart images are discussed.

B.2.1. Computer Tomography-Scan
The first measurement method discussed to obtain heart images is the Computer Tomography-Scan
(CT-scan). This method uses X-rays to produce images. X-ray beams are pointed at a patient and
rotating around the body, the signals obtained are processed and computed in images, so called slices
of a thickness of 1 to 10 mm [138]. Recently, new developments around CT-scans are made. They
developed a CT system containing two tubes in a 90 degree geometry, this new development improve
the temporal resolution of the CT-scan [139]. An example of a CT-Scan is shown in Figure B.1.

The CT-scan has a high spatial resolution, since the pixel size is between 0.5-0.625 mm, giving
that a lot of detail can be seen in the images [100]. The reproducibility is also high and it has a fast
acquisition. However, the temporal resolution is relatively low, since it has a frame rate of 14 fps
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[101]. This low temporal resolution makes that the functional imaging of the heart can not be captured
accurately. During a CT-scan, breath-holding is needed in order to compensate for the respiratory
movement. Besides, it cannot be used bed sided and the ionizing radiation can cause harmful effects
in living tissue. For the measurement decision the availability of the method in the hospital should
also be taken into account, which of a CT-scan is low (E.R. Holman, personal communication, May
15, 2020). A comparable, but less risky method without the radiation is MRI. This method is discussed
next.

Figure B.1: Heart images obtained with three different measurement methods in the short-axis and long-axis views of the heart.
At the left, ultrasound images are shown at two different moments in the heart cycle. In the middle, images obtained with a
CT-scan are shown. At the right, heart images obtained by MRI are shown, during two moments in the heart cycle. The images
are obtained from [101].

B.2.2. Magnetic Resonance Imaging
The second method for imaging is Magnetic Resonance Imaging (MRI). For measurements of the RV
functions, MRI is referred to as the gold standard [2]. MRI uses the magnetic field naturally present
in the body. This magnetic field is changed by electric coils, when switching of this radio frequency
source a signal is emitted. With this signal the images are obtained [140]. With MRI 2-, 3- and 4-
chamber views, so both the left and right side of the heart, can be obtained. An example of a CT-Scan
is shown in Figure B.1.

The temporal resolution of MRI is higher than the CT-scan, it is 50 fps. However, the set temporal
resolution depends on the heart rate [102]. In literature varying temporal resolution settings have been
seen, varying between 20 fps and 50 fps. The spatial resolution associated with a temporal resolution
of 50 fps, found in literature, is a pixel size of 2x2x8 mm [101]. According to other literature, however,
MRI can have a spatial resolution of 1-2 mm [100]. As stated, the temporal and spatial resolution
depend on each other. Lowering the spatial resolution, negatively influences the temporal resolution.
The acquisition of MRI images depends on whether patients hold their breath or not. With breath-
holding the acquisition time varies between the 5-8 s/slice, without breath-holding this increases up to
60 s/slice. For the measurement of the heart wall movements, in order to recharge the pacemaker’s
battery, it is interesting to measure the heart wall movement including a leadless pacemaker. However,
on an image obtainedwithMRI distortion close to themetal can be seen [140]. Due to this themovement
of the region of interest can not be specified. Furthermore, just as the CT-scan, the availability of the
MRI-scan is poor and it has high costs. This should be taken into account for the measurement method
decision [141].

B.2.3. Tissue Doppler Imaging
The third measurement method is Tissue Doppler Imaging (TDI). With TDI an echo is made using ul-
trasound, following a point of interest. An example of an image obtained via echo is shown in Figure
B.1. It indicates the rate at which a specific point, the chosen point of interest, moves towards or away
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from the transducer used for the measurements, see Figure B.2a [114]. The frequency shift between
received ultrasound waves, reflected from the tissue to the transducer, indicate if the tissue moves
towards the transducer or away. The resulting Doppler frequency, calculated with the phase change
of the received waves, is used to obtain the tissue velocity [142]. TDI velocity can be obtained by
pulsed Doppler, M-mode Doppler or two-dimensional colour Doppler. The difference between pulsed
Doppler and colour Doppler is that in colour Doppler the mean velocity is measured, in contrast to the
peak velocity measurements in pulsed Doppler [142]. In M-mode Doppler a chosen ultrasound line is
followed and the velocities are analysed as a function of time [143, 144]. In order to obtain the heart
wall movement in the colour Doppler mode, the echo is analysed by an algorithm that gives the dis-
placement and the velocity signal of the heart wall [145].

(a) (b)

Figure B.2: The two ultrasound measurement methods. (a) The working principle of TDI obtained from [146]. Where the
heart wall moves towards and away from the probe. (b) The working principle of STE. Where bright dots are obtained with two
ultrasound waves and followed. The tracking of the displacement of the markers is also shown. The figure is obtained from
[147].

In literature it is stated that TDI is a robust method for measurement of the myocardial contractile
function and the relaxation [148]. An advantage is that with TDI global myocardial areas can be anal-
ysed, just as a detailed analysis of areas [145] and that it can be used bed sided. TDI has a high
temporal resolution of 100 fps (E.R. Holman, personal communication, May 13, 2020) and the spatial
resolution of TDI discussed in literature has a pixel size of 3x3 mm [149]. However, in other literature a
spatial resolution of 0.5-2 mm is specified for echocardiography [100]. The frame rate for M-mode is the
highest, it is lower for pulsed Doppler and the lowest for colour Doppler TDI [114]. A disadvantage of
this method is that it is a 2D method, so the movement of the heart wall can only be analysed in plane
and not out of plane. Furthermore, this method is angle dependent. This means that the ultrasonic
beam must be perpendicular on the movement direction of the heart wall. When this angle exceeds 20
degrees, the calculation of the velocity may be underestimated by 6%. For an angle of 30 degrees this
is an underestimation of 13% and for 45 degrees 29% [150]. The reproducibility differs per view, for the
long axis it is better than for the short axis, however, it is also dependent on the observer experience
[151]. Then, TDI is sensitive for cardiac translational motion and tethering, since it measures heart wall
motion at a single point with a transducer outside the chest [114].

B.2.4. Speckle Tracking Echocardiography
The fourth and last method discussed is Speckle Tracking Echocardiography (STE). In this method
echo’s are also obtained using ultrasound. However, this method analyses the wall movement in a
different manner than TDI. In STE, B-mode images are used. In B-mode images bright dots are gener-
ated by the reflecting of ultrasound beams, resulting in a speckle pattern. The speckles are generated
randomly due to reflections, refraction and scattering of echo beams [152, 153]. These speckles are
markers on a specific point on the heart wall. These speckles or a cluster of speckles are followed
during the cardiac cycle, frame by frame by the software, Figure B.2b. Via this, the cardiac motion
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is followed and the tissue velocity is estimated from the shift of the speckle between two successive
frames. With STE, besides the longitudinal deformation, the radial and circumferential deformations
can also be obtained [154].

STE is usually performed with a temporal resolution of approximately 70 fps. Furthermore, the
spatial resolution lies between 1-2 mm for echocardiography [100, 102]. However, there is a trade-off
between the temporal and spatial resolution. An increase in the temporal resolution increases the pixel
size [134]. With STE, just as TDI, a global and detailed area of the heart wall can be analysed. In STE,
however, this is without the angle dependency and the dependence on cardiac translational motion
[141]. Additionally, STE is more robust and reproducible [154]. However, STE is also a 2D method,
this means that only the in plane heart wall motion can be analysed and not the out of plane motion.
Furthermore, STE requires a high image quality in order to follow the speckles [154]. Other limitations
of STE are the detection of borders and the fact that the used software is a black box. This results in
that it is not known what for influence the used filters have on the found data [154].

B.3. Method Decision
In Table B.1 a comparison of the four measurements methods for the most important requirements: the
source of measuring, the temporal resolution, the spatial resolution and the usability is tabulated. In
this table it can be observed that the preference for measurement method lies with STE and TDI, since
these methods have more green marked requirements when compare this with the CT-scan and MRI.
The usability and availability of the measurement methods in the hospital are important to take into
account for the method decision. The CT-scan and MRI are less available and more difficult to perform
than STE and TDI. Furthermore, the temporal resolution of the CT-scan and MRI is low. The temporal
resolution and spatial resolution are important to measure a representative and accurate acceleration
signal of the heart wall, without aliasing. This results in a preference for STE and TDI. These are the
two methods that will be used for the heart wall measurements in this thesis.

Table B.1: Comparison of the different human heart measurement methods for five specifications.

CT-Scan MRI TDI STE
Source X-Ray Magnetic Field Echo Echo
Temporal Resolution 14 fps 50 fps 100 fps 70 fps
Spatial Resolution 0.5-0.625 mm 1-2 mm 0.5-2 mm 0.5-2 mm
Dimensions Three Three One Three*
Usability In Machine In Machine Bedside Bedside

* At an approximation of the same location

It must be kept in mind that all the discussed measurement methods have their drawbacks, includ-
ing TDI and STE. TDI has an angle dependency, which can influence the found heart wall velocity. On
the other hand, the temporal resolution of STE is lower than the needed resolution, which can result in
that high-pitched velocity signals could be missed by this method. However, by van Dalen et al. [99]
this dependence of the height of the temporal resolution was not found. They state that this could be
explained by the algorithm used by STE, that uses temporal and spatial smoothing. The fact that both
methods use an algorithm in order to obtain the velocity is another drawback, since these algorithms
are a black box. Furthermore, both methods are 2D methods, so the out of plane velocity can not be
measured. These drawbacks should be taken into account during the analysis of the found data. In
order to verify the found data, the measurements are compared to those performed with an accelerom-
eter on pigs heart. This will be elaborated in Appendix D. However, since both methods are based on
echocardiography, both methods are used and are compared with each other. This comparison can
be found in Appendix C.





C
STE and TDI Measurements

In this appendix the STE and TDI measurements are discussed. First, the
measurement methods are explained in more detail, followed by how the data is
processed. Both methods are compared to each other. Finally, it is discussed how
the signals from the STE and TDI measurements are used later in this research for
the characteristics analysis.
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C.1. Measurement Method
Both the STE and TDI measurements are performed at the LUMC, the Netherlands. For these mea-
surements a VIVID E95 fromGEHealthcare with a 2.5 MHz transducer is used and the data is analysed
offline in EchoPAC. The measurements are performed on nine patients for STE and on eight patients
for TDI with normal hearts (4 woman/5 man, age 20-79). During the measurements the patients held
their breath in order to prevent influence from respiratory motion. The drift compensation mode was
turned on during the measurements. The TDI measurements are performed in the four chamber view.
The STE measurements are performed in the four chamber view and in the short-axis apical view,
Figure C.1. In this manner the motion of the heart can be analysed in the apical septal and mid apical
regions.

Figure C.1: The apical short-axis view and four chamber view used during the TDI and STE measurements. The blue segments
represent the placement locations of a leadless pacemaker.

During the TDI measurements a signal of 1-2 heartbeats is obtained with colour Tissue Doppler in
the longitudinal direction. The mean spatial resolution for the eight measurements was 0.24 mm per
pixel and the mean temporal resolution 180 fps. The analysis of the velocity signal (cm/s) in EchoPAC
is shown in Figure C.2a. Here blue and red heart images are seen, this is because the probe emits two
ultrasound beams during TDI measurements. For the eight patients the left chamber is divided into six
segments. From these six segments the heart wall velocity is obtained, see figure C.2a.

