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GENERAL INTRODUCTION

Perpetual progress in microfabrication and bioengineering technologies are constantly pushing the limits of miniaturization, in particular for active implantable medical devices such as pacemakers. Until now, the latter devices have been implanted aside from the heart and comprise leads that travel trough the veins, are fixed in a cardiac cavity and stimulate heart muscle contraction by delivering electrical pulses. Today, miniaturization capabilities have reached the level where all pacemaker components can fit in a tiny capsule that can be implanted intravenously in the heart and deliver stimulation without leads, as depicted in Fig. 0.1. Such leadless pacemakers are further reducing the invasiveness of cardiac implants, especially through the removal of the leads, and are providing a greater comfort to the patient as well as an easier implantation procedure, reducing the surgical risks and costs. The development of a leadless pacemaker involves the improvement and miniaturization of all pacemaker components and particularly of the power source. Currently, pacemakers are powered by lithium-based batteries that provide a longevity of up to 10 years. At battery depletion, a pacemaker replacement takes place which is a relatively simple procedure. Indeed, only the main device that is located right underneath the skin is replaced and the leads are untouched. Envisioning such a device replacement for a leadless pacemaker is significantly more challenging, as recovering a small device into a heart cavity would require a very skilled operator as well as very powerful imaging systems. Therefore, leadless pacemaker replacements should be preferably avoided, and everlasting energy sources are sought after. Two approaches can be taken to address this need: regularly recharge an internal battery through wireless energy transfer, or implement an energy harvesting system that converts some of the implant surrounding energy into electricity. The clear advantage of the latter is to enable an implant-and-forget system that works virtually perpetually and relieves the patient from any maintenance operation. The perspectives of such a system are especially promising in areas where the access to medical equipment or facilities is difficult, as in many developing countries.

CURRENT PACEMAKER LEADLESS PACEMAKER

Therefore, energy harvesting systems that could meet the leadless pacemaker requirements, particularly in terms of size and output power, are appealing. Energy harvesters have drawn increasing interest in the literature and the number of works on the topic has increased exponentially over the last decade. Notably, inertial energy harvesters that scavenge movement and vibrations have been extensively studied. Based on these considerations has been founded a project called HBS and lead by Sorin, a worldwide cardiac implant manufacturer, that aims at implementing these inertial energy harvester technologies in a leadless pacemaker.

The present dissertation ambition is to study alternative possibilities of mechanical energy harvesting in the cardiac environment. As the heart has the particularity of developing a large amount of power for its natural operation (up to ten Watts), it is envisioned that an energy harvester targeted specifically for cardiac implantation could leverage unconventional powerful energy sources. Such a device that is specifically designed and adapted to the heart could address the power source requirements of leadless pacemakers and hopefully be a driver of the perpetual quest for cardiac implant miniaturization.

This exploratory topic is attempted to be addressed by a thorough study of the energy harvesting possibilities and by the development of designs as advanced as possible towards the implementation in an actual commercial leadless pacemaker. The main challenge of that approach is to simultaneously study innovative and promising ways of harvesting cardiac mechanical energy while paving the way to potential industrialization steps. This dissertation starts by detailing the context of leadless pacemakers and the motivation behind this innovative device (chapter 1). Notably, after introducing its potential advantages and specific challenges, the power supply topic is raised. The energy source options are detailed, with a particular focus on energy harvesting. Consequently, an overview of the literature on energy harvesters that seem relevant for the leadless pacemaker application is presented.
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Once the motivation for this work has been exposed, an exploratory investigation has been carried out in the goal of summarizing the different solutions that address the topic and can be conceptualized (chapter 2). More specifically, all the identified potential sources of mechanical energy in the heart have been studied and their relevance for the application has been quantified using preliminary calculations. Several concepts have emerged from this analysis. As expected from the HBS project studies, heart movements are a promising source of energy that can be harvested through an inertial energy harvester that comprises a resonating spring and proof-mass system. However, the development of this technique is limited in this dissertation to the concept introduction and some preliminary calculations, as partners in the HBS project that are experts in the field (notably the CEA-LETI and the TIMA lab at UJF) are actively investigating this solution. Also, the miniaturization capabilities of this technique appear strenuous as inertial energy harvesting scales unfavorably. Indeed, miniaturization induces stiffer systems and smaller proof-masses, whereas output power is proportional to the mass and these devices must keep their resonance frequency very low to match body generated vibrations. Moreover, these systems are mostly resonant and can hardly adapt to very large and frequent changes in heartbeat frequencies. Hence, it is preferred in this dissertation to target systems that collect mechanical energy directly from an external force without a proof mass. As a consequence of the presented analysis, the technique that seems the most promising consists in harvesting blood pressure variations in cardiac cavities. This technique avoids the unwanted resonance issues and appears more prone to miniaturization. Due the heart role of pump, the major part of its consumed energy is spent to expel blood to organs. Hence, the amount of energy as blood pressure is large and it is proposed in the present work to further study an energy harvester concept based on the harvesting of these forces.

Despite the promising energetic performances of this concept, specific challenges need to be addressed for a successful implementation of this technique in leadless pacemaker applications. The most critical of them is probably the packaging (chapter 3): it has to be very flexible to efficiently transmit blood pressure mechanical energy to an internal mechanoelectrical transducer, while being perfectly hermetic. The actual feasibility and performance of this component are critical and need to be studied in the first place in order to validate this harvesting technique. Also, the packaging is the first element in the energy chain and its force transfer considerations are the starting point of the following transducer design. As a metal casing is required for perfect long-term hermeticity, the latter needs to be ultra-thin (down to 10 µm) and to be structured with corrugations as a bellows in order to achieve the required flexibility. The relevance of this type of packaging and the associated manufacturing and handling capabilities are preliminary validated. The goal of this study is to raise the level of confidence in this type of novel implant packaging so that commercial level manufacturing can be envisaged.

After studying the packaging element that transmits the blood pressure forces from the outside of the implant to an internal transducer, two options are proposed to achieve the conversion of these mechanical forces into electrical energy. The first option is to bring into play electrostatic transduction (chapter 4). An electrostatic transducer is basically a capacitor which capacitance is changed by mechanical forces, and from which energy is extracted by appropriate charge-discharge cycles. The tuning capabilities of this transduction method are wide and a large part of the incoming mechanical energy can be converted into electrical energy if the transducer and its power management electronics are properly designed.
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Two factors play a fundamental role in the conversion efficiency: the operating voltage and the capacitance variation, that both need to be as large as possible. Typically, high voltage electronics power management and largely variable capacitor design are strenuous to obtain. However, progress in planar micro-machining technologies (especially for silicon) can be leveraged to create electrostatic systems with micrometer level gaps that enhance the capacitance. Furthermore, it is proposed in this dissertation to develop a three-dimensional electrostatic structure that on top of showing a strong in-plane capacitance density, consists of numerous stacked layers. This configuration magnifies the capacitance variation and is particularly suitable for leadless pacemaker geometric requirements. This novel structure is extensively analyzed and an optimization of the numerous design parameters is detailed. Even though the electrical performances of such a system are promising, especially in terms of energy density, the fabrication of such a system remains to be validated, and the power electronics design is not addressed.

A more simple transduction approach consists in implementing a piezoelectric material (chapter 5). This method leverages the intrinsic properties of this particular material that directly converts mechanical strain into electric field. This transduction is therefore more straightforward and far less demanding in terms of electronic power management. However, the design freedom is more restricted as many design parameters are determined by the material properties. Hence, most of the transducer conception considerations are based on geometrical aspects. The design process is two fold: first, the flexibility of the transducer has to be enhanced to let enter as much mechanical energy as possible from external blood pressure variations; second, the transduction efficiency has to be as high as possible to convert a significant part of the input mechanical energy into electrical energy. In the small volume allocated to the energy harvester in a leadless pacemaker, making a very flexible piezoelectric transducer using conventional material is strenuous. Therefore it is proposed in this dissertation to bring into play elongated geometrical shapes such as spirals. This spiral design enables a large increase in the transducer flexibility. Also, the performance compromises between flexibility and transduction efficiency are analyzed for numerous spiral designs. Model validating prototypes that have been fabricated, tested and characterized, are then presented. Last, a crucial part of the eventual electrical performance of piezoelectric transducers is determined by the power management electronic circuit that can virtually enhance the efficiency of the transducer.

Finally, the perspectives of the proposed blood pressure energy harvesting technique for leadless pacemakers are discussed considering the conclusions of the packaging and transducers studies. 

THE CIRCULATORY SYSTEM

The circulatory system comprises the heart, the veins and the arteries. Its main function is to carry the agents necessary to the cells metabolism (mostly oxygen), and remove from the cells their waste products such as carbon dioxide. The circulatory system also permits to transport other elements such as hormones, leukocytes (white cells), antibodies, clotting agents and enzymes.

The heart is the muscular organ that constantly pumps blood throughout the body and permits the circulation of components. Approximately the size of a clenched fist, the heart is composed of very strong cardiac muscle tissue that is able to contract and relax rhythmically throughout a person's lifetime. The average heart beats 100,000 times per day, and pumps about 5 liters of blood per minute.

The heart actually consists of two pumps in series as depicted in Fig. 1.1(i):

• The left pump is bringing oxygenated blood from the lungs to distal organs

• The right pump is bringing the blood back from distal organs to the lungs to be oxygenated.

It is to be noted that the heart is always represented with its right side on the left and the left side on the right, as if looking into a mirror. Each of these pumps has two separate chambers or cavities (Fig. 1.1(ii)). The upper chamber receives blood coming to the heart from the organs (right side) or from the lungs (left side) and is called the atrium. It delivers the blood to the ventricle, a more powerful chamber that pumps the blood out of the heart to the lungs (right side) or to distal organs (left side). As lungs are close to the heart, the right side of the heart is less powerful than the left and the increase in blood pressure has to be about 5 times higher in the left ventricle than on the right. Therefore the myocardium (cardiac muscle) is several times thicker on the left ventricle, and the volume of this cavity is also slightly smaller. 

THE CARDIAC CYCLE

The cardiac cycle is composed of two phases: systole and diastole. The systole corresponds to the contraction of the muscle fibers and hence to the expulsion of blood out of the cavity. On the contrary, the diastole corresponds to the relaxing of the muscle fibers and to the entry of blood in the cavity. A heart beat is composed of a systole-diastole sequence for each of the cavities as depicted in the diagram in Fig. 1.2. 

THE CARDIAC ELECTRICAL CONDUCTION SYSTEM

A network of nerve fibers coordinates the contraction and relaxation of the cardiac muscle tissue to obtain an efficient, wave-like pumping action of the heart. The heart generates its own beating independently. Indeed, the contraction is started by an electrical impulse born in a group of specialized cells located in the sinoatrial node in the heart itself. The impulse flows through a specialized conduction system made up of a network of cells able to conduct electrical impulses within milliseconds (see Fig. 1.3). Through this system the electrical impulses reach each cell of the myocardium, generating a synchronous contraction of the entire cardiac muscular mass. 1. The impulse starts at the sinoatrial (SA) node located in the right atrium of the heart. It stimulates the contraction of both atria. The SA node serves as the natural pacemaker for the heart and produces impulses at resting rates between 60-100 bpm (beats per minute). This rate is normally faster than all other parts of the heart and therefore it dictates the rate at which the heart beats.

2. Then the impulse reaches the atrioventricular (AV) node located on the inter-atrial septum close to the tricuspid valve. Conduction through the AV Node is slow, allowing appropriate fill time for the ventricles prior to ventricular contraction. If the SA Node fails to deliver an impulse to the AV Node, the AV node will generate an impulse at rates between 40 and 60 bpm by itself.

3. The AV node delivers the impulse to the His-Purkinje system located along the walls of the ventricles. The electrical impulse is delivered to the cardiac muscle allowing depolarization (contraction) of the ventricles. If the upper impulse system fails, this part can deliver impulses at rates between 20 and 40 bpm, known as the escape rhythm.
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These three phases can be also seen on an electrocardiography (EKG) that records the electrical activity of the heart over time (Fig. 1.4). The T-wave represents the slow repolarization of the ventricles. 

CARDIAC RHYTHM MANAGEMENT

HEART RHYTHM DISORDERS AND ASSOCIATED THERAPY DEVICES

The above-described conduction process makes it possible for the heart to pump blood efficiently and to adapt its rhythm to the patient's activity. For a healthy patient's heart: the SA node generates impulses at a frequency suited to the effort that contract the atria, then the impulses run towards the AV node with a perfectly synchronized speed to achieve a maximum ventricular filling, and finally the impulses are delivered at the right time to the entire ventricular mass to obtain a maximum contractile strength.

However, over time some people with diseased heart tissue can develop cardiac conduction system pathologies that affect their quality of life or put their life at risk. In these cases, the natural electrical impulses can be intermittent, irregular, inappropriate to the patient's activity, or even not generated at all. Blocks can occur at any point within the SA node, AV node, His bundle or distal conduction system. Typically, heart rhythm disorders can be divided into the following categories: Bradycardia: A heart suffers from bradycardia when its rhythm is abnormally slow. This condition requires the implantation of a pacemaker which can substitute for the natural electrical stimulation by delivering low voltage (< 5 V) impulses.

Tachycardia: Contrarily, tachycardia occurs when the heart is beating abnormally fast. This can be treated through the implantation of an implantable cardioverter defibrillator (or ICD). This device is able to deliver high energy defibrillation shocks on top of accomplishing traditional pacemaker functions.

Heart failure: Heart failure is a progressive condition affecting patients whose heart weakens gradually and cannot pump enough blood to meet the needs of their body. The contraction of the heart muscle can become disorganized, with different parts of the heart contracting at different times, thus reducing the pumping efficiency. Patients with heart failure can be implanted with an ICD with Cardiac Resynchronization Therapy (CRT) that tries to re-synchronize the contractions of the different heart chambers.

PACING SYSTEM

To recover appropriate electrical behavior on heart disease affected patients, an artificial electrical stimulation has to be delivered to one or multiple locations along the conduction path by a so-called pacing system. Currently, pacing systems are not miniaturized enough to be implanted in a small volume around the stimulation location. Hence, they comprise of two types of elements (as shown in Fig. 1.5 and 1.6):

• a pacemaker or ICD that is implanted outside the heart where space is available (typically under the skin on the right side of the chest) and that is the source of the electrical stimulation, and

• one or more leads, that are effectively electrical wires supplying the electrical impulses from the pacemaker through the veins to the stimulation location(s) within the heart. The role of a pacing system is to restore the physiological rhythm by obviating the abnormalities of the cardiac conduction system. It provides synchronous contractions between M. Deterre atria and ventricles: an atrial contraction is always followed by a ventricular contraction after some optimal delay. By restoring the physiological rhythm and synchronized contractions between atria and ventricles, the pacing system improves the cardiac output and provides a better quality of life to the patient.

LEAD IMPLANTATION

Today, more than 95% of pacing systems are placed by endocardial implantation, meaning that the leads are running in the venous system and are fixed inside the heart cavities. The endocardial leads can be fastened to the inner side of heart wall (endocardium) by one of the following methods (see Fig. 1.7 (i)):

(a) Tines at the lead tip are lodged in the trabeculae (fibrous meshwork) of the heart (b) A screw at the lead tip extends into the endocardial tissue (c) A silicone screw in preventing the movement of a lead placed into a vein (typically in the coronary sinus that gives access to the left side of the heart) (d) A predetermined shape that prevents movements through multiple contact points along the lead, typically in the right atrium.

In pediatric cases or in cases where transvenous lead implantation is contraindicated, endocardial leads are replaced by epicardial leads that are fixed on the outer side of the heart (in the so-called epicardium). These leads (on Fig. 1.7 (ii)) can be secured into place by a stab-in active fixation mechanism (top), an active helical fixation (middle) or by sutures (bottom).

The main advantage nowadays of endocardial leads versus epicardial leads is the limited invasiveness of the implantation procedure. Indeed, a local anesthesia is sufficient for intravenous endocardial leads introduction (via the veins of the neck or the thorax) and subcutaneous pacemaker implantation, whereas an epicardium implantation requires a thoracoscopy approach. Also, is it believed that the energy required for endocardial stimulation is multiple times smaller than the epicardiac version. .7: Some endocardial (i) and epicardial (ii) leads (adapted from [Sor] and Springer Images c ).

PACEMAKER STRUCTURE

A pacemaker is a battery powered artificial electrical stimulator able to generate low voltage pulses of designated amplitude, width and frequency that are subsequently delivered to the heart muscle via the leads.

Hybrid circuit Battery

Header Feedthrough Can Leads cavities Chips Figure 1.8: Components of the current world's smallest pacemaker [Sor].

The main components of a pacemaker are (Fig. 1.8):

• The battery, the power source of the pacemaker • The hybrid electronic circuit, comprising a microprocessor, other electronic chips and passive components

• The titanium can that hermetically seals the electronics and battery from the outside environment and ensures the biocompatibility of the implant

• The feedthrough that enables electrical connections to hermetically exit the can and go to the header

• The header that has cavities where the leads are plugged and electrically connected to the feedtrough. The header is made of a biocompatible resin such as tecothane R .

Over the years, pacemaker technologies have made tremendous progress in terms of size and performance. On Fig. 1.9 are shown some of the pacemakers developed over the last decades by ELA Medical and later Sorin CRM. While the first pacemakers were stimulating 100% of the time and at a constant frequency, contemporary pacemakers are closely monitoring the natural electrical activity of the heart and are stimulating only when needed. Also, the implementation of sensors has permitted to monitor the activity of the patient and pacemakers now adapt the rate of stimulation accordingly. .9: History of the miniaturization of Sorin pacemakers over the years [Sor].

PACEMAKER POWER REQUIREMENTS

One of the most critical design parameter for a pacemaker is the compromise between size and longevity, for a given battery energy density and power consumption following the formula (1.1). Progress in the latter two factors have enabled an increase in the pacemakers longevity and reduction in size as depicted in Fig. 1.9. Nowadays, a pacemaker can last 10 years for a size of only 8 cm 3 (case of Sorin Reply R ). longevity size = battery energy density power consumption .

(1.1)

The main features of a pacemaker that have to be considered for calculating its overall power consumption are:

• the sensors • the communication to the outside world

• the computational power: algorithms are constantly determining the most appropriate pacemaker behavior (stimulation or idle, stimulation rate, atrium-ventricle (AV) stimulation delay, etc) by analyzing the EKG that is sensed by the electrodes as well as signals from the other sensors

• the electrical stimulation impulses.

The first three points are only dependent on the progress of the electronics. Nowadays, this consumption ranges from about a few microwatts to about 20 µW depending on the circumstances. We can reasonably anticipate that advances in low power electronics will in the future limit the consumption to less than 5 µW for the worst cases and down to about 1 µW for the typical case. The latter value corresponds to an energy consumed per heartbeat between around 0.3 and 1 µJ, as the heart rate is between 1 and 3 Hz.

The power consumed by the stimulation impulses, however, is not determined by electronics technology but by the electrodes design and the local muscle tissue condition. As the impulses have approximately a square shape, the energy consumed in one impulse W stim. can be defined as :

W stim. = t impulse U 2 R (1.2)
where t impulse is the duration of the impulse, U is the voltage (amplitude of the pulse), and R is the impedance of the tissue. Naturally, R is complex and has a capacitive component. However, the resistance is commonly used and lies generally between 400 and 1000 Ohms (500 Ohms typically). A resistance of more than 1500 Ohms is considered as a conductor failure, and a resistance bellow 300 Ohms is considered as an insulation failure.

While the pacemaker has no influence on R, it can nevertheless tune the length and the amplitude of the pulses. In order to achieve a stimulation of the cardiac muscle, the voltage has to be above the so-called stimulation threshold, which is dependent on the impulse length. This threshold is determined by Lapicque's curve which is depicted in Fig. 1. 10. This states that there is an overall minimum voltage (rheobase), an overall minimum impulse length, and an optimal minimum consumed energy at the chronaxie that corresponds to an amplitude of twice the rheobase. In order to reduce its energy consumption, the pacemaker therefore tries to get as close to the chronaxie as possible. The values of pacing threshold lie generally between 1 and 1.5 V, but can increase over time. For safety, the impulse amplitude is typically set to two or three times higher than the threshold that is measured at implantation. Also, the typical impulse length is about 0.5 or 1 ms. Hence, the energy W stim. ranges from 1 µJ per heartbeat to up to 10 or even 20 µJ for the worst cases. Improving the shape of the electrodes, the implantation procedure or the electrical impulse waveform can be envisioned to reduce the overall energy needed for stimulation. As the energy per heartbeat is a more relevant quantity than average power (W stim. is independent of the stimulation rate), it will be the principal energy measuring quantity employed in this dissertation.

Overall, even though the current pacemaker power requirements can go up to 40 µJ per heartbeat, we expect it to be limited to 5 µJ per heartbeat in a few years and probably down to 1 µJ per heartbeat in a decade or two.

IMPLANTABLE CARDIOVERTER DEFIBRILLATORS

Implantable cardioverter defibrillators or ICDs are more complex cardiac implants than pacemakers as on top of traditional pacemaker functions, they need to be able to treat tachycardia, heart failure or potential cardiac arrests. They can deliver shocks of several tens of Joules within 5 or 10 ms, corresponding to a voltage amplitude of about 800 V. To produce such a shock, ICDs must include very large capacitors (see Fig. 1.11). Also, once the need for a shock has been determined by the device sensors, these capacitors have to be charged rapidly (within 20 or 30 seconds). Therefore, specific low impedance batteries are needed. Due to all these supplementary features and components, ICDs are several times bigger than pacemakers (see Fig. 

TRENDS IN ACTIVE IMPLANTABLE MEDICAL DEVICES AND MEMS INTEGRATION

Developed since the fifties, pacemakers were the first active medical devices to be implanted. Now, advances in microfabrication and bio/chemical engineering techniques are enabling a large variety of miniaturized implantable systems for sensing, health monitoring and deficiency treatments. This progress is driving physicians and patients to express an increasing desire for miniaturized implantable devices as they are offering less invasive implantation procedures, greater comfort for the patient, improved performance, and often provide innovative measurements and treatments. Fig. 1. 13 illustrates the recent remarkable expansion of the applications of these devices. 
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The ultimate objective of clinical care is to deliver the patient the right amount of adapted treatment, at the right time and the right location. This goal can be approached by multiplying physical parameter measurements at an always greater number of locations and faster rate, as the patient's condition is constantly evolving. Hence, there is a perpetual need for improved sensors, which progress has to pursue the three following directions:

• The development of new types of measurements, giving access to additional physiological parameters (acceleration, pressure, glucose, oxygen rates,etc)

• The miniaturization of components, permitting sensor implantation at a wider range of locations and minimizing invasiveness

• Improvement of sensor performances, especially in terms of better accuracy and faster measurement rate, offering more precise data.

Additionally, power requirements of these sensors must be always smaller to accommodate miniaturization of power sources as well.

This development process can be illustrated by the evolution history of sensors for cardiac implants. As soon as sensors were small enough, they could be placed in a pacemaker main body (or can) to provide innovative patient activity monitoring systems. As miniaturization advances, they can now be embedded at the tip of the leads in direct contact with the heart wall, such as the SonR R 1D-acceleration sensor (Fig. 1.14). This yields supplementary information about the heart condition that a sensor in the main can could hardly deliver. • potential for multi-sensor and heterogeneous integration Nevertheless, several specific challenges arise for MEMS as they enter the medical field and more specifically cardiac implants. In particular, reliability requirements are very far above regular MEMS usage as they must operate without failure for a lifelong implantation which also creates high fatigue risk. Moreover, the implant/sensor packaging has to fulfill two supplementary requirements: long-term implantation biocompatibility and hermeticity. Biocompatibility is self-explanatory as the implant should not harm the surrounding tissues. Inversely, hermeticity is critical as the implant environment and blood in particular are highly corrosive and harsh. We will see in the course of this dissertation that these packaging requirements have critical impacts on the implant design.

Another unavoidable requirement that upcoming implants are facing is the compatibility with modern imaging systems and particularly with magnetic resonance imaging (MRI). The latter is very stringent as it involves a very strong static magnetic fields (up to several Teslas) and a pulsed radio frequency field. While imaging, implants should not provoke any harm to the patient (such as heating) and neither their operation nor their settings should be disturbed. An advantage would also be that the implant does not provoke any imaging artifacts. Hence, the electronics should be carefully protected and any substantial amount of magnetic material or inductances should be avoided or properly shielded when implanted. This point is critical as it will have serious impact on the subsequently presented choice of transducer.

LEADLESS PACING

OPPORTUNITIES AND CHALLENGES

In the future, we expect all pacemaker components (electronic chips, sensors, energy source, etc) to fit in a very small volume (< 1 cm 3 ). This allows the perspective of fixing such a tiny pacemaker directly on the endocardium within a heart cavity and without any lead. Hence this is called a leadless pacemaker [START_REF] Vardas | Leadless pacing[END_REF][START_REF] Bruce | Leadless technology: pacing and icds[END_REF] and is depicted in Fig. 1.15.

The main advantage of leadless pacemaker is to remove leads, as they are often pointed out as the weakest element in a pacing system. Examples of lead problems include: lead dislodgement, lead malfunction, lead fracture, lead infection, cardiac perforation with or without cardiac tamponade, coronary sinus dissection, hemo-/pneumothorax, vein thrombosis, cardiac valve injury, or lead thrombi [START_REF] Kuck | Leadless pacemakers and subcutaneous icds: will we use them for most of our patients?[END_REF]. The REPLACE registry has shown [PGM + 10] that the complication rates associated with pacemaker or ICD replacements or upgrade procedures were mostly due to lead displacement or malfunction, particularly those with lead additions (see Fig. 1.16).

The major causes of issues with leads are [START_REF] Kuck | Leadless pacemakers and subcutaneous icds: will we use them for most of our patients?[END_REF]:

1. infections, that occur up to 1.2% of the time within a year after procedure (5% of the population with endocarditis), and can cause at lead extraction a 1% risk of death and 2% risk of major complications 2. lead interactions with vasculature and heart structures (tricuspid valve impairment, Venous stenosis/thrombosis, SVC syndrome)
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Figure 1.15: Current pacing system (i) versus envisioned leadless pacemaker (ii).

3. chronic lead reliability issues (crush, fracture, abrasion, system connections when battery replacement, etc)

Overall, a pacing lead failure occurs up to 21% of the time within 10 years after pacemaker implantation, and a defibrillator lead replacement is mandatory in 38% of the cases within 8 years after ICD implantation [START_REF] Kuck | Leadless pacemakers and subcutaneous icds: will we use them for most of our patients?[END_REF].

Additionally, leadless devices avoid the non-cosmetic effects and complications due to the device pocket (subcutaneous location of pacemaker or ICD), that typically provokes hematomas, pain at incision and skin erosion (0.4% after 1 st implant, 4.5% after replacement [START_REF] Kuck | Leadless pacemakers and subcutaneous icds: will we use them for most of our patients?[END_REF]). Moreover, it is believed that a leadless device would be much easier to implant than a conventional systems with leads. Therefore it should decrease the implantation time and the associated hospital costs. Also, it will open cardiac pacing to new regions of the world where cardiac specialists are lacking [START_REF] Stephen | Are we ready for 'wafer-sized' implantable medical devices??[END_REF].

However, potential clinical risks specific to leadless pacemakers still need to be investigated, such as:

• risk of fixation dislodgement: contrarily to leads that are permanently attached on one end, leadless pacemakers can be tragically lost in the blood system if their fixation mechanism is failing

• risk of complications due to the introduction of large-diameter catheters

• risk of thromboembolism (formation of blood clots)

• difficulty of extraction and potential battery replacement. M. Deterre

SOLUTIONS IN DEVELOPMENT

Probably the first to envision a leadless pacemaker is W. J. Spickler in 1970 [SRK + 70]. In his study, he proposed a pacing system with an associated delivery tool as depicted in Fig. 1.17, but they have unfortunately never reached the commercialization stage. To tackle the challenge of a miniaturized energy source, he implemented a nuclear battery. Recently, the level of miniaturization required for leadless pacemakers has come into sight and several companies are developing their own leadless solutions. Notably, the following companies have disclosed public information about their developments :

1. Medtronic R is proposing a 6.2 mm diameter, 24 mm long capsule that should last 7 to 10 years (Fig. 1.18) [START_REF] Vardas | Leadless pacing[END_REF]. Even though the mechanical parts and the electrodes are been tested in animal trials with the presence of outgoing wires, there is no public information on the type of battery technology that could provide the high power density that would be required.

2. Nanostim R , supported by St Jude Medical R , is currently in the final clinical trial phase of their capsule that is longer than the one proposed by Medtronic (see Fig. 1.19: diameter of 5.5 mm, length of 35 mm) and is also powered by batteries. Supposedly, this device aims at being granted the CE mark by the end of 2013 [ St 13].

3. EBR System R , Inc is developing a leadless solution based on a different principle: the capsule implanted in the endocardium is much tinier (about 50 mm 3 ), but requires an additional much bigger device placed outside of the heart that transmits power and information to the capsule via ultrasound (Fig. 1.20) [START_REF] Vardas | Leadless pacing[END_REF].

Also, Wieneke et al. have proposed in [START_REF] Wieneke | Leadless pacing of the heart using induction technology: A feasibility study[END_REF] a device similar to the EBR system in the sense that it involves an intracardiac leadless pacing unit to which energy and informa-
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M. Deterre Motivated by the arguments mentioned in the previous section, Sorin has also started to work on a leadless pacemaker project. Sorin is the leader of a consortium sponsored by Minalogic called HBS for Heart-Beat Scavenger which also includes CEA-LETI, TIMA lab (at Grenoble INP), Cedrat Technologies, Tronics and EASII IC [START_REF]Heart beat scavenger project[END_REF] and that aims at developping a 1 cm 3 leadless pacemaker powered by an inertial energy harvester. This approach will be presented in more detail in chapter 2.

LEADLESS PACEMAKER ARCHITECTURE

MECHANICAL SPECIFICATIONS

The easiest delivery method of an endocardial leadless pacemaker is through an intravenous catheter. The largest catheter that can reasonably be introduced has an internal diameter of 20 Fr (6.66 mm). Hence, the packaging of the pacemaker has to fit within a 6.66 mm diameter. Also, it should not be longer than a few tens of millimeters in order to follow the curves of the introductory veins. It is preferred to limit its length to 20 or even 10 mm (Fig. 1.22(i)) to minimize its invasiveness in the cardiac chamber [START_REF] Manasse | [END_REF].

An alternative approach could be to consider the case of an epicardiac leadless pacemaker. Such a device would consist of an autonomous miniaturized pacemaker directly implanted on the outer side of the myocardium (epicaridium), similarly to epicardiac leads (see Fig. 1.7 (ii)). This device could be implanted through a thoracoscopy approach and delivered to the heart via a trocar of maximum 12 mm in diameter, in order to fit between two ribs. This allows devices with much larger diameters, however they should be thin (below 5 mm or so) to limit their protrusion and hence the friction with the pericardium (heart outer membrane) and the surrounding organs during the heart movements. The presented work is focused on the endocardial solution as its intravenous introduction is similar to current pacing systems and this might enable a quicker acceptance of the physicians to leadless pacing. Hence, for the remainder of this dissertation, the leadless pacemaker size requirements will be considered to be a cylinder of 6 mm in diameter by 10 or 15 mm in length. In the case of left ventricle implantation, the smaller space compared to the right ventricle is suggesting that an even smaller capsule (2-3 mm diameter, 5-10 mm length) would be needed for an acceptable invasiveness.

Section 1.2.7 also introduces to some additional critical specifications that have to be taken into account for leadless pacemaker design:

Mechanical reliability : In order to last tens years, the pacemaker components should safely sustain the typical 400 million cardiac cycles that induce permanent movement.

Biocompatibility : Naturally, the implant should not harm the patient in any way.

Hermeticity : The pacemaker components (notably the electronics) should be perfectly protected from the harsh blood environment.

MRI compatibility : Increasingly mandatory MRI compatibility is inducing a ban on any device based on a magnetic field -if not carefully protected (which is a very stringent on any magnetic component).

For a leadless pacemaker, we can divide the traditional pacemaker components (see Fig. 1.8) in two entities: the electronics and the energy source. Every miniaturization opportunity has to be taken to fit both of them in such a small capsule.

ELECTRONICS

To achieve the highest density of electronics, all the components can be arranged in three-dimensional fashion. This has been made possible recently through the emergence of stacking technologies for 2D layers of electronics. For instance, the wire free die on die (WDoD TM ) technology (see Fig. 1.23) proposed by the company 3Dplus [START_REF] Couderc | Ultra small system-in-package for medical applications[END_REF] can stack various types of dies arranged in layers for building complex System-In-Packages (SiPs). It enables device combinations that cannot be realized with monolithic System-on-Chip (SoC) approaches. Examples of 3D electronics modules can be seen in Fig. 1.24. Figure 1.26: Ragone plot comparing the performance of various battery electrochemistries [START_REF] Cook-Chennault | Powering mems portable devices -a review of non-regenerative and regenerative power supply systems with special emphasis on piezoelectric energy harvesting systems[END_REF].
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By applying such a technique to the different chips and passive components that are necessary for proper pacemaker operation, it is conceivable that a 3D module embedding the whole electronics of a pacemaker can fit in the 6-mm diameter capsule for a height of roughly 5 mm, for a total volume of around 150 mm 3 .