The signals obtained with STE contain several heart cycles in a row (varying from 8-12). The
mean spatial resolution is 0.25 mm per pixel and the mean temporal resolution is 62 fps. With STE an
approximation of the motion in all three directions can be measured. This means that the longitudinal
direction is measured in the four chamber view. The STE analysis in EchoPAC can be seen in Figure
C.2b. Here the displacement (mm) is analysed in the same six segments as analysed for TDI. In order
to obtain the motion in the circumferential and radial direction, the heart motion is also measured in the
short-axis view on apical height, giving an approximation of the same apical septal location analysed
in the four chamber view. In Figure C.2c the analysis in EchoPAC is shown. For the radial direction
the displacement (mm) is also obtained. However, for the circumferential direction the rotation angle
(degrees) is obtained. In order to process the rotation angle, the radius of the heart in the apical view
is also determined in EchoPAC. With this the tangential velocity can be calculated. For the analysis
in EchoPAC the short-axis images are also divided into six segments. Two of these segments are
located at the apical septal and apical lateral regions. Two locations that were also measured in the
four chamber view, Figure C.1. In other words, the location of the pacemaker placement and the
location of the sensor during measurements in pig hearts, which will be further elaborated in Appendix
D. It should be kept in mind that these are an approximation of the same location as measured in the
four chamber view. More will be explained about this later. For both STE analysis in EchoPAC, each
heartbeat had to be analysed separately. The data extracted from EchoPAC was pasted one after the
other before analysis in Matlab.
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(a)

(b)

(c)

Figure C.2: TDI and STE analysis in EchoPAC. (a) Velocity signals obtained with TDI measurements during one heart cycle
measured in the six segments. The signal colour corresponds to the measurement location marked in left ventricle in the four
chamber view in the top left. (b) STE measurements performed in the four chamber view. The displacement signals are shown,
where the colour corresponds to the segment location in the left ventricle in the top left. (c) STE measurements performed in the
short-axis apical view. The rotation angles are shown, where the colour corresponds to the segment location in the short-axis in
the top left.
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C.2. Signal Processing
In this section, it is discussed how the human ultrasound data is processed in order to be usable. First,
the filtering is discussed, followed by the discussion of obtaining the velocity from the STE measure-
ments.

C.2.1. Filtering Pre-processing Stage
For both STE and TDI the heart wall velocity is obtained via an algorithm. This algorithm is a black box
and it is hardly known what filters are used. In literature, some filters are mentioned and are discussed
below. Because of the filtering in the pre-processing stage the signals are already smooth and no
further filtering is needed. Furthermore, the ultrasound measurements are not influenced by gravity
and in order to avoid signal disturbances due to respiratory motion the patients hold their breath during
the measurements (E.R. Holman, personal communication, October 14, 2020)[17].

Tissue Doppler Imaging
TDI uses the Doppler technique to obtain the tissue velocity. Another known application using this
technique is flow Doppler imaging. The difference between Tissue Doppler Imaging and Flow Doppler
Imaging is shown in Figure C.3. Here, in the left figure the flow velocity is obtained. In order to obtain
this velocity a high pass filter is used to filter out the high amplitude, the wall motion. In the right figure,
to obtain the wall motion the high frequency blood flow is eliminated by gain adjustment [151]. The
gain is decreased, resulting in that only the high amplitude of the wall motion is collected. Further-
more, mentioned in [155], filter settings are used to remove noise form the velocity signal and smooth
the signal. They state that in this filtering function a low pass filter can be varied between 16 and 100 Hz.

Figure C.3: Difference between Flow Doppler imaging and Tissue Doppler imaging. Figure obtained from [151].

In a study from Gunnes et al. [156] the influence of the temporal filter settings on the Doppler
velocity is analysed. They found that the temporal filter behaves as a low pass filter and when the
filtering is overdone it counteracts the effect of a high frame rate. This is also analysed by Manouras
et al. [157] where they, besides the influence of the temporal filtering, also analysed the influence of
the gain setting. Here it is found that the settings of both can alter the velocity measurements and an
interaction between the temporal filtering and the frame rate is seen. For temporal filtering, decreasing
velocity values are found for an increasing filter width. For an increase in gain saturation level the found
velocities are also altered, in this case higher velocity values are found. These two studies show that
it is important to keep in mind that the filter settings during the measurements can influence the found
velocities, giving a distorted meaning of the reality.

Speckle Tracking Echocardiography
The STE signals found in this research are displacement signals and further processing to velocity is
performed without the algorithm used in the software. However, in literature what is found about pre-
processing filtering is for velocity signals obtained by the software. The information found of filters used
in STE is scarce and different per research. It is stated that a Savitzky-Golay filter is used by Negoita
et al. [158]. This filter smooths the velocity signal in order to remove noise. Here it is explained that
for obtaining the s-wave (peak systolic wave) a third polynomial degree and eleven points are used, in
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contrast to the e-wave and a-wave (the peak early and late diastolic waves) where a fifth polynomial
degree and seven points are used. This because the e-wave and a-wave are faster time-occurring
[158]. In this research the influence of the high frame rate is also shown. At a lower frame rate, the
velocities of the faster waves, and thus shorter waves (e-wave and a-wave), are inadequately tracked
and underestimated. At a very low frame rate, this is the case for all the three the waves. On the other
hand, in [159] it is stated that the software uses a three-point median filter and a three-point Gaussian
filter (of weight 0.25, 0.5, and 0.25). These filters are used to ensure a sufficient pixel resolution, spatial
coherence, in order to follow the speckles during the cardiac cycle. Then, it is explained by Reant et al.
[160] that the software tracks a large number of small regions and averages the motions with spline
interpolation before obtaining the regional motion. STE and TDI signals are analysed by Jasaityte
and D’Hooge [17]. Here it is concluded that the signals found with STE looks less noisy than the TDI
signals, but that this is because of differences in smoothing. The fact that there is less noise in STE
measurements is an illusion. The filtering in the algorithms should be kept in mind during this research,
since this could influence the values found. However, it is unknown how much this influences the found
velocity signals.

C.2.2. Velocity
With the TDI analysis in EchoPAC the velocity signals are already calculated within the algorithm. How-
ever, from the STE measurements a displacement signal is obtained of which the velocity signals must
be calculated. For the velocity calculation the derivative is taken by dividing the displacement signal
by the time signal. However, the temporal resolution of STE measurements is low, meaning that it can
affect the shape of the signals when they are differentiated or integrated. Because of the low temporal
resolution it can occur that specific moments in time are not captured, resulting in that they are not
visible in the velocity graph. An example of a velocity graph obtained from the derivative of the STE
displacement is shown in Figure C.4. First, the isovolumic contraction velocity (IVV) peak can be ob-
served. The IVV-peak represents the early systole or contraction, resulting in pressure build-up in the
ventricles. The second peak seen in the signal is the s-wave. The s-wave represents the blood ejection
into the body. The s-wave is followed by the e-wave, the early diastole or relaxation. The last phase of
the heart cycle is the a-wave, or the late diastole. This is represented by the fifth peak in the signal. After
the a-wave, the cycles starts over with the early systole and the IVV-peak can be observed in the signal.

Figure C.4: Example of a velocity graph obtained with the derivation of the displacement signal found with STE.

For the circumferential direction, STE gives the rotation angle in degrees. The tangential velocity
is calculated using Equation C.1. Where 𝜔 is the angular velocity in radian/s and 𝑟 is the radius of the
heart. The radius is obtained from the heart images in EchoPAC.
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𝑉፭ = 𝑟 ⋅ 𝜔 (C.1)

C.3. Comparison STE and TDI Measurements
This section compares the velocity signals obtained with STE and TDI measurements in order to vali-
date if velocity signals found with STE could be used for further analysis in this research. It was thought
to compare the twomeasurement methods statistically. Despite that the measurements with both meth-
ods are performed on the same patients, are there differences in the signals. For instance the signal
length, the STE measurements are signals of 10 seconds, while the signals of the TDI are only 1-2
seconds, existing of one heart cycle. For statistical comparison it is desired to obtain the mean of the
peak values, but for the TDI measurements no average can be calculated, since there are only 1-2
heart cycles. This does not result into representative velocity values and therefore not a representa-
tive comparison. Furthermore, the two methods are not measured at the same moment. With the TDI
measurement only representing one heart cycle, this can also be misleading. Therefore, it is chosen
to compare the signals visually and with information found in literature.

C.3.1. Visual
First, the two obtained velocity signals are visually compared. An example of the velocity signals ob-
tained with TDI and STE can be observed in Figure C.5, from one patient measured at approximately
the same location of the heart wall. In both signals the same heart cycle characteristics can be seen,
the IVV-peak, s-wave, e-wave and a-wave. However, small differences can be seen in the amplitude
height. In this particular example, the two measured velocities are almost similar. However, when
analysing the velocity signals obtained with STE and TDI measured from other patients, the signals
do not match as well as this example in Figure C.5. The same trajectory is seen, the IVV-peak, s-
wave, e-wave and a-wave, but the amplitude and timing is different. This could be explained by the
fact that the two velocity signals are not measured simultaneously. This results in differences because
of natural differences, in the heart rate or a slightly different measurement position. The differences
in the peak height are analysed and compared with other research found in literature in the next section.

Figure C.5: The velocity signals measured with STE and TDI of the same patient at the same location.

In Figure C.6 the STE measurements of the six segments in the longitudinal direction are shown
from one patient. Here it can be observed that the velocity is higher for the basal segments and is
decreasing for the mid and apical segments. This is in line with the fact that the heart moves from
base to the apex. In the figure differences in the six velocity trajectories are also seen, what can be
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explained by the fact that the heart has a different motion for the different regions of the heart.

Figure C.6: The velocity signals of the six segments from one patient. Differences in amplitude and trajectories can be observed.

C.3.2. Literature
In literature several studies are found that compare STE and TDI measurements. For example, Wess
et al. [161] analysed the heart wall velocity from 100 healthy dogs. They found that STE and TDI
have small differences for velocities measured at the interventricular septal wall. In [99] no significant
differences were found and there were good correlations between the velocities. However, they also
changed the angle of insonation of the probe and observed that the velocities measured with TDI are
lower that STE. They state that TDI is angle-dependent and that an increase of the angle of the position
of the probe, underestimates the velocity values of the heart wall. With the motion parallel to the ul-
trasound beam, both STE and TDI measure accurately the velocities. The angle-dependency and the
underestimation of the velocity was also observed in [99], here they state that in the clinical setting the
velocity signals measured by STE had higher values when comparing these values to TDI, probably
due to the angle dependency.

The mean velocity values measured with STE and TDI in this research are visualized in Table C.1.
Here it can be observed that for most locations the STE velocities are higher than the TDI velocities.
It should be kept in mind that the TDI velocities are only measured for 1-2 heart cycles, so the mean
velocity is not entirely representative and can give a wrong impression, since for a person the heartbeat
differs per heart cycle. However, for some velocities the difference is from such a proportion, that it is
thought that the angle-dependency has it’s influence in these measurements. Only the lab technician
was present during the measurements, so this cannot be validated. Furthermore, all the ultrasound
measurements are performed by a different lab technician, which can also influence the observations.

In literature it is stated that in order to capture the heart motion, a temporal resolution of 100 fps or
higher is needed [134]. The average temporal resolution used for TDI in this research is 180 fps. In [99]
the influence of the frame rate of the STE measurements on the velocity values found is investigated.
The hypothesis is that because of the low temporal resolution of STE, high-pitched velocity signals are
missed. They found that increasing the frames per second did not influence the result of the velocity
values measured. It is stated that this could be due to the speckle tracking algorithm, where some
temporal or spatial smoothing and a larger sample size is used, compared to TDI [99]. In [158] the
underestimation of the velocity is also investigated by increasing the frames per second. Here they
found that the s-wave can be accurately measured with a frame rate of 20 fps. The e-wave and a-wave
need at least a frame rate of 40 fps, but a higher frame rate is desired [158]. They measure also for
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Table C.1: Comparison of TDI and STE velocity measurements from the IVV-peak, s-wave, e-wave and a-wave.

TDI STE
IVV-peak
(mm/s)

s-wave
(mm/s)

e-wave
(mm/s)

a-wave
(mm/s)

IVV-peak
(mm/s)

s-wave
(mm/s)

e-wave
(mm/s)

a-wave
(mm/s)

Basal Septal 23.77 57.52 -71.46 -59.88 21.23 86.87 -81.69 -60.68
Mid Septal 16.80 40.64 -56.59 -37.55 19.13 59.84 -65.16 -38.38
Apical Septal 13.84 23.54 -27.48 -11.92 18.87 38.74 -43.02 -25.12
Apical Lateral 14.62 17.39 -16.05 -14.24 9.79 15.03 -22.06 -7.91
Mid Lateral 27.31 23.13 -28.64 -25.30 17.92 22.87 -33.47 -12.73
Basal Lateral 33.12 44.19 -69.62 -39.99 38.12 58.86 -77.30 -31.06

different heart rates and conclude that no higher frame rate is needed for higher heart rates.

When comparing the STE values measured in this study with STE values found in other research
is it seen that different velocity values are found, but of the same order of magnitude. The measured
velocity values show that from basal to apical measurements the velocity values decrease, what is also
observed in this research [113–117]. However, the values found in literature can not be compared one-
on-one with the values found in this research, since details of the measurement methods are unknown.
The measurements can differ in the location of the segment selection, the STE analysis algorithm and
the location of the ultrasound probe.