By substituting the space that has to be taken into account for the electronics, there is a volume left in the capsule for the energy source of about 150 to 300 mm 3 .

ENERGY SOURCE FOR LEADLESS PACEMAKERS

BATTERIES

In the early days of pacemakers, the energy source was a mercury-zinc battery that could barely last a few years. In the early seventies came the nuclear batteries (an example of nuclear battery powered pacemaker is shown in Fig. 1.25). Those could last several decades and offered the possibility for young patients to be implanted only once in their life. Even though radiation levels were kept very low [HMRNeb], these batteries were extremely toxic and needed multiple shields that added considerable weight and volume, on top of the unknown dangers of dissemination of Plutonium 238 [START_REF] Prutchi | Nuclear pacemakers[END_REF]. Shortly after (in the midseventies), lithium-based batteries came on the market and provided a longevity of almost ten years. As physicians decided that it was better for patients to have their pacemaker updated every decade [START_REF]British Medical Journal, Nuclear-powered pacemakers[END_REF], this battery technology has put an end to the brief nuclear pacemaker era. Since then, pacemakers have been powered by successive generations of lithium-based batteries as it is the best practical electrochemistry available (see Fig. 1.26). Currently, pacemaker batteries are providing a power density of about 15 µW/cm 3 for 7 years of operation.

With this level of energy density, traditional batteries could be envisioned to power lead-less pacemakers, provided that the energy consumption of the device is reduced to a fraction of the current consumption. Also, the capsule dimensions would have to be the largest that can be tolerated in order to have the necessary longevity. For instance, if the power consumption is reduced to about 5 µW, a 0.3 cm 3 battery could last 7 years and fit in a 10 mm long and 6 mm diameter size. Also, the fact that batteries have been commonly used in pacemakers for decades is a real advantage in terms of reliability and acceptability compared to other novel energy source technologies. However, although the replacement of a current pacemaker is a common and relatively simple procedure (the pacemaker lies just under the skin and can be unplugged and re-plugged to the same leads), a replacement of a leadless pacemaker would be much more difficult. Indeed, a capsule can be hardly reached and is securely fastened to the heart which makes the extraction procedure very complicated. Actually, the fixation has to be much stronger than for leads, as an unwanted loosening could cause a terrible loss of the capsule in the lungs (for the right heart case) or the brain (left heart). Hence, an approach would be to implant supplementary capsules without extracting those which batteries are depleted. This however starts to take very significant space in the heart and could hinder its operation. Additionally, it is to be noted that an implantation procedure is never insignificant and involves some level of risks. Therefore, alternatives to traditional batteries and everlasting regenerative energy sources are particularly interesting for leadless pacemakers.

GLUCOSE-BASED BIOFUEL CELL

An alternative to depleting traditional batteries would be to implant a fuel cell which reactants are naturally supplied and regenerated by the body, such as glucose. Indeed, glucose is one of the main natural fuel of the organs and it is regularly produced, stored, and consumed naturally in large quantities. Draining a small amount from this energy tank for our application would be almost unnoticed by the body.

First works on implantable biofuel cells have been reported in the seventies [START_REF] Drake | A tissue implantable fuel cell power supply[END_REF]. Since then, significant progress has been made, especially in the stabilization and immobilization of the enzymes and others compounds in biocompatible and porous conductive electrodes. The porosity is essential to maintain the flow of reactants and products of the fuel cell reaction. Novel membrane technology and carbon nanotube (CNT)-based electrodes have been employed in recent works by Cinquin et al. [CGG + 10] as depicted in Fig. 1.27. A first version of glucose-based biofuel cell or GBFC implanted in a rat has resulted in a power output density of 7.5 µW/cm 3 , and an achievable tremendous performance of up to 500 µW/cm 3 has been shown. However, this technology is still facing some lifetime issues as it does not last more than several months yet. Work is currently ongoing between the UJF (Univ. Joseph Fournier) in Grenoble and Sorin among other partners within a project called IBFC (which stands for Implantable Bio-Fuel Cell). This project has started in 2012 and aims at providing enough energy to supply a pacemaker under tight space specifications for a least a decade. Other non-glucose based implantable biofuel cells are also being developed, such as in [MLB + 12] where the electrochemical gradient that is found in and actively maintained by the inner ear is used to generate 1.12 nW of power. In the recent work from MacVittie et al. [MHH + 13], a power of 640 µW per square centimeter of electrode surface has been generated from two biofuel cells implanted in two lobsters and connected in series. As expected from the above-mentioned pacemaker electrical consumption evaluation, their 0.25 cm 2 device was able to power a current pacemaker. 

WIRELESS ENERGY TRANSMISSION

Another approach to regenerative energy source for implantable devices is to remotely power or recharge a small buffer battery through wireless technology [START_REF] Wei | Power sources and electrical recharging strategies for implantable medical devices[END_REF][START_REF] Lueke | Mems-based power generation techniques for implantable biosensing applications[END_REF][START_REF] Olivo | Energy harvesting and remote powering for implantable biosensors[END_REF]. Such systems comprise an external energy transmitting device (which is externally powered or recharged) and an implanted energy receiver that is effectively the implant power source (see schematic on Fig. 1.28).

Inductive link

Probably the most simple way to transfer energy wirelessly is to bring into play electromagnetic induction. This type of system consists of two coils: the first (the emitter) is external to the body and generates a time-varying magnetic field thanks to an alternating flowing current, and the second coil (the receiver) which is implanted converts this magnetic field variation into electricity through mutual induction. This is the principle applied by 1.28: Schematic of the transcutaneous wireless energy transfer concept: an external device transmits power to the implantable device through induction, light or ultrasounds.

Optical coupling

By going much higher in the electromagnetic frequency spectrum, we can consider wireless energy transmission with infrared light. In this case, the emitter is an infrared source which energy is converted into electricity by an implanted photodiode array. Goto et al. have developed an example of such a system for powering cardiac implants [START_REF] Goto | An implantable power supply with an optically rechargeable lithium battery[END_REF]. They have shown that a photodiode area of 2.1 cm 2 that is illuminated by a power density of 22 mW/cm 2 for 17 minutes can generate enough energy to power a 20 µA cardiac pacemaker to operate for 24 hours, corresponding to a transmitted power of 4 mW. The temperature rise of the skin during the light irradiation was 1.4 degrees C, which is considered to be a safe value.

Ultrasound A wireless transmission of power can also be achieved by sending ultrasonic waves. The transmitter typically consists of a piezoelectric element in contact with the skin that mechanically excites the tissues at hundred of kHz or MHz. This mechanical wave reaches an implanted receiving piezoelectric transducer whose impedance is matched to the excitation in order to obtain the highest energy transfer efficiency. This principle has been for example employed in [START_REF] Ozeri | Ultrasonic transcutaneous energy transfer for powering implanted devices[END_REF] where 70 mW have been transmitted 40 mm under the skin by using a 673 kHz wave. Also, as detailed in section 1.3.2, this concept has been implemented for leadless pacemaker applications by EBR System, Inc.

All these methods can be highly efficient (above 50%) and supply a large amount of power (up to several Watts) into the body. However, to achieve these performances, it is important that the distance between the emitter and the transmitter be short, typically below 2 cm, and that the orientation and location of the receiver is carefully known to the transmitter [START_REF] Wei | Power sources and electrical recharging strategies for implantable medical devices[END_REF]. Also, the efficiency dramatically decreases as the receiver gets smaller. Therefore, wireless energy transfer solutions are significantly less efficient for leadless solutions (case of the EBR solution). Also, emitting an excessive amount of energy could perturb the body, notably by heating. Nevertheless, these wireless energy transfer techniques are suitable and actually unavoidable for numerous other active implantable medical devices that are drawing orders of magnitudes more power than pacemakers, such as cochlear implants or neurostimulators as listed in table 1.1.

Device

Typical power consumption (µW) In any case, wireless energy transmission requires to constantly or regularly wear an additional medical device that will power or recharge the implant. In the presented dissertation it is suggested to study a leadless pacemaker application where the implant is completely autonomous and does not need any external device to be powered. This is more challenging but would enable an implant-and-forget device that requires virtually no further operations (such as recharging, replacement) to function properly and everlastingly. To that end, implants would need to perpetually find and harvest energy from the surrounding environment.

Therefore, we will study in the next section the current state of the art in energy scavengers, with a particular focus on those adapted to human body or heart environment. In terms of terminology, we will indistinctly refer for the following of this dissertation to energy harvesters or energy scavengers for the systems that generate electricity from another form of energy present in the environment -even though one could argue that harvesters are more suitable for primary energy generation that is harvested from nature (solar, wind, geothermal, etc) and that scavengers could preferably refer to secondary energy generation, meaning that they scavenge some energy that has already been dissipated (in the form of vibrations, dissipated heat, electromagnetic fields, etc).

STATE OF THE ART IN MINIATURIZED ENERGY

HARVESTERS

The heart pumps about 5 liters of blood every minute, at a peak pressure of 100 mmHg (13 kPa). As the instantaneous mechanical power (in Watts) is the product of the pressure (in Pascal) by the flow rate (in cubic meter per second), the output mechanical energy of the heart is in the order of one Watt. As the overall efficiency of the heart is about 20 or 25 % [START_REF] Westerhof | Cardiac work and efficiency[END_REF], this corresponds to an overall energy consumption of several Watts. Therefore, it is conceivable to scavenge tens of microwatts from the heartbeat by an energy harvester without affecting the heart natural behavior -it will be unnoticed by the heart.

Over the last decade, progress in low power electronics have dramatically reduced the power requirements of miniaturized devices. In the meantime, performances and efficiencies of harvesting devices are improving [MYR + 08, BTW06, Har11]. Hence, the goal of achieving self-powered battery-less electronic devices (mostly for autonomous sensor networks) has come into sight and works on energy harvesters have been booming for the last decade. This opens energy harvesting power to an always greater number of applications including medical implants. Furthermore, the substantial amount of energy produced by the human body motivates the development of an element that could extract a part of it. This human-generated energy is available at various locations in the body and can take different forms: dissipated heat, inertia, muscle contraction, joint movement, heel strike, etc. Numerous types of human body energy sources are presented in a study by Starner [Sta96,[START_REF] Starner | Low-power electronics design[END_REF]. For instance, consumed power levels are calculated to be in the order of several watts from body heat, about one watt from breathing and one watt from blood pressure.

The next paragraphs will detail some of the energy harvesting principles present in the literature and their relevance to the leadless pacemaker application.

PHOTOVOLTAICS

Photovoltaics are widely used for large-scale power generation. On a smaller level, the harvesting of ambient or solar light to generate power is a well established technology, with solar-powered calculators and wristwatches being popular for several decades. The power available from solar cells varies widely depending on the illumination level (e.g. indoors or outdoors) and on the solar cell technology. For typical indoor illumination, power density levels are in the order of 1 W/m 2 (1 µW/mm 2 ) [MOMC + 08]. As the human body is mostly opaque to light (it is transparent only to infra-red light), the harvestable energy from ambient light is therefore insignificant for body implants. Additionally, an implant should be able to be powered even when the patient is in the dark. Therefore, this type of energy is discarded.

THERMOGENERATORS

Direct thermoelectric generators utilize the Seebeck effect to generate electricity. The Seebeck effect is the direct conversion of a spatial temperature gradient into an electrical potential between a material pair junction. Hence, a thermoelectric generator needs two sources of different temperatures. The Carnot cycle (comprising adiabatic and isothermal operations) provides the fundamental limit to the energy obtained from the temperature difference. The Carnot efficiency is equal to (T H -T L )/T H = ∆T/T H , where T L and T H are the low and high temperatures (in degrees Kelvin) across which the thermal generator operates. Accordingly, Carnot efficiencies are limited for small ∆T: for example, going from body temperature (37 degrees Celsius) to a cool room (20 degrees Celsius) yields only 5.5 % efficiency. Nevertheless, a few products using body generated heat have been commercialized in the recent years, such as the Seiko Thermic c wristwatch (Fig. 1.29) [START_REF] Paradiso | Energy scavenging for mobile and wireless electronics[END_REF]. To generate the few microwatts necessary to run the watch, the heat sinks have to be several centimeters in diameter. Also, such a device has to be implanted very close to the skin in order to be exposed to a sufficient temperature gradient. Leadless pacemakers can therefore not be powered by this type of energy harvester.

Energy can also be generated from a temperature time-gradient through the pyroelectric effect [XMG + 10], but again this type of energy source is not present in the body. 

RF RADIATIONS

Some energy harvesters are collecting energy from ambient RF radiations. However, to generate several microwatts of power requires a large area (hundreds of cm 2 ) and being relatively close to a broadcast antenna [START_REF] Paradiso | Energy scavenging for mobile and wireless electronics[END_REF][START_REF] Harb | Energy harvesting: State-of-the-art[END_REF]. Therefore, this type of energy is too limited as well as unreliable for our application.

INERTIAL ENERGY HARVESTERS

As envisioned by Starner [START_REF] Starner | Human-powered wearable computing[END_REF][START_REF] Starner | Low-power electronics design[END_REF], mechanical energy is widely present in the human body and especially near the heart. The nature of this mechanical energy can be very varied, but in any case this energy can be materialized by the combined effect of stress and strain, or its macroscopic equivalent force and displacement.

Inertial forces (effect of acceleration on a mass) stand out of this variety of mechanical forces mostly for the following two reasons: vibrations are widespread in our environment and acceleration is inherently transferred through packaging, which greatly helps sealing and integration. Therefore, the vast majority of up-to-date energy harvesters are based on inertial power generation [START_REF] Beeby | Energy harvesting vibration sources for microsystems applications[END_REF][START_REF] Mitcheson | Architectures for vibration-driven micropower generators[END_REF][START_REF] Roundy | On the effectiveness of vibration-based energy harvesting[END_REF]. A lot of these harvesters are resonant, as the mechanical resonance effect permits an amplification of the displacement and hence of the energy as we will see in the following section. to a time varying acceleration. The displacement of interest for the transducer is the relative displacement z(t) of the proof-mass relatively to the frame, that is limited by the maximum allocated travel range Z l . An additional dashpot D par could also have been represented to exhibit parasitic viscous friction losses that are also damping the system to some extent. The transducing force f can take different forms depending on the transduction mechanism (typically electromagnetic, electrostatic or piezoelectric). Common simplified transduction forces can be represented as viscous friction (propositional to the velocity ż(t)), or dry friction (constant force). We will analytically study these two cases in the following, assuming a harmonic base excitation at a frequency ω of y(t) = Y 0 cos(ωt). 

VELOCITY DAMPING TRANSDUCTION

The simplest case to consider is when the transducer force acts as a viscous friction force f = D ż(t). This is for instance the case in many electromagnetic devices as discussed in the subsequent section 1.5.4.2, but it can also give some important conclusions on other type of transductions, even though they are not accurately modeled [START_REF] Roundy | A study of low level vibrations as a power source for wireless sensor nodes[END_REF][START_REF] Williams | Analysis of a micro-electric generator for microsystems[END_REF]. In the literature, this type of working principle is sometimes defined as VDRG for Velocity damped resonant generator [START_REF] Mitcheson | Architectures for vibration-driven micropower generators[END_REF] or more often as the William and Yates model. The equation of the proof-mass motion yields (1.3):

m z + D ż + kz = -m ÿ.
(1.3)

Considering harmonic excitation, the displacement amplitude Z 0 for z(t) can be written as

Z 0 Y 0 = ω 2 c (1 -ω 2 c ) 2 + (2ξω c ) 2 , (1.4)
by introducing ω n for √ k/m, ω c for ω/ω n and ξ for D/(2mω n ). This is true of course as long as Z 0 stays below its limit Z l .

The power converted to the electrical system is equal to the power removed from the mechanical system by f . By taking the product of force and velocity, this power is given by 32 M. Deterre 1.5. State of the art in miniaturized energy harvesters

(1.5):

P = 1 2 D ż2 .
(1.5) By combining (1.4) and (1.5), this yields an average extracted power of:

P = ξω 3 c Y 2 0 ω 3 m (1 -ω 2 c ) 2 + (2ξω c ) 2 .
(1.6)

From this power formula, we can see that there is a damping value that optimizes the output power. This actually happens often in inertial energy harvester: if the damping is too small, then the output power is very small as only a very small fraction of the input energy is extracted; on the contrary if the damping is too big, it will largely limit the displacement and even though a large fraction of the mechanical energy is extracted, the latter energy is very small. From (1.6), the optimal damping ξ opt has a value of:

ξ opt = ω 2 c -1 2ω c . (1.7)
For this optimal value, the power and the displacement amplitude are respectively:

P opt = 1 4 ω 2 c Y 2 0 ω 3 m |ω 2 c -1| , and (1.8) 
Z 0,opt = Y 0 ω 2 c √ 2 |ω 2 c -1| (1.9)
This suggest that at resonance (ω c = 1), the power increases without limit. However, this would mean that the motion amplitude Z 0,opt is infinite whereas it is actually constrained by Z l . Also, this does not consider any parasitic damping ξ par = D par /(2mω n ) that is actually always present even if it is very small. Hence, if this parasitic damping is actually the limiting factor, taking the latter into consideration gives:

P = ξω 3 c Y 2 0 ω 3 m (1 -ω 2 c ) 2 + 2 ξ + ξ par ω c 2 , (1.10) 
that at resonance has a value of:

P res. = 1 4 ξY 2 0 ω 3 m ξ + ξ par 2 , (1.11)
which is maximum for ξ = ξ par . This means that the transduction damping should be designed to match the parasitic damping.

If the limiting factor is not the parasitic damping but actually the travel range of the proof-mass Z l , the optimal damping ξ opt should be designed so that the displacement amplitude Z 0 as calculated in (1.4) equals Z l . This yields a ξ opt and an associated power P opt (using (1.5)) of:

ξ opt = 1 2ω c ω 4 c Y 2 0 Z 2 l -(1 -ω 2 c ) 2 ,
and (1.12)

P = mω 3 Z 2 l 2ω 2 c ω 4 c Y 2 0 Z 2 l -(1 -ω 2 c ) 2 (1.13)
Hence, at resonance,

P res.,opt = 1 2 mY 0 ω 3 Z l .
(1.14)

COULOMB DAMPING TRANSDUCTION

For the case of Coulomb transduction damping, the transduction force f is constant and does not depend on the position or movement of the mass (except for its sign):

| f (z, t)| = F.
This can be the case of some electrostatic energy harvesters as detailed in the subsequent section 1.5.4.3. In the literature, this type of working principle is sometimes defined as CDRG for Coulomb-damped resonant generator. Mitcheson et al. derived the amplitude of motion for this mechanical system by using Hartog's and Levitan's methods [START_REF] Mitcheson | Architectures for vibration-driven micropower generators[END_REF]:

Z 0 Y 0 = ω 2 c 1 (1 -ω 2 c ) 2 - F mY 0 ω c ω 2 U 2 , (1.15) 
where

U = sin (π/ω c ) 1 + cos (π/ω c )
.

(1.16)

The power extracted to the system by the transduction force is then:

P = ω 2π F du (1.17) = 2FY 0 ω 2 c ω π 1 (1 -ω 2 c ) 2 - F mY 0 ω c ω 2 U 2 .
(1.18) Again, we can see from this expression of the power, that if the transduction force F is too small, no energy gets transduced -and if F is too big, it makes the dry friction take over the inertial force, the proof-mass stays inert and no power gets extracted. By taking the derivative of the power with respect to F, the optimal transduction force is given by:

F opt = mY 0 ω c ω 2 √ 2|(1 -ω 2 c ) U| , (1.19)
which replaced into (1.18) gives an optimal power of:

P opt = Y 2 0 ω 3 c ω 3 m π|U|(1 -ω 2 c ) 2 .
(1.20)

As for the previous VDRG case, the power is infinite at resonance if parasitic damping and the displacement limit are not taken into account. Hence if the optimal force causes the displacement to exceed the Z l limit, the force should be increased to preserve resonant motion. In this displacement constraint case, the optimal force F opt is given by rearranging 1.15:

F opt = mY 0 ω c ω 2 |U| 1 (1 -ω 2 c ) 2 - Z 2 l ω 4 c Y 2 0 , (1.21)
which replaced into (1.18) gives an optimal power of:

P opt = 2Y 0 ω c ω 3 mZ l π|U| 1 (1 -ω 2 c ) 2 - Z 2 l ω 4 c Y 2 0 . (1.22)
As near the resonance (ω c → 1), a Taylor series expansion of U (from (1.16)) gives:

U ∼ 2 π (ω c -1) , (1.23)
the power given by (1.22) has a value at resonance (ω c = 1) of :

P res.,opt = 1 2 mY 0 ω 3 Z l , (1.24) 
which is actually the same generated power as in the viscous damping transduction case (see (1.14)).

GENERAL COMMENTS ON RESONANT INERTIAL ENERGY HARVESTERS

As stated above, these theoretical calculations permit to deliver some high level comments on inertia-based energy harvesters, even though they are derived only for some specific cases (viscous and dry friction transductions mechanisms). In particular:

• In all cases, the extracted energy is proportional to the mass. This is actually predictable as power is proportional to the input force which is here the product of the mass by the external acceleration. This is not in favor of miniaturization.

• Power expressions show that in order to maximize the output power, the system resonant frequency should match the excitation frequency as closely as possible. In fact, power output drops off dramatically as ω n deviates from ω. This is a critical challenge, as the excitation frequency ω is in general subject to changes whereas a standard energy harvester has a fixed resonant frequency ω n . Also, miniaturized energy harvesters tend to vibrate at high frequencies, whereas excitation typically lie in the lower side of the frequency spectrum, such as those that be be naturally generated by the human body.

• Vibrational excitations are rarely purely harmonic. Therefore the response to the whole excitation spectrum has to be analyzed and the harvester has to be designed accordingly. This could lead to largely damped energy harvesters that provide mechanical amplification for a broad range of frequencies, even though the amplification magnitude is low.
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• When optimizing the system parameters, one needs to carefully look at the associated displacement. Indeed, optimal energy extraction often induces a maximization of the displacement, as it could have been predicted since we recall that the mechanical energy is the product of the force by the displacement. Practical size, volume and mechanical reliability requirements have to be carefully taken into account.

• Additionally, Yeatman has studied in [START_REF] Yeatman | Energy harvesting from motion using rotating and gyroscopic proof masses[END_REF] inertial energy harvesters that have a rotary motion, which effectively removes the travel range constraint. It is shown that typical power output are actually similar for rotary motion and for linear motion assuming a linear excitation. The actual best design would depend on the practical application-driven constraints.

The following sections will more specifically detail the most common mechanical to electrical transduction mechanisms and some examples of the literature, with an emphasis on low frequency vibrations harvesting and applications for the human body environment.

ELECTROMAGNETIC TRANSDUCTION

ELECTROMAGNETIC TRANSDUCTION PRINCIPLE

The electromagnetic mechanical to electrical transduction mechanism is used in most large scale power plants. The basic principle is the creation of a voltage in a coil by an relatively moving magnetic field through induction following Faraday's law :

= - d dt wire loop B(r, t) • dΣ. (1.25)
The working principle of an electromagnetic generators is depicted in Fig. 1.31.

Rotor

Stator (i) (ii)
Figure 1.31: Schematic of a classic rotary electromagnetic transducer (i): the varying magnetic field created by a moving rotor generates electricity in the stator circuits, and of a linear electromagnetic generator (ii) where a magnet is moving relatively to a coil.

Looking back at the linear vibration energy harvester from the previous section, if the magnetic flux through the output circuit varies linearly with the position z, then the transduction force f acts like a viscous damper and the VDRG analysis from section 1.5.4.1.1 can be rigorously applied. Examples of expressions of the viscous transduction coefficient D for typical configurations can be found in [WY95, EhGJW + 01, MGYH04]. Large electromagnetic generators have been proven to be very effective and widespread. At a smaller scale, some electromagnetic energy generators have been commercialized, such as shake-driven flashlight in which a centimeter-size magnet is displaced back and forth into a coil (Fig. 1.32 (i)). At the micro-scale however, challenges arise, especially for micro coils and magnets manufacturing reasons as well as for the small level of generated voltages (tens of millivolts typically). This is nevertheless common practice for watch manufacturers, and shake-driven electromagnetic wristwatches have been developed for a couple of decades. For instance it is the case of the Seiko Kinetic c watch which proof-mass extends a spring that periodically releases a small magnet moving at high frequency within a coil (Fig. 1.32 (ii)).

(i) (ii) Figure 1.32: Shake-driven electromagnetic generators: LED flashlight (i) and Seiko Kinetic c wristwatch [START_REF] Paradiso | Energy scavenging for mobile and wireless electronics[END_REF].

MICRO-SCALE INERTIAL ELECTROMAGNETIC GENERATORS

Efforts have been made particularly in the last decade to develop micro-scale vibrations electromagnetic energy harvesters. These devices are not all MEMS and often require an assembly of millimeter scale components such as permanent magnets. In any case, these systems consist of a spring and of one of the following two configurations:

• a magnet that acts as a proof mass and moves relatively to a fixed coil where the induced current is created, or

• a coil connected to a proof-mass that moves relatively to a fixed permanent magnet.

In order to resonate at low frequencies and as the mass is limited by the volume of the system, several approaches have been proposed to decrease the stiffness of their system, and common geometries are either microsprings (typically in spiral shape) or cantilevers. Groups that have been particularly active early on in the field are for example:

• The University of Sheffield (C. B.Williams, C. Shearwood, R. B Yates,...) who proposed in [WY95, WSH + 01] to attach a permanent magnet proof-mass on a polyimide membrane acting as the spring (see Fig. 1.33),

• The Massachusetts Institute of Technology (R.Amirtharajah, P.Chandrakasan,...) that has provided extensive work [START_REF] Amirtharajah | Self-powered signal processing using vibration-based power generation, Solid-State Circuits[END_REF] on the power management electronics side associated to a relatively simple generator made of discrete components (see Fig. Some commercial devices have come out of these work (e.g. Ferro Solution [START_REF] Solutions | Veh-460 electromechanical vibration energy harvester[END_REF], Perpetuum [Per]). These devices are centimeter-scale systems made of macro-scale assembled components that are working at a frequency of some tens of Hertz and are mostly targeting industrial environment applications. Some other notable design are proposed by Marioli et al. in [START_REF] Marioli | Electromagnetic generators employing planar inductors for autonomous sensor applications[END_REF] which is depicted in Fig. 1.38.

HUMAN BODY APPLICATION OF INERTIAL ELECTROMAGNETIC GENERATORS

The performances of the above-mentioned energy generators are briefly summarized in Table 1.2. Most of these devices have a resonance frequency of hundred of Hertz, whereas the typical vibrations frequencies found in the body are at a few tens of Hertz and below [START_REF] Romero | Body motion for powering biomedical devices[END_REF]. More recently, some electromagnetic energy harvester have focused on very low frequencies, for instance by removing the spring and letting a magnet freely "float" within a coil [START_REF] Saha | Electromagnetic generator for harvesting energy from human motion[END_REF][START_REF] Yang | Non-resonant electromagnetic wideband energy harvesting mechanism for low frequency vibrations[END_REF].

(i) (ii) (iii) (iv)
Copper coil Goto et al. [START_REF] Goto | Feasibility of using the automatic generating system for quartz watches as a leadless pacemaker power source[END_REF] have proven the feasibility of using an electromagnetic inertial energy harvesting system to power a mongrel dog's pacemaker. In their work, they removed the power-generating mechanism from a SEIKO kinetic watch (as described in Fig. 1.32) and encapsulated it in a polyvinyl case. The device has then been placed on the right atrioventricular wall of the dog's heart (epicardiac location). Although the extracted energy (13 µJ/heartbeat) was lower than the pacemaker consumption (50 µJ/heartbeat), the feasibility of an energy harvester powered pacemaker is envisioned. More recently, Zurbuchen et al. [ZPS + 13] have followed the same idea of implanting a wristwatch generating mechanism on the epicardium (see Fig. 1.44). They proposed a thorough heart movement analysis through MRI imaging and adapted their device to the heart rotational motion. Electrostatic transduction brings into play electrostatic interactions between two conductors that form a capacitor. When the external mechanical force to be transduced makes the plate mechanically move relatively to each other, it fights against the electrostatic attraction, which in return converts part of its energy to electrical charges in the conductors.

NdFeB magnets

As a simple example, we consider the case of an "infinite" parallel plate capacitor of surface area A, gap g, permittivity , for which the capacitance C is given by:

C = A g . (1.26)
Also, we recall that the charge Q on a given capacitor of capacitance C and voltage V is:

Q = CV.
(1.27)

Figure 1.45 explains the process:

• First, the capactor is precharged at high capacitance (low gap).

• Then, an external mechanical force acts against the electrostatic attraction, separates the capacitor which capacitance decreases (1.26). Therefore, if the circuit has let the charge be constant (i.e. in open-circuit), the voltage increases following (1.27), or alternatively if the circuit imposes the voltage to be constant, the charge is increased (1.27).

• The total electrical energy can then be injected into the downstream electrical circuit, and the uncharged capacitor can return to its original position after the release of the mechanical force.
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(i) (ii) (iii) (iv) (iv)
Figure 1.45: Electrostatic transduction mechanism: First the capacitor is charged at maximum capacitance (i)-(ii), then an external mechanical force (symbolized by the operator) is applied and reduces the capacitance, hence increasing the energy on the capacitor (iii), and finally the generated energy is extracted (iv) and the capacitor returns slowly to its original position (i).

The more the capacitor is precharged, the stronger will be the electrostatic attraction, and therefore the more it will damp the movement and extract energy. Therefore, this transduction principle creates the possibility of tuning the amount of electrical damping to the system by adjusting the precharge. This is a strong advantage of the electrostatic transduction over the others. Some electronic circuits that permit constant-charge or constant-voltage operations are detailed for instance in [MMMA + 01, TRM09, MGY07].

This principle can be extrapolated to any kind of capacitor where capacitance varies via mechanical forces. In the case of inertial energy generator the mechanical force is the acceleration acting on a proof-mass.

To increase the capacitance variation for a device given size, it is advantageous to reduce the gaps. Therefore, MEMS implementation are very favorable for electrostatic transducers: typically, MEMS electrostatic devices will include micropatterned combs, that permit the two-fold advantage of increasing the surface area (comb finger length times the comb height) while decreasing the gap. Standard MEMS electrostatic devices geometries are shown in Fig. 1.46: for the in-plane overlap type (i), the capacitance is changed by varying the overlap distance between the fingers, for the in-plane gap-closing type (ii), the capacitance is changed by varying the gap between the fingers, and for the out-of-plane gap closing type (iii), the capacitance is changed by varying the gap between two large plates.

A challenge for electrostatic harvesters is to guide the movement of the proof-mass along the desired direction, while constraining as much as possible the other degrees of freedom and avoiding unwanted stiction, gap closing, electrode short-circuit, rotation and other unwanted phenomena. Hence, designs typically involve high aspect ratio springs, that are very flexible in one direction while being rigid in the two others.

The form of the electrostatic transduction force depending on the structure is derived in a subsequent section 4.2.3, but is summarized here in table 1.3. From these results we can determine which configuration is VDRG, CDRG or has a more complicated form.

There are two strategies to maximize the electrical damping for a given size. One can optimize the capacitance variation density, for instance by miniaturizing the electrostatic combs structures, or one can increase the operating voltage (or, equivalently, the charge). This point is critical, as for typical MEMS implementation, a very high tension is desired (from tens to hundreds of Volts). Therefore, the interest for MEMS electrostatic energy scavengers are driven by progress of low power electronic management for high voltage appli- 

Geometry Charge constrained Voltage constrained

In-plane overlap

f ∼ 1 (z 0 + z) 2 f = constant In-plane gap-closing f ∼ z f ∼ z g 2 0 -z 2 2 Out-of-plane gap-closing f = constant f ∼ 1 (g 0 -z) 2
Table 1.3: Electrostatic transduction force dependence on the displacement for different types of geometries (where z 0 is the initial overlap and g 0 the initial gap). cations. + 01] were among the first to design an electrostatic vibration-toelectricity converter fabricated with MEMS technology. They proposed an in-plane overlap device (illustrated in Fig. 1.47) and have also brought a large contribution in the development of power electronics associated with the converter. Their simulations show that 8.6 µW can be converted from a 1.5x1.5 cm 2 device for an excitation of 500 nm at 2.5 kHz. [START_REF] Ma | Dynamic simulation of an implemented electrostatic power micro-generator[END_REF]. An array of 20 devices produced a maximum power of 65 nW at 4.2 kHz at a displacement of 2.2 µm.

MEMS IMPLEMENTATIONS

Meninger et al. [MMMA

Despesse et al. proposed an in-plane gap closing structure which electrical damping has been designed to be large and therefore widen the bandwidth of harvested frequencies below 100 Hz [DJC + 05]. A 18 cm 2 x 1 cm volume device with a 0.104 kg inertial mass was made from bulk tungsten by electric discharge machining (EDM) (see Fig. 1.49 (i)) and produced a scavenged power of 1052 µW for a vibration amplitude of 90 µm at 50 Hz. This represents an overall scavenged efficiency of 60% with the losses being accounted. A MEMS silicon device with similar geometry and a volume of 81 mm 2 x 0.4 mm with a 2•10 -3 kg inertial mass (see Fig. ation of 2.45 ms -2 . More recently, they designed an in-plane gap closing 1x1.1 cm 2 structure [GBG + 12] depicted in Fig. 1.51 that harvested 2.2 µW for an acceleration of 9.8 ms -2 at 150 Hz. This structure additionally presents interesting bandwidth increase features as will be detailed subsequently in section 1.5.4.9. Hoffman et al. presented in [START_REF] Hoffmann | Fabrication, characterization and modelling of electrostatic micro-generators[END_REF] prototypes of completely packaged micro-generators based on in-plane-overlap operation with a chip size of 5x6 mm 2 (see Fig. 1.52). They produced a maximum RMS power of 3.5 µW when they are excited at 1500 Hz with an input excitation of 127 ms -2 . Chiu et al. presented in [START_REF] Chiu | Mems design and fabrication of an electrostatic vibration-to-electricity energy converter[END_REF][START_REF] Chiu | A capacitive vibration-to-electricity energy converter with integrated mechanical switches[END_REF] an in-plane gap closing structure with an reported mass (tungsten ball) (see Fig. 1.53) to increase the device power output and lower the frequency. The device area is 1 cm 2 , and with the additional mass a power of 31 µW was obtained for 2.25 ms -2 at the resonance frequency of 120 Hz. In [TKK + 02], Tashiro et al. proposed an electrostatic inertial harvester, that was admittedly cumbersome and needed to be miniaturized (mass of 0.78 kg), but that presented two major interests: the electrostatic structure is made of an innovative honeycomb of corrugated polymer and aluminum forming a flexible 3D capacitor, and the device was designed to harvest vibrations caused by heart movements and aiming at powering a pacemaker. Even though the system has not been further miniaturized, it has provided enough power (36 µW at 180 bpm) to power a pacemaker from simulated cardiac motion. 

ELECTRETS IMPLEMENTATION

The need for the electrical precharge stage for an electrostatic energy harvester can be a disadvantage over other transduction mechanisms, as it involves a more complex power management electronic circuit. The latter is therefore consuming not only the energy needed for the precharge, but also the power consumed by the control system. An alternative to a precharge is to embed electrets, that are electrical charges trapped in a dielectric material and that can therefore induce the creation of charges over a nearby electrode. Electrets and are mainly known for their use in MEMS microphones [START_REF] Tai | A high performance mems thin-film teflon electret microphoner[END_REF].

Jefimenko et al. in [START_REF] Jefimenko | Electrostatic current generator having a disk electret as an active element, Industry Applications[END_REF] have proposed the use of electrets for electrostatic energy harvesters. This principle has later being exposed by Boland et al. in [START_REF] Boland | Micro electret power generator[END_REF] who presented a rotary mechanical-to-electrical electrostatic energy converter embedding electrets (see Fig. The University of Tokyo actively participated to the implementation of electrets into traditional MEMS electrostatic energy harvesters. Tsutsumino et al. fabricated and tested a 1x2 cm 2 device in [TSKS06, TSK + 06] that achieved an extracted power of 278 µW and peak-topeak voltage of 120 V for an excitation at a frequency of 20 Hz. This very low frequency was achieved thanks to particularly flexible springs made out of parylene. Indeed, traditional MEMS proof-mass retention springs are bulk micromachined silicon (see above mentioned devices) and are therefore relatively stiff due to the large Young's modulus of silicon. The implementation of polymer springs permits very flexible designs for miniaturized devices. This design has been further improved by Suzuki et al., who are showing [START_REF] Suzuki | A mems electret generator with electrostatic levitation for vibration-driven energy-harvesting applications[END_REF] a promising device that is implementing several key challenging technological features such as high performance CYTOP electrets, electrostatic levitation scheme, and high aspect ratio polymer springs (see Fig. 1.59). The device has a surface of 18.5x16.5 mm 2 and a proof-mass of 0.1 g. For an excitation of 20 ms -2 at 63 Hz, the maximum output power was 1.0 µW.

To further reduce the operating frequency of the systems, the idea has been raised in [NMM + 09] to replace the high-aspect ratio spring guiding of the proof-mass by ball bearings (see Fig. 1.60). Hence, human generated excitations at 2 Hz for instance can be harvested (an output power of 40 µW has been generated at this frequency) and the associated long-range movement (about 15 mm) can be accommodated for. Yang et al. in [YWZ11] also used ball bearings to support their proof-mass structure (see Fig. 1.61) and low frequency excitation was harvested: at 20 Hz, the output power was 5.9 µW (acceleration of 6.84 ms -2 ) and at 10 Hz the power was 112 nW (acceleration of 0.49 ms -2 ).

(i) (ii) Bartsch et al. also proposed an interesting two-dimensional electrets-embedding electrostatic structure in [START_REF] Bartsch | A 2d electret-based resonant micro energy harvester[END_REF] (see Fig. 1.62) harvesting energy from two dimensional vibrations.

Even though the precharge and electret-based electrostatic energy harvesters are both involving induced charges on capacitors to generated energy, their operating principle is quite different and in fact the equations that are governing the mechanical and electrical domains are complex. Models for electret-based energy generation have been successively developed notably in [START_REF] Boland | Micro electret power generator[END_REF] for rotational systems, in [TSK + 06] for linear system, in [START_REF] Boisseau | Optimization of an electret-based energy harvester[END_REF] for patterned electrets, and in [BDR + 11] for a cantilever.

Electrets are typically created by a so-called Corona discharge method. The principle is An electret material is primarily chosen for its maximum values of surface potential: the higher the surface potential, the more induced charges will be created. Additionally, good electret materials should be able to keep their charges for years. For instance, electrets in Teflon c or silicon dioxide have a stability that is estimated to more than 100 years [BDR + (i) (ii)

Figure 1.64: Conventional Corona electret charging method with assembling after charging (i) and in-situ charging method for "vertical" electrets using soft X-ray irradiation enabling single-wafer electret transducers (from [HUH + 10]).

LIQUID PROOF-MASS

An original concept involving a moving liquid has been presented first by Boland et al. in [START_REF] Boland | Arrayed liquid rotor electret power generator systems[END_REF]: a liquid droplet is acting as a proof-mass and moves between two conductors when subjected to external acceleration as depicted in Fig. 1.65 (i). This effectively creates a change in gap permittivity and hence capacitance, which as described above can be converted into electrical energy. A variation of this concept is presented in [START_REF] Choi | Liquid-based electrostatic energy harvester with high sensitivity to human physical motion[END_REF] and is described in Fig. 1.65 (ii). One advantage of this technique is that vibrations in the two in-plane directions can be harvested.

Galchev et al.introduced in [GRP13] a very original solution that also harvests 2D vibrations and where the proof-mass is not attached to a spring. The proof-mass is a magnetic ball that attracts a magnetic fluid when it passes over, as depicted in Fig. 1.66. The magneto-fluid is then pushing its envelope that has one of the electrodes of a capacitor, hence inducing a capacitance change. As any other electrostatic transducer, this capacitance variation is then converted into electricity.

COMPARISON OF ELECTROSTATIC ENERGY HARVESTERS

The performances of some of the electrostatic energy harvesters presented in the literature and mentioned above are summarized in table 1.4: As the "piezo" word comes from the Greek "to press", piezoelectricity is defined by a relation between a mechanical deformation and electricity. More specifically, it qualifies the coupling between mechanical strain and electrical field in some specific polarized materials (notably crystals and certain ceramics) where the effect appears. We call direct piezoelectric effect when an electric field is created upon mechanical deformation, and indirect piezoelectric effect when an applied electric field causes a mechanical deformation. In energy harvesting, the direct piezoelectric effect can be brought into play to transduce mechanical energy into electricity.
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In piezoelectricity, the Voigt notation is used as a general rule for mechanical fields. We recall that the mechanical tensors (stress and strain) have 6 independent components in their 3x3 matrix tensorial notation: 3 for each normal direction and 3 for each shear direction. The correspondence between the matrix and the Voigt notations is listed in table 1.5.

The constitutive equations of piezoelectricity relate the two mechanical fields (the stress T and the strain S) with the two electrical fields (the electric field E and the electric displacement field D). There are four ways of expressing the relationship between the 4 fields. One of the most used is the relation for stress-electric field as expressed in (1.28) and illustrated in Fig. 1.67. They define the compliance at constant electric field s, the dielectric permittivity at constant stress T and the piezoelectric coupling term d.

Reference

Volume Typically, piezoelectric materials are transverse isotropic and the direction of the material polarization is always called "3" and the two equivalent perpendicular directions are called "1". For these materials, the compliance matrix s E , the coupling matrix d, and the permittivity matrix T can be reduced to expressions respectively defined in (1.29), (1.30) and (1.31): From the non-zero coefficients in the coupling matrix, we can derive three modes of operation that are depicted in Fig. 1.68. Fig. 1.68 (i) shows the 33-mode of a piezoelectric material, where the charge is being collected on the surface perpendicular to the polarization axis while the mechanical force is applied along the polarization axis. Fig. 1.68 (ii) shows the 31-mode, where this time the mechanical force is being applied perpendicularly to the polarization axis. Finally, Fig. 1.68 (iii) shows the 15-mode, where the mechanical force is a shear force.

s E =         
P 3 1 2 - V + F F - V + 3 1 2 F F P - V + 3 1 2 F F (i) (ii) (iii) 
P Figure 1.68: Piezoelectric modes of operation: 33 parallel mode (i) 31 perpendicular mode (i) 15 shear mode (i). The direction 3 is always the direction of the polarization Numerically, the 15 transduction is the most effective. However, it is strenuous to design a configuration where most of the mechanical input energy is in shear form. To date, the 15 transduction is mostly used for its indirect effect action in actuators [START_REF] Sun | Use of thickness-shear mode in adaptive sandwich structures[END_REF]. Therefore, energy harvesters in the literature focus on the 31 mode and the 33 mode. The typical structures for converting an external force into electricity using a piezoelectric devices are shown in Fig. 1.69.

COMMON PIEZOELECTRIC MATERIALS

The most common type of piezoelectric material used in power harvesting applications is a ceramic called lead zirconate titanate or PZT as it typically has a very high electrical coupling. Therefore it is widely used as a power harvesting material, even if its very brittle nature causes limitations in the strain that it can safely absorb without being damaged. PZT can be found in traditional bulk form (after powder sintering), and with appropriate grinding PZT plates as thin as several tens of microns can be obtained from industrial manufacturers. This type of PZT is generally found in macro-and meso-scale piezoelectric energy harvesters [RWR03, GW08, BSX + 09]. To obtain thinner films (down to 10-20 µm), screen printing methods have being developed, for example in [GJBW01, DWB + 03, XLDP + 12]. To achieve even lower thicknesses (typically a couple of microns), techniques such as sputtering, pulsed laser deposition, sol gel deposition [JSJK05, RKS + 08] or aerosol depostition [START_REF] Lin | Piezoelectric micro energy harvesters based on stainless-steel substrates[END_REF] can be applied, but they are limited in the maximum obtainable thickness by the build-up of internal stresses during deposition which lead to film cracking.

Popular piezoelectric thin films that are appropriate to standard microfabrication processes also include aluminum nitride (AlN) [MAB08,RKS + 08,EKG + 09] and zinc oxide (ZnO) [START_REF] Bassiri-Gharb | Piezoelectric mems: Materials and devices, Piezoelectric and Acoustic Materials for Transducer Applications[END_REF]. Typically, up to a couple of microns of these materials can be deposited on MEMStype of devices.

More flexible piezoelectric materials are also available, such as a variety of polymers and most notably poly(vinylidene fluoride) or PVDF [TKI + 11]. Furthermore, numerous works have been carried out to develop composite piezoelectric materials embedding high efficiency piezoelectric fibers into a polymer substrate, such as the macro-fiber composite (MFC) developed for instance in [START_REF] Sodano | An investigation into the performance of macro-fiber composites for sensing and structural vibration applications[END_REF] (schematically depicted in Fig. 1.70) or in [START_REF] Churchill | Strain energy harvesting for wireless sensor networks[END_REF]. Similarly, integration of nanostructured piezoelectric elements onto flexible polymer substrates has attracted increasing interests, for instance through the study of ZnO nanowires (which have been proposed and studied extensively by Zhong Lin Wang 's group at Georgia Tech [HZX + 11, WWS + 08, Wan11]) or PZT nanoribbons [START_REF] Qi | Nanotechnology-enabled flexible and biocompatible energy harvesting[END_REF]. 
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RESONANT DEVICES

In inertial piezoelectric energy harvester, a proof mass is attached to the structure at the location of the application of the force in Fig. 1.69.

Although the electrical/mechanical coupling for 31 mode is lower than for 33 mode, the key advantage of 31 mode is to be easily implemented in bending elements such as cantilevers. It permits the system to be very compliant and large strains can be produced with small input forces. Therefore the resonant frequency can be designed to be low.

Ko pioneered the work with piezoelectric transducers aimed at scavenging body motion vibrations for powering electronic implants as evidenced by the US Patent in [START_REF] Ko | Piezoelectric energy converter for electronic implants, US patent[END_REF]. The latter describes an encased piezoelectric crystal shaped as a cantilever beam loaded with a weight on its free end.

Roundy et al. in [START_REF] Roundy | A study of low level vibrations as a power source for wireless sensor nodes[END_REF][START_REF] Roundy | A piezoelectric vibration based generator for wireless electronics[END_REF] was one of the first (with Glynn-Jones et al. in [START_REF] Glynne-Jones | Towards a piezoelectric vibrationpowered microgenerator[END_REF]) to design the structure that has become the standard for piezoelectric inertial harvesters and is depicted in Fig. 1.71: A prototype generator was made from a two-layer sheet of PZT with a steel center shim. A mass made from a relatively dense alloy of tin and bismuth was attached to the end of the bimorph. This type of devices has been vastly studied in the recent years at the macro-scale (see [START_REF] Steven R Anton | A review of power harvesting using piezoelectric materials (2003-2006[END_REF] for some examples). Also, deposition processes of piezoelectric thin films have enabled the fabrication of micro-scale piezoelectric energy harvesters based on micro-fabrication techniques. Such developments have been studied for instance by Marzencki et al. who proposed a micro-scale unimorph piezoelectric beam working in 31-mode (see Fig. 1.72) where the proof-mass is made of bulk micromachined silicon and the piezoelectric layer is a thin layer (1 µm) of aluminum nitride (AlN) [START_REF] Marzencki | Integrated power harvesting system including a mems generator and a power management circuit[END_REF]. This device envisioned a totally integrated system embedding an everlasting energy source as a System on a Package (SoP). Elfrink et al. proposed a similar device where the AlN is deposited only at the anchor to maximize the device efficiency [EKG + 09], and where two etched glass substrates permit a proper packaging protection of the moving proof-mass (Fig. 1 Several works on the optimization of the cantilever beam geometry have been carried out [START_REF] Steven R Anton | A review of power harvesting using piezoelectric materials (2003-2006[END_REF], and a notable interesting shape is the trapezoidal or triangular shape that is described in Fig. 1.76. Indeed, as the stress in a classical rectangular beam is concentrated at the anchor, it has been proposed to widen this anchor relatively to the tip of the beam, effectively creating a triangular shape. This produces a more homogeneous stress distribution within the piezoelectric layer of the beam and a more efficient conversion for equal surface areas. This design has for instance being employed early-on by Glynne-jones in [START_REF] Glynne-Jones | Towards a piezoelectric vibrationpowered microgenerator[END_REF], and has been further studied in [START_REF] Goldschmidtboeing | Characterization of different beam shapes for piezoelectric energy harvesting[END_REF]. Other non standard geometries such as pre-stressed or curved beam, circular plates or cymbals are listed and discussed in [START_REF] Steven R Anton | A review of power harvesting using piezoelectric materials (2003-2006[END_REF]. A brief sum- mary of the performances of some of these piezoelectric inertial energy harvesters is shown in table 1.6. As can be observed in the previous tables, most of the inertial energy harvester are operating at hundreds of Hertz and beyond. Moreover, the smaller are the devices, the higher are the resonance frequencies. In order to tackle this challenge, the concept has been raised to shape a piezoelectric cantilever into a spiral, which maximizes cantilever length and hence the compliance for a constrained area. Several works carried out for instance by Choi et. al [CJJ + 06] or Marzencki et. al [START_REF] Marzencki | Conception de microgénérateurs intégrés pour systèmes sur puce autonomes[END_REF] have already presented this spiral concept, in particular in a unimorph configuration for vibrations energy harvesting (see Fig. 1.77). The targeted frequencies are 150 Hz (Choi et al.) or below 100 Hz (Marzencki et. al). The main issues that hinder further development of their work was fabrication difficulties (especially for single-arm spirals due to material deposition residual stresses causing spiral bending and cracks) and the complexity of the charge distribution on spirals that leads to complicated electrode patterns, particularly for multi-arm spirals. This particular issue will be detailed in chapter 5.

The same spiral idea has been implemented in [START_REF] Galchev | A piezoelectric parametric frequency increased generator for harvesting low-frequency vibrations[END_REF] is not covered by electrodes and does not harvest energy. Its purpose is only to increase the incoming mechanical energy, the transduction being performed by cantilevers to which the spiral is attached and that significantly increase the device diameter (see Fig. 1.78). Also, it was implemented for a so-called frequency up-conversion scheme that will be explained in section 1.5.4.7. Hu et al. [START_REF] Hu | A low frequency piezoelectric power harvester using a spiral-shaped bimorph[END_REF] developed a theoretical model for a single-arm piezoelectric spiral made of joined half-circles of different radii which operates in flexural and extensional modes when solicited by out-of-plane vibrations. Karami et al further developed this model [START_REF] Karami | Coupled out of plane vibrations of spiral beams for micro-scale applications[END_REF] by implementing spiral arm radius variations as well as providing a detailed analysis of their derivations. Notably, their results yielded that torsional effects were significant compared to bending effects in single-arm spirals excited by out-of-plane vibrations and that this phenomenon is leading to complex electrode configurations.

Dong et al [START_REF] Dong | A mems-based spiral piezoelectric energy harvester[END_REF] also presented the modeling of a piezoelectric spiral. They proposed and analyzed a spiral designed to work for in-plane excitations, where the arms have a thick and narrow aspect ratio and where the longitudinal stress has different signs along the width of an arm. Therefore they proposed a configuration were the electrodes are split in the longitudinal direction and producing a 31 in-plane bending coupling. Their design Another notable design found in the literature that minimizes the overall length of flexible piezoelectric energy harvesters is a meandering structure. It is adapted to rectangular geometries and its electrode configuration is relatively simpler than for spirals. Kamari et al. studied theoretically the meander beam structure [START_REF] Karami | Analytical modeling and experimental verification of the vibrations of the zigzag microstructure for energy harvesting[END_REF], and later designed a structure at 39 Hz specifically to target heart vibration frequencies [START_REF]Powering pacemakers from heartbeat vibrations using linear and nonlinear energy harvesters[END_REF] (similarly to [START_REF] White | Implantable cardiac motion powered piezoelectric energy source[END_REF]). In [BSX + 09] followed by [BSJ + 12], Berdy et al. present also a meandering structure depicted in Fig. 1.80 and that resonate at a frequency of 50 Hz.

Also, piezoelectric elements have been proposed to be employed in combination of electrostatic transducers for energy harvesting. Upon excitation, the piezoelectric element is strained and produces some electrical charges, that are subsequently used to pre-charge a traditional variable capacitor electrostatic harvester (Fig. 1.81). Hence, the electrostatic harvester does not need any external electronic circuit for the precharge. Such systems have been proposed by Khbeis et al. in [START_REF] Khbeis | Design of a hybrid ambient low frequency, low intensity vibration energy scavenger[END_REF], and also in a patent application by Despesse et al. [START_REF] Despesse | procede et dispositif de conversion d'energie mecanique en energie electrique, French patent application[END_REF].

MAGNETOSTRICTION

Analogously to the piezoelectric effect, the magnetostriction effect relates the coupling between mechanical strain and magnetic field variables in a material. Indeed, in a linearized approximation, the magnetostrictive constitutive equations can be written as follows [START_REF] Wang | Vibration energy harvesting by magnetostrictive material[END_REF]: 

S = s H T + d t E B = d T + µ T E (1.32)
Where this time H and B are the magnetic field intensity and flux density, respectively, s H is defined as the compliance at constant magnetic field, and µ T is the permeability under constant stress. Wang et al. in [START_REF] Wang | Vibration energy harvesting by magnetostrictive material[END_REF], and later Hu et al. in [START_REF] Hu | Optimal design of a vibration-based energy harvester using magnetostrictive material (msm)[END_REF], have proposed to use this so-called Villari effect for energy harvesting. Conceptually, a magnetostrictive beam with a tip proof mass vibrates under excitation and the generated mechanical strain is engendering a variable magnetic field. Here, one needs an additional conversion from magnetic field variation to electricity, which is done by classical electromagnetic transduction trough a pick-up coil wrapped around the beam (see Fig. proposed an energy harvesting system where the magnetostrictive element is used in the reverse effet [DWL + 11, LWL + 11, LWLY13]: magnetic elements are vibrating due to external excitation, and make the magnetic field vary on a fixed element composed of a piezoelectric layer sandwiched between two magnetostrictive layers (see Fig. 1.83). The magnetic field variation induces a mechanical strain that is transmitted to the piezoelectric layer and converted to electricity trough piezoelectricity. 

ELECTROACTIVE POLYMERS

The transduction principle of electroactive polymers is often based on electrostriction (see a study on other types of operation in [START_REF] Jean-Mistral | Comparison of electroactive polymers for energy scavenging applications[END_REF]). Electrostriction is a property of nonconductive materials which acts similarly as piezoelectricity but where the dependence between strain and electric polarization under a constant stress is quadratic. Electroactive polymers are usually applied in actuator mode for artificial muscles, but the energy scavenging reverse effect starts to be increasingly popular [START_REF] Jean-Mistral | Comparison of electroactive polymers for energy scavenging applications[END_REF][START_REF] Chiba | Current status and future prospects of power generators using dielectric elastomers[END_REF]. One of the main M. Deterre advantages of electro-active polymers is their inherent flexibility which permits high range, low frequency operations, most interestingly for implantable or body worn applications.

FREQUENCY UP-CONVERSION

The challenge in low frequency energy harvesters is not only to design a device that resonates at low frequency, but also to have an efficient transduction. To address this challenge, an approach consists in converting low frequency excitations into higher frequency vibrations of transducing elements by a so-called frequency up-conversion mechanism. The high frequency transducers will therefore have numerous cycles to transduce the energy that they got in one cycle of the low frequency element, and hence can be more efficient.

Probably the most common frequency up-conversion mechanism is a classical mechanical gear train. Those are for instance employed in energy generating wristwatches (as can be seen in Fig. 1.32). Other frequency up-conversion mechanisms can be roughly divided into two categories: magnetic pick-up and mechanical plucking.

MAGNETIC PICK-UP

This technique has been initiated at the University of Michigan in Pr. Khalil Najafi's group. In 2004, Kulah and Najafi [START_REF] Kulah | An electromagnetic micro power generator for lowfrequency environmental vibrations[END_REF] presented the concept: a heavy magnet is suspended to flexible springs and is excited by low frequency vibrations. During its movement, small beams with magnetic tips are picked-up by this big magnet. After release, the small beams that include a transducing element (an induction coil in the case of [START_REF] Kulah | An electromagnetic micro power generator for lowfrequency environmental vibrations[END_REF]) go into free vibrations at high frequency (see Fig. 

PLUCKING AND IMPACT-DRIVEN UP-CONVERSION

A second method of exciting a high frequency transducer from a low frequency element is by mechanical plucking. This concept has been presented by Rastegar et al. in [START_REF] Rastegar | Piezoelectric-based power sources for harvesting energy from platforms with low-frequency vibration[END_REF] and later in [START_REF] Rastegar | Novel two-stage electrical energy generators for highly-variable and low-speed linear or rotary input motions[END_REF] for ocean wave energy harvesting. Fig. 1.86 describes the concept: the low frequency vibration energy of the mass is transferred to high frequency vibrations in the piezoelectric elements as the mass passes over and excites the piezoelectric cantilevers. Gu and Livermore have applied this concept in [START_REF] Gu | Impact-driven, frequency up-converting coupled vibration energy harvesting device for low frequency operation[END_REF] where the low frequency system is a large piezoelectric beam (see Fig. It is important to mention that frequency up-conversion devices are not really an answer to the issue of fabricating a miniaturized device that resonates at low frequency. Indeed, there is always a primary resonant system at low frequency that needs to be implemented. However, it permits to the transduction phenomenon to be usually more efficient by multiplying the number of transduction cycles, even though it induces a supplementary low frequency to high frequency mechanical to mechanical conversion that cannot be 100% effi- cient.

As mentioned previously in section 1.5.4.1, a main challenge of inertial energy harvesters is the potential mismatch between the excitation frequency and the device resonant frequency for which it is optimized. Indeed, fabrication process tolerances can affect the resulting device resonance, and excitations typically have unsteady frequencies. To tackle this challenge, one can either include a resonance frequency tuning mechanism, or widen the bandwidth of the device.

RESONANCE FREQUENCY TUNING

The resonance frequency of a system can be changed by varying the stiffness of the mechanical spring element or its clamping. This principle is used by the company Perpetuum [Per], where a manually adjustable screw modifies the stiffness of the clamping. Roundy et al. in [RLB + 05], and later Leland et al. in [START_REF] Eli | Resonance tuning of piezoelectric vibration energy scavenging generators using compressive axial preload[END_REF] proposed to apply an axial load to a clamped-clamped piezoelectric beam in order to reduce its stiffness (see Fig. 1.89).

Pr. Peter Woias's group at IMTEK has also been proposing axial preload of piezoelectric beam through piezoelectric actuators that are tuned to adapt the resonance frequency (for instance in [START_REF] Eichhorn | A smart and self-sufficient frequency tunable vibration energy harvester[END_REF]).

Challa et al. reported in [START_REF] Vinod R Challa | A vibration energy harvesting device with bidirectional resonance frequency tunability[END_REF] the use of attractive or repulsive magnetic forces to tune the effective stiffness of an energy harvesting beam. They implemented external magnets which orientation and location can be adapted to tune the interaction forces between the system proof-mass that also has some magnetic component (see Fig. 1.90).

BANDWIDTH INCREASE

MULTIPLE DEGREES OF FREEDOM SYSTEM

Of course, one can have a system with multiple degrees of freedom with different resonant frequency (multiple mass and beams for instance), and therefore multiplying the chances that one of the harvesters will resonate at the same frequency as the excitation -but this is significantly increasing the volume and complexity of the system and is not volume efficient. The described structure is able to collect vibrations over a large spectrum below 100 Hz. The trade-off in this approach is the significant reduction of the output power for a given frequency. [START_REF] Marzencki | Mems vibration energy harvesting devices with passive resonance frequency adaptation capability[END_REF] to use the mechanical non-linearity of springs to widen the bandwidth of their original piezoelectric energy harvester (see Fig. 1.91). Indeed, for large deflections, springs tend to have a stiffness that is also dependent on the square of the deflection due to elongation on top of bending, which makes the system be a Duffing oscillator. This is particularly the case for clamped-clamped beams (as validated by [START_REF] Marzencki | Mems vibration energy harvesting devices with passive resonance frequency adaptation capability[END_REF], and also proposed in [HBLKan]), which typically start to show non linear behavior as the deflection becomes greater than the beam thickness. However, the drawback here is that clamped-clamped beams are multiple times stiffer than clamped-free beams for the same size, which makes low-frequency design difficult to achieve. In [START_REF] Soliman | A wideband vibration-based energy harvester[END_REF], Soliman et al. have presented another way of obtaining a stiffness that is dependent on the deflection: a stopper is changing the effective length of the beam for large deflections, which induces the stiffness to be piecewise linear (Fig. 1.92). Similarly to the previous mentioned design, this effectively widens the bandwidth, provided that the excitation amplitude is large enough. In this case, the energy harvester is based on a electromagnetic transducer at the tip of a clamped-free beam. 

SPRINGS MECHANICAL NON-LINEARITY

Marzencki et al. proposed in

BISTABLE OPERATION

An additional method to create a mechanical non-linear behavior is to create a bi-stable system. This can for instance be achieved through repulsive magnetic forces that makes the standard rest position be unstable. Several groups [CVG09, SMM10, FFG + 10, ABT + 10] have proposed to have a magnetic proof-mass at the tip of a piezoelectric beam which faces a fixed magnet in repulsive configuration (see Fig. 1.95). In this case, the beam oscillates between the two rest positions, and small external excitations can make the piezoelectric beam "jump" from on position to another. Therefore, this is particularly effective for noise excitation. Interestingly, Karami and Inman proposed in [START_REF]Powering pacemakers from heartbeat vibrations using linear and nonlinear energy harvesters[END_REF] to adapt this concept to vibrations induced by heart movement (see Fig. 1.96). As heart-induced vibrations have a variable and unsteady frequency, the wide bandwidth enabled by this concept is crucial.

(i) (ii)
Figure 1.95: Magnetic scheme for bi-stable piezoelectric beam operation (i) and example of the displacement enhancement (ii) (from [FFG + 10]).

The same effect of bistable mechanism can also be obtained by pushing the aboveproposed axial preload to the buckling limit. This has been applied for instance in [CGV + 12].

For cardiac implant applications, inertial energy harvesters have been widely proposed 

DIRECT FORCE ENERGY HARVESTERS

Mechanical energy harvesters can also be designed to collect energy from non-inertial mechanical forces. For instance, Churchill et al. have developed a composite sheet of piezoelectric fibers that can be attached to structures to be monitored [START_REF] Churchill | Strain energy harvesting for wireless sensor networks[END_REF]. When the supporting structure is strained, the piezoelectric element is strained as well and generates electricity, that can for instance power a wireless sensor node. In this case, the mechanical force applied on the piezoelectric material comes from the deformation in the structure and not from the acceleration of a proof-mass. The space gained by avoiding a proof-mass is a real advantage of direct-force energy harvesters. However, they require to be somehow flexible and cannot be enclosed in a rigid packaging, in order to allow the applied external force to cause a displacement (we recall that the energy is integral of the product of the force by the displacement).

HEEL-STRIKE

In human body environment, heel strike has been proven to apply an significant force on the ground and hence the shoes: for instance, a 70 kg man applies at least 700 N of force at each footstep. This mechanical force has been attracting a lot of the early developments in energy harvesters, and patents for electric shoes, based mostly on shoe-integrated magnetic generators, date back up to 80 years [START_REF] Paradiso | Energy scavenging for mobile and wireless electronics[END_REF]. Starner and Paradiso's team at MIT's media lab have been particularly active in demonstrating prototypes for multiple transduction types [START_REF] Starner | Low-power electronics design[END_REF][START_REF] Paradiso | Energy scavenging for mobile and wireless electronics[END_REF] as shown in Fig. 1.97.

LIMB MOVEMENT

An important amount of energy can also be generated at body joints during limb movements [START_REF] Niu | Evaluation of motions and actuation methods for biomechanical energy harvesting[END_REF]. For instance, Donelan et al. proposed in [DLN + 08] to harvest part of the energy that is produced by the body to flex the knee (Fig. 1.98). The transduction is done by an electromagnetic generator after a gear train has converted the input motion into higher M. Deterre frequency rotational motion. The device is relatively bulky (1.6 kg) but is able to generate several Watts of power. Pozzi and Zhu also developed a device aiming at harvesting knee joint rotation [START_REF] Pozzi | Plucked piezoelectric bimorphs for knee-joint energy harvesting: modelling and experimental validation[END_REF][START_REF]Characterization of a rotary piezoelectric energy harvester based on plucking excitation for knee-joint wearable applications[END_REF]. In their work, they employed multiple piezoelectric beams arranged in a circle fashion and that are successively excited by a plectrum that rotates along the knee-joint (Fig. 1.99. Hence, the concept is actually similar to some of the plucking-type frequency upconversion devices mentioned above (for instance by Gu and Livermore), where the plucking mechanism is actuated by the direct force of the knee-joint and not by inertial forces on a low frequency cantilever. The device produced a power of a few milliwatts for a volume of 226 cm 3 .

(i-a) (i-b) (ii-a) (ii-b) (ii-c) (ii-d) (iii)

MUSCLE POWER

In [LKG09], Lewandowski et al. proposed to directly harvest forces from muscle power by implanting a piezoelectric element between a muscle tendon and its bone attachment as depicted in Fig. 1.100. Actually, the concept also includes a nerve stimulation unit that is powered by the generator, prompts the muscle to contract and hence actuates the piezoelectric stack. Muscle forces were measured at tens and hundreds of millinewtons and although the generated power was in the order of microwatts, milliwatts operation is envisioned.