For the further research in this report the STE velocity signals are used. The ultrasound measure-
ments are not influenced by gravity or other overestimation components. When comparing TDI and
STE measurements the values found with STE are higher than with TDI, which could be because of
the angle-dependence of TDI. Furthermore, the STE signals are ten seconds and thus contain more
information then the TDI measurement, which are 1-2 seconds. The STE measurements obtain an
approximation of a three dimensional signal, where the circumferential and radial axes are measured
in the apical short-axis view. This is an approximation, since the height of the cross section, the apical
region, is determined by the lab technician. However, it should be kept in mind that the STE measure-
ments are not very accurate, because a different unit is measured than used for the energy harvesting
testing. The STE measurement provide a displacement signal, while velocity and acceleration signals
are desired. Furthermore, the algorithm to obtain the displacement signal is a black box. It is not pre-
cisely known how the signals are processed. The velocity signals are used to obtain the acceleration
amplitude for a human heart. Because of the known drawbacks, the found acceleration values are only
used in order to scale the obtained acceleration signals from the heart signal generator, Appendix F.

C.4. Acceleration Amplitude
For the testing of energy harvesters an acceleration signal is needed as input for the experimental
setup. The ultrasound measurements discussed are used to obtain the height of the peak amplitude
for the acceleration signals for humans. This amplitude is used to scale the acceleration signals, which
are discussed in Appendix D. The isovolumic myocardial acceleration (IVA) is a parameter used in
literature to asses the systolic function of both ventricles. The IVA is calculated by dividing the peak
myocardial velocity (IVV) by the acceleration time (AT) [162]. Besides the IVA, the relaxation accel-
eration is also determined, in order to obtain the complete heart cycle overview. Despite the fact that
the frame rate is high enough to measure the velocity amplitude, is it too low to obtain a detailed and
precise acceleration signal. The trajectory as analysed in Appendix D is not observed. As a result, the
acceleration trajectory can not be used for the testing of an energy harvester and only the amplitude is
used for scaling.

In Figure C.7 the mean IVA for the ten heart cycles of the nine patients can be observed. A higher
acceleration is seen for the basal regions and the acceleration decreases when analysing the mid and
apical region. When comparing the found acceleration values with the acceleration measurements



C.4. Acceleration Amplitude 63

thoroughly analysed in [111], it can be concluded that the acceleration values are within the same order
of magnitude. Just as the velocity values, the acceleration values in literature and measured in this
research are decreasing for the basal region to the apical region. In [112] the same order of magnitude
for the acceleration values are also found. However, here it is also seen that the found values are
different, when analysed by different observers.

Figure C.7: The six segments of the left ventricle presented in the four chamber view. The blue segments represent the
placement location of a leadless pacemaker. The mean contraction acceleration of the nine patients measured with STE per
segments is shown.

The input acceleration for the heart signal generator, used for the scaling of the obtained acceler-
ation signals, is randomly chosen out of a range of accelerations determined from the STE measure-
ments of the nine patients. It is decided to vary the acceleration within a range of 0.26-1.82 𝑚/𝑠ኼ, for
several reasons. First of all, as stated multiple times, the heartbeat signals are different per person,
including the height of the acceleration and velocity. In order to obtain this human factor a range is
used. Second, the placement location of a leadless pacemaker is different for every surgery. The best
location to fixate the leadless pacemaker in the heart wall depends per person and what seems to be
the best location during the operation. Finally, the range is chosen because of the ambiguous values
found in literature and in this research between the STE and TDI measurements. Due to the range,
any inaccuracies of the measurement method used in this study are covered when scaling the heart
signal generator signals.





D
Accelerometer Measurements

This appendix elaborates on the acceleration signals of the open-chest pig heart
measurements and the human chest motion measurements. First, both
measurement methods are described. Second, the human and the pig hearts are
compared. Then, this chapter describes how the acceleration data is processed in
order to prepare the signals for the analysis, followed by a comparison of the STE
and acceleration data. After this comparison, this chapter analyses the trajectory
observed in the acceleration signals, and how this is used for further research.
Finally, the influence of the heart rate on the acceleration signal is described.

65
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D.1. Measurement Method
Besides human ultrasound measurements, the signal analysis in this report is based on accelerometer
measurements. Accelerometer measurements are performed on the heart wall of pig hearts and on
the chest of humans. This section further elaborates on these two accelerometer measurements.

D.1.1. Heart Wall Motion Pig Signals
One of the sources of heart signals used in this report are heart acceleration signals measured with an
accelerometer attached on five pig hearts. These measurements are performed by Grymyr et al. [103].
The accelerometer used is a 3D accelerometer (KXM52-1040, Kionix, Inc., NY, USA) with a dimension
of 5×5×2 mm and a sampling frequency of 500 Hz. In Figure D.1a the location of two accelerometers
are shown: one is placed in the left ventricle apical region and the second sensor is placed in the
basal lateral region. In the figure the X-, Y- and Z-axis directions are indicated, or the longitudinal,
circumferential and radial directions, respectively. The heart wall acceleration signals of five pig hearts
were made available in order to make comparisons. The signal length is ten seconds each and during
the measurements the chest was left open and the pigs were placed in dorsal supine position (lying on
their back) [103].

(a) (b)

Figure D.1: The locations of the accelerometer sensors. (a) The two locations of the pig heart measurements: one sensor in
the apical region and one in the basal region. For this analysis the apical region is used. Figure obtained from [103]. (b) The
location of the accelerometer attached on the human chest, near the apex. The figure used is obtained from [163].

D.1.2. Chest Motion Human Signals
A third source of measurements are the measurements performed with an accelerometer attached to
the human chest. The accelerometer used for this experiment is also a 3D accelerometer (356A32,
PCB, NY, USA) with a dimension of 11.4x11.4x11.4 mm and a sampling frequency of 2048 Hz. For
the measurements a portable measurement setup was used, by using a laptop in combination with a
NI-cDAQ9171, where the accelerometer was connected to the first three terminals of the NI-9234. Mea-
surements are performed on three men (age 23-28) with no known heart condition. The accelerometer
is attached to the chest, near the apex of the heart, see Figure D.1b. The figure indicates the direction
of the axes, with the Z-axis pointing downwards, the Y-axis pointing out of plane and the X-axis point-
ing to the left (test person’s perspective). During the measurements the test persons were lying in the
dorsal supine position, the signal length was fifteen seconds each and the breath was held during the
measurements.
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D.2. Heart Comparison
During this research pig heart measurements are used as an approximation of human heart acceler-
ation signals in order to test energy harvesters for pacemakers. Before the pig heart measurements
can be used, however, it is important to analyse in what ways human hearts and pig hearts are similar
or different. Table D.1 provides an anatomical comparison of the characteristics of the two hearts. The
hearts of a human and a pig are comparable in mass and size, and both have four chambers. For pigs,
the heart rate (in rest) is slightly higher than for humans [164, 165].

Table D.1: Comparison of a pig and human heart for various properties, obtained
from [165].

Pig Human
Mass 302.8 g 266.5 g
Broadest Transverse Diameter 8.9 cm 8.6 cm
Broadest Anteroposterior Diameter 6.6 cm 7.1 cm
Height 10.2 cm 9.8 cm
Chambers 4 4
Heart Rate 50-116 bpm 60-100 bpm

Figure D.2: The four chamber sections of a pig heart (left) and human heart (right) showing the similarities and differences. TV,
leaflets of tricuspid valve; MV, leaflets of mitral valve; IVS, interventricular septum. The largest difference is the size of the left
ventricle, and thus the differences of the location of the IVS. This influences also the location of the apex. Figure obtained from
[166].

In Figure D.2 a pig heart and a human heart are shown, respectively. Here the four chambers in
both hearts can be seen. The human heart and the pig heart share some important characteristics.
Besides the fact that both hearts have four chambers, both hearts have also similarities when it comes
to heart valves, major blood vessels, coronary arteries, the cardiac conduction system and cardiac
motion [23, 167]. In both cases the left ventricles are the major pump, pumping the blood into the body,
resulting in more muscular walls than the atrium- or the right ventricle walls. Both the human heart
and the pig heart have three papillary muscles in the right ventricle and two in the left ventricle [166].
However, there are also differences when comparing the two hearts. A first difference is the orientation
of the artery of the right ventricle of the heart. In a pig heart this component is directly aligned with
the vein, but in a human heart this component is oriented at a slight angle to the vein. This difference
can be explained by the stance of a pig and a human: an unguligrade stance versus an upright stance,
respectively [166]. Furthermore, hearts have a cross-chamber muscle band, containing Purkinje fibers.
The location of this band is higher in the pigs heart (on the septal wall), when compared to the human
heart [168]. This difference in the position of this band explains the fact that the PR-interval in the
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ECG of a pig is shorter than for humans. For a human this is 120-200 ms, versus 70-113 ms for a pig
[166]. The shape and duration of the T-wave in the ECG, however, is the same for both humans and
pigs, as is the activation sequence in the ventricles [169, 170]. A third difference is the thickness of the
trabeculations, which are thicker in pig hearts and finer in human hearts. This difference could explain
the higher efficiency of the ventricle activation and it is speculated that it could influence the ventricle
contraction [171].

Human hearts and pig hearts are also similar when it comes to contraction and relaxation kinetics.
The advantages and disadvantages of different animal hearts in cardiac contraction research are in-
vestigated by Milani-Nejad and Janssen [172]. Contraction and relaxation kinematics scale with body
weight, and animal kinetics approaches human kinetics as the animal size increases. Milani-Nejad and
Janssen [172] argue that ”the closer the heart or body weight of the animal model to human; the more
similar are the hearts” [172]. This research also includes swine hearts. The contraction and relaxation
kinetics of swine hearts are slightly faster than human heart contraction and relaxation. Nonetheless,
they are much more similar to human hearts than for instance rabbit hearts. Swine have, just as hu-
mans, a positive force-frequency relationship. Increasing the heart rate increases different indications
of contractility, such as the maximal rate of pressure rise and the myocardial acceleration during during
isovolumic contraction (IVA) [172]. For studies investigating changes in the contraction and relaxation
kinetics in heart failure, it is thus appropriate to use large animal models to approximate human heart
measurements. However, it should be kept in mind that the swine and human hearts are inherently
different.

In Figure D.3 a TDI measurement at the basal region of a pig heart is shown. When visually com-
paring the signal with the human velocity signals from Appendix C, Figure C.2a, the described heart
cycle moments can be seen. The peak amplitudes have the same order of size, where the s-wave, fol-
lowed by the e-wave and a-wave are observed. In the next heart cycle, starting from the white vertical
line, the IVV-peak, s-wave, e-wave and a-wave are seen. The velocity progress differs from person to
person and from pig to pig, but the velocity signals at the heart base of both humans and pigs have
generally the same structure.

Figure D.3: The heart wall velocity of a pig heart measured with TDI. Figure obtained from [173].

All these analyses show that pig hearts are comparable to human hearts. Both hearts have match-
ing properties, they have the same size and anatomy, the heart rate is slightly different and the velocity
signals generally match. As stated earlier contraction and relaxation kinematics scale with body weight,
and animal kinetics approaches human kinetics as the animal size increases making pig hearts compa-
rable to human hearts in this area as well. However, there are also differences. Despite the fact that the
acceleration pig signals are a good first approach to approximate human acceleration signals, it should
be kept in mind that a pig and a human cannot be compared one-to-one (although it should be noted
that humans cannot be compared one-to-one to other humans, either). In this research pig acceleration
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signals are used to approach human acceleration signals for the testing of energy harvesting, further
research is needed to validate this approximation or to obtain human acceleration signals.

D.3. Signal Processing
Before the data of the pig hearts can be used for analysis it should first be processed. This means that
the data needs to be filtered in order to obtain a smooth acceleration signal without any noise or other
movements besides the movement of the heart wall. Besides this, the human acceleration data must
also be rotated, in order to align the human and pig data in the same coordinate system. This section
provides a detailed explanation of both the filtering process and the data rotation.

D.3.1. Filtering
A high pass filter and a low pass filter are used to obtain a smooth acceleration signal. First, the pig
heart signals are discusses, followed by the human chest motion signals.