Muscle movements and/or muscle deformations have also been largely present in the patent literature. For instance, it is proposed in [START_REF] Daniel Gelbaum | Bio-operable power source[END_REF] to use the strain in contracted muscles to generate electricity from a piezoelectric PVDF sheet that is fixed at multiple muscle locations. In cavities to deflect the tip of a pacemaker lead embedding piezoelectric elements, in order to generate energy.

PRESSURE FORCES

Another kind of direct mechanical forces that can be harvested as well are pressure variations. Energy can be generated when this pressure is deflecting a flexible element coupled to a transducer, such as a piezoelectric diaphragm as depicted in In human body environment, regular blood pressure increases in the circulatory system can also be exploited as first envisioned in [START_REF] Starner | Low-power electronics design[END_REF]. During cardiac cycles, blood pressure actually varies with an amplitude of about 20 mmHg (2.6 kPa) in the right ventricle, 100 mmHg (13.2 kPa) in the left ventricle, and 40 mmHg (5.3 kPa) in the arterial system as can be measured by routine medical exams. In each case, the frequency of the variation is given by the heart rate i.e. between 1 and 3 Hz depending on the patient activity and morphology. The concept of harvesting blood pressure variations has first been introduced by Ramsay et al. in [START_REF] Ramsay | Piezoelectric energy harvesting for biomems applications[END_REF]. Theoretical and experimental geometric optimization of such a system have been studied extensively in [KCW05a, KCW05b, CM09, MRC10a, MRC10b]. Also, finite element method (FEM) analyses of the performances of piezolectric circular and rectangular diaphragms under pressure variations have been presented in [START_REF] J W Sohn | An investigation on piezoelectric energy harvesting for mems power sources[END_REF]. These works intend mostly to optimize the geometrical aspects of the system.

Recently, Heidrich et al. presented in [HKP + 13] a corrugated microfabricated piezoelectric membrane that harvests fluid induced movement and targets implantable applications.

As part of the Self-Energizing Implantable Medical Microsystem (SIMM) project, a consortium of companies including InVivo Technology, Perpetuum and Zarlink Semiconductor developed from 2008 to 2010 a system aimed at harvesting blood pressure variations in the cardiac environment to power active implantable medical devices such as pacemakers [START_REF] Semiconductor | -body microgenerator converts heartbeat into electricity for implanted medical devices[END_REF]. As depicted in Fig. 1.103, the device consists of a lead, which end has a bladder subjected to pressure variations in the right ventricle and induces the movement of a fluid within the lead. At the other end of the lead, the fluid moves a magnet within a coil that generates electricity electromagnetically. At a heart rate of 80 beats per minute, the device yielded an average harvested energy of 4.3 microjoules per cardiac cycle [START_REF] Roberts | heart's surplus energy may help power pacemakers[END_REF]. Patents associated to this device have been published in [DFM + 08a, DFM + 08b] Figure 1.103: Schematic of the lead-based blood pressure energy harvester proposed in [START_REF] Semiconductor | -body microgenerator converts heartbeat into electricity for implanted medical devices[END_REF].

Rasor and Spickler, that were among the pioneers of leadless pacemakers, proposed as early as 1973 to power these devices by energy harvesters, that could be either inertial systems but also systems harvesting the regular intracardiac blood pressure variations (see Fig. For an artery with 10-mm inner diameter, the predicted output power reaches between 65 and 135 µW for a structure total volume of 3 cm 3 .

Turbulences in high Reynolds number flows are also a particular type of fluid forces that can be harvested. In particular, vortex shedding induced turbulences are particularly suitable for energy harvesting as the diameter of the vortices can be predicted analytically for a given flow velocity. This harvesting principle called Energy Harvesting Eel has been pre-M. Deterre Other fluid turbulence based energy harvesters have been presented, typicaly using flexible flapping piezoelectric polymers [VHSS11, LCF + 11], "grass-like" standing piezoelectric elements [START_REF] Hobeck | Artificial piezoelectric grass for energy harvesting from turbulence-induced vibration[END_REF], or "lever-like" elements that deform their piezoelectric base [JMX + 10].

CONCLUSION

In this chapter has been introduced to the notion of leadless pacemaker and its relevance for heart disease treatment. In a nutshell, leadless pacemakers reduce the invasivity of pacemakers, are easier to implant, and more importantly suppress the leads that represent the principle cause of the (fortunately relatively rare) issues caused by cardiac implants. Powering these leadless pacemakers is however a challenge: as they are very complex to extract, a traditional battery-powered implant can not be replaced easily after battery depletion. An everlasting energy source would therefore be a key feature for leadless pacemakers. Remotely powering can be envisioned, but efficiency issues as well as the need for an additional external device need to be taken into account. An energy harvesting component that enables an "implant-and-forget" device would be much more attractive. Therefore, a review has been exposed that details a significant part of the energy harvesters proposed in the literature, and more particularly those that tend to be relevant for cardiac implant applications.

A recap chart of the different energy sources discussed in this chapter along with their relevance for leadless pacemaker application is presented in table 1.7. Also, table 1.8 summarizes the pros and cons of the different mechano-electrical transduction mechanisms that can be employed for mechanical forces energy harvesting in cardiac environment.

Energy source Longevity Energy density

Technology maturity Note

Nuclear 

INTRODUCTION

The latter chapter has presented the interest of leadless pacemakers for the treatment of heart rhythm disorders. A miniaturized source of energy with a virtually infinite longevity is particularly relevant for this type of devices that are difficult to replace or recharge. This motivates the study of energy harvesting devices that convert some of the surrounding energy in the cardiac environment into electrical energy suitable for the implant.

In this chapter an investigation of some concepts that could perform energy harvesting from heart mechanical energy and that are suitable for the leadless pacemaker requirements that have been discussed in chapter 1 is presented.

HEART MECHANICAL ENERGY SOURCES

In order to be as exhaustive as possible in the consideration of the potential mechanical energy sources in the heart, its mechanical behavior is decoupled as follows (see Fig. 2.1):

1. First, the electrical impulses are triggering a contraction of the myocardium.

2. This myocardium contraction induces two mechanical effects: movement and increase in blood pressure.

3. The increased blood pressure, combined with the opening of the heart valves, induces the circulation of the blood.

As discussed in chapter 1, the input chemical energy can be a promising source of power for implants, however this dissertation focuses on the mechanical sources of energies: muscle contractions, blood pressure increases, heart movement, and blood flow forces.

The basic principle of a mechanical energy harvester is to generate a relative movement between two elements when the force to be harvested is acting on one of them, as schematically depicted in Fig. 2.2. The integral of this force F by the generated displacement x is the input mechanical energy W in for the transducer. This force can also be in the form of an applied moment. In that case, the input energy W in is the product of the moment M by the angular displacement θ. In order to accurately estimate the output electrical energy from this input mechanical energy, the successive system efficiencies (transduction efficiency, electronic circuit efficiency) have to be taken into account. In particular, the reduction of the displacement caused by transduction damping has to be carefully considered.

(i)

F x F x F F (ii) (iii) θ M M
Figure 2.2: A mechanical energy harvester always consists of two parts moving relatively to each other, for instance lengthwise (i), sideways (ii) or angularly (iii). The transducer is schematically depicted in orange.

Except in the notable case of inertial energy harvesting, the mechanical force to be harvested is external to the device. Therefore the packaging has to be flexible in order to allow this force to engender a displacement within two components of the device as in Fig. 2.2. This is a critical aspect that needs to be taken into account, as usual implantable devices have a rigid can where all the components are fixed. Also, if endothelialization occurs and some fibrosis grows around a flexible packaging, the latter can be stiffened and the harvester performances reduced.

TRANSDUCER CONSIDERATION

For MRI compatibility reasons, the electromagnetic and magnetostrictive transductions will not be considered for the rest of the presented work. Electroactive-polymers could be a promising transduction approach for the targeted application, but we have limited the scope of this dissertation to electrostatic and piezoelectric transductions that have already be proven some level of maturity in the literature. Some transducer configurations adapted to the lateral and longitudinal motions are shown in Fig. 2.3 for the piezoelectric transduction, and in Fig. 2.4 for the electrostatic version. 

HEART ACCELERATION HARVESTING

The first mechanical energy harvesting concept that is studied for leadless pacemaker is the inertial concept, based on the movement or acceleration of the heart. As described in chapter 1, this concept is the most studied in the literature of miniaturized energy harvesters. Therefore is the most natural concept to study and the first to be considered, even though it might not be where most of the heart mechanical energy is located: as schematically described in Fig. 2.1, heart movements are only a collateral consequence and not the objective of muscle contractions.

As developed in section 1.5.4.1, we can make some general comments on inertial energy harvesters using the VDRG model or so-called William and Yates model regardless of the transduction method, even though it is of course accurate only for VDRG type transduction. We recall from (1.10) that for a harmonic excitation at an angular frequency ω and an acceleration amplitude of A 0 = Y 0 ω 2 , a harvester with angular resonant frequency ω n , a parasitic damping ξ par and a transduction damping ξ trans has an average output power P of:

P = mξ trans ω ω n 3 A 2 0 ω 1 - ω ω n 2 2 + 2 ξ trans + ξ par ω ω n 2 , (2.1)
For an excitation that is not purely harmonic, the response to the whole excitation spectrum has to be considered as follows:

P = ∞ ω=0 mξ trans ω ω n 3 A 0 (ω) 2 ω dω 1 - ω ω n 2 2 + 2 ξ trans + ξ par ω ω n 2 , (2.2)
where A 0 (ω) is the acceleration spectral density.

As stated in the previous chapter, the profile of this acceleration spectrum has to be carefully taken into account when designing the harvester: the resonant angular frequency ω n (location of the peak response) and damping coefficient ξ par (sharpness of the peak) have to be determined to embrace the maximum of incoming excitation and maximize the output power.

HEART ACCELERATION SPECTRUM

To predict the amount of energy that can be harvested from the heart acceleration and to determine the best transducer characteristics, the acceleration spectrum of the heart has to be measured. Therefore a team in the Advanced Research Department at Sorin and led by Alaa Makdissi has conducted an in-vivo heart acceleration measurement experiment in an anesthetized pig. Custom pacing leads embedding tri-dimensional accelerometers at their tips have been placed in different locations within the heart cavities. The cases of several heart rhythms and types of artificial stimulation have been studied. In addition to these 3D-measurements, numerous 1D acceleration measurements in the right atrium of patients have been made accessible thanks to Sorin SonR c technology (see Fig. 1.2.7). Even though a public disclosure of the results of these measurements is out of the scope of this dissertation, a general trend can be discussed as in [DMB + 11].

After transfer of the acceleration measurement into the frequency domain, it has been found (as expected) that the main excitation component is concentrated on the heartbeat frequency. This frequency lies generally in the 1-1.5 Hz range, but is subjected to continuous change depending on the individual's activity and can go up to 3 Hz during physical exercise. Additionally, it has been observed that the spectrum shows an interesting plateau in the 10-30 Hz frequency range, which corresponds to the width of the main acceleration impulse in time domain (tens of microseconds) -the heart muscle is indeed contracted for a typical duration of about 50 ms. From the 3D measurements, it is also noted that usually one component of the acceleration is lower than the two others. However, the determination of this particular component is difficult to predict. Ideally, the harvester should be able to harvest the acceleration in two or three directions. As such a configuration significantly complicates the transducer design, we consider here an harvester that harvester in one direction only. One of the principle challenges in the design of a heart inertial harvester consists of the considerable variations of the acceleration spectrum shape and amplitude from one patient to the next, and also for different conditions on a single patient (heart activity, heart health or artificial stimulation to name a few). The magnitude of these variations can go up to 50% depending on the cases. For this reason, it has been chosen to illustrate the acceleration spectrum with a qualitative typical shape of what can be found in the right atrium (Fig. 2.5), keeping in mind that it is mostly illustrative and that actual accelerations can largely diverge from this curve. The frequency plateau around 25 Hz could advantageously be targeted for energy harvesting applications compared to the lower peak, as high frequencies generally provide better power performances for a lower volume and shorter travel range, as well as being more suitable for MEMS fabrication. In accordance to the above-mentioned discussion, this type of spectrum (wide and prone to shift) is appropriate for a low quality factor, significantly damped (high ξ trans ) energy harvesting system.

GENERATED POWER SIMULATIONS

By applying the same method as in Despesse et al. [DJC + 05, Des05] and calculating (2.2) for the presented typical excitation spectrum depicted in Fig. 2.5, we can theoretically determine the recoverable power in function of the energy harvester resonant angular frequency ω n . As the output power is proportional to the proof mass, simulations are run for one gram and can be extrapolated for higher masses by proportionality. These calculations have been M. Deterre carried out by the co-authors of [DMB + 11] Jean-Jacques Chaillout and Sebastien Boisseau at CEA-LETI. The simulation results are shown in Fig. 2.6 where a parasitic mechanical damping coefficient of ξ par = 0.005 has been chosen (typical parameter for silicon based microsystems). The power profile depends greatly on the electrical damping factor ξ trans , as the latter determines the broadness and magnitude of the mechanical amplification spectrum. In an electrostatic harvesting system, this electrical damping can be tuned to optimize the output power by playing with the electrical voltage, the electrode pattern or the downstream electronics. As expected from the above discussion, the highest output power is generated around the heartbeat frequency for low damping systems. Also, the plateau in the low tens of Hertz frequency range can be identified and designing a system for this frequency range could provide up to about 30 µW/g of power. The fact that the power level is higher for ξ trans = 0.1 than for ξ trans = 0.01 and for ξ trans = 1 confirms that the electrical damping has to be carefully chosen in order to collect a wide part of the spectrum without reducing excessively the displacement amplitude. In the present case, ξ trans = 0.1 seems to be a reasonable choice, assuming that it can actually be implemented. Although power levels are about ten times higher at very low frequency (1-3 Hz), the system cannot be reasonably designed for this range as it would require extremely compliant springs when coupled to the required mass, and more importantly the displacement would be an issue as explained in the following section.

PROOF-MASS DISPLACEMENT CONSIDERATIONS

As previously stated, the proof mass displacement has to be carefully taken into account. From the displacement calculated according to (1.4) and integrated for the typical acceleration spectrum, we can simulate the amplitude of the proof mass displacement as a function 90

M. Deterre of the system resonant frequency (Fig. 2.7). This simulation confirms the fact that a freely resonating system below approximately 5 Hz is inconceivable as it would induce a displacement of several centimeters. Such a system would be space-constrained and would require mechanical stops against which the proof mass will bump into regularly, hence reducing the mechanical reliability of the system (even though it could generate higher frequency components...). Furthermore, the electrical damping factor ξ trans has a significant effect on the displacement amplitude as shown in Fig. 2.7. A high damping factor is needed to limit the travel range, keeping in mind that it could reduce the output power as shown in Fig. 2.6. 

PROOF-MASS DESIGN

The best compromise between power output, travel range and frequency shift tolerance seems to be for medium electrical damping (ξ trans = 0.1) and a resonant frequency around 25 Hz. For these parameters, we obtain a smooth harvesting spectrum, a displacement of a few millimeters for approximately 30 µW/g of output power. We recall that this power is the power extracted by the transducer force to the system and that we need to consider the transducer efficiency η trans in order to estimate the electrical power out of the transducer, as depicted in Fig 2 .8. This electrical power then has to go through the power management electronics that will transform this irregular AC voltage into a smooth DC voltage that can be used by the pacemaker electronics. This power management circuit also has some transformer efficiency η elec . As a first conservative approach, we take a value of each of these efficiencies of 50%. This is also taking into account the fact we are considering in this preliminary study only estimated values where only the order of magnitude is relevant.

From these values, it seems reasonable to consider a mass of approximately 1 g that yields an estimated output power of 7.5 µW. To minimize its volume, a material with a very high density is preferable. A good candidate is tungsten (see [START_REF] Despesse | Étude des phénomènes physiques utilisables pour alimenter en énergie électrique des micros-systèmes communicants[END_REF]), as it one of the densest element in the periodic table while being relatively inexpensive, hard and manufacturable 

SPRING DESIGN

Considering a harvester resonant frequency of 25 Hz and a proof-mass of 1 g it is straightforward to determine that the stiffness k has a value of roughly 25 N/m. This is a challenge for a system that should fit in a few millimeters as we will see in the following.

For endocardial implantation, we have seen in chapter 1 that the total volume of the system should have a cylindrical shape with an approximate maximum length of 15 mm and diameter of 6 mm. As we consider a harvester that responds to one direction of the excitation, two choices are possible:

• harvest the acceleration along the direction of the capsule ( In these two cases, the springs need to be designed so that the proof-mass can travel along the desired direction and is constraint in the two others. Otherwise, it will inevitably bump into some other components that are arranged in a compact fashion in the capsule, as well as likely perturb the optimal operation of the transducer.

LONGITUDINAL MOVEMENT

In the case of a longitudinal movement, probably the most convenient spring configuration is to use one or two regular helicoidal springs. However, those do not constrain the other degrees of freedom. Therefore, an alternative can be to implement some type of leaf spring. A standard configuration would be to design two fixed-fixed leaf springs at each end of the proof-mass, arranged perpendicularly to the capsule as described in Fig. 2.10. The stiffness k f ixed-f ixed of a fixed-fixed spring of thickness t, length L, width w and Young's modulus E is [RYB02]: By exchanging the roles of the width and the thickness, we can calculate the transverse stiffness k f ixed-f ixed, transverse . Hence the ratio of the two stiffnesses is the square of the section aspect ratio w t 2 .

k f ixed-f ixed = Ewt 3 L 3 . (2.3) L w t
To have an acceptable unidirectional behavior, the latter value needs to be in the order of 100 or more, yielding the following geometrical constraint: w > 10t.

We can be encouraged to take an even larger width to be less impacted by the effect of gravity in the case where the latter is perpendicular to the system. As the length of the springs is at maximum in the order of 4-5 mm (to fit the whole system in a 6 mm diameter), we can derive some examples of spring geometries that are presented in table 2.1. The first proposed materials are silicon (E ≈ 100 GPa), as it the most common material used in micro-fabrication for its ease of micro-manufacturing, and also standard metals which Young's modulus are approximately the same as silicon. Also, parylene (E ≈ 2 GPa), which is known to be integrable in microsystems, has been proposed in the goal of achieving low frequency harvesters [SMEH10,TSK + 06]. Therefore we have included in table 2.1 a polymer spring version. Although the reliability of parlyene is unknown (especially compared to single-crystal silicon), it has the clear advantage to allow much more miniaturized springs. For a configuration where the springs are fabricated by silicon bulk micromachining (in the thickness of a wafer), the high aspect ratio can be obtained for silicon by a Deep Reactive Ion Etching (DRIE) process, and for parylene springs by filling a trench in silicon (also made by DRIE) and subsequently etching the silicon. The springs can also be fabricated by surface micro-machining, for instance by pattering and releasing the device layer of a SOI wafer. For the piezoelectric transduction, the springs have to include the transducer material as part of a 2 or 3-layer sandwich. Piezoelectric polymers can be an option if they have the required aspect ratio, but for other relatively stiff piezoelectric materials such as ceramics (E in the 50 GPa range) the layers have to be 10-15 µm thin in order to achieve the total sandwich height of 35 µm. Also, one has to take into account that the central layer (shim) in a piezoelectric stack is typically a metal that can be stiffer than 50 GPa in Young's modulus, hence further decreasing the thickness requirement for the piezoelectric layer.

Material

Young 

LATERAL MOVEMENT

For the case of a lateral movement, the same type of springs can be used -they just need to be properly oriented (Fig. 2.11 (ii)). However the most simple configuration is probably here to use a standard fixed-free cantilever (Fig. 2.11 (i)), which is the standard piezoelectric inertial harvester configuration. For such a cantilever (and thickness t, length L, width w, and Young's modulus E), the stiffness k f ixed-f ree is [RYB02]:

k f ixed-f ree = Ewt 3 4L 3 . (2.4) L w t (i) (ii)
Figure 2.11: Lateral movement guided by a fixed-free cantilever spring (i) or two fixed-fixed leaf springs (ii).

As the length of the spring is along the capsule longest direction, the spring can be longer -let's say up to 10 mm (more would limit the volume for the tip-mass as can be seen in Fig. 2.11 (i)). For a width w of 5 mm, the thickness Table 2.2 summarizes some possible geometrical parameters to design such springs. The maximum width has been taken to 5 mm to permit its movement in the capsule, but it can be lower (down to 1 mm for instance for a 100 GPa material) as long as we keep a beam section aspect ratio that is large enough to limit unwanted perpendicular motions.
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GENERAL COMMENTS

The lateral configuration permits to globally lower the requirements in terms of spring stiffness, if a fixed-free cantilever is chosen. However, it is noteworthy to say that the longitudinal motion induces a smaller volume taken by the proof mass movement. Indeed, the mass is moving in the direction parallel to its smallest surface, whereas the mass of a lateral movement configuration is sweeping more volume during its displacement.

In any case, the type of spring configuration that suits the harvester best is very dependent on the transduction that is chosen. More specifically, electrostatic transduction requires to very precisely guide the proof-mass motion, mostly to preserve micrometer level gaps: hence, springs with even larger aspect ratio (up to several tens) have to be designed. Concerning the piezoelectric transduction, we have seen that the requirements in terms of thickness are much more critical due to the multi-layer nature of the harvester: the fixed-free cantilever structure is therefore probably the most suitable configuration -no wonder that this has been the most commonly proposed configuration in the literature of piezoelectric energy harvesting.

The fact that the harvester vibrates at a 25 Hz frequency also induces that the harvester is subjected to about 8 billions of cycles every decade, which makes the reliability requirements critical. Therefore, some interesting alternatives to springs such as micro-ball bearings, that are inducing friction and wear, or floating mass with contacts at end-stops, that are provoking regular shocks, have to be discarded. In any case, these solutions were generally irrelevant for piezoelectric transduction.

Furthermore, frequency up-conversion techniques are also discarded. The primary reason is that the up-conversion does not absolve us from having a low frequency mechanical system that collects the excitation on the first hand. In addition, neither the magnetic pick-up techniques nor the shocks/plucking techniques can be implemented for MRI compatibility and mechanical reliability reasons, respectively. Nevertheless, resonance frequency tuning as well as bandwidth increase options can be implemented, as long they are not involving some type of mechanical shock or magnetic components -which sadly represents the majority of these techniques.

The next steps towards an inertial energy scavenger harvesting the heart vibrations and fitting into the requirements of a leadless pacemaker as defined above are currently being pursued by the CEA-LETI and the TIMA laboratory, both in Grenoble, France, focusing on the electrostatic and piezoelectric transductions, respectively. These studies are part of the HBS project and their results will most probably be published in the near future.

FLUIDIC FORCES HARVESTING

In this section we will study the relevance of harvesting the fluidic forces in the cardiac environment.

FLUID FLOWS IN THE HEART

In a heart chamber, blood is entering during the diastole and is ejected during the systole, which creates an intermittent flow from one valve to the other. This flow is turbulent and vortices are created in the cavities, especially during the filling phase. To observe and quantify the fluid mechanics of the blood in the heart cavities, some techniques have been recently developed, such as Doppler echography [FWB + 99, RBE + 99] and 3D cine MRI techniques [Ebb11, MGA + 11], resulting in a 4D measurement. Some examples of the data obtained through these methods are presented in Fig. 2.12 and 2.13. It can be seen that the velocity of the flow along the endocardium is in the order of tens of cm/s, and can go up to 1 m/s at some locations. For the following mechanical calculations, we will assume that the fluid flow is an AC flow parallel to the endocardium surface, that has a typical amplitude of 50 m/s (minimum 96 M. Deterre 20 cm/s, maximum 1 m/s) at the heartbeat frequency. However, we have to keep in mind that the turbulences in the cardiac environment are highly variable, difficult to predict and therefore hardly reliable.

(i) (ii)

FLUID FLOW HARVESTER STRUCTURE

Following the literature on fluid forces energy harvesting, we can derive two main types of generators: rotary and linear. Rotary harvester mechanisms need to be structured in the shape of a turbine or a windmill. Two majors risks can be raised for this type of generator in the cardiac environment. First, they need to include some bearing that is completely hermetic for decades while letting the rotary part freely move, which seems unachievable. Second, the number of moving parts raises the risks of formation of blood clots. Therefore we prefer to discard the rotary option and consider next a linear motion.

A linear fluid flow harvester can be placed:

• either in the direction of the flow as depicted in Fig. 2.14 (i) and be actuated by the turbulent vortices created essentially by vortex shedding (similarly to the energy harvesting eel of section 1.5.5.5),

• or it can be placed perpendicularly to the flow and been bent regularly as the flow varies (Fig. 2.14(ii)).

As described above in section 2.1.2, for a piezoelectric version the parts that are strained the most are made of piezoelectric material. For an electrostatic version, two parts that are moving relatively to each other have to have facing conductive surfaces, and be guided by a return spring. In order to fit within the dimensions requirements (especially in terms of diameter) the transducer in the longitudinal configuration has to be folded and deployed at implantation. Therefore it has to be very compliant and the (i-b) and (i-c) configuration have to be discarded. The main issue that we are facing for the (i-a) configuration is the predictability. Indeed, even though a theoretical energy output can be (strenuously) predicted for a steady flow using vortex shedding theory (as in [TBK + 01]), it is much more complex for turbulences created by a blood flow that is variable in intensity and direction. Nevertheless, the next study of the lateral flow configuration will give us an order of magnitude of the energy that can be extracted from blood flow.

ESTIMATION OF THE ENERGETIC PERFORMANCES

For a perpendicular configuration, we can calculate the drag force F drag (see Fig. 2.15) that applies on the system that is expressed in (2.5) [Hue98]:

F drag = 1 2 ρC x dhU 2 , (2.5)
where ρ is the blood density (about 10 3 kg/m 3 ), d is the harvester diameter (6.5 mm), h its height, U is the velocity of the flow, and C x is the viscous drag coefficient. For a cylinder, this C x coefficient is equal to 1 -assuming that the Reynolds number stays in the 50-10 5 range [Hue98].

The Reynolds number is defined as:

Re = ρUd µ , (2.6)
where µ is the blood viscosity, that can range approximately from 2 to 20 mPa.s depending on numerous parameters [BM + 03, SK02] (3.5 mPa.s is the typical value). Hence, for the 98 M. Deterre considered case the Reynolds number can vary from 60 (for the worst viscosity and velocity case) to 3000 (1000 typical value). The amplitude of the drag pressure, defined as P drag = F drag dh , can therefore be estimated to be in the 20-500 Pa range with a typical value of 125 Pa.

To calculate the energy per cycle W drag that this pressure is developing, we have to integrate this pressure over each element of surface dΣ and its displacement dx. We consider that the displacement x is proportional to the applied equivalent fluidic pressure P (quasi-static linear approximation). For a tip displacement of x 0 , we therefore have

P = P drag x x max (z) = P drag x z x 0 h
. The total energy per W drag is calculated by considering that energy can be generated in each direction, i.e. that the transducer force switches signs depending on the derivative of the applied force.

W drag = cross-section cycle P dΣ dx • sign dP dt (2.7) = 4 cross-section P drag P=0 P dΣ dx (2.8) = 4 cross-section z x 0 h x=0 P drag x z x 0 h dΣ dx (2.9) = 4dP drag h z=0 z x 0 h x=0 x z x 0 h dx dz (2.10) = 4dP drag h z=0 zx 0 2h dz (2.11) = 2 dP drag x 0 h h 2 2 (2.12)
= dP drag hx 0 .

(2.13)

The value of this energy is plotted for the worst, nominal and best cases of fluidic pressure P drag against the displacement x 0 allowed at the tip of the moving capsule, limited to 5 mm. As this energy does not take into account the successive system efficiencies (transduction efficiency, electronic circuit efficiency), we can expect an actual output power for this type of fluid forces harvester of only a few hundreds of nanowatts. As this is largely insufficient for this capsule size, it is suggested not to pursue this technique. This disappointing amount of power coming from blood flow is probably due to the fact that blood flow and turbulences near the heart wall are only a collateral effect of the main fluid flow that is ejected in the arteries, where there is much more fluid power (see [START_REF] Starner | Human-powered wearable computing[END_REF]) and where a leadless pacemaker can unfortunately not be located. However, maybe a heart valve can be designed to harvest a portion of the blood flow energy...

MYOCARDIUM FORCES HARVESTING

As schematically depicted in Fig. 2.1, the regular contractions of the heart muscle (myocardium) seem promising in terms of energy as they are the primary mechanical energy source of the heart that induces all the other mechanical effects. This section details the latter assumption more quantitatively.

MECHANICAL STRESS AND STRAIN IN THE MYOCARDIUM

The mechanical variables in the cardiac muscle can be determined for instance by using cine MRI techniques as in [START_REF] Hu | In vivo strain and stress estimation of the heart left and right ventricles from mri images[END_REF] which results are depicted in Fig 2 .17.

In our case, we consider only the strains that are parallel to the muscle surface (discarding the radial strain) as our device is aimed at staying on the surface of the heart and not implanted deeply in the heart wall. Therefore, the components of interest in of this energy source is that it is highly location dependent. For simplification, we will consider locally that the myocardium surface is subjected to a strain amplitude of 0.1 to 0.5, and to a corresponding stress amplitude of 10 to 40 kPa.

MYOCARDIUM CONTRACTION HARVESTER STRUCTURE

To harvest such a surface strain, we can consider a configuration similar to energy harvesters attached to strained mechanical structures (as mentioned at the beginning of section 1.5.5). The device is anchored at two or more locations on the muscle as depicted in Fig. 2.18. Upon contraction, the muscle stress is applied on the anchors, hence applying a force between the two anchored elements that are fastened together by a stressed transducer.

(i) (ii) F d L w Figure 2
.18: Working principle of a muscle contraction energy harvester: the harvester is anchored at two points in the myocardium (i) that are brought closer upon muscle contraction (ii). Part of this strain energy can be harvested by a transducer (represented in orange).

ESTIMATION OF THE ENERGETIC PERFORMANCES

The force that is applied on the transducer is the product of the mechanical stress σ by the cross-section area A = wd of each anchor within the muscle, where d is the anchor depth and w its width, as noted on Fig. 2.18 (ii). Assuming as a first order approximation that the transducer is not altering the muscle natural behavior, the total displacement is the product of the strain by the distance between the anchors L. Upon integration over a complete cardiac cycle, the input mechanical energy W muscle that can receive the harvester is:

W muscle = cycle σdwL d .
(2.14)

By making the assumption that the relationship between the stress and the strain is linear, and by considering that energy is generated in each direction:

W muscle = 4dwL σ max σ=0 σ d (2.15) = 2dwLσ max max .
(2.16)

If we take an anchor depth d of 2 mm (typical maximum tolerated value for current lead fixation screws), a width w of 5 mm, and a length L of 10 mm, this mechanical input energy ranges from around 0.2 to 4 mJ. Again, one has to take into account the successive transduction and electronics efficiencies to work out the actual extractable energy (especially since the transducer can significantly reduce the muscle displacement). Nevertheless, this source of energy can be considered as very large and promising.

Unfortunately, the fact that a muscle contraction based harvester needs to be anchored at multiple locations on the heart makes the endocardiac implantation very challenging. A simple catheter-type delivery tool could hardly be sufficient and a secondary tool for capsule fixation would probably be required. For this reason, the muscle contraction energy harvesting technique has been discarded for endocardial application. However, it is important to mention that it could be very interesting for an epicardiac implantation.

BLOOD PRESSURE ENERGY HARVESTING

BLOOD PRESSURE IN THE CIRCULATORY SYSTEM

Following the mechancial energy flow from Fig. 2.1, the energy present in blood pressure form is the next to be considered. When the myocardium is contracting, it provokes a strong force on the fluid inside the cavity which can be linked to the radial stress depicted in Fig. 2.17 (i)(a). This effectively increases the blood pressure and expels the blood out of the cavity. To ensure a proper circulation of the blood as in any fluid circulation system, the pressure is high at the exit of the pump, decreases along the vessels, and is low back at the input of the pump. Fig. 2.19 depicts the blood pressure level along the circulatory system (depicted for reference in Fig. 1.1(i)). The blood pressure can be measured at various locations. Systolic and diastolic pressure measurement in arteries is by far the most common type of blood pressure measurement. It is routinely carried out by medical professionals during medical exams by using a sphygmomanometer (standard blood pressure meter) which is non-invasive. Measuring blood pressure in cardiac cavities needs however a more invasive procedure. It requires the implantation of a miniaturized pressure sensor, such as one of those presented in Fig. 2.20.

An example of actual blood pressure measurement in the left ventricle carried out using one of these sensors is presented in Fig. 2.21. Typical pressure levels in some locations of the blood circulatory system are summarized in table 2.3. From these clinical data, the input specifications that will be used in the subsequent analysis are assumed to be the following values: RV In the right ventricle, the pressure varies with an amplitude of 20 mmHg between the systole and the diastole.

(i) (ii) (iii) (iv) (v)
LV In the left ventricle, this pressure variation as an amplitude of 100 mmHg.

A important benefit of blood pressure energy source is the predictability and the consistency. Indeed, blood pressure values can not diverge dramatically from the normal values (without causing some other kind of pathology), and furthermore, blood pressure is independent of the location in a given heart cavity. This is a strong advantage compared to any other kind of mechanical energy source that largely varies from one location to the other within a single cavity.

However, an important drawback of blood pressure variations principle is that changes in atmospheric pressure reflect on blood pressure. Indeed, the external pressure applied on the harvester is the sum of the atmospheric pressure and the supplementary pressure induced by muscle contraction. Hence, a change in the atmospheric pressure will induce an offset in the load on the harvester that the latter should be designed to tolerate.

BLOOD PRESSURE HARVESTER STRUCTURE

As in any mechanical energy harvester, the device needs to have two parts that move relatively to each other when one is subjected to the load to harvest. In the case of blood pressure, one part needs to be fixed while the other has to be displaced by increasing blood pressure. Fig. 2.22 is depicting some of the configurations that can be used to harvest blood pressure variations. As the input mechanical energy can be defined in this case as the product of the pressure variation times the change in volume of the device, the effective area of moving parts as well as their displacement have to be maximized.

(ii) (i) (a) (b) (c) (d)
Figure 2.22: Concepts for harvesting pressure variation from diastole (i) to systole (ii), using radially moving parts (a, b) or longitudinally moving parts (c, d).

ENERGY GENERATION ESTIMATION

Considering for instance the case (d) of Fig. 2.22, the moving part area A has a value of πd 2 /4 where d is the capsule diameter. Again, we can calculate the energy by integrating M. Deterre the pressure over each unit of area dΣ multiplied by its displacement. In steady state, the pressure varies with an amplitude of (P systole -P diastole )/2. Also, we consider as a first order approximation that the displacement is proportional to the applied pressure. For a total displacement x max , the energy can be expressed as: Considering a displacement x max on the order of 1 mm and for a 6.5 mm diameter, this formula yields an input mechanical energy of 440 µJper cycle in the left ventricle and 87 µJper cycle in the right ventricle. This is naturally a first order approximation ignoring the subsequent system efficiencies. Nevertheless the amount of input mechanical energy permits to envision that the output power could be sufficient to power a leadless pacemaker.

W pressure =

CONCLUSION

A summary of the respective advantages and disadvantages of the different heart mechanical energy sources is presented in table 2.4. In a nutshell, it is chosen to pursue in this dissertation the blood pressure variation energy harvesting technique, as it is promising in terms of energy, the excitation is very stable and reliable, and it does not require a specific fixation mechanism. However, it does still need to include a flexible packaging which is uncommon for implants. Therefore, we will in the next chapter discuss the possibility of having a flexible packaging adapted to this energy harvesting method.

106

M. Deterre In chapter 2, blood pressure variations in cardiac cavities have been identified as a promising source of mechanical energy that could be harvested to power a leadless pacemaker. This energy harvesting concept requires a flexible implant packaging the design of which we will discuss in this chapter.

ENERGY TRANSFER CONSIDERATIONS

The packaging of a pressure harvesting device has to be flexible to engender a displacement upon variation of the pressure load. It enables the transmission of this displacement to a internal mechanical to electrical transducer.

As the mass of the moving parts is very small, the system resonance frequency is very large compared to the excitation frequency (heartbeat), as can be extrapolated from section 2.2. Therefore we consider that the inertial effects are negligible and that the mechanical behavior of the system is accurately described in a quasi-static fashion.

We propose two types of description of the system as illustrated in Fig. 3.1:

(a) a general case description where the packaging deformation induces a change in volume that is defined as ∆V, and (b) a specific linearized case where the packaging deformation is modeled by a moving rigid part which has a surface area S in contact with the blood and which movement is described by the position w. Hence, the link can be made from the case (a) by ∆V = Sw. This is typically the case of a bellows (as schematically depicted in Fig. 3.1 case (b) and detailed in section 3.5), which effective contact area with the blood is a 6-mm diameter disk.

The forces that act on the system can be modeled as pressures for the general case (a) and as forces in the strictest sense for the linear case (b). They are listed in the following enumeration: • The external pressure P e , that is the sum of the current atmospheric pressure P atm and the blood pressure P b (case (a)). P b is the source of the pressure variations. For case (b) we call this force F e and it is defined as F e = P e S.

• The internal pressure P i (case (a)), that for case (b) is defined as F i = P i S. This pressure varies when the internal volume changes as later detailed in section 3.6.

• The stiffness of the packaging P pack for case (a) that is dependent only on the packaging deformation ∆V. This stiffness will be determined for different packaging structures in sections 3.4 and 3.5. For some of these structures (notably a bellows), this stiffness goes linearly with the change in volume. We can define the volumetric pressure stiffness κ which has units of Pascal per cubic meter, as κ = P pack ∆V . For case (b), P pack correspond to a rigidity force F pack (w). In this case also, the relationship can be linear and we can define the stiffness k (in N/m) as k = F pack w , which gives k = κS 2 .

• The transducer force, P trans for case (a) and F trans for case (b). In a similar way to the rigidity force, this force counteracts the packaging deformation. The expression of the force depends entirely on the transducer type and configuration.

For the general case (a), the quasi-static equilibrium of the pressures can be written as follows:

P e (t) = P i (∆V) + P pack (∆V) + P trans (∆V) (3.1)
We can write the energy equation by integrating (3.1) for a quarter cycle, when blood pressure P b goes from zero to a maximum value of P b,max :

P b =P b,max P b =0 P e (t) dV = P b =P b,max P b =0 P i (∆V) dV + P b =P b,max P b =0 P pack (∆V) dV + P b =P b,max P b =0 P trans (∆V) dV (3.2)
where dV is the differential of ∆V. As determined in section 2.5.1, P b,max has a value of 1.3 kPa (half amplitude of 20 mmHg) in the right ventricle and 6.5 kPa (half amplitude of 100 110 M. Deterre mmHg) in the left ventricle. By rearranging the terms and introducing the forces at rest (for ∆V = 0), we can define several energy quantities:

P b =P b,max P b =0
(P e (t)

-P i (∆V = 0)) dV W in = P b =P b,max P b =0 (P i (∆V) -P i (∆V = 0)) dV W gas + P b =P b,max P b =0 P pack (∆V) dV W elast + P b =P b,max P b =0 P trans (∆V) dV W mecha (3.3)
These energy quantities are illustrated in Fig. 3.2 and detailed as follows:

• W in is called the input mechanical energy. It represents the work developed by the external pressure from the equilibrium position.

• W gas represents the energy stored in the internal gas (as detailed in section 3.6).

• W elast represents the elastic energy of the packaging that is stored when the packaging is deformed.

• W mecha represents the mechanical energy that effectively enters the transducer. A fraction of this mechanical energy will be the output electrical energy as shown in Fig.

3.2.

Again, these quantities are calculated for a quarter cycle only. Indeed, when considering a whole cycle, or even a half cycle, the net deformation of the packaging and the net gas compression energies W elast and W gas are zero: the energy that they store for the first (and third) quarter cycle is given back to the blood during the second (and fourth) quarter cycle. The transducer can also potentially give back some stored energy that has not been transduced.

PACKAGING DEFORMABLE STRUCTURE

From the energy equation (3.3), we can deduce that the packaging has to be as flexible as possible for two related reasons:

• First, the more flexible is the packaging, the higher the change in volume ∆V will be and therefore the higher W in will be.

• Second, the more flexible is the packaging, the less energy is gone in W elast for a given change in volume. Hence, a larger part of the input energy W in is transferred to the transducer as W mecha .

As described in the previous chapter and illustrated in Fig. 2.22, the flexible part of the packaging can be located either at the top circular surface or on the side curved surface of the capsule cylinder shape as described in Fig. 3.3 (i) and (ii), respectively. For each of these locations, the flexible part can be plain or corrugated, which permits to enhance the change in volume ∆V. In this dissertation, we propose to study the case where the flexible part is located at the top circular surface of the capsule (Fig. 3.3 (i)). Indeed, this type of packaging is easier to manufacture: the radial symmetry of these shapes enables to bring into play revolutionbased manufacturing techniques such as lathe machining. Also, an integration with the other capsule components seems easier if the energy harvester is located just at the tip and not all along the side of the implant. Nevertheless, using elements that move sideways, even if they are probably more complex to fabricate and integrate, promise a much higher energy output as their surface areas is greater.

M. Deterre

We recall from chapter 1 that a long-term medical implant packaging is subjected to very stringent requirements in terms of hermeticity. Unfortunately, typical flexible materials such as polymers (PDMS, PEEK, etc) whose Young's modulus are only a few GPa or below are not hermetic enough for this application, as shown by the permeability chart in Fig. 3.4. Therefore, their implementation as a packaging material is forbidden for now. We are forced to have a packaging made of a metal (typically titanium) that is traditionally used for implant and for which long-term hermeticity has been proven. As metals are very stiff (typically 100 GPa or more), it is necessary to work on the geometric aspects of the packaging to enhance the flexibility of the compliant parts. More specifically, they need to be very thin and/or patterned with numerous corrugations. 

DIAPHRAGM DESIGN

We first consider the case of a diaphragm at the tip of the capsule, where the "tube" of the cylinder stays rigid, as depicted in Fig. 3.3 (i-a) and (i-b).

PLAIN DIAPHRAGM

The simplest diaphragm structure that can be envisioned is a plain diaphragm that is fixed on its outer radius as shown in Fig. 3.5. This type of device is common for pressure sensors and typically has a thickness of a few tens of microns. When subjected to an external pressure P, such a plain diaphragm with a thickness t and a radiusR (see notation on Fig. 3.5) has a deflection w(r) of [START_REF] Goulet | Aide-mémoire de résistance des matériaux[END_REF]:

w(r) = P 64D R 2 -r 2 2 (3.4)
where D is the flexural rigidity of the plate and is defined from the Young's modulus E and the Poisson's ratio ν of the material as:

D = Et 3 12 (1 -ν 2 ) . (3.5)
Hence, the maximum deflection at the center has a value w 0 of:

w 0 = PR 4 64D ; (3.6)
The formula (3.4) is based on a flexion type of mechanical behavior that is accurate only for small deflection (roughly below half of the thickness t [RC + 99]). If the deflection is larger, the plate enters the membrane regime where the center line of the diaphragm is under tension.

By applying only the membrane assumptions to the diaphragm we have [RC + 99],:

w(r) = (r -R) 2 R 3 P 3 (1 -ν) 8E R t (3.7)
which yields a maximum deflection w 0 of

w 0 = R 3 P 3 (1 -ν) 8E R t ; (3.8)
Actually, the real diaphragm deflection takes into account the combined effects of flexion and membrane. By considering the equilibrium of the loads, we havtion e the situathat the external pressure load has to match the sum of the two mechanical rigidities. This translates into the following equation:
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= 64D R 4 w 0 + 8tE 3R 4 (1 -ν) w 3 0 (3.10)
By applying Cardano's method, the maximum deflection w 0 combining the two effects can be derived as:

w 0 = 3 -q c + - ∆ c 27 2 + 3 -q c -- ∆ c 27 2 , ( 3.11) 
where q c , ∆ c and p c are defined as:

q c = 3PR 4 (1 -ν) 8tE (3.12) ∆ c = -4p 3 c + 27q 2 c (3.13) p c = 24D (1 -ν) tE (3.14)
Fig. 3.6 shows a plot of the maximum deflection considering each of the two mechanical effects alone and the two effects combined. It is shown that for a maximum deflection at less than half of the thickness, the flexion regime alone is accurate, and for more than twice the thickness, the membrane regime alone applies. The applied external pressure is P b, max which has a value of 1.3 or 6.5 kPa depending on the heart ventricle.

In order to validate these equations, a Finite Element Method (FEM) model has been developed on the COMSOL R numerical simulation software [COM]. Fig. 3.7 shows two simulated plain diaphragms under pressure that are under membrane and flexion regimes.

To accurately simulate large deflections, the non-linear geometric effects have to be taken into account in the simulation software. Simulations with and without the non-linear effects have been carried out for the same parameters as in the analytical results of Fig. 3.6. Their results are shown on Fig. 3.8 which confirms that the flexion regime accurately models small deformations (linear case) but breaks down when non-linear effects appear (large deformations). Due to the significant deflections in our cases, the non-linear effects will always be taken into account in the following FEM simulations of this chapter.

The FEM simulation also permits us to calculate the volume displacement ∆V in function of the applied pressure P. By inverting the relation, we can determine the pressure that counteract a displaced volume of ∆V: this is the rigidity pressure P pack (∆V). From this expression, we can calculate the energy stored in the rigidity of the packaging for a quarter cycle W elast , as defined by (3.3).

Actually, W elast calculated for P pack = P b,max is the upper boundary value for the incoming energy per quarter cycle W in introduced in (3.3) and noted W in, max : if there is neither a transducer nor the effect of the internal gas compression, W in = W elast = W in, max . Therefore, the packaging should be designed so that when it is studied alone with P = P pack = P b,max , it yields the highest possible W elast . This means that the packaging is letting a lot of energy enter the system. Then, after taking the effect of the internal gas compression and the transducer, W elast will be reduced to a fraction of W in, max .

For the considered parameters, the volume displacement ∆V, yielding the rigidity pressure P pack (∆V) and the maximum input mechanical energy per quarter cycle W in, max (cal- culated as W elast for P = P b,max ) are plotted in Fig. 3.9. We recall that P b,max is 1.3 kPa in the right ventricle and 6.5 kPa in the left ventricle.

From these results, we can see that only a few microjoules can enter the system for the best cases (left ventricle, low thickness), which could yield only to a fraction of a microjoule of output energy considering the all the system efficiencies. Therefore, a more advanced version of the diaphragm with corrugations is proposed to reduce the non-linear effects of a plain diaphragm.

CORRUGATED DIAPHRAGM

In order to further enhance the flexibility of the diaphragm, corrugations can be designed as depicted in Fig. 3.10. This enlarges the effective diaphragm surface area for a fixed outer radius and permits us to have a larger central deflection while staying in the small deformation (linear) regime. In this section we study the case of square (Fig. 3.10(i)) and rounded (Fig. 3.10(ii)) corrugations that have an aspect ratio of 1 (equal height and width). Hence, the width and height of the corrugations vary with the number of corrugations n cor. for a specific diameter (fixed here to 6 mm)

As a theoretical analysis of the deformation of a corrugated diaphragm is out of the scope of this dissertation, we have directly performed FEM simulations to observe its mechanical The central diaphragm displacement x 0 and the total displaced volume ∆V have been simulated for varying thickness t, varying number of corrugations n cor. , and varying applied pressure (which gives access to P pack. (∆V)). The case of an applied pressure of P b,max = 6.5 kPa is presented in Fig. 3.12 for square corrugations and in Fig. 3.13 for rounded corrugations.

As expected, the flexibility of the diaphragm rises as the thickness decreases. Interestingly, it can also be seen that the flexibility is not monotonic with the number of corrugations. Although a thorough analysis of this phenomenon is not presented, we believe that an explanation could be found in the fact that multiple effects (height of the corrugations, flexibility of each corrugation, non-linear behavior, pressure load applied radially on the vertical corrugation walls, etc) are occurring simultaneously and vary non-uniformly with the number of corrugations. Nevertheless, we observe that some corrugation designs can permit an enhancement of the flexibility compared to a plain diaphragm. mance improvement is not straightforward as corrugations are primarily helping to reduce the non-linear effects. Also, for thick diaphragms and/or low pressure, a plain diaphragm is actually more flexible which means that the corrugations can actually induce a stiffening effect. This phenomenon is somehow unexpected and would require a more thorough analysis to be fully understood and explained. Nevertheless, in the large pressure case (6.5 kPa), corrugated diaphragms can induce incoming energies of up to around ten microjoules per quarter cycle. Therefore they could be envisioned to harvest eventually a few microjoules of energy per cycle, provided that they can be properly fabricated. 

BELLOWS DESIGN

In this section, we consider the case depicted in Fig. 3.3 (i-c) where the flexible part is a bellows at the tip of the capsule that is closed by a solid and rigid diaphragm. For the same 120 M. Deterre top central displacement, a bellows offers a much greater change in volume compared to a diaphragm as the whole top surface is moving. On the other hand, a bellows takes up much more space.

BELLOWS DEFLECTION

We consider the case of a bellows as depicted in Fig. 3.16 that has n cor. corrugations, an inner radius R i , an outer radius R o , a thickness t, and a Young's modulus E. Similarly to diaphragms, the corrugations can be either squared or rounded. As the top diaphragm is considered rigid, the displacement w is uniform and we define the rigidity of the bellows k as:

k = πR 2 o P w (3.15)
As a first order approximation, we can consider that a semi-corrugation acts similarly to a plate of width π(R o + R i ) (average circumference), length R o -R i and thickness t that is fixed on one end and guided at the other. This yields a stiffness k 1/2 corrug.,1 st appr. expressed in (3.16) using a standard beam bending formula [START_REF] Roark | Roark's formulas for stress and strain, McGraw-Hill's accessEngineering[END_REF].

k 1/2 corrug.,1 st appr. = Eπ (R o + R i ) t 3 (R o -R i ) 3 (3.16)
For a bellows with a number of corrugations n corrug. , the total stiffness k 1 st appr. is therefore:

k 1 st appr. = π 2 E (R o + R i ) t 3 n cor. (R o -R i ) 3 (3.17)
This formula assumes that the vertical edges of the corrugations (fixed or guided position of the considered approximated plate) do not bend. In reality, those do bend, which alleviates the fixation and permits some flexion of the ends of the approximated plate. Hence, M. Deterre the real stiffness should be lower than the one calculated using this formula, even though the dependency on the different variables should be accurate. A more complete analytical study of the bellow mechanical behavior considering the effect of the vertical walls and the revolution boundary condition is out of the scope of the presented work.

Servometer, a manufacturer of metal bellows, proposes an empirical formula for the stiffness of bellows with rounded corrugations in [Ser]:

k Servometer = 1.075 E (R o + R i ) t 3 n corrug. R o -R i -t 2 3 (3.18)
This formula is coherent with the one proposed in (3.17) as a first approximation. In order to validate the latter formula, we have carried out FEM simulations for the case of a 3 mm outer radius bellows. Fig. 3.17 illustrates these simulations for which the material had a Young's modulus of 100 GPa and a Poisson's ratio of 0.3. These FEM simulations have been run with and without considering non-linear geometric effects and have been compared with the Servometer formula from (3.18) for different parameters. Fig. 3.18 shows these displacement results and the corresponding stiffnesses. The stiffness is calculated using (3.15) and is relevant only in the case where it is be independent of the applied pressure, i.e. that the bellows deformation is linear and proportional to the pressure. Actually, some non-linear effects appear for some cases, but to simplify the study we will still stick to the linear cases where the stiffness remains constant.

For square corrugations, the formula that Servometer has proposed for rounded corrugations is multiplied by a factor 0.75 to induce a better agreement with the simulations. This is qualitatively coherent with the fact that the bellows is more flexible with square corrugations. The simulation results for square corrugation bellows is shown in Fig. 3.19.

From these simulation results as well as from complementary simulations, we deduce that the proposed analytical formula is actually consistent only for an internal radius of 2.5 mm. By reducing the radius (down to 2 mm for instance as illustrated), the formula is slightly off the curves. Moreover, the non linear effects are much more significant. As an internal radius of 2.5 mm already seems good enough for our application in regard to the 122 M. Deterre volume and manufacturing aspects, we will stick to this case and therfore assume that the analytical formula is accurate. Also, we can see that the formula is even more accurate for rounded corrugated bellows for very small thicknesses because they are less subject to nonlinearities. On the reliability side, we can also observe that the mechanical stress is much smaller on rounded corrugations, due to the prevention of sharp edges which concentrate the stress. Additionally, simulations have been run with varying numbers of corrugations. These have shown that if the number of corrugations is large enough to avoid the geometric non-linearities, then the displacement is indeed proportional to the number of corrugations as expected by the proposed formula. We can see that the engendered displacement upon application of an external pressure is much larger than that for a diaphragm, even when the latter is corrugated. Additionally, the change in volume ∆V is even higher than when the whole top diaphragm is moving: ∆V = πR 2 o w (case (b) as described in Fig. 3.1). As mentioned above, we consider that we are the linear regime and therefore that the displacement w is proportional to the applied pressure P (stiffness k bellows constant). This analysis yields us the packaging rigidity F pack = k bellows w, that can also be written as

P pack = k bellows w πR 2 o
. The elastic energy per quarter cycle W elast , has a value of: Here also, this energy is the equal to the maximum incoming energy per quarter cycle W in max .

W elast = P b
The stiffness and hence the maximum incoming energy of a bellows can easily be tuned by varying the geometric parameters. For instance, without increasing the fixed outer radius; one can reduce the inner radius or increase the number of corrugations (which sadly M. increases the volume), or more advantageously by reducing the thickness -as long as it stays within the limits of the fabrication technology.

BELLOWS FABRICATION PROCESS

As shown in the above analysis, a thickness level in the order of a few tens of microns is required to generate a significant input mechanical energy. We will now discuss a fabrication process to make such bellows.

Naturally, it seems practically impossible to make such a thin bellows using standard machining technique, or standard planar microfabrication techniques. However, electrodeposition processes (plating) are standard in the industry to make thin bellows [Ser]. This process is described in Fig. 3.20:

1. First, a mandrel made of a sacrificial material (for instance aluminum) is machined to the required internal geometry. This machining is typically done by a lathe thanks to the axial symmetry of the design. This permits (depending on the performance of the lathe) to achieve very narrow and deep grooves (100 µm wide and 0.5 mm deep for instance) which will directly impact the bellows stiffness.

2. Then, the mandrel is placed in a metallic ion electrolyte solution and connected to the cathode of an electrodeposition system. Upon application of a current density, the structural metal (for instance copper or nickel) is deposited uniformly on the mandrel surface. To ensure a proper uniformity of the metal layer on the whole circumference of the mandrel, the latter part is in constant rotation on its axis. Also, the electrodeposition step has to be carefully fine tuned (presence of additives, proper current density, etc) to obtain a smooth and uniform thickness on the whole surface.

3. Once the required structural metal thickness is obtained, the part is placed in a wet bath that etches the sacrificial material without affecting the structural metal. We are left with an ultra-thin metal bellows. In order to develop bellows that are as efficient as possible, we are willing to fabricate bellows that are as thin as possible, provided that they are hermetic enough for long-term implantation. To that end, we have followed two distinct approaches:

(i) (ii) (iii) (iv)
1. work with an industrial partner that fabricates eletrodeposited bellows at an industrial level to develop their thinnest bellows within our geometric requirements. Prototypes developed in that framework permit indeed to be confident in the manufacturability, reliability and industrial scaling of such bellows.

2. fabricate our own bellows prototype at IEF in the goal of achieving even thinner bellows than those proposed by the industrial manufacturer.

FIRST BATCH OF BELLOWS: INDUSTRIAL PROCESS

The geometric parameters of the bellows fabricated by the industrial partner are listed in table 3.1. They are made of nickel and have a thin (750 nm) gold coating. The thickness of the nickel layer is specified to be as low as possible and is typically ranging from 15 to 25 µm. A picture of one of these bellows is shown in Fig. 3.21. Contrary to the fear that such an ultra-thin bellows would be extremely fragile, they ended up being relatively robust as one can easily manipulate them and even actuate them without damage. This is due to the fact that even though they are very thin, their dimensions are very small and therefore they are relatively rigid compared to larger parts.

Parameter

Value corrugations rounded n cor. Two of these bellows, denominated S1 and S2, have been characterized. First, their rigidity has been measured on a micro-force testing bench that is detailed in Fig. 3.22. The measurement results are shown in Fig. 3.23 and reveal that the stiffnesses of both bellows are very linear for several hundreds of microns of displacement (they have not been actuated further). The stiffness k bellows of S1 is about 1300 N/m and the one of S2 is about 2800 N/m. These values are of course subjected to some experimental error margin (sensors drift, slight off-axis actuation,etc).

Force sensor

Electromagnetic actuator

Laser head (displacement sensor)

Fastening copper weight Sample Figure 3.22: Force-displacement measurement setup with a bellows under test.

After these stiffness measurements, the bellows have been sunk into a resist and subsequently polished in order to obtain a cross-section (shown in Fig. 3.21(ii)). SEM measurements have been carried out to determine the thickness of the bellows, as can be seen in Fig. 3.24. The bellows S1 and S2 have a thickness of about 17 µm and 20.5 µm, respectively.

To determine if these measured stiffnesses k bellows are coherent with the above-mentioned theoretical and FEM stiffness study, the analytical formula for rounded corrugated bellows (3.18) has been applied for the geometric parameters of the samples. However, the Young's modulus E of the electrodeposited nickel can widely vary depending on the deposition process, notably upon the deposition temperature and current density: [FGMS03,LFS + 04] show that it can vary from roughly 75 to 200 GPa, and the industrial partner indicates a value of 160 GPa. Therefore, the stiffnesses obtained by the analytical formula and by numerical simulation has been plotted for different values of E in Fig. 3.25. In the mentioned figure, it is shown that in order to make S1 (t = 20.5 µm, k bellows = 1300 N/m) and S2 (t = 17 µm, k bellows = 2800 N/m) fit the analytical and numerical curves for the same Young's modulus E, this one has to be as low as 60 GPa. At this point, it is unknown if this is the actual value of the material that is lower than the expected values from the literature (because of non-usual process parameters to make this very low thickness), or because of an error in the stiffness characterization process -despite a thorough investigation and calibration of the characterization setup.
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SECOND BATCH OF BELLOWS: LOWER THICKNESS PROCESS

In the goal of further reducing the thickness of the bellows and therefore improving their efficiency, the bellows fabrication process has been studied at IEF by Yanan Zhu as detailled in [START_REF] Zhu | Micro-moulage de formes complexes par croissance electrolytique, Rapport de stage NC900[END_REF]. The materials employed were also nickel for the structural metal and aluminum for the sacrificial mandrel as in the industrial process. The details of the fabrication process are involving numerous intermediate steps (such as cleaning, preliminary electrodeposition of a leveling copper layer, final electrodeposition of a protective copper layer, copper etching, etc) that are the results of numerous developments. Some pictures along the process are presented in Fig. 3.26 (to be compared to the illustration of Fig. 3.20).

(i) (ii) (iii)

Figure 3.26: Fabrication of an ultra-thin bellows with square corrugations: Aluminum part that has been machined by a lathe to be used as a mandrel (i), layer of nickel electrodeposited on the mandrel (ii) and the released bellows after aluminum etching (iii) (process developed at IEF by Y. Zhu).

The bellows fabricated at IEF have a top diaphragm that is made of the same electrode-130 M. Deterre posited nickel layer as can be seen in the pictures of some fabricated samples in Fig. 3 Force-displacement experimental measurements have been carried out on these bellows (see picture of bellows under characterization in Fig. 3.27(ii)). The results for three of these bellows are presented in Fig. 3.28. In this figure, the force was applied at the center of the top diaphragm for the samples B1 and B2, and at the top of the bellows while fixing the diaphragm for sample B3. Some of these fabricated bellows (B1 and B2) have also been sunk into a resin and polished to obtain a cross-section. The SEM measurements of the thickness, as can be seen in Fig. 3.29, reveal that even though the nickel layer is less homogeneous than for the samples fabricated by the industrial partner, a thickness divided by two has been obtained. Notably, for sample B2 (that has been fabricated with a current density j = -8 mA/cm 2 as opposed to j = -11 mA/cm 2 for sample B1), a relatively uniform layer of 8.5 µm has been achieved, without apparent defects or holes in the bellows.

Similarly to the industrial bellows cases, we have compared these experimental values to an analytical formula and to non-linear FEM simulations (Fig. 3.30). As described above in the square bellows theoretical analysis, a correction factor of 0.75 to the analytical stiffness formula is applied for square corrugated bellows compared to rounded corrugated one. Also, the analytical formula has to take into account the plain diaphragm deformation at the top of the samples B1 and B2. Therefore, the stiffness of the total samples is calculated to be the sum of the bellows stiffness and of the diaphragm stiffness (stiffnesses in series). As the non-linear effects on the diaphragm are very strong, we have taken the non-linear analytical stiffness for an equivalent applied force of 25 mN (mean case of the characterization plots in Fig. 3.28). This is also the force that is applied as a boundary condition in the FEM software. The fact the FEM simulation yields a lower stiffness compared to the analytical formula (color crosses are above the continuous strip in Fig. 3.30) is believed to come from the change in boundary conditions on the diaphragm. Indeed, contrary to the assumption of the analytical formula of the plain diaphragm, the diaphragm edges are not completely fixed as the top of the bellows can bend slightly inward. This permits a larger diaphragm deflection than predicted. We assume that the FEM simulations are more representative of the reality of the mechanics and therefore we take the FEM results as the input curves to determine the Young's modulus of the bellows. In Fig. 3.30, it is highlighted that B1 (t ≈ 12 µm, k bellows = 300 N/m) and B2 (t = 8.5 µm, k bellows = 135 N/m) roughly fit the analytical and numerical curves for a Young's modulus E as low as 80 GPa. As discussed above, this value seems particularly low but at least is coherent with samples S1 and S2. For the sample B3 however, the top diaphragm has been fixed in order to characterize only the bellows stiffness. As seen in the characterization plot in Fig. 3.28, the measured stiffness has a value of around 325 N/m. The square corrugation bellows stiffness formula (without adding the diaphragm effect) has been applied and plotted for the values near 325 N/m in Fig. 3.31 in addition to numerical simulation data. Although a cross-section and thickness measurements have unfortunately not been carried out for this B3 sample, it would be logical to speculate that it has a thickness of around 9 µm (see Fig. 3.31). 
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CONCLUDING REMARKS ON BELLOWS AS A PACKAGING STRUCTURE

A bellows structure offers the advantage over a diaphragm to displace more volume upon application of an external pressure, and hence to gather more input mechanical energy. On the other end, a diaphragm takes considerably less volume. We have shown in the previous section that bellows could be considered as the flexible packaging for a blood pressure variations energy harvester for the following reasons:

• Bellows fit in a 6 mm diameter, 5 mm high cylinder.

• Bellows can be fabricated at an industrial level as proven by the first prototypes.

• Bellows can achieve a compliance of a few hundreds of Newtons per meter as demonstrated by theoretical, numerical and experimental study. Fig. 3.32 shows the achievable stiffness depending on the bellows height (correlated to the number of corrugation by introducing the pitch) and on its thickness using the validated formula.

• This level of compliance can be translated into maximum input mechanical energy per quarter cycle W in, max performance as shown in Fig. 3.33. It can be seen that bellows can provide an order of magnitude more energy than diaphragms -about 10 µJin the right ventricle and 100 µJin the left ventricle.

• On top of the latter arguments, bellows also offer the comfort to work in a linear fashion and can be described by the case (b) of Fig. 3.1, which significantly simplifies the analysis.
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• Nickel is not biocompatible as it provokes irritation in 20% of the population. Therefore, a process with a biocompatible packaging should be developed. This can include coatings (polymer, atomic layer deposited (ALD) material, gold,...) over the nickel bellows, or the development of a bellows whose structural metal is biocompatible, such as titanium, paladium, nickel-colbat alloys, etc.

• The long-term hermeticity of the bellows still needs to be proven. It is believed that microns thick metals should be perfectly hermetic for decades (see Fig. 3.4) but that remains to be demonstrated for the proposed electrodeposition process. For now, the bellows prototypes have proven to be hermetic at least for a few days and longer term experiment should be carried out.

• The reliability still needs to be investigated. Although the fabricated samples have been excited for thousands of cycles without visual defects, this aspect should be confirmed for hundreds of millions of cycles. In that regard, rounded corrugated bellows are expected to be largely more reliable compared to square corrugated bellows which are perfect candidates to break due to stress concentration at the edges.

• Also, the potential growth of fibrosis (endothelialization) on the bellows has to be investigated, and its flexible packaging stiffening effect quantified and alleviated if necessary.

EFFECT OF THE INTERNAL GAS COMPRESSION

When the packaging volume is diminished by a volume ∆V due to external pressure, the gas inside the capsule is compressed. Hence, its pressure is rising which counteracts the external pressure. As the typical gas atmosphere of in a packaged implant is a mixture of argon (for laser welding) and helium (for leaks detection), it is assumed that the internal gas is ideal and follows the relationship PV = nRT where P is here the internal pressure, V the internal volume, n the number of moles of gas, T the temperature and R the universal gas 3.32. For configurations where the pressure is supposed to induce a displacement larger than half of the bellows height (maximum bellows stroke), this energy has been cropped (typically for 5-8 µm thin bellows under 6.5 kPa of pressure). constant. Also, the assumption is made that the gas temperature is constant and regulated at the body temperature by the constant blood flow around the implant. Therefore, the internal pressure is inversely proportional to the internal volume as expressed in (3.21), where P i represents the value of the internal gas pressure, P i0 its initial value and V 0 the initial volume of internal gas.