Pig Measurements
The first step in the data processing of the pig hearts acceleration signals is the filtering of the data.
Figure D.4 is a plot of the raw signals of one of the five pig heart measurements. In this figure the X-,
Y- and Z-acceleration, or the longitudinal, circumferential and radial acceleration respectively, can be
seen. The acceleration in the Z-direction is on average 9.8 m/sኼ higher than the other axes. Figure
D.1a shows that the Z-axis is pointing downwards, in the direction of the gravity. The offset of the
measurements in the Z-direction can therefore be explained by the pull of gravity.

Figure D.4: Raw signal from one of the five measurements of the pig hearts in X-, Y- and Z-direction.

From the three axes the Fast-Fourier Transform (FFT) is calculated and the power is plotted against
the frequency. This transformation is shown for the X- Y- and Z-axis in Figure D.5a, Figure D.5b and
Figure D.5c, respectively. Looking closely at the power plot of the Z-axis, a high power can be seen at
the very low frequencies. This high power is not seen in the other axes, meaning that this high power
can be explained by the gravity present in the Z-axis. Looking at the power present in the X-axis and
having a closer look at the low frequencies, shown in Figure D.5a, various peaks can be analysed. The
figure shows the first peak at a very low frequency. This first peak is the offset from the accelerometer.
Then a second peak at approximately 0.5 Hz can be seen, which can be attributed to the respiratory
motion from the pig during the measurements [56]. These two peaks are followed by the highest peak
of the power plot, which is the heart rate of the pig. This peak is at a frequency of 1.2 Hz, or 72 bpm.
The power plot displays multiple following peaks, probably representing the higher harmonics of the
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highest peak due to the heart rate. Analysing the power plot, the power indicated in the Y-axis is the
highest. However, when analysing the raw acceleration data the amplitude of the X-axis seems larger
than the other axes.

(a)

(b)

(c)

Figure D.5: The power plot of the FFT signals from the raw acceleration measurements with (a) The X-axis and a zoom of the
FFT plot, (b) the Y-axis and (c) the Z-axis.

From the analysis of the raw acceleration signals and the corresponding power plots the following
can be concluded: the acceleration signals consist of heart wall movement, gravity, respiratory motion,
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DC offset and noise. Since only the heart wall movement is of interest in this research, the signal is
processed in order to remove the other components. First, a high pass filter is used in order to remove
the DC offset, gravity component and the respiratory motion. The high pass filter is set at a frequency
of 0.5 Hz, since the respiratory motion has a frequency of approximately 0.5 Hz [23, 174]. The power
of the frequencies below 0.5 Hz are removed from the signal, as is shown in Figure D.6a.

(a) (b)

Figure D.6: The filters used for the processing of the acceleration signals (a) The high pass filter at 0.5 Hz and (b) The low pass
filter at 75 Hz.

After the high pass filtering, a low pass filter is used in order to remove the measurement noise from
the signal. For this filter the transfer function needs to be specified. Equation F.1 is a transfer function,
where Y(z) is the output and X(z) is the input.

𝐻(𝑧) = 𝑌(𝑧)
𝑋(𝑧) =

𝑏ኺ + 𝑏ኻ𝑧ዅኻ + 𝑏ኼ𝑧ዅኼ + ... + 𝑏ፍ𝑧ዅፍ
1 + 𝑎ኻ𝑧ዅኻ + 𝑎ኼ𝑧ዅኼ + ... + 𝑎ፃ𝑧ዅፃ

(D.1)

The gain of the filter is the ratio between the output and input. The design of a filter determines
the a and b coefficients in such a way that the undesired frequencies are filtered out and the desired
frequencies remain in the signal. For this signal processing it is important that the gain is 1, because
the filter should not influence the other power peaks present in the signal at the frequencies of interest,
as this would result in information loss. For filtering a finite impulse response (FIR) or infinite impulse
response (IIR) can be chosen. The difference is that a FIR filter only operates using the input values
and an IIR filter uses both the input and output values. A benefit from IIR is that the filter usually re-
quires a lower filter order for meeting specifications [175].

A Butterworth filter is used as a low pass filter, the Fourier transform of the transfer function of this
filter is Equation D.2.

𝐻(𝑗𝑤) = 1
(1 + ( ፣፰፣፰ᑔ )

ኼ)፧
(D.2)

Here w is the cut-off frequency and 𝑛 is the filter order, the number of poles in the transfer function.
Increasing the order increases the slope of the filter [175]. The cut off frequency for this filter was set
at 75 Hz [174]. The order of the filter is 26 and the filter is stable. The magnitude response of the low
pass filter can be seen in Figure D.6b. The stop band attenuation is set to 30 dB and the pass band
attenuation to 1 dB. In Figure D.7 the filtered X-, Y- and Z-acceleration signals can be seen.

Human Measurements
For the human acceleration measurements filters have also been used in order to remove signal noise.
The Fast-Fourier Transform (FFT) of the human signals does not show the correct frequencies, since
the accelerometer is attached on the chest and the signal consist of damping because of the skin.
Moreover, is it known that the accelerometer from PCB removes the static gravitation component.
Despite this, it is chosen to still use the high pass filter at 0.5 Hz in order to remove the DC offset of the
sensor. On top of that, the same low pass filter is used as for the pig acceleration signals, Figure D.6b.



72 D. Accelerometer Measurements

Figure D.7: The filtered acceleration signal from the acceleration signal shown in Figure D.4.

D.3.2. Rotating
In order to compare the axes of the acceleration signal from the pigs with the axes of the acceleration
signals from the human, the signals should be aligned in the same coordinate system. The coordinate
system from the accelerometer used on the pig’s heart can be seen in Figure D.1a. Here the X-axis, or
longitudinal axis, points from the base to the apex. The Y-axis, or the circumferential axis, follows the
outer heart wall and the Z-axis, or the radial axis, points into the heart. The coordinate system of the
human acceleration measurements can be seen in Figure D.1b. Here the longitudinal axis is the Z-axis
and pointing downwards, the circumferential axis the X-axis pointing to the left and the radial axis the
Y-axis pointing out of the heart, resulting in a different coordinate system. In order to align the signals
in the same coordinate system a rotation matrix is used to rotate the human signals. For this rotation
matrix two rotations are used, first a rotation of 90 degrees of the X-axis, followed by a rotation of 45
degrees of the Y-axis.

It should be taken into account that the rotations do not result in a Gimbal Lock. A Gimbal Lock oc-
curs when two axes are locked together due to a rotation [176]. This means that one axis of movement
is lost and a rotation of this axis has the same results as a rotation of the axis to which it is locked.
A Gimbal Lock occurs when rotations are performed in a specific order with a rotation of 90 degrees
around the Y-axis [177]. The Gimbal Lock can be bypassed by changing the rotation order. Here, how-
ever, the rotation around the Y-axis does not come near the 90 degrees, so the Gimbal Lock does not
occur. It should also be taken into account that if the sensors are not placed in line with the cardiac co-
ordinates, the acceleration values found can become inaccurate [103]. How the accelerometers were
placed, however, during the operation is not precisely known and depends on the doctor performing
the operation. It is assumed that the coordinate system in Figure D.1a is leading and it should be kept
in mind that the location of the sensor could be different and influence the signals measured.

D.4. Comparison STE and Accelerometer Measurements
In this section the STE measurements from Appendix C and the accelerometer measurements are
compared. They are compared in terms of resolution and in terms of overestimation because of external
influences. This section then discusses differences, as well as pros and cons.

D.4.1. Resolution
The first component of comparison is resolution. A distinction is made between spatial resolution and
temporal resolution.
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Spatial Resolution
As discussed in Appendix C, the pixel size in the ultrasound measurements is 0.24 mm, which is the
spatial resolution for displacement measurements. In order to compare the two spatial resolutions in
the same units Equation B.1 is re-used, but now the acceleration is calculated in Equation D.3 instead
of the displacement. The formula for spatial resolution for an accelerometer is shown in Equation D.4
[178]. HereN stands for the noise density. As shown in Table D.2, the noise density, or spatial resolution
value, of the 3D accelerometer sensor is 35 𝜇𝑔/√𝐻𝑧 (x and y) and 65 𝜇𝑔/√𝐻𝑧 (z) [179].

𝑎 = 𝑑 ⋅ (2𝜋𝑓)ኼ
9.81 (D.3)

𝑅 = 𝑁 ⋅ √1.6𝑓 (D.4)

With these two equations the two measurement methods can be compared when it comes to the
spatial resolution. In Figure D.8 the smallest increment of acceleration detection for the two methods
per frequency is shown. For all frequencies, the detection of the accelerometer is more accurate than
the ultrasound measurements. This figure shows that when a signal contains a frequency of 12 Hz the
detectable acceleration is 0.15 g for ultrasound. It is known that the acceleration of the heart signal
contains frequencies higher that 12 Hz. These are acceleration values that occur in the human heart
wall. When it comes to ultrasound, however, it can be seen that the detection acceleration increases
exponentially in contrast to the accelerometer measurements which almost stabilizes. This means that
for higher frequencies, only a higher acceleration can be detected. For the apical region it is known
that these high accelerations rarely occur. This means that important characteristics of the acceleration
signal of the heart can be visualized more accurately with an accelerometer than with ultrasound when
it comes to spatial resolution.

Figure D.8: Spatial resolution comparison of measurements with ultrasound and measurements with accelerometers.

Temporal Resolution
The temporal resolution values for ultrasound measurements are discussed earlier in Appendix C. The
temporal resolution values are shown in Table D.2. For ultrasound measurement with TDI this is 180
fps, for ultrasound measurements with STE this is 62 fps and for accelerometer measurements this is
500 Hz. Taking the Nyquist theorem into account (meaning that the frequency present in the measured
signals is half of the sampling frequency) the highest frequencies measured are 90 Hz, 31 Hz and 250
Hz, respectively. The influence of a lower sampling rate is shown in Figure D.9. Here it can be seen
that due to this lower sampling rate peak values can be underestimated. In addition, it could occur
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that the course of the signal is not displayed properly. In fact, the frequency represented by the con-
traction peak in different acceleration signals can vary between 20-60 Hz. With the contraction peak
in the acceleration signal estimated with an existing frequency of 25 Hz, this should be visible in the
ultrasound measurements. However, this is approaching the limit of the resolution of ultrasound. On
top of that, this frequency present in this part of the signal is varying and depends on the heart rate.
This means that it may be possible that these peaks can not be seen in the signals measured with
ultrasound, because a lack of the sampling frequency. The acceleration signal contains information
up to 50 Hz, which is shown in Figure D.5a. This information up to 50 Hz are probably the higher
harmonics of the heart rate (approximately 30 higher harmonics). As stated by Hoff et al. [56] should
all these harmonics be included in the signal to see the finer details of the heart motion. Furthermore,
a low temporal resolution has also an influence for the integration or differentiation of the signal, since
information is missing. This results in that tangents are underestimated. This influences the steepness
and amplitude of the obtained signals. In order to analyse the shape of the acceleration signals, higher
sampling rates are needed for ultrasound measurements.

Figure D.9: The influence of a low temporal resolution for the velocity signal and acceleration signal.

Table D.2: Comparison of the heart measurement methods.

TDI STE Accelerometer
Source Echo Echo 3D Sensor
Quantity Displacement Displacement Acceleration
Temporal Resolution 180 fps 62 fps 500 Hz

Spatial Resolution 0.25 mm 0.24 mm 35 𝜇𝑔/𝑠𝑞𝑟𝑡(𝐻𝑧) (x and y)
65 𝜇𝑔/𝑠𝑞𝑟𝑡(𝐻𝑧) (z) [179]

Usability Bedside Bedside Open Heart Operation

D.4.2. Overestimation
Having compared the measurement resolution, accelerometer measurements seem more accurate
than ultrasound measurements. A second point of comparison between ultrasound measurements
and accelerometer measurements is overestimation. This section discusses overestimation due to
gravity and the difference between open or closed-chest measurements.
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Gravity
A well-known problem in measurements with an accelerometer is overestimation in the obtained sig-
nals due to gravity. The heart motion has translational and rotational motion. When attaching an
accelerometer, or in other words adding a mass on the heart wall, the gravity component will add an
overestimation of the amplitude in the measured signals. The high pass filter at 0.5 Hz, described
earlier, only removes the static component of gravity in the signal, the offset. The dynamic gravity
component is still present in the signal. This dynamic component changes with the orientation of the
accelerometer on the heart wall. So in order to remove this dynamic component the rotation angles are
needed. This phenomenon is researched extensively by Remme et al. [180] and Krogh et al. [110] for
the circumferential axis. Here, the overestimation due to gravity in the displacement signal depends
on the heart rate. For a heart rate of 60 bpm the displacement was overestimated three to four times
[180], as for a heart rate of 90 bpm the displacement had an overestimation of two [110]. The overes-
timation for the longitudinal and radial axes are unknown. However, since there is an overestimation
in the circumferential displacement and because the heart makes rotational movements, it is assumed
that there is also an overestimation in the two other axes.

The orientation of the accelerometer on the heart wall changes during the cardiac cycle. This means
that the influence of the gravity on the X-, Y- and Z-axis also changes during the measurements. The
best method to separate the gravity component from the heart signal is to measure the rotation angles
of the heart movement with a gyroscope. These angles can be used to calculate the gravity component
per axis which can then be subtracted from the axes separately. With only static filtering the motion
of the heart can be overestimated. This should be kept in mind during the analysis of the signals
[22, 56, 181].

Open- versus Closed-Chest
Besides the gravity component, the measurement conditions also influence the height of the amplitudes
measured. The pig heart measurements are open-chest measurements, where the accelerometer is
attached on the heart with the chest opened during measurements. The difference between open- and
closed-chest measurements are analysed by Grymyr et al. [109]. Here an accelerometer is placed at
the same position as in Figure D.1a, namely in the left ventricular apical region. Where after the ac-
celerometer placement the chest is closed. Comparing the amplitudes from both measurements shows
that the peak systolic velocity in the open-chest measurements is approximately two times larger than
the peak systolic velocity in the closed-chest.

In conclusion, there is an amplitude overestimation in the signal due to gravity and the measurement
conditions. This should be kept in mind when the pig signals are used for further analysis.

D.5. Trajectory Analysis
As stated above the amplitudes seen in the pig signals are an overestimation of the reality and do not
give a good estimation of the amplitude of the human heart acceleration. However, the temporal and
spatial resolution of the pig signals are better than the ultrasound measurements. Based on these ob-
servations, the assumption can be made that the shape seen in the pig signals is a good representation
of the acceleration present in the heart cycle. This section will first discuss the trajectory of the accel-
eration signal. The same heart cycle moments as discussed in Appendix C are described, followed by
a comparison of the trajectories found with different measurements methods and on different animals,
in order to validate the shape trajectory of these pig acceleration signals.

The acceleration signal of a pig and the corresponding ECG signal can be seen in Figure D.10.
Characteristic moments for ventricle motion in the ECG are the R-peak and the end of the T-wave.
The R-peak stands for the ventricle depolarization, or in other words the beginning of the ventricle con-
traction. The R-peak is marked in the figure with a red triangle. Due to the depolarization an inward
and twisting motion starts in the heart wall [182]. The T-wave stands for the ventricle repolarization
(marked by a green square in the figure). When the T-wave is finished, the ventricle starts to relax.
Since the leadless pacemaker with the energy harvester is placed in the right ventricle, the ventricle
motions are the motions of interest. The ventricle has four events that are repeated every heartbeat,



76 D. Accelerometer Measurements

namely: isovolumic contraction, ventricular ejection, isovolumic relaxation and ventricular filling [183].

Figure D.10: The ECG and the heart wall acceleration signal measured simultaneously on the same pig. The moments of the
R-peaks and the end of the T-waves are indicated.

The acceleration peaks present in the acceleration signal can be linked to the two ventricle motions,
the contraction and relaxation. The acceleration signal in Figure D.10 is in sync with the ECG signal.
It can be seen that the larger acceleration peaks are simultaneous with the R-peaks, the ventricle con-
traction. The smaller acceleration peaks are simultaneous with the end of the T-waves, the ventricle
relaxation. The contraction peaks starts with a lower peak, followed by a higher peak. The lower peak
is the isovolumic myocardial acceleration (IVA) and is the first contraction of the ventricle, the isovo-
lumic contraction. This IVA-peak corresponds to the IVV-peak in the velocity. Due to this motion the
pressure in the ventricle starts to rise. When a certain pressure is reached the ventricle starts to eject
the blood, the late systole. This results in the higher acceleration peaks, since the ventricle motion is
larger when compared to the first contraction motion, corresponding to the s-wave in the velocity. The
relaxation consist of the early and late diastole and has a longer duration in the heart cycle than the
contraction.

It can be concluded that the acceleration signals must contain two moments of motion where ac-
celeration peaks can be seen, the contraction and relaxation. In Figure D.10 the contraction peaks
are larger than the relaxation peaks, but this is not always the case. When analysing the five different
pig signals, Figure D.11, it can be seen that for some pigs the relaxation has almost an amplitude as
high as the amplitude of the contraction. Furthermore, it can also be seen that the five pigs have a
different shape of the contraction and relaxation trajectories. All pigs are different and this also applies
to humans.
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Figure D.11: All longitudinal pig heart acceleration signals.
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D.5.1. Trajectory Overview
The shape of the heart acceleration signal is validated in two ways. The first manner is a visual com-
parison of the human acceleration measurements where the accelerometer is attached to the chest.
Second, the shape of the pig heart acceleration signals are compared to different acceleration signals
found in literature in which measurements were performed on different animals and humans with vary-
ing measurement methods. This comparison is done in order to validate if the trajectory of the pig heart
signals is sufficient to use for the further research.

Visual Comparison Human Acceleration Signal
Here the shape of the pig acceleration signals is visually compared to the human acceleration signals
measured with an accelerometer attached to the chest. Such a measurement is called a seismocar-
diogram (SCG). A zoom of the longitudinal acceleration signal of one of the testing persons is shown
in Figure D.12. SCG measurements are analysed in detail in literature and consecutive events in the
cardiac cycle are described in the signal. The peak represents the aortic valve opening (AO). As de-
scribed earlier the pressure rises in the ventricle due to the start of the inward and twisting of the heart
wall after the depolarization. When the pressure is high enough, the blood is ejected and the aortic
valve is opened. Such a peak also occurs when the aortic valve is closed (AC), which can be classified
as the relaxation peak. In the contraction peak also the mitral valve closure (MC) and rapid ejection
(RE) can be observed [182].

When comparing the shape of the human acceleration signal measured on the chest, Figure D.12,
with the shape of the pig heart wall motion measured epicardial, Figure D.7, it becomes evident that
that the two signals have similarities. In both signals a contraction peak can be seen and a relaxation
peak. The signals can not be compared one-to-one, but it should be noted that this would also not be
possible when comparing two human measurements because everyone’s heartbeat differs.

AO AO

AC AC

MC MC
RE RE

Figure D.12: A zoom of the human longitudinal acceleration signal measured with the accelerometer attached on the chest.
With the AO aortic valve opening, AC aortic valve closing, MC mitral valve closure and RE rapid ejection indicated.

Literature
In literature various research is done where the heart wall acceleration signal is obtained. These sig-
nals show the same trajectory as seen in the pig heart measurements signals. An overview of these
research outcomes is given in Table D.3. Here the species, measurement method, a figure of the sig-
nal and its source are shown. In the figures, a red area indicates the contraction peak and the green
area indicates the relaxation peak. The contraction peak and relaxation peak are linked to the R-peak
and T-wave of the corresponding ECG signal in the article. It can be seen that for different species
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and different measurement methods, the signals consist of a contraction peak and relaxation peak.
Differences are seen in the details of these peaks, such as the amount of peaks it consists of and the
amplitude of these peaks. This could be due to the different measuring methods used, the fact that
different species are compared or because everyone has a different heart rate and therefore a different
signal.

From the visual comparison of the measurements performed in the lab, Figure D.12, and the liter-
ature research, Table D.3, it can be concluded that the pig signals can be used for further analysis.
The shape of the pig signals, Figure D.11, matches the shape of the acceleration signals measured at
various species with various measurement methods.

Table D.3: Overview heart wall acceleration measurements for different species and different measurement methods.

Specie Measurement Method Figure Reference

Human
Accelerometer epi-
cardial attached to
heart

[105]

Sheep TDI of heart wall
motion [106]

Sheep TDI of heart wall
motion [184]

Human Accelerometer
attached to chest [185]

Sheep
Accelerometer
placed inside lead-
less pacemaker

[108]

Dogs
Sonomicrometry
(crystals attached
epicardial)

[107]

Continued on next page
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Table D.3 – continued from previous page
Specie Measurement Method Figure Reference

Pigs
Accelerometer epi-
cardial attached to
heart

[186]

Human

Accelerometer in
lead tip of pace-
maker placed in
ventricle

[187]

Human MRI of heart wall
motion [188]

Pigs
Accelerometer epi-
cardial attached to
heart

[104]

Pigs

Accelerometer in
lead tip of pace-
maker placed in
ventricle

[189]

Human Chest wall vibration
measurements [190]

Pig
Accelerometer
subepicardial
attached to heart

[120]

Human Accelerometer
attached to chest [182]
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D.5.2. Building Block
As described the temporal resolution of an accelerometer is sufficient to reproduce the detailed tra-
jectory of the acceleration motion of the heart wall. This is validated for humans with accelerometer
measurements on the chest and other acceleration signals found in literature. In the pig signals two
peak moments can be seen, one being the contraction and one being the relaxation. As stated, five
pig heart acceleration signals are obtained from Grymyr et al. [103]. The longitudinal axis of the five
pig heart measurements can be seen in Figure D.11. Analysing the five pig measurements, it becomes
evident that in the amplitude height and the detailed shape of both peak moments differences are ob-
served. The five different contraction signals and relaxation signals are isolated and used as building
blocks for the heart signal generator, so the shape of the contraction and relaxation of the generated
signals are based on the pig signals. In Table D.3, when analysing only the signals obtained from hu-
mans, it can be seen that different measurement methods give different values for the amplitude. It is
also known that the pig signals overestimate the amplitude because of the dynamical gravity compo-
nent and the open-chest measurements. The question is what the correct value for the amplitude of
the contraction and relaxation acceleration of the heart wall at the apical septal or mid septal segment is.

To use the correct order of magnitude the IVA values found in Appendix C are used to specify the
amplitude of the contraction and relaxation peaks. The five contraction and relaxation signal parts are
used as building blocks in the heart signal generator. These signals are randomly selected and com-
bined. When selected, the contraction and relaxation peaks are adjusted differently each time with a
scaling value from a range, explained in Appendix C, in order to obtain a different signal every time. In
this manner the fact that every person has a different heartbeat is simulated and the energy harvester
can be tested on many different signals.

What should be kept in mind is that these signals are measured epicardial and the leadless pace-
maker is placed endocardial. It is known that the motion of the heart wall is different when analysing epi-
caridal and endocardial motion. In literature the acceleration of the heart wall is measured endocardial
and epicardial [174]. In these measurements, differences appear in the longitudinal, radial and circum-
ferential acceleration signals when comparing the two locations, that can be explained by differences
in rotational motion and radial thickening of the heart wall. The question is how much these detailed
motions ultimately affect the motion of the leadless pacemeker, which is attached to the heart wall of
the right ventricle in the apex. Eggen et al. [108] placed an accelerometer in a leadless pacemaker,
which is placed in the right ventricle of the heart of a sheep. The resulting acceleration signal, shown
in D.3, has approximately the same shape as the acceleration signals from the pig hearts. Because
of this similarity, it is assumed that for a first approximation of the generation of a human acceleration
signal the pig signals can be used, but further research is needed.

D.6. Influence Heart Rate
The human measurements with the accelerometer are also used to analyse the influence of the heart
rate on the acceleration amplitude. Measurements are performed on three persons with no known heart
condition (men, age 23-28). Measurements are performed in rest and during exercise. For one person
the measurements can be seen in rest and during exercise in Figure D.13. Here it can be seen that the
heart rate influences the peak height and the duration of the signal. In other words, there is a positive
force-frequency relation. The amplitude of the acceleration increases by a certain factor per beat per
minute that the heart rate increases, which means the slope changes. The amplitudes measured in
the chest motion setup are not representative for the acceleration present in the heart wall, since the
signals are measured on the chest and not directly on the heart wall, so these measurements can not
be used to determine this increasing acceleration slope.