P i = P i0 V 0 V 0 -∆V = P i0 1 1 - ∆V V 0 , (3.21)
As the capsule comprises numerous components that are stacked as tightly as possible in order to minimize the total size, the volume left for the internal gas is small. By considering a volume configuration for the electronic components as three stacked parallelepipeds (see Fig. 3.34(i)), slightly more than 20% of the total capsule volume is left for the internal gas, as shown by the percentage of volume occupation from Fig. 3.34(ii). The transducer also needs to include some free space to accommodate for its displacement, that we can estimate to be above 30 or 40 %. Therefore, for a caspule of minimum length of 10 mm and an inner diameter of 6 mm, the volume V 0 has an estimated value of between 50 and 75 mm 3 , or more if some space is specifically left to alleviate this internal gas compression effect. From (3.21), the internal pressure change P i -P i0 is plotted against ∆V for different values of V 0 in Fig. 3.35. On this figure are also plotted the linear approximation for small changes in volume (∆V V 0 ): P i -P i0 ≈ P i0 ∆V V 0 . It can be shown (by a simple Taylor expansion) that the error between the real P i and its linear approximation is ∆V V 0 (for ∆V V 0 = 0.1, the error is 10 %, and for ∆V V 0 = 0.3, the error is 30%) . This is confirmed by the Fig. 3.35. An example of case (b) (a bellows) is also plotted in Fig. 3.35, where ∆V = πR 2 o w. If we can be placed in the linear approximation, the internal gas compression effects can therefore be seen as an additional stiffness κ compr. defined as:

κ compr. = P i -P i0 ∆V (3.22) = P i0 V 0 (3.23)
This is not a negligible effect as for the case of a 6-mm diameter bellows, for an initial gas pressure P i0 = 100 kPa and an initial volume V 0 = 50 mm 3 , this corresponds to a linear stiffness of 200 N/m, which is in the same order of magnitude as the designed bellows stiffness.

To alleviate this stiffness effect, one can either raise V 0 , which means adding unused volume to the system, or enclose the packaging at a pressure P i0 lower than the conventional atmospheric pressure 100 kPa. In the latter case however, one would have to take into account the fact that at rest when the surrounding pressure is at the standard atmospheric level of 100 kPa, the bellows will be compressed to accommodate for the depression in the implant. The amount of this compression will be calculated in the next section. Figure 3.35: Additional pressure created inside the packaging as its volume initially equal to V 0 is decreased by ∆V -or alternatively as a 6-mm diameter bellows is displaced by an amount w. The exact form and the linear approximation are plotted. The initial gas pressure is set to P i0 = 100 kPa.

EFFECT OF ATMOSPHERIC PRESSURE CHANGES AND INITIAL DEPRESSION IN THE CAPSULE.

The atmospheric pressure that has a nominal value of 100 kPa varies regularly depending on climatic conditions and more particularly on altitude and during flight. For instance, civil aeronautics regulations are requiring that every civil transportation plane must be under a pressure corresponding to a cabin altitude that does not exceed 2 400 meters (8 000 feet) [START_REF]The airliner cabin environment and the health of passengers and crew[END_REF]. This altitude corresponds to a nominal pressure of around 75 kPa [START_REF]A quick derivation relating altitude to air pressure[END_REF]. Keeping energy harvesting performance for this pressure level would therefore be an important feature to have in order to allow implanted patients to travel on commercial flights. Also, a nice additional feature would be to enable the harvester to work under much higher atmospheric pressure such as in shallow diving to allow this recreational activity to patients. Nevertheless, if we implement a buffer battery that permits to take over the power supply from the energy harvester for a few hours, it would be reasonable to accept an energy harvester that does not produce any energy when the pressure level is not around 100 kPa.

If the transducer is not affected by this offset (P trans (equilibrium) = 0), and for a linear packaging stiffness (P pack = κ∆V) we can simplify the pressure equilibrium equation (3.1) to:
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P atm (t) = P i (∆V) + κ∆V (3.24)

Let's consider the case where the packaging is sealed under a pressure P i0 . For an external pressure P e = P i0 such as in Fig. 3.1 (i), the system is at rest. When the external pressure P e arrives at atmospheric pressure P atm , it induces a volume displacement ∆V atm . In the general case where the internal pressure is given by (3.21), the pressure equilibrium equation (3.24) yields:

P atm = P i0 1 1 - ∆V atm V 0 + κ∆V atm (3.25) ⇐⇒ ∆V atm = P atm 2κ + V 0 2 ± P atm 2κ + V 0 2 2 - V 0 κ (P atm -P i0 ). (3.26)
The realistic solution is actually the solution with a "minus" sign. Indeed, the solution with a "plus" sign corresponds to a negative volume and therefore negative pressure inside the capsule (∆V atm > V 0 ). Also, one can see that the solution that gives ∆V atm = 0 for P atm = P i0 is the solution with the "minus" sign. Hence, we have:

∆V atm = P atm 2κ + V 0 2 - P atm 2κ + V 0 2 2 - V 0 κ (P atm -P i0 ). (3.27)
By applying the linear small displacement approximation for equation (3.24), (3.26) can be rewritten as:

P atm = P i0 + κ compr. ∆V atm + κ∆V atm (3.28) =⇒ ∆V atm = P atm -P i0 κ compr. + κ , ( 3.29) 
The change in volume ∆V atm has been plotted against the packaging stiffness κ using (3.27) for different initial internal volume V 0 and pressure P i0 in Fig. 3.36 for the standard atmospheric pressure 100 kPa and in Fig. 3.37 for the atmospheric pressure in plane of 75 kPa. For an zero initial pressure P i0 = 0, the change in volume can attain its maximum V 0 (the blue plateaux in Fig. 3.36 and 3.37). In reality however, the packaging is certainly not able to deform so that there is absolutely no volume left in the implant: the packaging would hit some end-stop beforehand, as can be seen for instance in the configuration from Fig. 3.34(i).

From Fig. 3.36 and 3.37, we can make the following comments on the system:

• Closing the packaging at a pressure P i0 that is a fraction of the typical atmospheric pressure 100 kPa induces a strong offset to the equilibrium position, relatively to the change in volume created by standard blood pressure variations P b, max that are 1.3 or 6.5 kPa. This can easily bring the packaging deformation into the non-linear regime. 

Conclusion on the packaging design

Although this permits to lower the additional stiffness induced by the internal gas compression, it requires a thorough study to show that the packaging can withstand this offset without suffering from reliability issues. Also, a packaging under permanent compression can suffer from creep that might alter its behavior over the years. Therefore, it might be more reasonable to enclose the packaging at the standard atmospheric pressure P i0 = 100 kPa to avoid this effect and choose an augmentation of V 0 if we really need to lower the internal gas compression effect. Also, this also simplifies the design of the transducer that is also impacted by the displacement offset.

• Taking into account the variations of atmospheric pressure that can go down to 75 kPa in flight also induces a large shift in the mean packaging deformation (about 2 or 10 times the amplitude of blood pressure variation in the right or left ventricle, respectively). Although this change in pressure that is applied on the packaging is temporary, the packaging and the transducer must withstand the supplementary mechanical stress without damage or performance degradation. If the transducer cannot bear this stress but the packaging can, then we can implement a mechanical high-pass filter between the packaging and the transducer. This filter (schematically depicted in Fig. 3.38) would need to be designed to transmit the forces at the heartbeat frequency while canceling the effect of atmospheric pressure shift. As a last resort if the packaging cannot withstand the equilibrium shift, we can still block the whole system when the atmospheric pressure changes significantly and switch for a few hours the power source to some battery or supercapacitor. 

Standard case

CONCLUSION ON THE PACKAGING DESIGN

As a conclusion on the packaging design, we can say that a bellows can successfully be a candidate for a flexible implant packaging that transmits the pressure variations to an M. Deterre internal transducer. The typical desired bellows has an inner radius of 2.5 mm and an outer radius of 3 mm. With a proper number of corrugations (ten or more), its compliance can be only around 100 or 200 N/m with current fabrication technology (thickness of around 10 µm), which induces a maximum incoming energy per quarter cycle W in, max of up to 100 µJ in the left ventricle and about ten times less in the right ventricle.

Also, we can reasonably place ourselves in the assumptions where the atmospheric pressure variations are not yet an issue (following the conclusion of the latter section), and where the geometric non-linearties as well as the internal gas compression non-linear effects can be neglected. Hence, while keeping in mind that these assumptions must remain true, we can model the whole system as a linear movement system (case (b) of Fig. 3.1) described using the simplified expression (3.30), where F e = P b S and k is the combined stiffness of the internal gas and the bellows:

k = k bellows + κ compr S .
F e (t) = kw + F trans (w).

(3.30)

This yields the energy balance:

P b =P b,max P b =0 F e (t) dw W in = 1 2 kw 2 max W rigid + P b =P b,max P b =0 F trans (w) dw W mecha (3.31)
where W rigid embraces W gas and W pack and w max is the maximum displacement for F e = P b,max S.

We have estimated in this chapter the performances of packaging through the maximum input energy per quarter cycle W in, max that could be obtained when no transducer is present (F trans = 0). We will in the next two chapters analyze in more detail the transducer in order to determine first the transducer force F trans (w), then the real input energy W in , the mechanical energy that enters the transducer W mecha and more importantly the final output energy .
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CHAPTER

ELECTROSTATIC TRANSDUCER OPTION

INTRODUCTION

In chapter 3, we have studied a flexible packaging to harvest the blood pressure variations. This packaging safely and hermetically transmits part of this incoming mechanical energy to a transducer and stores the residue in elastic form. In this chapter, we will study the case of an electrostatic transducer that is adapted to this energy harvesting method.

For cylindrical shape volumes found in typical intra-cardiac implants (see Fig. 1.22), the design of a device with three dimensional features is more advantageous. The proposed electrostatic device is completely 3D as it is made of numerous stacked layers of electrodes. It takes advantage of the advanced 2D patterning techniques while stepping in the third dimension by bringing into play an innovative and virtually unlimited stacking approach. Hence, a much higher output power can be expected compared to 2D devices.

GENERAL CONSIDERATIONS

The electrostatic transduction principle has been introduced in chapter 1 in section 1.5.4.3.1. We recall that an electrostatic transducer is a variable capacitor which capacitance is changed by a mechanical displacement noted w. To maximize the electrostatic transduction force, the capacity variation needs to be as large as possible.

EXTRACTED ENERGY

For a position w, the electrostatic energy in a capacitor can be written as:

W electrostatic = 1 2 C(w)V 2 (4.1) or W electrostatic = 1 2 Q 2 C(w) . (4.2)
where V is the capacitor voltage and Q its charge. The two most common modes of operation are the voltage constrained and the charge constrained cases. We recall from the illustration in Fig. 1.45 that electrostatic energy is gener-ated when the movement is inducing a transition from a maximum capacity to a minimum capacity. Fig. 4.1 illustrates these two modes of operation in a Q -V cycle plot:

Voltage constrained The capacitor is initially uncharged (A). When the maximum capacity is reached, a voltage V max is applied to precharge the capacitor (C) and is held constant during the following movement that will lead to the position D at minimum capacitance. Then the capacitor is emptied (A) and the opposite movement (from C min to C max ) occurs when the capacitor is discharged (still in A). Therefore, the energy W trans that has been extracted from the electrostatic system during the movement is the pink hatched ACD area:

W trans = 1 2 C max V 2 max - 1 2 C min V 2 max (4.3) = 1 2 (C max -C min ) V 2 max . (4.4)
Charge constrained In this case, from the initial uncharged position A and at maximum capacitance C max , a charge Q 0 is given to the capacitor by the application of a voltage V Q 0 (position B). Then the capacitor is left in open-circuit and the movement induces the transition to C min , where the voltage reaches

V max = Q 0 C min = C max C min V Q 0 (position D).
Then the capacitor is also discharged to A and the opposite movement C min to C max takes place. The extracted energy W trans (green area ABD) is:

W trans = 1 2 C min V 2 max - 1 2 C max V 2 Q 0 (4.5) = 1 2 C min V 2 max - 1 2 C max V 2 Q 0 (4.6) = 1 2 C min C max (C max -C min ) V 2 max . (4.7)
Naturally, the applied voltage or charge during the pre-charge phase should be as large as possible to maximize the output energy. The limitation usually comes from the maximum voltage that the system can sustain without electrical breakdown or that the power management electronics that accomplishes the charge/discharge cycles can handle. Therefore, the potential V max is generally the same for the two cases. Also, for the charge constrained case, V max is a more relevant quantity than Q 0 which can be determined by the relation

Q 0 = C min V max .
We can easily observe from Fig. 4.1 and the expressions (4.4) and (4.7) that the charge constrained case generates less energy. A solution to bring the constant charge operation performance closer to the one of the voltage constrained case would be to increase the parasitic capacitance noted C par , as illustrated in Fig. 4.2. This would leave C max -C min untouched but would increase the C min C max ratio. However, increasing the overall capacitance increases the amount of energy that is repeatedly transferred back and forth. As there is in reality some loss during this transfer that is proportional to the energy, increasing the capacitance eventually lowers the output energy. Additionally, the charge constrained operation is much simpler (and hence more efficient) as it only requires to leave the circuit open during the movement compared to having an external system that fixes the voltage. This means that even though the extracted power is theoretically smaller in the constrained charge case,
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M. Deterre it may actually be larger when the losses are taken into account. Therefore, the power management circuit has to be carefully studied before choosing the operating mode and the potential advantage in raising the parasitic capacitance. Some examples of circuits that have been developed for these modes of operation are found in [START_REF] Torres | Electrostatic energy-harvesting and batterycharging cmos system prototype[END_REF], [START_REF] Mitcheson | Power processing circuits for electromagnetic, electrostatic and piezoelectric inertial energy scavengers[END_REF], [START_REF] Despesse | Étude des phénomènes physiques utilisables pour alimenter en énergie électrique des micros-systèmes communicants[END_REF] or [MMMA + 01] where the effects of the losses are taken into account. For instance, [START_REF] Mitcheson | Power processing circuits for electromagnetic, electrostatic and piezoelectric inertial energy scavengers[END_REF] shows the actual optimum of the parasitic capacitance for an example of constrained charge implementation. Also, other modes of operation have been proposed in order to optimize the cycle with respect to the electronics. For instance, Basset et al.in [BGP + 09b] are proposing a charge pump operation scheme involving the introduction of a supplementary capacitor.

4.2. General considerations Q V C min C max Q 0 V Q 0 V max
Q V C min + C par C max + C par Q 0 V Q 0 V max Voltage constrained Charge constrained A B C D W trans W trans C min C max +C par

ELECTROSTATIC TRANSDUCTION FORCE

For a charge constrained case, the capacitor is in open-circuit during the movement and the system {operator applying the external force + capacitor} is isolated. Therefore the electrostatic force is:

F electrostatic (w) = dW electrostatic dw Q (w) (4.8) = 1 2 Q 2 0 d dw 1 C (w) (4.9) = 1 2 C 2 min V 2 max d dw 1 C (w) (4.10)
If on the other hand, the voltage is constrained, then one has to be careful to take into account in the isolated system some kind of external battery or circuit that is holding the voltage V max constant on the capacitor, and that for a infinitesimal displacement dw is providing an energy of dW battery = V max dQ (see for example [START_REF] Sorbello | Forces and energy functions for dielectric systems[END_REF] for details on this point). Hence, an energy balance gives:

dW electrostatic = F electrostatic dw + dW battery (4.11) = F electrostatic dw + V max dQ (4.12) (4.13)
so that the electrostatic force can be written as:

F electrostatic (w) = dW electrostatic dw V (w) -V max dQ dw V (w) (4.14) = 1 2 V 2 max dC dw (w) -V 2 max dC dw (w) (4.15) = - 1 2 V 2 max dC dw (w) (4.16)
For completeness, we can derive again the energy W trans that is extracted from the transduction mechanism by this time expressing this energy as the work of the tansduction force during the movement.

W trans = F electrostatic (w) dw (4.17)
When the movement is inducing a capacitance that varies from a high value C max to a low value C min , this energy is:

Voltage constrained W trans = C min C max - 1 2 V 2 max dC dw (w) dw (4.18) = 1 2 (C max -C min ) V 2 max (4.19) 146 M. Deterre

General considerations

Charge constrained

W trans = C min C max 1 2 C 2 min V 2 max d dw 1 C (w) dw (4.20) = 1 2 C 2 min V 2 max 1 C min - 1 C max (4.21) = 1 2 C min C max (C max -C min ) V 2 max (4.22)
We recognize as expected the same expressions as in (4.4) and in (4.7).

STANDARD CASES

For the standard configurations depicted in Fig. 1.46, namely the in-plane overlap, inplane gap closing and in out-of-plane gap closing, we can calculate the electrostatic transduction force by a brief theoretical analysis. Under the "infinite" parallel plate capacitor assumption, we recall that the capacitance C between two facing surfaces of area A, gap g and permittivity is C = A g (1.26).

In-plane overlap In this case, we have A = h (w 0 + w) where h is the height of the combs and w 0 the initial comb overlap, yielding:

C(w) = h (w 0 + w) g . (4.23)
Therefore, the electrostatic force is:

F electrostatic (w) =            - 1 2 g h (w 0 + w) 2 Q 2 0 if the charge is constrained - 1 2 h g V 2 max
if the voltage is constrained.

(4.24)

In-plane gap closing For this case, we have the gap changing to g = g 0w for one side of the combs, and to g = g 0 + w for the other side, where g 0 the initial gap, yielding:

C(w) = A 2 1 g 0 -w + 1 g 0 + w (4.25) = Ag 0 g 2 0 -w 2 (4.26)
Therefore, the electrostatic force is:

F electrostatic (w) =            - w Ag 0 Q 2 0 if the charge is constrained -V 2 max Ag 0 w g 2 0 -w 2 2 if the voltage is constrained.
(4.27)
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Out-of-plane gap closing For this case, we have g = g 0w where g 0 the initial gap, yielding:

C(z) = A g 0 -w . (4.28)
Therefore, the electrostatic force is:

F electrostatic (w) =            - 1 2 A Q 2 0 if the charge is constrained - 1 2 V 2 max A (g 0 -w) 2 if the voltage is constrained. (4.29)

ELECTROSTATIC STRUCTURE DESIGN

PROPOSED OUT-OF-PLANE OVERLAP ELECTROSTATIC STRUCTURE

In the goal of optimizing the available volume in the implant, we propose to have a transducer structure that fits just bellow the bellows (or diaphragm) at the tip of the capsule and which geometry is a cylinder with a 6-mm diameter and a height as small as possible (up to a few millimeters). Due to the aspect ratio of such a flat and shallow structure, and to the fact that the excitation is vertical, we have to opt for an out-of-plane structure. Also, aiming for the highest possible capacitance variation invites us to have a multilayer and/or a comb-like structure, which significantly increases the facing surfaces of the capacitor. This is discarding the classical out-of-plane gap closing structure of Fig. 1.46 and selecting the types of structures that are depicted in Fig 2 .4 (ii). The first schematic of this figure (multi-layer out-of-plane gap closing structure) is not considered as its fabrication seems challenging and its travel range limited. Therefore, we propose to select the two (equivalent) remaining structures that can be called out-of-plane overlap. In Fig. 4.3 is illustrated this structure for a single layer implementation (i) and for a multi-layer implementation (ii). The illustration of this principle adapted for the cylindrical geometry that we target is shown in Fig. 4.4. Basically, the transducer consists of a moving and a fixed part that have facing comb finger surfaces. The fixed part is connected to the base of the implant and the moving part is connected to the flexible part of the packaging -typically to the top diaphragm of a bellows -and is following the displacement w under actuation. The gap between the fingers stays constant but their overlapping surfaces is dependent on the movement. This structure has been proposed in the patent applications [START_REF] Deterre | Energy harvester device for autonomous intracorporeal capsule[END_REF][START_REF]Energy recovery device for autonomous intracorporeal capsule[END_REF].

CAPACITANCE STUDY

THEORETICAL ANALYSIS

SINGLE-LAYER STRUCTURE

Under the same first order approximation as in the previous cases, the two facing finger surfaces of one layer of the electrostatic comb structure are modeled as facing "infinite" parallel plate capacitors, which capacitance at rest C 1 layer (w = 0) has a value of: .3 adapted for cylindrical geometries such as in the proposed application (i) that has been coupled to a bellows packaging for blood pressure harvesting application (ii). The moving comb structure is represented in red, and the fixed comb-structure is represented in blue.

C 1 layer (w = 0) = 0 h f L g . (4.30) (i-a) (ii) (i-b)
where h f is the height of the fingers, g the gap between the fingers and L the total effective length of finger as schematically depicted in Fig. 4.5(i). The permittivity is taken as the vacuum permittivity as the relative permittivity of the air is close to 1 (| r -1| < 10 -3 ). This infinite parallel plate capacitor assumption is reasonable only if the gap is very narrow compared to the other dimensions of the system (g h f , L).

0 w g h f w L w f (i) (iii) 0 h f w g g h i (ii) h i h f w f w pitch Figure 4
.5: Schematic of two facing fingers for a single comb layer structure (i) and for a multi-layer structure 3D-view (ii) and cross-section view (iii).

When the moving part is displaced by an amount w, the facing surface area is linearly reduced up to the height of the finger h f where it reaches zero. In terms of mathematical formulation, this gives a capacitance C 1 layer (w) expressed in (4.32) and plotted in 4.6.

C 1 layer (w) =      0 L(h f -|w|) g if |w| ≤ h f 0 otherwise (4.31) ⇔ C 1 layer (w) = 0 Lh f g Λ w h f (4.32)
where x → Λ (x) is the triangular function defined as follows:

Λ(x) = max (1 -|x|, 0) = 1 -|x| if |x| < 1 0 otherwise (4.33)

MULTI-LAYER STRUCTURE

For a structure with a number n l of layers as illustrated in Fig. 4.3(ii) and for which the notation is defined in Fig. 4.5(ii) and (iii), the total capacitance C(w) is calculated by superimposing the effects of each finger over the others, thanks to the linearity of the electrostatics equations. The inter-layer height between two layers is noted h i , and by convenience the pitch or the structure is defined as h f + h i . Hence, this capacitance is calculated by summing the capacitance contribution between each finger (numbered i) of the first comb and each finger (numbered j) of the second comb: 

0 Lh f g Capacitance C 1 layer (w) Displacement w 0 h f -h f w = h f w = 0 w = -h f
C(w) = ∑ 1<i,j<n l C 1 layer (w -pitch (i -j)) (4.34)
By substituting in (4.34) the capacitance calculated between two fingers in (4.32), this gives a total capacitance expressed in (4.35) and plotted in Fig. 4.7.

C(w) = 0 Lh f g ∑ 1<i,j<n l Λ w -pitch (i -j) h f . (4.35)

SIDE EFFECTS CONSIDERATION

NUMERICAL SIMULATIONS INTRODUCTION

In reality, the infinite parallel plate capacitor assumption breaks down relatively fast due the electrostatics side effects. Therefore, numerical simulations have been run on the electrostatics module of the COMSOL software in the goal of determining the actual profile of the capacitance. As we consider that the fingers are slender (length large compared to width and height), the numerical model is 2-dimensional along a cross-section perpendicular to the fingers (see Fig. 4.8). This model gives the linear capacitance C l (in F/m) for a predetermined finger cross-section height, width, layer pitch and number of layers, and a multiplication by the effective finger length by layer L yields the total capacitance. Also, due to the symmetry of the finger arrangement, we simulate the case of two facing half-fingers (of width w f 2 ). Moreover, the linear capacitance value does not change if the cross-section geometry is scaled. If all the dimensions (finger width, height, gap, interlayer height) are scaled by the same value, the capacitance is unchanged. This can be observed from the theoretical formula (4.32) (divided by the effective finger length) and verification numerical simulations have been run. Therefore, we will consider in the following that the relevant parameters in the geometry are the aspects ratios that are defined as: the finger aspect ratio AR f = h f w f , the gap aspect ratio AR g = g h f and the interlayer height aspect ratio AR i = h i h f (see notation on Fig. 4.5). The determination of the layer height h f will eventually determine the actual scale of the geometry -without affecting the capacitance.

SINGLE-LAYER STRUCTURE

As a validation of the above presented theoretical analysis, a simulation has been run for a case where the parallel plate capacitor assumptions are acceptable (g = h f 10 ). The result for a single layer structure is plotted in Fig. 4.9 against the theoretical curve from (4.32). Complementary simulations have shown that the higher is the gap aspect ratio h f g , the tighter the numerical simulation fits the theoretical curve.

MULTI-LAYER STRUCTURE

In order to determine the value of the capacitance for a multi-layer structure, two approaches have been taken. First, the single layer capacitance that has been determined by numerical simulation is summed for each fixed finger -moving finger interaction as expressed in (4.34). Second, the whole multi-layer system is simulated. Fig. 4.10 shows these two numerical simulation methods results on top of the theoretical plot. It is shown that the two methods are giving equivalent results which suggests at first the use of the first method (summed single-layer capacitances) as it is much less demanding in terms of computational power. However, the two numerical simulation methods (extrapolation from single layer and full multi-layer simulations) are diverging when the infinite plate capacitor assumption breaks down. As the main interest in carrying out the numerical simulations is specifically to study the cases where this assumption is not accurate, it is chosen next to run only full 152 M. Deterre multi-layer simulations.

CAPACITANCE CURVE FITTING SIMPLIFICATION

Nevertheless, we propose for the following study to simplify the results of the numerical simulations by fitting the resulting capacitance curves to the function C simu (w) defined as follows:

C simu (w) = α + βcos 2πw pitch Λ 2πw n l pitch + γ (4.36)
where the coefficients α, β and γ can be determined by simulating the capacitances at three different locations w, the most relevant probably being for w = 0, w = pitch 2 and w = n l pitch. Also, for a position w greater than n l pitch, the capacitance C simu (w) is set to decay in a 1/w fashion. By naming C 0 , C 1/2 and C n l pitch the capacitances at these three locations, respectively, the coefficients are: shows some examples of simulated capacitances plotted for the whole travel range of w, on top of the simplified expression (4.36) for each case. These results show that the matching between the two is accurate for a wide range of parameters. Therefore, the full C(w) profile is determined by carrying out numerical simulations only for positions w = 0, w = pitch 2 and w = n l pitch, yielding C 0 , C 1/2 and C n l pitch , and by applying the formula (4.36).
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= 1 2   C 0 + C 1/2 Λ 1 2n l -C n l pitch   1 + 1 Λ 1 2n l     , (4.37) β = 1 2   C 0 - C 1/2 Λ 1 2n l -C n l pitch   1 - 1 Λ 1 2n l     , ( 4 

PRELIMINARY CAPACITANCE OBSERVATIONS

Even though a more thorough study of the influence on each parameters will be discussed subsequently, we can draw from Fig. 4.11 the following qualitative comments: AR g As expected from the theoretical formula (4.35), the narrower is the gap (low AR g ), the higher will be the capacitance. Additionally, the more pronounced will be the relative capacitance change (due to the fact that we get closer to the theoretical case for which the capacitance drops to zero between each layer).

n l Naturally, the more layers n l are present, the higher is the capacitance.

AR i When layers are close together (low AR i ), the parasitic capacitance created by the "cross-talk" between layers is high and therefore the capacitance minima are significant. Hence, the amplitude of the capacitance variation gets smaller. On the other hand, when the layers are more separated (high AR i ), the capacitance minima gets smaller and the amplitude of the capacitance variation is greater. Also, AR i has an influence on the pitch of the system which value is h f + h i = h f (1 + AR i ), and therefore has an influence on the number of capacitance "oscillations" for a given displacement.

h f Due to the scale invariance of the geometry, the layer height h f does not affect the capacitance when the displacement is relative w pitch (as in Fig. 4.11(ii)) and when the other parameters are aspect ratios relative h f . However, when considering an actual displacement w, h f becomes important: the number of capacitance oscillations between 0 and w is proportional to h f for fixed aspect ratios. AR f Concerning the aspect ratio of the fingers AR f , no clear influence of this parameter on the capacitance is noticed at this point.

CAPACITANCE VARIATIONS: ENERGETIC PERSPECTIVE

ENERGY EXTRACTION CONSIDERATION

As anticipated and observed in previous plots, the capacitance has multiple different minima and maxima. The maxima correspond to a displacement that is a multiple of the M. Deterre (pF/m) h f =40µm, g=40 µm; h i =40 µm; w f =40 µm; n l =6 h f =20µm, g=10 µm; h i =40 µm; w f =200 µm; n l =6 h f =30µm, g=7.5 µm; h i =60 µm; w f =3 µm; n l =6 h f =40µm, g=4 µm; h i =120 µm; w f =40 µm; n l =6 h f =30µm, g=3 µm; h i =30 µm; w f =3 µm; n l =10 h f =40µm, g=40 µm; h i =80 µm; w f =40 µm; n l =10 h f =20µm, g=5 µm; h i =60 µm; w f =2 µm; n l =10 h f =30µm, g=30 µm; h i =90 µm; w f =300 µm; n l =10 Full numerical simulation Simplified formula C simu varying parameters such as the fingers aspect ratio AR f = h f w f , the gap aspect ratio AR g = g h f , the interlayer gap aspect ratio AR i = h i h f , and the number of layers n l . The figures shows the superimposition of the results for each position on top of the simplified expression C simu resulting from the results only at positions 0, pitch 2 and n l pitch following (4.36). pitch (fingers of one part facing fingers of the other parts) and the minima are for a displacement that is a multiple of the pitch plus one half of the pitch (corresponding to fingers of one side at equal distance of fingers from two different layers of the other side). From the energy expressions (4.4) and (4.7), we understand that in order to maximize the energy for a given displacement, we need to extract energy for each capacitance change from a maximum to a minimum using one of the two methods described in Fig. 4.1. Therefore, when the capacitance is going through several extrema, there should be several steps of energy extraction. Also, one should take care not to "extract" energy when the capacitance is going from a minimum to a maximum: this would mean that the extracted energy is negative and that we actually provide energy to the system. Hence, the extraction scheme during the movement is described as follows and illustrated in Fig. 4.12:

• when the capacitance is at a maximum, the capacitor is precharged (at V Q 0 or V max ),

• when the next minimum is reached, the capacitor is discharged and the energy is harvested,

• and the capacitor stays discharged until we reached the next maximum.

Capacitance C(t) 

CONSTRAINED VOLTAGE SCHEME

THEORETICAL CASE

For the constrained voltage case, the extracted energy is proportional to the sum of the difference of the maxima and minima of capacitance (from (4.4)). We note Σ∆C(w) this sum as expressed in a simplified way in (4.40) and in a rigorous way in (4.41)

Σ∆C(w) = ∑ extrema between 0 and w (C max -C min ) (4.40) ⇔ Σ∆C(w) = C(0) + w pitch ∑ i=1 C (i • pitch) -C i -1 2 • pitch -C min w, w pitch + 1 2 pitch (4.41)
For the theoretical case using (4.35), this quantity Σ∆C(w) is plotted in Fig. 4.13: each step corresponds to a C max -C min gain, and the plateaux correspond to an increasing capacitance where the capacitor is discharged (no gain energy). The C max -C min steps are lower as the displacement increases due to the fact that less and less moving fingers are facing fixed fingers (see bottom right inset on Fig. 4.13). Of course, when the moving fingers are displaced more than the height of the system, there are facing no more fixed fingers and no more energy is gained. For convenience, we introduce the function stairs(x, AR i , n l ) so that Σ∆C(w) can be decomposed as follows:

Displacement w 0 h f pitch n l pitch C 0 -C 1/2 = n l 0 Lh f g n l (n l + 1) 2 0 Lh f g 5 
Σ∆C(w) = n l 0 Lh f g stairs( w pitch , AR i , n l ), (4.42)
the function stairs(x, AR i , n l ) being defined in Fig. 4.14: it starts from zero and has n l steps that ramp up linearly for the first 1 1+AR i at every x = i ≤ n l , the height of the i th step being 1 -i-1 n l .

NUMERICALLY SIMULATED CASE

The quantity Σ∆C l (w) that represents Σ∆C(w) per unit of finger length (similarly to C l (w) compared to C(w)) has also been plotted for some actual cases through the help of numerical simulation in Fig. 4.15. The same step-like shape is observed for these curves.
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4.3. Electrostatic structure Design x 0 1 1+AR i 1 n l 1 (n l + 1) 2 stairs(x, AR i , n l ) 1 -i-1 n l i
(pF/m) h f =20 µm, AR g =0.5; AR i =4; AR f =1 h f =10 µm, AR g =0.25; AR i =1; AR f =2 h f =50 µm, AR g =1; AR i =2; AR f =2 h f =40 µm, AR g =0.5; AR i =3; AR f =2 h f =10 µm, AR g =1; AR i =4; AR f =2 h f =20 µm, AR g =0.75; AR i =2; AR f =3 h f =60 µm, AR g =0.5; AR i =2; AR f =10 Σ ∆ C l (w) Line slope ∆ C i

INITIAL LINEAR CAPACITANCE VARIATION SIMPLIFICATION

For small displacements w n l pitch, it can be considered that the quantity

Σ∆C(pitch) pitch = C 0 -C 1/2
pitch , defined as initial linear capacitance variation and noted ∆C i , accurately represents the tangent to Σ∆C(w):

Σ∆C(w) ≈ ∆C i w if w n l pitch. (4.43)
Therefore, ∆C i w has been plotted as in dotted line in Fig. 4.15 and 4.13. If w gets larger, the whole real Σ∆C(w) profile has to be taken into account. Indeed, a system may have a good initial linear capacitance variation ∆C i , its Σ∆C(w) might be better. This effect can be seen on the top right of Fig. 4.15 where some curves go over the case which has the best ∆C i . However, if w stays bellow the height of all systems that should be compared (w < n l pitch ∀ configuration), ∆C i can still be used to compare the system performance, even though the small displacement approximation Σ∆C(w) ≈ ∆C i w breaks down.