To determine this slope for the contraction and the relaxation literature is used. In research by Roche
et al. [118] and Cifra et al. [119] it is seen that for an increasing heart rate, the acceleration amplitude for
the contraction increases exponentially. To determine the slope two tangents are used, one between
70-100 bpm and one between 100-180 bpm. In both studies the values are obtained from the basal re-
gion instead of apical region, resulting in the reduction of the two slope numbers in Table D.4 to avoid an
overestimation of the peak acceleration. Pauliks et al. [121] shows that for a lower region the difference
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between the acceleration values for a heart rate in rest and a heart rate in exercise are smaller than
for a higher heart region. The slope numbers can be seen in Table D.4. For the contraction velocity,
Cifra et al. [119] observed a linear increase for increasing heart rates. For the heart signal genera-
tor, where acceleration signals are generated, only the slopes of the acceleration increase are used. It
should be validated whether the velocity signals have a linear increase. This is validated in Appendix F.

Little research has been performed on the slope of the influence of the heart rate on relaxation ac-
celeration amplitude. The relaxation velocity has also a linear increase when the heart rate increases
[119]. Since in the contraction a linear increase in the velocity is also seen in reaction to a increasing
heart rate, it is assumed that the relaxation has also an exponential increase in the relaxation acceler-
ation amplitude when the heart rate increases. The slope of the relaxation velocity is higher than the
slope of the contraction velocity. Because of this the acceleration slope between 70-100 bpm and 100-
180 bpm is estimated higher than the acceleration slope for the contraction, see Table D.4. For a heart
rate during exercise, Nguyen et al. [120] observed also a higher relaxation peak than the contraction
peak, for the lower heart rate the contraction peak is higher. This could be explained by the fact that
during the relaxation of the heart there is active and passive motion. Active from the heart wall, where
muscle fibrils become actively longer by the absorption of calcium, and passive from the blood that
flows into the ventricle. This combination of active and passive motion makes that for a higher heart
rate the acceleration of the relaxation could be higher than the contraction, where only active motion
is present and the blood resists themotion (E.R. Holman, personal communication, November 5, 2020).

Table D.4: The slope numbers of the tangents to the graphs of the exponential growth of the
heart acceleration due to the rise of the heart rate. The slope numbers are shown for the
contraction and relaxation.

HR <70 bpm 70 bpm <HR <100 bpm HR >100 bpm
Contraction 0 0.014 0.054
Relaxation 0 0.017 0.060

Figure D.13: The human acceleration measurements during rest and exercise visual presented.

Besides increasing the amplitude height, the duration of the heart cycle is also influenced by an
increase in the heart rate. The influence of the heart rate on the cycle duration is investigated by
Bombardini et al. [123]. A force sensor is attached to the chest of patients and measured the duration
of the systole and diastole for different heart rates. Furthermore, the time duration for different heart
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rates is also investigated by Bombardini et al. [122], where measurements are performed with a micro
electromechanical system sensor that measures the motion. The systolic and diastolic time during rest
and exercise shows the slope at which the percentage of the systole and diastole duration per total
time is influenced due to the heart rate. In Figure D.14 this influence is shown, where the percentages
are an average of the values found in both studies [122, 123]. In percentage terms, the duration of the
diastole decreases for an increasing heart rate, while the percentage of the systole increases for an
increasing heart rate. This means that for a heart in rest the duration of the diastole is larger than the
duration of the systole. An increasing heart rate, however, decreases the diastolic time more than the
systolic time of the total heart cycle.

Figure D.14: The influence of the heart rate on the duration of the contraction and relaxation.

The influence of the heart rate on the acceleration peak and the contraction and relaxation time
changes the surface below the acceleration signal, meaning that the velocity signal is also changed.
As stated, the velocity values for the contraction and relaxation increases linearly, with a higher slope
for the relaxation [119]. It should be validated that the surface change in the acceleration signal has a
linear increasing influence on the velocity values generated.





E
Orientation

Besides the longitudinal axis measured with ultrasound in the four chamber view,
also the circumferential and radial displacements are obtained via the ultrasound
measurements. The pig heart acceleration signals also contain the information of all
three axes. In this appendix it is analysed which axis should be used as input for the
testing of the energy harvester.

85
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E.1. PCA Pig Heart
First, a Principle Component Analysis (PCA) is performed. With a PCA it is calculated whether a dataset
can be described by less variables but retain as much statistical information as possible [191]. Using
PCA the principle axis of motion is determined, this results in a selection of the main axes used as
input for the energy harvester. With PCA orthogonal components are calculated that describe, in this
case, the acceleration data. Each principle component contains a certain statistical information, or in
other words, a variance. The first principle component contains the most variance and the last principle
component the least variance. It is normal to select the number of components for describing the data
that covers 70% of the variance. The acceleration data, a three dimensional data set, gives three prin-
ciple components. When the first principle component covers more than 70%, the acceleration signals
multiplied by this principle component give one vector that describes the data. The magnitude of the
components in the principle component display the contribution of a direction in the total motion.

The PCA analysis is performed for the pig heart acceleration signals, both at apical and basal loca-
tion. Here it is analysed, for both locations, if one of the three axes has a larger contribution in the heart
wall motion or not. This is analysed for the acceleration and velocity. If the variance of the first principle
component is smaller than 70%, the second principle component is shown, in order to meet the 70%
criteria. In Table E.1 and Table E.2 the PCA for the apical and basal velocity and acceleration signals
can be seen, respectively. Here it can be seen how much an axis contributes to the first and, if needed,
the second principle component. A contribution larger than 0.4 is taken as a sufficient influence of the
axis in the principle component.

When first analysing Table E.1, the velocity signals, and comparing the principle components from
the apical and basal segments, it can be seen that for the principle components of the apical segment
the influence of the axes is more widely distributed. Only for pig 5 one axis has the largest contribution
to the principle component. For the other pigs the influence of the axis is spread. When analysing the
principle components from the basal segment, it can be seen that for two pigs one axis is the main
contribution to the principle component, for two pigs it is two components, and one pig has a contri-
bution of three axes to form the principle component. From the velocity signals it can be said that the
velocity in the apical segment consist of a combination in the longitudinal, circumferential and radial
motion, varying per pig. Since we don’t know precisely how the accelerometer is placed during each
separate measurement, it is unknown which direction has the largest contribution. But it is seen that
the contribution is a combination of motions.

Table E.1: PCA of the apical and basal velocity signals.

Apical Basal
Total Variance
(%) PC1 PC2 Total Variance

(%) PC1 PC2

0.6057 0.8929
0.7957 -0.2656Pig 1 82.45
-0.002

73.17
0.3637

-0.1172 0.8774 -0.5618
0.9914 0.1312 0.5582Pig 2 87.54
-0.059 0.4615

83.91
0.6105

-0.1904 0.9436 0.928
0.9316 -0.0867 -0.2492Pig 3 93.33
-0.3096 -0.3195

73.09
0.277

0.4925 0.8429
0.6994 -0.3218Pig 4 87.47
0.5179

75.54
0.4313

0.2856 -0.3359 0.8685
0.9429 0.9401 0.3331Pig 5 87.43
0.1712

92.1
-0.0583 0.367
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For the acceleration signals the same observation is seen in Table E.2 as in the velocity analysis.
Meaning that for the principle components of the apical segment the influence of the axes is more
widely distributed. Neither one of the five pigs has a dominant axis in the apical segment determining
the direction of the principle component. For the basal segment, two pigs have one dominant com-
ponent in the principle component, two pigs have two dominant components and one pig has more
dominant components in the principle components.

Table E.2: PCA of the apical and basal acceleration signals.

Apical Basal
Total Variance
(%) PC1 PC2 Total Variance

(%) PC1 PC2

0.7885 -0.3189 0.9837
0.3378 -0.49 -0.1166Pig 1 84.23
0.514 0.8113

80.57
-0.1366

0.1564 0.6083 0.8667 -0.051
0.0304 0.7845 -0.4953 0.0306Pig 2 84.26
0.9872 -0.1205

92.86
0.0594 0.9982

-0.2082 0.4984 0.9853
-0.6692 0.5549 -0.0902Pig 3 89.09
0.7133 0.6661

72.62
-0.1453

0.5177 0.7566 0.9721 -0.2137
0.7505 -0.6257 0.1876 0.9557Pig 4 82.27
0.4107 0.1898

88.39
-0.1407 -0.2023

-0.2766 0.4938 0.976 0.2157
-0.5798 0.5984 -0.2176 0.9672Pig 5 87.01
0.7664 0.631

82.34
0.0004 -0.1342

In this analysis it can be seen that for the motion at the apical segment of the heart not one axis is
the dominant motion axis. The contribution of the longitudinal, radial and circumferential axis is varying
per pig. This could be due to the fact that the accelerometers are not placed in the same orientation
on the pigs. However, this cannot be verified as the researcher was not present at the measurements.
Regardless whether the accelerometer is always positioned exactly the same, the movement in the
apical zone is a mix of the three axes. This should be kept in mind for the testing of an energy harvester
intended for powering pacemakers. Since this can influence the reliability of the energy harvester and
the amount of power harvested.

E.2. Comparison Three Dimensions
With the contribution per axis analysed for the motion, in this section the human velocity and acceler-
ation amplitude are analysed for the longitudinal, radial and circumferential axes. For this analysis the
STE measurements are used, since the TDI measurements only obtain the longitudinal direction. The
longitudinal direction is measured in the four heart chamber view and the radial and circumferential
direction is measured in the apical short axis view. Because of this only the apical septal segments
are compared, since the basal and mid radial and circumferential are not measured in the apical short
axis view. The velocity signals of the three axes from one patient can be seen in Figure E.1. In the
figure it can be seen that there are differences between the velocity signals. However, in the three
directions the same trajectory can be seen. The trajectory of the described IVV-peak, s-wave, e-wave
and a-wave. As stated earlier, every person has a different heartbeat. This applies also to the radial
and circumferential direction. The mean contraction and relaxation velocity and acceleration of the
nine patients is shown in Table E.3. Here it can be observed that for the acceleration and velocity, the
contraction and relaxation has a larger amplitude than for the radial and circumferential direction.

For the calculation of the circumferential velocity it should be kept in mind that the tangent of the
angular velocity is used. To be able to perform the calculations, the radius of the ventricle at apical
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Figure E.1: The apical septal heart wall velocity of a human in the three directions.

Table E.3: The measured mean velocity and acceleration of the longitudinal, radial and circum-
ferential apical septal position of the nine patients.

Velocity Acceleration
Contraction

(𝑚𝑚/𝑠)
Relaxation
(𝑚𝑚/𝑠)

Contraction
(𝑚/𝑠ኼ)

Relaxation
(𝑚/𝑠ኼ)

Longitudinal 38.74 -43.05 0.63 -0.67
Radial 30.34 -27.79 0.44 -0.43
Circumferential 14.90 -15.35 0.32 -0.33

height is obtained in EchoPAC. The found acceleration and velocity are thus an approximation of which
it is not certain that this represents the reality. For now, it is assumed that the circumferential velocity and
acceleration are lower than the longitudinal velocity and acceleration, but this should be investigated
more thoroughly. Furthermore, the ultrasound measurements are performed by different laboratory
technicians. This can result in different measurement values, as the measurement technique can differ
per laboratory technician [112]. For future research it is advised to obtain measurements by the same
laboratory technician.

E.3. Generator Orientation
In the first analysis it was seen that for the apical segment the contribution of the motion from the lon-
gitudinal, circumferential and radial direction is not dominated by one direction. The contribution of
the directions is varying. This could be due to the fact that the accelerometer was not placed in the
same position during each measurement or because the differences in the heartbeat per specie. In the
second analysis, it was seen that in the human STE measurements the peak amplitude of the apical
velocity and acceleration is higher than the two other directions. A traditional energy harvester can only
harvest energy from one dimension. For the apical segment not one motion is dominant and on top of
that was in the human measurements seen that the amplitudes are higher in the longitudinal direction.
This results in that it is decided to use the longitudinal direction as input for the heart signal generator.

When harvesting in only one direction an amount of energy that can be harvested, present in the
motion, is lost. How much energy is lost should be investigated and the energy harvesting direction
should be optimized. However, the final orientation of the energy harvester design depends on the
positioning of the leadless pacemaker, which is different for each person during surgery. Because
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of this, during the design process it must be taken into account that the harvester does not end up
in the optimal position. In a non-optimal position the energy harvester should also generate enough
power to recharge the battery of the pacemaker. Furthermore, another challenge is the heart wall
rotation and the fact that the leadless pacemaker is fixated in soft tissue. In [94] it is stated that for an
energy harvester it is a challenge to guide the movement in the desired direction, while the undesired
directions are constrained. The rotational movement of the heart wall and because of the fixation in soft
tissue, making a wobbly movement of the leadless pacemaker, can influence the reliability of the energy
harvester and the amount of power harvested. Zurbuchen et al. [2] stated that their model should be
validated for rotational components, in order to investigate the impact of Coriolis-, Euler-, and outer
centrifugal force on the device. A next step, after testing the energy harvester on a shaker, is to test
the energy harvester with the heart wall environment imitated. The energy harvester should be fixated
in a material just as soft as the heart wall and be tested on the three dimensional motion. Via this, the
influence of the wobbly motion can be investigated. It is also a good idea to place an energy harvester
in a environment, where the heart cycle is simulated and realistic heart wall movement is obtained. For
instance, the LifeTec Group in Eindhoven is specialized in this.





F
Heart Signal Generator

The characteristics discussed in previous appendices are used to design a heart
signal generator to approximate the acceleration signal of a human. The output of
this generator can be used to test energy harvesters for the purpose of powering a
pacemaker. The code is explained step by step and the results are presented.
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F.1. Code
In this section the heart signal generator code is explained. Before running the generator code the user
must enter the desired heart rate value and the number of cycles. The number of cycles determines
the length of the signal, in combination with the heart rate. The generator first ensures that heartbeat
has the correct trajectory and that it is slightly different for each run. How this is done is explained in
the Section Trajectory. Then in Section Scaling and Heart Rate Influence, it elaborated how the scaling
and the influence of the heart rate are performed in the code. Section Signal between Contraction and
Relaxation explains the final touches to obtain a correct acceleration signal.

F.1.1. Trajectory
First, it is explained how it is ensured that the signal is slightly different every run, using the pig heart
acceleration signals. As stated in Appendix D, the contraction and relaxation parts are isolated from the
five pig heart acceleration signals. The heart signal generator uses the pig signals as building blocks,
where a simulated time response of the dynamic model of the contraction and relaxation peaks is ob-
tained. The dynamic systems are obtained from a transfer function estimation. This estimation is found
from an input vector and the original data using a nonlinear least-squares search method. These input
vectors are obtained by trial and error in order to maximise the agreement between the original signal
and the signal obtained with the transfer function, see Figure F.1. The specified number of poles in the
transfer function is nine. In Equation F.1 it can be seen how the transfer functions are constructed. The
goodness of the fit obtained is 83.05% for the contraction and 92.32% for the relaxation. This is deter-
mined with a normalized root mean square error between the simulated response and measurement
data. The dynamic systems are loaded into the heart signal generator.

𝐻(𝑠) = 𝑌(𝑠)
𝑋(𝑠) =

𝑏ኺ + 𝑏ኻ𝑠 + ... + 𝑏ዂ𝑠ዂ
𝑎ኺ + 𝑎ኻ𝑠 + ... + 𝑎ዃ𝑠ዃ

(F.1)

Figure F.1: System identification for the contraction peak of a pig signal. In the first figure the input vector corresponding to the
contraction data is shown. In the second figure the simulated response of the dynamic system can be seen, compared to the
measured data.

The heart signal generator starts with a random selection of one of the five contractions and re-
laxations of the pig signals. The corresponding identified dynamic system and initial conditions are
selected. The lsim function gives a simulated time response of the dynamic system model to the
input history. Every run a new input vector is generated for both the contraction and relaxation, varying
in impulse locations and peak heights, causing a different simulated time response. The fact that every
person has a different heartbeat is imitated. To obtain this input vector, first the number of impulses are
specified. Then the locations and height of the impulses are randomly determined in a for loop, with
a specified distance between the pulses. A validation is added in this loop, to check whether the new
input vector does not give a totally random time response. As said, the contraction and relaxation are
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used as building block. While a variation is desired, a totally different signal unrelated to a heartbeat is
undesired. For the input vector for the contraction, a second validation is added. Here, it is validated
whether the positive acceleration peak is larger than the negative peak. This in order to make sure that
a plausible acceleration signal is obtained. In the second part of the code a matrix is formed where
the newly produced input factor is multiplied with the number of specified cycles. Here a randomness
factor is added. The impulse heights in the new input matrix are multiplied with a factor between 0.6
and 1.4, in order to obtain small differences in the yet to be produced contraction and relaxation peaks.
With the new input vectors formed, the simulated time response of the contraction and relaxation is
estimated. For this, as stated, the lsim function is used. The input is the dynamic system identified
for the pig heart acceleration signals, the new input vectors, the time vector and the initial condition
corresponding to the pig heart signals.

F.1.2. Scaling and Heart Rate Influence
Both the contraction- and the relaxation-signal of the pig heart are adjusted to add more variation, and
are scaled to remove overestimation. The peaks are scaled to the amplitudes in human signals, as
discussed in Appendix C.

The contraction is scaled to a value between 0.26 𝑚/𝑠ኼ and 1.82 𝑚/𝑠ኼ, and each cycle in the new
signal it is varied with a scale-factor between 0.8 and 1.2, as the human heart contracts with a slightly
different acceleration each time. In the measurements performed at the LUMC, it is seen that the re-
laxation peak is lower than the contraction peak. In the generator, the relaxation peak is linked to the
contraction. The peak is scaled to a random factor times the contraction peak. This factor is randomly
chosen each new cycle, and lies between 0.3 and 0.7.

The influence of the heart rate on the acceleration is included, as explained in Appendix D. With an
increasing heart rate, the peak of the relaxation increases faster compared to the peak of the contrac-
tion. Also, the influence of the heart rate on the contraction and relaxation time duration is added to
the acceleration signal. The duration of the contraction parts and relaxation parts are scaled with the
heart rate, as explained in Appendix D. The time between the two peaks is determined by the duration
of a heart cycle and the combined duration of a contraction and relaxation for a specific heart rate, as
determined in Appendix D.6.

Furthermore, it is assured that the integral of the positive acceleration equals the integral of the
negative acceleration, to prevent random trends in the velocity signal. Finally, another visual validation
check is added to make sure that the positive peak of the relaxation does not exceed the bounds of
common-sense. For example for a heart rate at rest, the peak of the relaxation should be smaller than
the peak of the contraction.

F.1.3. Signal between Contraction and Relaxation
The next part of the generator is to generate the parts between the contraction and relaxation. The
parts are a sum of cosine and sine with varying amplitudes and frequencies. These parts have a low
acceleration of almost zero, and will not affect the movement of the energy harvester and the amount
of generated power.

The contraction peak, relaxation peak and the parts in between the peaks, are pasted one behind
the other combined sequentially, and repeated for the number of heart cycles entered by the user. A
filter is added in order to smooth the transition points from the different signal parts. The detection of
these locations can be seen in Figure F.2. The signals are connected with a forward and backward
auto regressive fit, and smoothed with a moving median filter to ensure a smooth transition. Finally,
the signal is prepared for the shaker. The sampling frequency of the signal is adjusted to the frequency
needed for the shaker and the signal is scaled from 𝑚/𝑠ኼ to 𝑔, where 1𝑔 = 9.81𝑚/𝑠ኼ. The generated
acceleration signal is saved and ready to be used for the testing of an energy harvester intended for
powering a leadless pacemaker.
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Figure F.2: Detection of the transition points that are smoothed by the filter.

F.2. Results
This section shows examples of acceleration signals generated by the heart signal generator. In Figure
F.3 two acceleration signals with their corresponding velocity signals can be observed, generated for a
heart rate of 70 bpm. When comparing the two signals generated for the same heart rate, differences
can be seen in the peak height and the trajectory of the contraction and relaxation peaks. This is due
to the random selection of one of the five pig heart contractions and relaxations, in combination with
the new input vector generated for the dynamic system. When analysing the velocity signals the same
shape as described in Appendix C can be seen. The IVV-peak followed by the s-wave, e-wave and
a-wave. Also, differences between the two velocity signals can be seen. These differences imitate the
fact that every person has a different heartbeat, and thus a different heart acceleration and velocity
signal. In rest, the relaxation has a longer time duration in the total heart cycle than the contraction.
Because of this longer duration, is in the acceleration signal the surface under the relaxation peak
larger than under the contraction peak. This explains the higher velocity for the relaxation.

In Figure F.3, also a heart signal generated at 130 bpm can be seen. When comparing this signal
to the signals generated for 70 bpm, a difference in the amplitude and the duration of the heart cycle
is observed. The same holds when the velocity signals are compared. Increasing the heart rate, in-
creases the peak height in the acceleration and velocity signals and the heart cycle duration decreases,
as described in Appendix D. The shape of the velocity, with the IVV-peak, s-wave, e-wave and a-wave
persists for higher heart rates. Figure F.4b shows the FFT corresponding to the acceleration signal in
Figure F.4a. Comparing this FFT to the FFT of the pig heart acceleration signal in Figure D.5a, similar-
ities can be observed, since both FFT’s show a higher power level at the lower frequencies, followed
by a dip around 50 Hz, followed by a small increment around 60 and 70 Hz.

In Appendix D was stated that it has to be be validated whether the velocity amplitude of the s-wave
and e-wave increases linearly and the contraction and relaxation acceleration increases exponentially.
In Figure F.5a and Figure F.5b the influence of the heart rate on the velocity and acceleration is pre-
sented. The points in both figures represent the average amplitude of ten heart signals on that specific
heart rate for the contraction and relaxation. The lines fitted in both figures show the trend. In Fig-
ure F.5a, a linear increase for the contraction and relaxation can be seen, with R = 0.8173 and R =
0.9050. In Figure F.5b an exponential increase for both the contraction and relaxation can be seen
with R = 0.9903 and R = 0.9827. It can be concluded that the velocity has indeed a linear increase
and the acceleration increases with an approximated exponential function for an increasing heart rate.
The exponential trend and the linear trend are related, since the acceleration is the differentiation of the
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(a)

(c)

(e)

(b)

(d)

(f)

Figure F.3: Three examples of signals generated by the heart signal generator for a heart rate of 70 bpm and 130 bpm. (a,b)
The acceleration and velocity profile of a heart signal of 70 bpm. (c,d) The second acceleration and velocity profile of a heart
signal of 70 bpm. (e,f) The acceleration and velocity profile of a heart signal of 130 bpm.

(a) (b)

Figure F.4: Signal generated by the generator. (a) A generated acceleration signal at 70 bpm. (b) The corresponding FFT of
the acceleration signal.

velocity. The slope of the linear increasing e-wave velocity is higher than the IVV-peak slope, as in [119].

(a) (b)

Figure F.5: The influence of the heart rate on the (a) Velocity in the heart signal generator and (b) The acceleration signals
generated by the heart signal generator.
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When analysing the velocity signals obtained from the ultrasound measurements at the LUMC, the
peak height of the s-wave generated in this heart signal generator is relatively low. In Appendix C
where the longitudinal velocity is shown of all the six segments, it is seen that the s-wave amplitude
of the apical and mid segment is higher than in Figure F.3. The peak height of the s-wave in Figure
F.3 has more similarities with the velocity signal measured at the apical lateral region. The similarities
can also be observed in literature, where the heart wall velocity is measured for the base, mid and
between the apical segment and the apex [192]. Here, it can be seen that for the apical-apex segment
the velocity at the s-wave is much lower than for the mid region and basal region. The shape of the
s-wave is also different, the IVV-peak is lower and the s-wave is higher and wider. This observation
is also found by Lotfi-Tokaldany et al. [116], where the velocity is analysed for the three regions. For
the apex is the s-wave velocity 0.32 cm/s, which corresponds to the velocities generated in the heart
signal generator. When analysing the location of the accelerometer placed during the pig heart mea-
surements, the location of this sensor is between apical septal and apical lateral region. This could
explain the fact that the velocity signal has more similarities with this location, than with the motion at
the mid septal segment. As explained, the heart has different motions at different heart locations. It
differs for endocardial and epicardial, in rotational and translation motion and from base to the apex. It
is thought, that this difference from base to apex shows the difference in the peak height of the s-wave.
The heart motion differs for each segment, which can be seen in the velocity and acceleration signal.
The amplitude can be scaled for the apical septal and mid septal segments, where a leadless pace-
maker is placed, but the pig heart acceleration signal used for the heart signal generator are measured
between the apical septal and apical lateral region. Scaling the signals with the peak amplitudes from
the apical septal and mid septal segments does not change the trajectory of the velocity signal. The
trajectory of the velocity signal only changes when the specific segments are measured separately, or
in other words, when the heart motion is measured for the different segments.