For the theoretical case, the initial linear capacitance variation ∆C i is calculated using (4.42):

∆C i = Σ∆C(pitch) pitch = n l 0 Lh f g • pitch (4.44) = n l 0 L g (1 + AR i ) (4.45)
This yields in that in order to maximize the capacitance variation Σ∆C(w) in a theoretical case and for small displacements, the gap g and the interlayer aspect ratio AR i should be minimized and the number of layers and length of fingers should be maximized. As the height of each layer h f does not influence ∆C i , but is proportional to the total system height, it should be minimized to decrease the total system volume.

In order to take the side effects into account, (assuming that the displacement stays within the limit n l pitch for each case), we have carried out numerical simulations for different configurations. As the simulations are invariable by a geometry scaling (as mentioned above), they are run for different finger aspect ratio AR f , gap aspect ratio AR g and interlayer gap aspect ratio AR i , in function of the relative position w pitch . They result in the capacitance values at the relative positions C 0 = C(0) and C 1/2 = C pitch/2 h f and hence yield the product of the initial linear capacitance variation times the layer height as

C 0 -C 1/2
(pitch/h f ) = ∆C i h f . This quantity yields the capacitance variation when multiplied by the scaled position w h f , and is plotted for varying geometric aspect ratios in Fig. 4.16.

In order to get back to Σ∆C(w) from these plotted values, one should therefore divide ∆C i • h f by the subsequently chosen layer height h f and multiply by the displacement w according to (4.43).

CONSTRAINED CHARGE SCHEME

For the constrained charge case, we recall from (4.7) that the extracted energy is proportional to the sum of the difference of the maxima and minima of capacitance times the ratio of minima by the maxima (expressed simply in (4.46)), due to the fact that the limitation of the imposed charge comes actually from the voltage limitation at minimal capacitance. Similarly to the contrained voltage case, we note Σ∆C(w) this sum as expressed in a rigorous way in (4.47).

Σ∆C(w) = ∑ extrema between 0 and w C min C max (C max -C min ) (4.46) ⇔ Σ∆C(w) = w pitch ∑ i=1 C i -1 2 pitch C ((i -1)pitch) C ((i -1)pitch) -C i -1 2 pitch + C min w, w pitch + 1 2 pitch C w pitch pitch C w pitch pitch -C min w, w pitch + 1 2 pitch (4.47)
A theoretical analysis of this case is not relevant as theoretically, the capacitance minima are all zero (see Fig. 4.7). Therefore, we directly consider the cases where the capacitance is numerically simulated. For the same cases as in Fig. 4.15, the Σ∆C l (w) for the constrained charge case are plotted in Fig. 4.17. As expected from the expression of Σ∆C(w) and the illustration in Fig. 4.1, the energy density is smaller compared to the constrained voltage case.

INITIAL LINEAR CAPACITANCE VARIATION SIMPLIFICATION

Following the analysis presented in the constrained voltage case, the quantity called initial linear capacitance variation and noted ∆C i is introduced for the constrained charge case. It is defined in this case as

∆C i = Σ∆C(pitch) pitch = C 1/2 C 0 C 0 -C 1/2
pitch . This quantity is also employed for small displacements approximation of Σ∆C(w). The comparison of the ∆C i • h f is plotted in Fig. 4.18 for the same cases as in Fig. 4.16 

(pF/m) h f =20 µm, AR g =0.5; AR i =4; AR f =1 h f =10 µm, AR g =0.25; AR i =1; AR f =2 h f =50 µm, AR g =1; AR i =2; AR f =2 h f =40 µm, AR g =0.5; AR i =3; AR f =2 h f =10 µm, AR g =1; AR i =4; AR f =2 h f =20 µm, AR g =0.75; AR i =2; AR f =3 h f =60 µm, AR g =0.5; AR i =2; AR f =10 Σ ∆ C l (w) ∆ C i Figure 4
.17: Σ∆C(w) quantity calculated from numerical simulation results for the same examples of structures as in Fig. 4.15 along with the initial linear capacitance variation ∆C i . 

PARAMETER OPTIMIZATION CONSIDERATIONS

A comparison between the results of Fig. 4.16 and Fig. 4.18 shows, as expected, that the energy obtained by the constrained charge method is lower than the one obtained by the constrained voltage one. Additionally, the effect of the parasitic capacitance is clear on the plots of Fig. 4.18: as the inter-layer gets lower (lower AR i ), or the finger width gets larger (lower AR f ), the parasitic capacitance is increased and the energy (estimated by ∆C i • h f ) gets higher. We recall from (4.7) and from Fig. 4.2 that the higher the parasitic capacitance is, the more the constant charge operation gets closer to the constant voltage operation. Therefore, we can treat the constrained voltage case as the maximum value of the constant charge operation.

As the actual parasitic capacitance is unknown, as the effect of the parasitic capacitance largely affects the energy expectation of the constrained charge case, and as the "optimum" parasitic capacitance depends largely on the power management electronics efficiency (which study is out of the scope of the presented work), it is decided to focus only on the constrained voltage case. This case will be treated as an optimal case, the real case being either an actual constrained voltage case taking into account the effects of the electronics losses, or a constant charge case with some parasitic capacitance optimized with the electronics.

We propose to draw several considerations on the effect of the different scaled variables (or aspect ratios) therefore essentially from the results of Fig. 4.16: AR f First, it is observed that the aspect ratio of the fingers has only a small influence on the linear capacitance (comparison between values of Fig. 4.16(i) and 4.16(ii)).

AR g

As expected, the gap aspect ratio AR g plays a big role: the higher it is, the smaller the gap and the higher the capacitance. A closer investigation of the influence of this parameter tends to prove that the capacitance increases roughly in a 1/AR g fashion (as in the theoretical value from (4.30).

AR i

The optimal inter-layer height aspect ration AR i is not trivial to determine. Indeed, if two layers are very close to each other (low AR i ), the capacitance minima are high as a layer is strongly affecting its neighbors . Therefore, the total capacitance variation is small (small

C 0 -C 1/2 in ∆C i = C 0 -C 1/2
pitch ). On the other hand, if the interlayer space is large (high AR i ), then the capacitance minima will be very small and the capacitance variation per pitch will be large. However, as the pitch (h f + h i = h f (1 + AR i )) will be much higher, the total capacitance variation for a given displacement will be small (large pitch in ∆C i = C 0 -C 1/2 pitch ). Hence, there is an optimal value of AR i for a given displacement. For instance, by closely looking at the plotted values one can observe that the optimal AR i shifts to a larger value as AR g gets greater. For instance on Fig. 4.16(i), the optimal AR i is 1.5 for AR g = 0.1, 2 for AR g = 0.25 and 4 for AR g = 0.5 and AR g = 0.75. n l As also anticipated, the number of layer n l plays a linear behavior in the capacitance variation: doubling the number of layers for the same pitch will double the capacitance variation. This is illustrated in Fig. 4.19. Total system height Furthermore, the interlayer gap has a strong effect on the total height of a system. Indeed, the total height of the system h t is the product of the pitch by the number of layers that can be expressed as h t = n l h f (1 + AR i ). In the case of the simulations, this total system height is relative to the layer height: n l (1 + AR i ).

Therefore, for a given number of layers n l , a large interlayer gap will increase the total system volume, even though it might produce a large capacitance variation. Hence, if we want to maximize the capacitance variation for a given system height, we might prefer to decrease the interlayer gap: the potential loss of some capacitance variation would be compensated by the fact that we can stack more layers in the same height.

To discriminate this effect, the data of Fig. 4.16 have been scaled for a constant system height by dividing ∆C i h f by n l (1 + AR i ), and are plotted in Fig. 4.20. Hence, the discrimination of the optimum interlayer gap is done as follows:

• If the device limitation comes from the maximum allowable height, then for a given layer height h f the optimum interlayer gap should be determined by the maximum density given by Fig. 4.20.

• But if the device limitation comes from the maximum number of comb layers (due to fabrication considerations for instance), then the optimum interlayer gap should be determined by the maximum absolute value of ∆C i • h f given by Fig.

4.16.

h f The latter considerations have been drawn for a given scaled geometry -the finger height h f that defines the actual scale still remains to be considered. As mentioned at the very end of paragraph 4.3.3.2.3, the sum of the capacitance variations Σ∆C(w) is approximated for small displacements by dividing ∆C i h f by h f and multiplying by w (which is equivalent to multiplying ∆C i h f by the relative displacement w h f ). Therefore, the layer height has to be minimized. This simply corresponds to the fact that if the layer's height is small, the moving fingers will go through more layers for a specified displacement.

This minimization of h f goes against the above mentioned minimization of AR g = g h f . Actually, it was previously determined that ∆C i h f was inversely proportional to AR g . Hence, we directly have that ∆C i is inversely proportional to g and does not depend on h f . This is consistent with the theoretical case as expressed in (4.45). We can therefore conclude that g has to be minimized and that h f does not affect Σ∆C(w). However, this is true only for small displacement w n l h f (1 + AR i ) -after that regime Σ∆C(w) is slowing its increase (see Fig. 4.15). Hence, h f has to be determined as a trade-off between limiting the total system height (the total height is proportional to h f ) and keeping the displacement within the optimal system range.

Before concluding on the final parameters design process permitting to completely determine the structure, we will address the potential finger instability topic in the next section.

FINGER ELECTROSTATIC INSTABILITY

MECHANICAL AND ELECTRICAL LOADS

We have seen in the previous section that the capacitance and hence the extracted energy is proportional to the effective length of fingers per layer. This quantity has been previously introduced and noted L, and corresponds to the sum of the length of all the fingers in one layer. In order to maximize this length L, the width of the fingers w f and the inter-finger nominal gap have to be minimized so that more finger length can fit on a given surface. Indeed, we can consider that the total surface taken by one layer S is given by S = L w f + g .

However, fingers that are too slender can be unstable due to the electrostatic interactions with the neighboring fingers. Despite the fact that a finger that is at the exact same distance from its neighbors on either side is subjected to two equal and opposite electrostatic forces, the derivatives of these forces can favor an instability. Therefore we propose to study in this section the balance between the electrostatic instability and the rigidity of a finger to avoid a so-called pull-in phenomena that would see the finger get in contact with one of its neighbors and creating a short-circuit.

We consider a finger of height h f , width w f , length L f and Young's modulus E between two other fingers of identical geometry (see Fig. 4.21). Due to fabrication misalignment tolerances, the fingers of one layer can be imperfectly superimposed to the fingers of other layers. As upon movement of more than one pitch, a moving comb on one layer passes through an opposite comb that is not on the same layer, this is causing fingers not to be equidistant from their facing fingers (see illustration on Fig. 4.22). Hence, the finger is more attracted to one of its neighbor and it must be rigid enough to counterbalance this electrostatic attraction. We consider the following case: at rest, the gap between the central finger and the first facing finger is gg , and the gap with the second facing finger is g + g , the quantity g representing the initial error in the gap.

For this theoretical analysis, we assume that we can apply the infinite plate capacitor approximation that gives an electrostatic force between two surfaces of area A and distant by g of F e = 0 AV 2 2g 2 . This is accurate for a small gap aspect ratio g w f and only indicative otherwise. Upon application of a voltage between the fingers, the gap mismatch is causing the finger to deflected by an amount δ(x) at the position x. Considering that the deflection is not affecting the voltage the total electrostatic force q e (x)dx from both neighbors that is applied on a differential length dx has a value of:

q e (x)dx = 0 h f dxV 2 2g 1 (x) 2 - 0 h f dxV 2 2g 2 (x) 2 (4.48)
where g 1 (x) and g 2 (x) are the actual gap between the deflected fingers at position x (see Fig.

4.21).

x load per unit length q e (x) is governed by the following equation [START_REF] Livermore | Lecture 7-structures, 6.777 class -Design and Fabrication of Microelectromechanical Devices[END_REF]:

L f 0 w f δ(x) δ L g + g g -g + - V g 1 (x) g 2 (x)
EI d dx 4 δ(x) = q e (x) (4.49)
where the I is the second moment of area of a finger and defined by:

I = h f w 3 f 12 . (4.50)
If the electrostatic load is large compared to the rigidity of the beam, then the deflection will be significant and pull-in could occur. As this phenomenon needs to be avoided, the beam rigidity needs to be safely designed by increasing the finger w f . As the resolution of (4.49) using (4.48) is not straightforward, we propose to assume the fact that the gap between the two closest fingers g 1 (x) at any position along the beam is superior or equal to the gap at the tip: ∀x, g 1 (x) ≥ ggδ(x = L f ), and that similarly we have with the other finger: ∀x, g 2 (x) ≤ g + gδ(x = L f ). Hence, this assumption induces that the electrostatic load q e (x) is maximal at the tip x = L f . We then suggest to place ourselves in the worst case by replacing the electrostatic load q e (x) along the beam by this maximum value, i.e. q e (x) = q e (L f ) ∀x. By noting δ L = δ(x = L f ) we therefore rewrite the electrostatic load (4.48) as:

q e (x) = q e (δ L ) = 0 h f V 2 2 1 (g -g -δ L ) 2 - 1 (g + g + δ L ) 2 (4.51)
We know from [START_REF] Roark | Roark's formulas for stress and strain, McGraw-Hill's accessEngineering[END_REF] that for a uniform load q, the resolution of beam equation as expressed in (4.52) yields a deflection at its tip δ L given in (4.53).

EI

d dx 4 δ(x) = q (4.52)

δ L = qL 4 f 8EI (4.53) M. Deterre
Therefore, in order to solve the deflection equation (4.49) using (4.51), we define the uniform rigidity restoring load per unit length q r (δ L ) as the opposite of the equivalent load necessary to deflect the beam by δ L at its tip:

q r (δ L ) = - 8δ L EI L 4 f (4.54)
Under the above-mentioned assumptions, we have transformed the continuous deflection equation along the beam into a lumped equation where the only variable is the tip deflection δ L and where the loads acting on the system are the rigidity load q r (δ L ) and the electrostatic load q e (δ L ) as depicted in Fig. 4.23. Hence, if q r (δ L ) + q e (δ L ) > 0, a net positive load forces the beam to deflect more, and if q r (δ L ) + q e (δ L ) < 0, the beam tends to deflect less. The equilibrium positions are defined by (4.55), and they are stable if (4.56) is satisfied. q r (δ L ) + q e (δ L ) = 0 (4.55)

d dδ L (q r (δ L ) + q e (δ L )) < 0 (4.56) Load δ L g -g 0 Electrostatic load q e
Rigidity load q r 0 -g -gg Total load q e + q r

Rest

Stable equilibrium

Unstable equilibrium

Unstable equilibrium pull-in region pull-in region contact contact Figure 4.23: Balance of the electrostatic and rigidity loads for a finger which tip deflection is δ L . On Fig. 4.23, the rigidity of the finger is strong enough to permit the presence of a stable equilibrium. Therefore, such a finger can be considered as a safe design. However, if the rigidity gets lower and/or the electrostatic force gets bigger (for instance through the rise of the voltage), then the total load curve never crosses zero with a negative derivative and no Load δ L 0 0 -g Electrostatic load q e Rigidity load q r Total load q e + q r Figure 4.24: Load curves shapes for unstable finger configuration. stable equilibrium can be achieved. Such a finger configuration is depicted in Fig. 4.24 and has to be discarded.

Numerous parameters are determining whether there is an instability or not: finger width, length, Young's modulus (for the rigidity), and the gap, initial gap error and applied voltage (for the electrostatic force). Furthermore, we observe that the height of the fingers (out-of-the plane of Fig. 4.21) plays a linear role in both forces and hence has no influence on the finger instability.

FINGER INSTABILITY CRITERION

ERROR-LESS CASE

For the particular case where there is no initial gap error (g = 0), the study is simplified as there is always an equilibrium position at δ L = 0. This corresponds to a zero rigidity force (no deflection) and a perfect balance between the electrostatic forces from each of the neighboring fingers. It can be proven (from the above analysis and more particularly from Fig. 4.25) that this is also the only possible position for a potential stable equilibrium. Therefore, the criterion for stability of the finger (4.55) and (4.56) can be theoretically summarized in this case by:

d dδ L q e (0) < - d dδ L q r (0) (4.57) ⇔ 2 0 h f V 2 g 3 < 8EI L 4 f (4.58) ⇔ 0 V 2 g 3 < Ew 3 f 3L 4 f (4.59)
By introducing the finger instability figure of merit FoM f inger defined in (4.60), this criterion M. Deterre can be summarized by saying that FoM f inger must satisfy (4.61).

FoM f inger = Ew 3 f g 3 3 0 L 4 f V 2 (4.60) FoM f inger > 1 (4.61) Load δ L g 0 Electrostatic load q e
Rigidity load q r 0 -g Total load q e + q r Stable equilibrium Unstable equilibrium

pull-in region pull-in region

Unstable equilibrium 

(i) Stable case Load δ L 0 0 (ii) Unstable case

GENERAL CASE

For the case where there is some initial gap error, we study the stability criterion of the different structures by resolving numerically (4.55) and (4.56). Fig. 4.26 is illustrating the maximum length authorized for stable fingers for different geometries and depending on the applied voltage. The gap initial error is set to g = 2.5 µm, as a skilled clean-room operator is believed to be able to align the stacked comb layers within this tolerance. This plot can be used for instance when designing the position of the supports of the combs to be sure that the fingers are not too long.

Actually, we can take the opposite approach and first determine the maximum finger length by designing a structure that supports the combs and hence leaving a specific space for the fingers. For instance, the support structure can impose that fingers with a length of up to 1 mm should be designed in order to fill the whole surface with fingers. An example of such a design on a 6-mm diameter surface is depicted in Fig. 4.27. Further reducing the maximum allowable length would probably put more stringent requirements on the design of the support. Once the maximum finger length L f has been determined by the support structure, the gap g, finger width w f and voltage V are determined by applying the stability criterion. Fig. 4.28 shows for instance what maximum finger width to choose depending on V and g, the finger length being determined as 1 mm. For instance, Actually, it can be shown that for an error in the gap g that is small compared to the nominal gap g, the criterion defined by (4.61) is accurate. This is illustrated in Fig. 4.29(i) that presents the figure of merit FoM f inger for the configurations of Fig. 4.28 over which the fingers must be in order to be stable: it is seen that for a large gap, this figure of merit should be more than 1. To include the effect of g , we introduce a modified figure of merit for the fingers stability that includes the gap initial error g called FoM f inger, g and defined in (4.62). In Fig. 4.29(ii) is demonstrated that this modified figure of merit can be used to relatively accurately represent the finger stability criterion in the case of an initial gap error g . From the values of this figure and for safety purposes, this stability criterion is re-evaluated to a figure of merit of 2 instead of 1 as expressed in (4.63).

F oM f inger = Ew 3 f g 3 3ǫ 0 L 4 f V 2 1 10 (i)
F oM f inger,gǫ = Ew 3 f (g -g ǫ ) 3 3ǫ 0 L 4 f V 2 1 1.2 1.4 1.6 1.8 2 (ii) Modified figure of Merit FoM f inger, g
FoM f inger, g = Ew 3 f (g -g ) 3 3 0 L 4 f V 2 (4.62) FoM f inger, g > 2.
(4.63)

PARAMETERS OPTIMIZATION FOR MAXIMUM ENERGY EXTRACTION

THEORETICAL CASE

By rewriting (4.4), using the sum of the capacitance variations per unit of finger length Σ∆C l (w) and its decomposition defined in (4.42), the extracted energy is:

W trans (w) = 1 2 0 Lh f n l g stairs( w h f , AR i , n l )V 2 max . (4.64)
In this case, the expression of Σ∆C l (w) is assuming that all fingers in the device have a uniform inter-finger gap g. Indeed taking a potential gap error of a maximum of g for some displacement at some layers would induce a too burdensome analysis. Also, taking a uniform gap g is slightly underestimating the actual capacitance variation performances on a system with some smaller gaps gg . Therefore we continue the analysis under this assumption.

For a fixed surface S filled with fingers, we have:

L = S w f + g . (4.65)
If we consider that there is no limit to the maximum voltage V max that can be applied, this voltage is set by the maximum allowed by the finger stability criterion (4.63) and expressed in (4.66). Here, g has to be taken into account as it does not slightly underestimate the performance but has a direct impact on the fingers stability and therefore safety.

V 2 max = Ew 3 f (g -g ) 3 6 0 L 4 f . (4.66)
By combining (4.64), (4.65) and (4.66), we obtain:

W trans (w) = 1 2 0 Sh f n l g w f + g Ew 3 f (g -g ) 3 6 0 L 4 f stairs( w h f , AR i , n l ). (4.67)
If we try to maximize the extracted energy W trans for a given displacement w, (4.67) tells us that the finger width and gap parameters w f and g have to be maximized. This may sound like a paradox as intuition tells us to minimize w f and g in order to enhance L and M. Deterre the capacitance (reason for g(w f + g) being at the denominator of (4.67)). Actually, the reason for w f and g maximization is w 3 f (gg ) 3 in the numerator, that is directly linked to the applied voltage that is supposed to follow w f and g as in (4.66). This means that the voltage will become greater as w f and g will be maximized, and by increasing the voltage, the energy gets bigger.

However, the flaw in this argument comes from the fact that contrarily to w f and g that can easily be increased through design, the applied voltage has stringent limitations coming from the electronics. Fig. 4.30 shows for instance that for w f and g that are greater than tens of micrometers, the voltage V max to be applied through (4.66) is greater than hundreds of Volts -which is hardly realistic. Therefore, the applied voltage V max must be set as an input parameter for the design of w f and g that should satisfy: (4.68). .30: Maximum voltage V max satisfying the finger stability criterion for different w f and g using (4.66).

w 3 f (g -g ) 3 > 6 0 L 4 f V 2 max E = constant. (4.68)
Hence, the extracted energy from (4.64) is rewritten in (4.69) where V max is fixed this time:

W trans (w) = 1 2 0 Sh f n l g w f + g stairs( w h f , AR i , n l )V 2 max . (4.69)
This expression shows that the quantity 1 g w f + g has to be maximized while verifying (4.68), which corresponds more to the intuition (small gap g, and small finger width w f ). Also, the quantity h f • stairs( w h f , AR i , n l ) has to be maximized.

CASE WITH SIDE EFFECTS CONSIDERATION

The argument that has been theoretically derived for the theoretical case also applies for the case where the side effects are taken into consideration. Indeed:

• the finger stability criterion (4.63) is assumed to be the same,

• the fingers density on the effective device surface is the same (4.65), and

• the capacitance variation Σ∆C l (w) also decreases roughly in a 1/g fashion as concluded in section 4.3.2.3.

ELECTRICAL BREAKDOWN CONSIDERATION

Eventually, once the voltage and the minimal gap have been determined, it should be checked that the electrical field between the fingers does not reach the electrical breakdown limit of the considered atmosphere. This electrical breakdown limit is given typically by the Paschen curve (see Fig. 4.31), but is modified at the micrometer scale as field controlled electrostatic discharges (ESD) can occur [START_REF] Torres | Electric field breakdown at micrometre separations[END_REF][START_REF] Strong | Electrical discharge across micrometer-scale gaps for planar mems structures in air at atmospheric pressure[END_REF]. However, it is shown in Fig. 4.31 that as long as the gap (taking into account the potential deflection and initial error) is more that 4 or 5 µm, the applied voltage can go up to 300 V in air.

(i) Experimental determination from [START_REF] Torres | Electric field breakdown at micrometre separations[END_REF].

(ii) Schematic plot from [START_REF] Strong | Electrical discharge across micrometer-scale gaps for planar mems structures in air at atmospheric pressure[END_REF]. 

CONCLUSION

From the conclusions of sections 4.3.2.3 and 4.3.5.1, we can derive the following process to determine the best parameters for the proposed electrostatic energy harvester structure:

1. First, the effective surface area of fingers S has to be maximized.

2. Then, the support structure of the fingers has to be designed so that the fingers are as short as possible without compromising the surface area S. This gives a minimized maximum length of fingers L f .

3. Also, the voltage V max at which the system can operate is maximized according to power management electronics limitations.

4. The chosen material for the electrostatic structure should have the highest Young's modulus E.

5. In order to maximize 1 g w f + g , the gap g and the finger width w f have to be as small as possible while respecting (4.68). The lower limit for w f for stability is expressed in (4.70):

w f = 1 g -g 3 6 0 L 4 f V 2 max E . (4.70)
This yields that 1 g w f + g is maximum for the value g = g opt that is the solution of (4.71):

2g (g -g ) 2 - 3 6 0 L 4 f V 2 max E g = 0 (4.71)
6. The layer height h f is not critical as for small displacements,

h f • stairs( w h f , AR i , n l ) is approximately equal to h f • 1 • w h f = w.
However, as mentioned in the conclusions of section4.3.3.4, h f has to be high enough to permit to stay in the range of the device, while being small enough to limit the device total height. 7. Finally, the inter-layer height h i and the number of layers n l have to be determined depending if the most stringent requirement comes from the total system height or the number of stacked layers. Then, following the discussions of sections 4.3.2.3 and 4.3.3.4, the h i is chosen so that AR i is maximized either in Fig. 4.16 (n l limited) or in Fig. 4.20 (total height limited).

The last step consists in verifying that the electrical breakdown limit is not achieved as discussed in section 4.3.5.3.

A large number of these parameters are determined by the limitations of the device fabrication process, which will be discussed in the next section.

FABRICATION CONSIDERATIONS

The goal of the fabrication process is to stack numerous layers that have narrow gaps and high aspect ratio structures. We propose two types of fabrication processes to fabricated a multi-layer comb-type electrostatic structure as depicted in Fig. 4.4.

WAFER STACKING

The first idea is to leverage the high aspect ratio micromachining processes developed for silicon. Indeed, the development of deep silicon etching processing such as DRIE (already mentioned in section 2.2.5.1) enables a structure aspect ratio that can reasonably achieve 10:1 or even 20:1, depending on the process fine-tuning capabilities [START_REF] Abdolvand | An advanced reactive ion etching process for very high aspect-ratio sub-micron wide trenches in silicon[END_REF].

The proposed process is illustrated in Fig. 4.32 and described as follows:

(i) The bare sample is a traditional silicon wafer which thickness can range from 1 mm down to a limit of 50 µm achieved by thinning a standard wafer.

(ii) The fingers and support structures are etched with a high aspect ratio, typically by DRIE. This yields one layer of the structure.

(iii) Multiple layers are stacked with inter-layer wafers that comprise the support structures without the fingers.

To handle each layer of the structure, one could carry the silicon wafer on a carrier wafer for the stacking process. Alternatively, the wafer can be a SOI wafer which buried oxide (BOX) and device layers are holding the structure. Another possibility would be to fill the gap between each layer by a sacrificial material (for instance silicon dioxide) that will maintain the structure for the staking process. This sacrificial material is being etched after the whole staking, e.g. in the case of silicon dioxide in a hydrofluoric (HF) acid solution or in vapor HF to avoid stiction. We propose to study a few cases of design that could be fabricated using this process. The fixed parameters are the Young modulus of silicon (160 GPa from [START_REF] Hopcroft | What is the young's modulus of silicon?[END_REF]), a maximum voltage set at a 100 V limit, and a maximum fingers lengths L f of 1 mm. We keep the alignment error on the gap g to 2.5 µm, for which value the optimum nominal gap g = g opt that solves (4.71) is 7.5 µm and the corresponding finger width (from (4.70)) is 30 µm. We propose to study some examples of cases which geometric parameters are listed in table 4.1. The inter layer height h i is determined for maximum energy density from Fig. 4.20.

In the proposed cases, the optimum AR i is always 1. The listed cases range from the most challenging to the easiest to fabricate.

Case Wafer (layer) height

Gap Minimum finger width Inter-layer height h f (µm) g (µm) Table 4.1: Enumeration of the studied geometry cases for the wafer stacking process. The asterisk indicates that the w f is optimum as determined by (4.70).

w f (µm) h i (µm) (1-
The main advantage of this process is the high aspect ratio bulk micromachining capabilities. However, the stacking of numerous wafers (more than 5 or 10) is challenging.

LAYER-BY-LAYER PATTERNED ELECTRODEPOSITION

The second proposed fabrication process is depicted in Fig. 4.34. The device fabrication consists in first making a layered structure that comprises both patterned structural material and filling sacrificial material. For each layer, the structural material is first patterned through conventional 2D surface micromachining techniques which typically involve steps of lithography, deposition and/or etching. Then, the sacrificial material is uniformly deposited on the structure and polished (typically by chemical mechanical polishing or CMP) to the level of the structural material. This yields a dual material solid flat layer on which the next layer can be easily fabricated. Once all layers have been deposited, the sacrificial material is etched away which releases the desired device. The design freedom of this technique is very large as the layers can be made of different materials (metals, polymers,..), have different thicknesses and high resolution in-plane patterns. Also, the process is a low temperature process (can be lower than 100 • C depending on the lithography resist processing temperature) which further improves heterogeneous integration. This process is largely inspired from the EFAB process [CFT + 99] currently applied by the company Microfabrica [Mica]. Special attention should be paid to the intrinsic stress in the electrodeposited materials to avoid undesirable out of plane bending of slender structures.

Typically, the layer geometries are defined by a photoresist deposition and patterning process. Therefore the layer heights can vary from 10 to 100 µm (thick resists) and the aspect ratios range from 1 up to 10 depending on the skills of the operator. As example, we propose a structure made of nickel for which the Young's modulus is assumed to be roughly 150 GPa. For a maximum finger length of 1 mm and a maximum initial gap error of g = 2.5 µm, this gives approximately the same minimal gap (7.5 µm) and finger width (30 µm) as in wafer stacking section. This gap can be achieved relatively easily with 10 µm layers and therefore "thin" layers (10, 20 µm) can be used. The limitation will come from the fact that numerous layers will need to be stacked if the travel range is large (several hundreds of microns) -as discussed in section 4.3.5.4. From Fig. 4.20, the inter layer height h i is set to 3h f for all cases that we propose to study, which are listed in table 4.2 by order of increasing complexity. The number of layers with respect to the output electrical performances will be discussed in a subsequent section. Table 4.2: Enumeration of the studied geometry cases for the layer-by-layer electrodeposition process. The asterisk indicates that the w f is optimum as determined by (4.70).

Case Wafer (layer) height Gap Minimum finger width Inter-layer height

h f (µm) g (µm) w f (µm) h f (µm) (2-a) 10 

ELECTRICAL PERFORMANCE

This section aims at giving some estimation of the energy performances of the proposed electrostatic generators.

THEORETICAL ANALYSIS

TRANSDUCTION FORCE

From section 4.2.2, we recall that a quantity necessary to calculate the transduction forces in the voltage-constraint case is the derivative of the capacitance (4.16). For reference, the triangle function that is used to expressed the capacitance has the following derivative:

d dx Λ(x) =        1 if -1 < x < 0 -1 if 0 < x < 1 0 if |x| > 1 (4.72)
This expression plugged into the capacitance (4.34) yields:

d dw C(w) = 0 Lh f g ∑ 1<i,j<n l 1 h f d dx Λ w -pitch (i -j) h f (4.73) 
We recall that the capacitor is charged only when the capacitance is falling (see Fig. 4.12). This means that for a positive capacitance derivative with respect to time, the capacitor voltage is zero. Hence, the transduction force as expressed in (4.16) is either positive when the capacitance is declining, or zero, when the displacement is increasing (the position derivative with respect to time is positive: d dt C(t) = d dw C(w) dw dt ). Fig. 4.35 illustrates the transduction force value depending on the increasing displacement of the moving part w. It is shown that theoretically, this transduction force is a succession of steps corresponding to the displacements for which facing fingers have a diminishing overlap area. The height of the steps is given by the number of layers that are facing other layers.

On the way back when the displacement is decreasing, then to extract a positive amount of energy the capacitance derivative with respect to the displacement should be increasing this time. Hence, the capacitor is charged on the way back exactly when it was discharged when the displacement was increasing, and the other way around, as shown in Fig. 4.36. Hence, for the return of the displacement to zero, the transduction force is actually negative and shifted by h f to the left compared to the increasing displacement case. This permits to extract energy both ways.