G
Energy Harvester

For the lab experiments, an electromagnetic energy harvester with moving mid
magnets, a static coil and repulsive magnets at the top and bottom was designed.
The heart signals have a small acceleration amplitude, resulting in the fact that the
stiffness of the energy harvester must be low to obtain motion in the mid magnets to
harvest some energy. For the designed energy harvester a problem arose, since the
shaker must be held vertical for the controller to function properly, so the energy
harvester was also placed in a vertical position. The stiffness of the energy harvester
was low. Due to the influence of the gravity did the magnets not float in the middle,
but had a lower equilibrium outside the coil. Motion of the magnets outside the coil
does not result in any power generation, so this energy harvester could not be used
for the experiment. The energy harvester used during experiments was already
present in the lab. The specifications of the used energy harvester are shown,
followed by the design process of the unused energy harvester.
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G.1. Energy Harvester for Experiments
The energy harvester used during the experiments is an energy harvester consisting of a stack of eight
moving magnets and a static coil. This energy harvester was designed by M. de Jong, K. van Puffelen,
J. Roos, E. van de Wetering during their Bachelor thesis and was available in the lab. In this section
the specifications of this energy harvester are shown. The energy harvester with moving mid magnets
and a static coil has spring magnets on both sides of the moving magnet, giving a nonlinear restoring
force. These repulsive magnets are clamped in the end caps made of 3D printed PLA. The tube is
made of transparent PVC and ferrofluid is added around the magnets as lubrication. In Figure G.1a
the dimensions of the energy harvester are shown. In order to reduce the local air damping in the tube,
ring magnets have been used for the moving mid magnets. The characteristics of the magnets used
can be seen in Table G.1. Table G.2 presents the specifications of the energy harvester.

(a) (b)

Figure G.1: The energy harvester. (a) A schematic image of the energy harvester with dimensions specified. (b) The energy
harvester attached on the shaker.

Table G.1: Characteristics of the two magnets used

Diameter [mm] Thickness [mm] Flux density [T] Mass [g]
NdFeB-N40 13 (6∗) 2 1.25 1.56
NdFeB-N42 10 1 1.22 0.59

* Inner diameter of the ring magnet

Table G.2: Specifications of the en-
ergy harvester

Coil resistance [Ω] 160.9
Inductance [mH] 8.49
Coil windings 680

Wire diameter [𝜇𝑚] 71
Moving mass [g] 12.47

The energy harvester is modelled as a mass, spring and damper system. The equation of motion
for this energy harvester is Equation G.1. The corresponding nonlinear restoring force in Equation G.2,
determined via an axisymmetric model in COMSOL and fitted in Matlab. A total damping of 5% was
estimated, resulting in 𝜁 = 0.05 [193].

𝑚 ⋅ 𝑑
ኼ𝑧
𝑑𝑡ኼ + 𝑐 ⋅

𝑑𝑧
𝑑𝑡 + 𝑘 ⋅ 𝑧(𝑡) = −𝑚 ⋅

𝑑ኼ𝑦
𝑑𝑡ኼ = −𝐹 (G.1)
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𝑘 ⋅ 𝑧(𝑡) = 396 ⋅ 10ኽ ⋅ 𝑧(𝑡)ኽ + 32.51 ⋅ 𝑧(𝑡) (G.2)

They analysed the influence of the ferrofluid used in a finite element model in COMSOL. The
Coulomb friction will change into viscous friction, which was in this case lower than the Coulomb friction.
The stick slip effect of the Coulomb friction will also disappear.

G.2. Design Process of the unused Energy Harvester
This section will first introduce the COMSOL Multiphysics model, followed by the dynamical analysis
and the prototyping of the energy harvester.

G.2.1. COMSOL Multiphysics
In COMSOL Multiphysics a model of the desired energy harvester was made, in order to obtain the
force-displacement graph to determine the stiffness. To reduce calculation time, an axisymmetric 2D
model was chosen. The model geometry can be seen in Figure G.2a. In the middle (the half of) the two
moving magnets can be seen, with on the top and bottom the repulsive magnets. Around the magnets
a large area of air is simulated, in order to mimic the environment. In Figure G.2b the moving mid
magnets during a parametric sweep and the magnetic flux density (T) can be seen. A parametric sweep
is performed, where the moving mid magnets are swept from the bottom to the top of the harvester by
which and the force-displacement data is obtained, which can be loaded into Matlab.

(a)

(b)

Figure G.2: Analysis performed in COMSOL. (a) The magnet design in COMSOL, with two moving magnets in the middle, spring
magnets (one on the top and one on the bottom), surrounded by air. (b) The magnetic flux density (T) with a displacement of 38
mm.
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G.2.2. Dynamical Analysis
The force-displacement data was loaded into Matlab and a function was fitted onto the data point with
cftool, Figure G.3. It can be seen that the function does not fit the entire force-displacement data.
However, the region of interest, between -5 mm and 5 mm has a good fit, which is sufficient for the
analysis. The slope numbers of the fitted line on the force-displacement data points represent the
stiffness coefficients of the moving magnet configuration. The energy harvester was modeled as a
Duffing oscillator, Equation G.3, a combination of G.1 and G.2. Were 𝑚 is the mass of the moving
magnets, 𝑐 is the damping coefficient, 𝑘ኻ the linear stiffness term and 𝑘ኽ the nonlinear stiffness term.

Figure G.3: The force-displacement data obtained from the COMSOL model en the fitted function in Matlab.

𝐹 = 𝑚�̈� + 𝑐�̇� + 𝑘ኻ𝑥 + 𝑘ኽ𝑥ኽ (G.3)

The linear and nonlinear stiffness found in the simulation are: 0.2𝑥 + 13330𝑥ኽ. The mass of the
moving magnet is 1 gram. The damping coefficient is calculated with Equation G.4, where the damping
factor 𝜁 was estimated at 3%.

𝑐 = 2 ⋅ 𝑚 ⋅ 𝜁 ⋅ √𝑘ኻ𝑚 (G.4)

These values were used in the ordinary differential equation (ODE) solver, where a heart signal
generated at 160 bpm was used as input, since lower heart rates showed a small displacement of the
moving mid magnets. The simulated displacement and velocity of the energy harvester can be seen in
Figure G.4a and Figure G.4b, respectively. A peak to peak amplitude of 8 mmwas the largest amplitude
found for this configuration with different magnet combinations, so it was decided to make a prototype
of this.

G.2.3. Prototyping
After the dynamical simulation, the energy harvester was build. The length and inner diameter of the
Acrylic tube are 50 mm and 8 mm, respectively. The end caps for the magnets were 3D printed and for
the copper coil 500 winding’s were made. The dimensions and properties of the magnets used can be
seen in Table G.3. With the energy harvester placed in vertical position and observing the mid magnet
position, it was seen that the magnets are not floating in the middle, but at a lower point outside the
coil. Making the energy harvester not usable for testing.
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(a) (b)

Figure G.4: The results of the ODE solver. (a) The displacement of the moving magnet on the generated heart signal of 160
bpm. (b) The velocity of the moving magnet by the motion of the generated heart signals of 160 bpm.

Table G.3: The dimensions and properties of the magnets used in the energy harvester design.

Diameter [mm] Height [mm] Mass [g] Flux Density [T]
NdFeB-N35 7.4(3.5*) 2 0.498 1.17
Sm2Co5-YX20 4 1 0.094 0.9

*Inner diameter of the magnet





H
Heart Wall Imitation

During the graduation project, it was also investigated how the heart wall could be
imitated. This could be used in further research on the effects of soft tissue on the
power generation of the motion energy harvester. Although it has been investigated,
it was not used during experiments in this research, because it was out of scope of
the research question.
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H.1. Material
In order to investigate whether the pacemaker obtains a wobbly motion due to the heart wall motion,
the heart wall itself must be simulated. For the experiment the mechanical properties of the heart wall
are important. The material used during the experiment should have the same Young’s modulus and
thickness as the heart wall. In this way it can be investigated which motion a pacemaker makes in
the heart, during the heart contraction and relaxation. The Young’s modulus of the cardiac muscle lies
between 10-15 kPa and the Shear modulus between 5-50 kPa [194, 195]. In literature, materials used
to reproduce the mechanical properties of the human skin are silicone elastomers or gelatinous sub-
stances [196]. The human skin has other mechanical properties than the human heart wall. However,
it is a good start in order to mimic soft human tissue. Another material that can be used to reproduce
the heart wall is agarose. Agarose is a hydrogel, just as gelatin, and is a polysaccharide extracted
from seaweed. It becomes a gel in response to temperature reduction [197]. The difference between
gelatin and agarose is, however, that the melting temperature of gelatin lies around the body temper-
ature [198]. Due to this, and the fact that gelatin can be kept only one to two weeks in the refrigerator,
gelatin will not be used as material in this experiment.

To find the right material for the experiment, several mixtures are made to test if they meet the heart
wall properties. Three of this mixtures are made from silicone. For silicone two components are needed
namely, a A component, which is the filler, and a B component, which is the basis. The silicone used
is Poly-Sil PS 8530 SET and the mixing concentration for component A and B is 1:1. However, from
literature it is known that by reducing the filler concentration, the stiffness from the silicone decreases, it
increases it’s flexibility [199]. In other words, the filler can tune the properties of the silicone elastomers
[196]. The first mixture consist of 1:1 of A:B, the second mixture of 1:3 and the third mixture of 1:7.
A fourth mixture is made, this mixture is made from of agarose, consisting of 3% agarose. The four
mixtures can be seen in Figure H.1.

Figure H.1: The four samples obtained for the mechanical tests.

With the three silicone mixtures, mechanical tests are performed to measure the Young’s modulus,
in order to compare this to the Young’s modulus of the heart wall. It was decided not to use the agarose
mixture, since it was felt by hand that the Young’s modulus was to high in order to imitate the heart wall
tissue. Besides this, is agarose also maintainable for two weeks. For experiments something that last
longer is desired. The mechanical tests are performed on a Mark 10, where the force-displacement of
the material is measured. With the force and corresponding displacement, the strain and stress can
be calculated when the surface is known. Using the strain and stress, the Young’s modulus can be
calculated. The stress-strain graphs for the silicone 1:1, 1:3 and 1:7 mixtures can be seen in Figure
H.2a, Figure H.2b and Figure H.2c, respectively.

In the three figures it can be seen that the Young’s Modulus of the three mixtures are 997.84 kPa,
66.30 kPa and 42.14 kPa, respectively. As expected, reducing the concentration of filler component
decreases the Young’s modulus. In literature, influence of the filler concentrations used differ. Since
Markert et al. [200] found that a concentration of 4% of the filler component gives a Young’s modulus of
13.1 kPa, but Saleem et al. [199] found that a filler concentration of 4% gives a Young’s modulus of 21
MPa. This difference may be due to a difference in molecular structure [201]. However, in this case for
a filler concentration of 12.5% the Young’s modulus is 42.14 kPa. This Young’s modulus imitates the
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Figure H.2: The stress-strain graphs. (a) The 1:1 silicone mixture. (b) The 1:3 silicone mixture (c) The 1:7 silicone mixture.
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properties of the skin, but the Young’s modulus of the heart wall is lower [202]. It can be investigated
whether different types of silicone approach the Young’s modulus of the heart wall more closely. At
least, this analysis show that the Young’s modulus can be approximated by reducing the filler.

With silicone, the mechanical characteristics of the heart wall can be imitated. However, the influ-
ence of connective tissue formation, scar tissue and the blood flow in the heart ventricle is not included.
The influence of these phenomena on the leadless pacemaker motion and thus the energy harvester
motion is unknown. It should be investigated whether these things should be included in the testing
of an energy harvester intended for powering pacemaker or not. Furthermore, the thickness of the
material should match the thickness of the heart wall. In order to fixate this imitated heart wall material
to the shaker, the material can be clamped between two plates. One with a hole in the middle, so that
the energy harvester can be fixated in the soft tissue. The bottom plate can be screwed to the shaker.
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