QUASI-STATIC EQUILIBRIUM

As stated in the previous chapter, the system works in quasi-static mode as the system resonant frequency is very large (small mass) compared to the operation frequency. Under the assumption of section 3.8, we consider that the forces that apply on the system are (3.30):

• the applied external force F e that typically consists of the pressure applied on the top rigid diaphragm of a bellows (180 mN peak-amplitude in the left ventricle for a 6-mm bellows), • the packaging and internal gas compression rigidities, both assumed to be linear in the considered displacement regime and combined into F rigid (w) = kw, where k represents the combined rigidity stiffness,

Transduction force F trans Displacement w 0 h f pitch (n l -1)pitch 1 2 n l 0 L g V 2 max 1 2 0 L g V 2 max w C(w)
• and the electrostatic transduction force F trans (w).

We therefore assume that we have at any time:

F e (t) = F rigid (w) + F trans (w), (4.74) 
where the sign convention is set so that F rigid and F trans are in the opposite direction of w and F e is in the same direction as w.

By applying the shape of the theoretical transduction force F trans as depicted in Fig. 4.35, the equilibrium of the different forces is illustrated in Fig. 4.37. For each value of the external force F e a corresponding displacement w occurs. The abrupt steps in the transduction force are actually not realistic as will be seen in a subsequent section -the capacitance variation is significantly smoother when considering the side effects. We observe, as anticipated, that the external force first has to go over the initial electrostatic force in order to provoke a movement.

An interesting effect depicted in Fig. 4.38 appears when the electrostatic force gets so strong that the decrease of electrostatic force between each step of 0 L 2g V 2 is larger than the gain in rigidity k pitch: when the external force reaches the initial electrostatic force necessary to move the system, and after a movement h f , the moving part passes virtually instantaneously trough the whole electrostatic structure at once. For a decreasing displacement, the movement is slightly more complicated as it can be "stuck" between two layers on the way down and will be released as the external force gets further on the negative side. This behavior will not be further described here, and for 182 M. Deterre simplicity we will assume that the same amount of energy can be extracted on the way up as on the way down.

Force Displacement
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OUTPUT ENERGY

From the force-displacement plot in Fig. 4.37, we can easily derive the symmetric curve displacement w as a function of the external force F e . The latter is plotted in Fig. 4.39, along with the electrical work that has been generated by the transduction force W trans = F trans dw. We recognize that the shape of the energy curve is coherently the same as the energy curves directly calculated versus the displacement presented in Fig. 4.13.

SIDE EFFECTS CONSIDERATION

Using the actual capacitance as a function of the displacement w as numerically simulated and previously described, we can calculate the transduction force, the equilibrium position and the output energy W trans by applying the method presented for the theoretical case.

First, the transduction force is numerically calculated and plotted in Fig. 4.40 after having been added to a rigidity force with a stiffness of 250 N/m (corresponding to a relatively compliant packaging as concluded in the previous chapter). One can notice that for the second case (medium blue), the transduction force is strong and falls into the case presented in Fig. 4.38 where the structure is going through all the layers as soon as it goes over the first one.

For the same parameters, the energy has been plotted with respect to the external force in Fig. 4.41. 

M. Deterre

External force F e Displacement w h f pitch (n l -1)pitch 1 2 n l 0 L g V 2 max 0 L 2g V 2 Energy W trans 0 w = F k 2 0 L 2g V 2 3 0 L 2g V 2 n l 0 Lh f 2g V 2 n l (n l + 1) 2 0 Lh f 2g V 2 k • n l pitch
=1; AR f =2 h f =50 µm, AR g =1; AR i =2; AR f =2 h f =40 µm, AR g =0.5; AR i =3; AR f =2 h f =10 µm, AR g =1; AR i =4; AR f =2 h f =20 µm, AR g =0.75; AR i =2; AR f =3 h f =60 µm, AR g =0.5; AR i =2; AR f =10
(µJ) h f =20 µm, AR g =0.5; AR i =4; AR f =1 h f =10 µm, AR g =0.25; AR i =1; AR f =2 h f =50 µm, AR g =1; AR i =2; AR f =2 h f =40 µm, AR g =0.5; AR i =3; AR f =2 h f =10 µm, AR g =1; AR i =4; AR f =2 h f =20 µm, AR g =0.75; AR i =2; AR f =3 h f =60 µm, AR g =0.5; AR i =2; AR f =10 Figure 4
.41: Output energy W trans due to the application of a force F e on the cases of the latter figure. This corresponds to the energy per quarter cycle for an excitation of peak amplitude F e .

CASES DETERMINED FROM THE FABRICATION PROCESS

At first we consider the cases listed in tables 4.1 and 4.2 and for a number of layers so that the total device height is as close to 1 mm as possible (arbitrarily). The corresponding n l for each case along with the total height h t = h f n l + h i (n l -1) is listed in table 4.3.

Case Number of layers Device height

n l h t (µm) (1-a) 10 950 (1-b) 4 900 (1-c) 3 1000 (2-a) 25 970 (2-b) 25 970 (2-c) 13 980
Table 4.3: Studied electrostatic device configurations that could be fabricated (from tables 4.1 and 4.2 ).

We consider the case in the left ventricle where the applied blood pressure varies with a peak amplitude of around 6.5 kPa. When applied to a 6-mm diameter rigid top surface as in a bellows described in section 3.8, this corresponds to a varying applied force with a peakamplitude of F e, max = 180 mN. Therefore for each proposed configuration, we calculate the output energy when the external force goes from 0 to a maximum of F e, max . The output energy per fullcycle W trans will actually be four times this energy as we extract energy when M. Deterre F e is going from 0 to F e, max , from F e, max back to zero which extracts the same energy as assumed in section 4.5.1.2), and also when F e is going from 0 down to -F e, max and back to zero.

This output energy per cycle W trans is plotted along with the associated peak amplitude displacements in Fig. 4.42 to 4.47. The solid black lines in the displacement plots are showing the device height, meaning that a displacement greater than this limit is out of the range of the system and does not provide more energy (as can be seen in the neighboring energy plots).

In order to obtain the energy density in µJ/cm 3 , the output energy W trans needs to be divided by the volume of the electrostatic structure, added by twice the peak amplitude of the displacement, that we can limit to the range (height) of the system. As this volume is about 1+2x1 mm times the 6-mm diameter surface yielding 85 mm 3 , the energy per cycle in µJ has to be multiplied by about 12 in order to get the energy density in µJ/cm 3 .

Furthermore, if the device height can be higher and the fabrication process is not limiting, we can increase the number of layers, which will further enhance the output power while lower the displacement. In appendix A the performances for the same cases for 5-mm designs (section A.1) are shown. In this case, the displacement never reaches the system height (the solid black line representing the system height limit is not represented as it is much higher than the plotted displacement). Interestingly, we observe that the proposed design are providing a very strong force compared to the external force: for some designs, a higher voltage (higher force) limits the displacement to such an extent that the extracted energy is actually smaller than that obtained for a lower voltage. This brings back the topic of optimum transduction damping that has been discussed for instance in the inertial energy harvesting case in section 2.2.

Naturally, as detailed in Fig. 3.2, this output energy still needs to be multiplied by the power management electronics efficiency (roughly in the order of 50 %) before actually supplying properly conditioned energy.

The same figures have been plotted in the case where the device is implanted in the left ventricle where the blood pressure variation is around 1.3 kPa. This corresponds to a peakamplitude applied force of F e, max = 36mN for the considered surface. These figures are displayed in appendix A (section A.2). Here also, the electrostatic transduction force can be very strong and the optimum force (i.e. voltage) is not the highest possible.

DESIGN UNDER FABRICATION

Following the above analysis, we have decided to pursue the fabrication of these devices by using the layer-by-layer fabrication method.

COMB STRUCTURE

As a first simple example of structure to fabricate, we have chosen a case derived from the case (2-c) which parameters are listed in table 4.4. The maximum finger length is chosen to a higher value of 1.9mm which permits to simplify the supports compared to the more complex supports design shown in Fig. 4.27. The support can be simple crosses as depicted in Fig. 4.48(i) that show a top view of one layer of the proposed electrostatic structure. In Fig. 4.48(ii) is also shown the inter-layer support structure. 

Layer height Gap Finger width Maximum finger length Inter-layer height

h f (µm) g (µm) w f (µm) L f (mm) h f (µm)

SUSPENSION SPRING STRUCTURE

In order to hold the moving structure and guide the movement of the moving combs through the fixed combs, there is a need for suspension springs that are very flexible for out-of-plane motion while being very stiff for in-plane motion. Although the bellows can somehow help in this guiding motion, we prefer for a better degrees of freedom constraint to design supplementary springs as part of the electrostatic structure.

ENERGY CONSIDERATION

For now, we have considered that the work developed by the electrostatic force was entirely transduced. This means in the energy transfer diagram from Fig. 3.2 that the energy W mecha that is absorbed by the transducer is entirely converted into electrical energy W trans , before being attenuated by the power management electronics to eventually yield the actual output power W out . Now that we introduce a return spring in the "transducer", some part of the mechanical energy W mecha that is absorbed by the transducer goes into elastic energy in the springs, and is not transduced. Hence, there will be some loss between W trans and W mecha that corresponds to this return spring energy.

For simplification, we consider that this return spring energy is part of the overall packaging rigidity energy W pack that already includes several effects such as the actual packaging rigidity and the internal gas compression. Hence, the return spring stiffness is part of k in all of the above analysis and W trans is not changed.

SPRINGS ASPECT RATIO

An element that can typically provide a low stiffness in one direction and a high stiffness in the other direction is typically a leaf spring as already introduced in section 2.2.5.1. For instance, we consider a suspension spring that is schematically defined in Fig. 4.49 and that has a thickness t, length L, width w and Young's modulus E. From [START_REF] Roark | Roark's formulas for stress and strain, McGraw-Hill's accessEngineering[END_REF], the stiffness along each direction is:

(i) F z F y x y z F x (ii) (iii) (iv) t w L Figure 4
.49: Schematic of a suspension spring (i) under transverse forces along z (ii) and y (iii) and under axial force along x (iv).

k z = Ewt 3 L 3 (4.75) k y = Ew 3 t L 3 (4.76) k x = Ewt L (4.77)

LEAF SPRINGS CONFIGURATION

Therefore, for w, t L, this suspension is constraining the movement in the x-direction. Constraining the movement in the y-direction as well would require to have also t w. If we want to minimize the surface area taken by the spring Lw, we are better off keeping w small and adding a second suspension perpendicular to the first. The suspensions are therefore in series as depicted in Fig. 4.50 (i). However, at large z deflections, there is an unwanted in-plane movement. A first solution would be to symmetrize the springs as in Fig. 4.50 (ii). However, at large deflections, even though there is no in-plane displacement, the springs are in tension and the z-stiffness gets highly non linear and very large. Hence, it is further proposed to "fold" the springs in half as in Fig. 4.50 (iii), which permits the reduction of length of the springs at large deflection and therefore cancels the non-linear effects.

Nevertheless, even though the latter structure permits a large-deflection z-axis guiding, it does not constrain rotations (see Fig. 4.51 (i)). To avoid the rotation over the z-axis, the springs are displaced off the central axis, so that a rotation over the z-axis would necessarily compress a spring (see Fig. 4.51 (ii)). Last but not least, in order to avoid the x and y-axes rotations, the suspension spring structure needs to be duplicated on several layers (see Fig. 4.51 (iii)).

x y z (i) (ii) (iii)
Figure 4.50: Schematic of suspension springs design process to permit a proper z-axis guiding for large deflections.

(i) (ii) (iii) 
Figure 4.51: Schematic of suspension springs design process to permit a proper z-axis guiding for large deflections while constraining the unwanted rotations.

We propose to use the latter configuration for our electrostatic structure, as depicted in the finger layout that also includes the suspension springs in Fig. 4.48 (i), and in a 3-D view in Fig. 4.52. For simplification on the first prototypes, each finger layer has been designed with suspension springs -but eventually only 2 layers of suspension springs are necessary. Also, it is critical to include the support structure in the inter-layer gap (as depicted in Fig. 4.48 (ii)). Otherwise, the support structure can also bend and we are not in the configuration of Fig. 4.51 (iii). 

CONCLUSION

We have proposed in this chapter a novel electrostatic structure, consisting of a multilayer out-of-plane overlap configuration. This structure permits to have a very high capacitance variation per unit volume. This configuration is especially adapted for the configuration of the proposed leadless implant where the surface is relatively small and where three dimensional devices are particularly suitable. In order to determine the best compromises between the numerous parameters of the design, we have proposed a thorough design process. Next, we discussed a couple of fabrication processes that could enable the manufacturing of the proposed device. In particular, a layer-by-layer electroplating and micro-machining approach that yields a very high density of layers is introduced. Several realistic cases have been selected for which the achievable output energy is estimated. The energy figures are in the order of a few tens of micro joules and several micro joules in the left and right ventricles, respectively, for an electrostatic system taking less than 100 mm 3 (taking into account the displacement range but not the bellows), and up to even 100 µJ in the left ventricle if layers of up to 5 mm can be stacked. Although these figures seem promising, challenges remain in the fabrication of numerous layers as well as in the design of the power management electronics, that should work under high voltage (several tens of Volts) and very low power. Nevertheless, one of the design is currently under fabrication.

CHAPTER

PIEZOELECTRIC TRANSDUCER OPTION

INTRODUCTION

In chapter 4, we have studied the design of an electrostatic transducer to harvest blood pressure forces, which are being transmitted through a flexible packaging that has been presented in chapter 3. This chapter discussed a second type of transducer that is coupled to the same flexible packaging harvesting blood pressure forces. This transducer is piezoelectric and is designed to be mechanically strained when the packaging is deformed. This strain is directly converted into electricity through the piezoelectric effect that has been described in section 1.5.4.4.

The design of a piezoelectric transducer has to carefully address both the mechanical flexibility and the efficiency of the transduction. From the energy equation expressed in (3.31), it can be considered that the movement needs to be increased (for the same force) in order to maximize the incoming energy W in = F e dw and hence the energy W mecha that enters the transducer. At the same time, this process should not compromise the transducer efficiency to yield a significant output energy W trans , as depicted in the energy transfer diagram of Fig. 3.2.

GENERAL CONSIDERATIONS

LUMPED MODELING

The distribution of stress, strain, charge density and electrical potential can be complex to determine in a non-trivial piezoelectric element. Indeed, the equations that govern the behavior of a piezoelectric system are linking 18 variables in total through the constitutive equations exposed in matrix notation in (1.28). These variables need to satisfy boundary conditions that can also be not straightforward, especially in the case of patterned electrodes.

Therefore, in order to describe the behavior of a piezoelectric system, it is often convenient to derive a lumped parameter model that directly links a few input and output lumped variables. Theses variables are typically the input mechanical force, the displacement at some particular point, and the potential and extracted charge on some electroded surface.

In (5.1) is shown the typical lumped-model equations for a piezoelectric transducer symbolized in Fig. 5.1 and extensively employed in the literature as in [LBRG05, [START_REF] Guyomar | Toward energy harvesting using active materials and conversion improvement by nonlinear processing[END_REF][START_REF] Badel | Récupération d'énergie et contrôle vibratoire par éléments piézoélectriques suivant une approche non linéaire[END_REF]. In this model, the variables are the mechanical input force F, the displacement w, the extracted charge Q and the electrical potential V. The constants that couple these variables are the open-circuit stiffness k, the coupling coefficient α, and the capacitance at fixed displacement C 0 .

F = kw + αV Q = αw -C 0 V (5.1) V Q

Mechanical variables Electrical variables

Force F Displacement w This type of lumped model can be easily converted into an equivalent electrical circuit. This representation is particularly convenient when working with electronic circuits connected to the piezoelectric element.

The derivation of a lumped model can be done for instance for a simple model such as a standard fixed-free cantilever, for which a derivation has been proposed by [START_REF] Roundy | A piezoelectric vibration based generator for wireless electronics[END_REF] and is also exposed in this dissertation for a particular configuration in Appendix B. However, when the geometry and/or the boundary conditions start to be more complex (as in the case of a spiral that links flexion and torsion), a theoretical derivation becomes tenuous.

In order to determine the three independent coefficients in the lumped model (5.1), a simple method consists in measuring the electrical variables and displacement when the piezoelectric element is actuated by a force F 0 . By recombining (5.1), the electrical variables are directly linked to the input force:

Q = α k F -C F V F = kw + αV (5.2)
where C F is defined as

C F = C 0 + α 2 k .
The application of a force F 0 yields:

• if the electrodes are short circuited, a generated charge Q sc of α k F 0 , • if the electrodes are in open circuit, a generated voltage V oc of α kC F F 0
The displacement can also be measured in either case to give the short-circuit stiffness

k sc = k and the open-circuit stiffness k oc = k + α C 0 .
Therefore, a lumped model description of a piezoelectric element can be achieved by measuring its open circuit charge Q sc and it's open-circuit voltage V oc , knowing the force F 0 .

The force F includes all forces that are exerted on the piezoelectric element. Therefore, it usually includes the inertial forces, damping forces on so on. In our case however, the piezoelectric element works in quasi-static mode and hence the force F is assumed to be only the input force F e , minus the rigidity force of the packaging F rigid .

PACKAGING -TRANSDUCER COUPLING

In order to transmit the forces of blood pressure to the transducer, the packaging needs to be mechanically coupled with the transducer as in Fig. 5.2. Typically, the packaging will considerably reduce the surface of application of the force to a small surface that can be considered as a punctual force F e on the transducer. For mechanical reliability reasons as well as for a proper operation, the packaging deformation should be as uniform as possible. Therefore, we propose to only consider the following design criteria:

• The point of application of the force F e should be at the middle of the 6-mm diameter surface

• The transducer should be designed so that the surface of application of F e stays horizontal during the movement which leads to the operation schematic of Fig. 5.3 (i). The situations represented in Fig. 5.3 (ii) and (iii) should be avoided.

STANDARD CONFIGURATIONS

Typical piezoelectric energy harvesters in the literature (see section 1.5.4.4) are in the shape of cantilever, as a long and thin geometry permits to reduce the stiffness. Indeed, we recall in (5.3) that the stiffness k scales as the third power of the aspect ratio t/L for a fixedfree isotropic cantilever of width w, length L, thickness t and Young's modulus E [RYB02]:

k = Ewt 3 4L 3 . (5.3) M.
Deterre
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Figure 5.3: Schematic of a bellows packaging with different mechanical coupling with the piezoelectric transducer: coupling at the center and balanced transducer that engenders a uniform bellows deformation (i) and off-center coupling (ii) and/or unbalanced transducer (iii) that engender a non-uniform bellows deformation.

However, a simple fixed-free cantilever cannot be used in our case as it would engender an asymmetric packaging deformation as in Fig. 5.3 (ii) or (iii). Therefore the simplest adaptation of the simple cantilever that can be employed in our case is probably the fixedfixed strip as illustrated in Fig. 5.4(i). The stiffness of such a strip can be roughly estimated by the following formula:

k = 16Ewt 3 L 3 . (5.4) 
A very rough calculation that does not take into account the packaging loss states that the incoming energy can be estimated to 1 2

F 2 e k
. If we target an incoming energy W in of at least 10 µJ in the left ventricle (i.e. F e = 180 mN), this yields that the target stiffness should be approximately less than 1500 N/m. For a fixed-fixed strip of Young's modulus 100 GPa that has a length of 5.9 mm and a width of 1 mm (in order to fit in a 6-mm diameter), this means that the thickness should be less than 60 µm. Additionally, this type of spring presents a strong non-linear behavior as soon as the displacement is in the order of the thickness. Therefore, the stiffness as defined in formula (5.4) has to be replace by a much higher value -similarly to the non-linear behavior of a circular membrane as discussed extensively in the packaging study (section 3.4.1). As the technological process to make such a thin stack of two or three layers including a piezoelectric material is challenging (as discussed already in section 2.2), we propose to discard this strip configuration. Another standard configuration of piezoelectric energy harvester that is particularly suitable for our geometry is a circular diaphragm, as illustrated in Fig. 5.4(ii). However, such an element is even stiffer than the above-described strip as described by the plain diaphragm stiffness equation 5.5 [START_REF] Roark | Roark's formulas for stress and strain, McGraw-Hill's accessEngineering[END_REF], where the Poisson's ratio ν of the material is introduced along with the radius R of the diaphragm. For a material with a Poisson's ratio of 0.3, a Young's modulus of 100 GPa and a 3 mm radius, the maximum stiffness of 1500 N/m is achieved when the thickness t is below around 30 µm. As this thickness is even lower than for the strip (when not even considering the non-linear stiffening effect at large displacements), the diaphragm solution is also discarded. 

k = 4πEt 3 3R 2 (1 -ν 2 )
.

(5.5)

SPIRAL OVERVIEW

In this work we address the compliance issue by shaping an off-the-shelf piezoelectric stack plate into a spiral, effectively lengthening a piezoelectric cantilever and making it fit to cylindrical geometries. Piezoelectric spirals have been presented multiple times in the literature as detailed in section 1.5.4.4. Here, we propose to study spirals that fit in a 6-mm diameter and is excited out-of-plane following the schematic of Fig. 5.5. To address the packaging-transducer coupling issue, we design the spiral with two or more arms, which gives an in-plane stability. A single arm spiral would indeed induce a rotation of the coupling element as in Fig. 5.3 (iii) The piezoelectric layers are covered by electrodes and are therefore working in 31 mode, effectively harvesting the bending energy. For constant arm width as well as for the regularity of parameter variations, the spiral arms are designed in an Archimedean shape following the polar coordinates (r and θ) equation (5.6), for n rev. revolutions per arm that go from radius R int to R ext (see Fig. 5.5 (i)), R ext being 3 mm in our case. A bimorph configuration (two piezoelectric layers separated by a central shim layer) is proposed as it permits a higher conversion efficiency compared to unimorph structures, the most strained region being made of piezoelectric material.

r = R int + R ext -R int 2πn rev. θ, θ ∈ [0, 2πn rev. ]
(5.6)

ELECTRODE CONFIGURATION

As mentioned in the references on complex shaped piezoelectric strips listed in section 1.5.4.4, electrodes have to be carefully patterned in order to avoid charge cancellation. To describe this effect we consider the case of a simple fixed-fixed bimorph piezoelectric stripe (Fig. 5.6(i)).

By combining the piezoelectric constitutive equations (1.28), we can express the electric field E 3 that is generated across the thickness of the piezoelectric layer as proportional to the strain S 1 along the axis of the beam (x-axis) (5.7), provided that there is no charge density (material left in open-circuit or without electrodes). In (5.7), the piezoelectric material properties are noted Y 11 for the Young's modulus along direction x, d 31 for the coupling constant and T 33 for the relative dielectric permittivity along the z direction (see appendix B for F Blood Pressure 6 mm

F e (i) (ii) R ext R int θ = 0 → 2πn rev Piezo Shim Piezo F Blood Pressure 6 mm F e (ii)
Figure 5.5: Proposed multi-arm bimorph piezoelectric spiral working in 31 bending mode with notations (i) and coupled to a bellows packaging for blood pressure actuation (ii). The red path in (i) is defined by (5.6).

details on this calculation). NB: the actual sign of the generated electric field in (5.7) and in Fig. 5.6 depends on the polarization direction.

E 3 = - d 31 Y 11 T 33 -d 2 31 Y 11 S 1 (5.7)
As depicted in Fig. 5.6 (i, ii), the strain switches signs twice along the beams (there are two inflection points). As the electric field follows the strain proportionally as expressed in (5.7), this means that the electric field is following the same sign switching pattern. Hence, the piezoelectric material tends to generate negative charges at some regions and positive charges at others (Fig. 5.6 (iii)). Patterning a single electrode on the whole surface would yield a cancellation of these charges. To avoid this charge cancellation, separate electrodes need to be defined as in Fig. 5.6 (iv). This effect on spiral-shaped strips will be studied next.

Using the configuration of Fig. 5.6 (iv), we can connect together the positive generating regions on the one hand, and connect the negative generating regions on the other hand. Therefore, we end up actually with two equivalent piezoelectric elements that generate a voltage in phase opposition that need to be energetically considered independently. Also, in traditional fixed-free bimorph piezoelectric cantilever, electrodes on the top and bottom layers can be connected either in series or parallel depending on the polarity of each piezoelectric layer. However, shapes that exhibit strain sign switching as the fixed-fixed strip do not have this freedom. As the shim layer is at the same voltage for both positive and negative sets of electrodes, it has to be grounded (see Fig. 5.6 (i, iv)). Therefore, the sets of electrodes that generated the same voltage on either side of the sample should be connected in parallel. Strain S 1 (z)

E 3 < 0 Tension E 3 > 0 Elec. field E 3 (z) z S 1 (z) E 3 (z) z S 1 (z) E 3 (z)
S 1 E 3 Electrical potential and strain on piezo layers (shim grounded, electrode-less)

Compression E 3 < 0 Tension E 3 > 0 Compression E 3 < 0 Tension E 3 > 0 S 1 E 3 S 1 E 3 V > 0 V > 0 V < 0 V > 0 V > 0 V < 0 Electrodes V(x)
S 1 (top layer, x)

Figure 5.6: Illustration of the strain sign switching phenomenon and of the resulting electrode pattern for a fixed-fixed strip: schematic of a fixed-fixed bimorph strip under load, showing a strain that alternates from compression to tension (i); strain profile on some cross-sections showing alternating strain and hence alternating electric field (ii); resulting potential profile along the beam, when the central shim layer is grounded and when the electrode layers stay electrode-less (iii); and resulting electrode configuration on the piezoelectric layers to avoid charge cancellation (iv).

PIEZOELECTRIC SPIRALS STUDY

ELECTRODES PATTERN DETERMINATION

Classical rectangular piezoelectric beams such as cantilevers are usually actuated only in bending and show a distribution of mechanical strain in the piezoelectric layers which sign can be easily predicted as shown for the fixed-fixed strip example of Fig. 5.6. Strain sign determination for electrodes patterning has been performed for example in [BSJ + 12] for meandering beams. In spirals however, the curved shapes are subjected to torsion on top of bending. This significantly modifies the strain profile of a spiral arm compared to a cantilever of equivalent length. The induced voltage distribution switches sign at locations along spiral arms that are difficult to predict theoretically. Hence, FEM simulations have been run to determine these locations and the appropriate pattern for two sets of electrodes of opposite polarity have been identified. Fig. 5.7 (i) displays a numerical simulation result that shows the voltage distribution profile on a spiral upon application of a force at its center of 180 mN (peak amplitude force corresponding to pressure variations in the left ventricle on a 6 mm surface). As the eventually fabricated spiral should fit within the packaging, the spiral part outside a 6 mm diameter is considered as mechanically fixed in the simulation. The non-trivial deformation profile with multiple inflexion points and the resulting voltage profile that changes signs four times along a particular spiral arm are more closely depicted in Fig. 5.7 (ii). The sign switching phenomenon is more pronounced at the spiral center as torsion effects are stronger where the curvature is narrow.

From the electrode-less voltage simulation as illustrated in Fig. 5.7 or in Fig. 5.8 (i), one can determine the positions of the positive and negative charge collecting electrodes that match the sign of the generated voltage.

SPIRAL LUMPED MODEL SIMULATION

Then, electrodes can be virtually patterned and connected into two sets of electrodes of opposite polarity. Fig. 5.8(ii) shows the same simulation as in Fig. 5.8(i) where the electrodes have been patterned. This leads directly to the open circuit voltage V oc of each set of electrodes. A similar simulation, where this time the electrodes are grounded, gives to the short-circuit charge Q sc for each set of electrodes. By also evaluating the central displacement, we can directly derive the lumped equivalent model as in (5.1) for the two polarities. These values for the example shown in Fig. 5.8(ii) are referenced in table 5.1. The detailed parameters used in the simulations are listed in table 5.2. Naturally, the two sets of electrodes share the same mechanical variables (force and displacement).

SIMPLIFIED NUMERICAL SIMULATION METHOD

In summary, the above presented numerical simulation process consists of first simulating the electrode-less potential to determine the electrode pattern, then manually patterning the electrodes, and finally carrying out the open-circuit and short-circuit simulations on the electroded model. In order to make this process quicker and more automated, we propose to anticipate from the electrode-less simulations results the behavior of the electroded model. (5.8)

Then, a simulation is run where the whole piezoelectric layers are grounded (in shortcircuit with the shim). This yields the charge surface density D 3 created along the spirals. The short-circuit charges Q + s.c. and Q - s.c. are then determined by integrating this surface density on each of the sets of electrodes (5.9). The areas for each set of electrodes is determined in this simulation by the sign of the resulting value of D 3 , which consistently match with the electrode pattern as found by the previous open-circuit potential simulation.

Q + s.c. = D 3 >0 D 3 dS and Q - s.c. = D 3 <0 D 3 dS.
(5.9)

The validity of this method is confirmed by numerical simulations as the application of the formulas (5.8) and (5.9) to the results of Fig. 5.8(i) yields the values referenced in table 5.3 . Compared to the values determined by simulation on actual manually patterned electrodes (shown in Fig. 5.8(ii)) in table 5.1(a), the error is slight (<5% typically, up to 10 % at maximum) and is due to the fact that the patterned electrodes shape is not perfect (segment cuts). 01 -1.55 14.4 -4.52

V + o.c. (V) V - o.c. (V) Q + s.c. (nC) Q - s.c. (nC) 3.
Table 5.3: Open-circuit voltage V o.c. and short circuit charge Q s.c. for each set of electrodes determined by (5.8) and (5.9) on electrode-less simulation results.

We will see in section 5.6 that by calculating the product of the open-circuit voltage and the short-circuit charge, the output energy W trans can be evaluated as a function of the associated electronic circuit. For example, if the spiral under quasi-static AC excitation is connected to an optimal electrical load, the corresponding maximum output energy per cycle is W AC = π 2 V o.c. Q s.c. . Hence, we will use the V o.c. Q s.c. quantity -or actually, the

V + o.c. Q + s.c. +V - o.c. Q - s.c
. quantity as we have two sets of electrodes -to quantify the performance of a particular spiral design.

SPIRAL DESIGN PARAMETERS STUDY

The numerical method developed in the latter section permits usto test a wide range of designs without the need for a manual determination of the appropriate electrode pattern for each case. Therefore, we have studied numerous designs with a variety of numbers of arms (n arms ) and numbers of revolutions per arm (n rev. ), ranging from wide and short to narrow and long spiral arms, down to a limit of about 100 µm of arm width for ease of fabrication.

The resulting output energy per cycle W trans for an optimal AC load (equal to π 2 (V + o.c. Q + s.c.

+ V - o.c. Q - s.c.
) for a sinusoidal excitation) is plotted for all these designs in Fig. 5.9 after using (5.8) and (5.9). Additionally, the simulated out-of-plane displacement w in short-circuit is plotted in Fig. 5.10(i). It is important to warn at this point that millimeter-scale displacements are pushing the packaging above its limits and are therefore most probably unreasonable.

Assuming that we stay in the linear regime of the system, which is typically the case here as the design is not prone to strong non-linearities, the displacement is proportional to the input force. The displacement actually varies depending on the charge: it is larger in short-circuit than in open-circuit (as shown in section 5.2.1). For simplicity in this study, we consider only the "worst case" where the displacement is the largest -even though that induces a small error in the determination of W mecha . Hence, the work of the input force from 0 to F 0 is 1 2 F 0 w, where w is the displacement for F 0 . Hence, we calculate the energy that enters the transducer W mecha during one cycle when the force is varying with a F 0 peak amplitude as twice 1 2 F 0 w (once for each half cycle), yielding:

W mecha = F 0 w.
(5.10)

This input mechanical energy for the transducer is plotted for the simulated spiral cases in Fig. 5.10(ii). The efficiency of the transduction η trans. defined as the ratio of W trans. over the incoming mechanical energy W mecha can be calculated and is plotted in Fig. 5.11. This efficiency is directly proportional to the square of the so-called transverse piezoelectric coupling coefficient k 31 , which characterizes the intrinsic transduction efficiency of a piezoelectric, and is defined as:

k 2 31 = d 2 31 T 31 s E 31 .
(5.11)

For the material considered in this simulation and detailed in table 5.2, k 2 31 has a value of abut 12%.

From this study, we can state that by increasing the number and the length of the arms the output energy will be greater (Fig. 5.9). However, this is due to an increase of compliance that lets more mechanical energy enter the system (increasing the number of arms diminishes the arm width and therefore the torsional rigidity) and not by a better transduction efficiency (Fig. 5. 10 and 5.11). Actually, the efficiency drops as the spirals are more compliant, mostly due to the inefficient increase in the number of polarity changes along the arms as they get longer. Eventually, a compromise has to be found between output power and authorized displacement when choosing a spiral design. By combining the results of Fig. 5.9 and 5.10(i), the displacement for a given output energy can be determined and is plotted in Fig. 5.12. It indicates that a better compromise can be found by increasing the number of arms compared to increasing their length. This is probably due to the previously mentioned facts that on one hand, increasing the number of arms reduces losses in torsion and on the other hand that increasing the number of revolution inefficiently increases the number of polarity changes along the arms. Last but not least, the rigidity of the packaging must be taken into account at this stage as it will steal some of the incoming energy for its own elastic energy, especially for very flexible spiral transducers.

ELECTRODE PATTERN OPTIMIZATION

Reducing the surface of the electrode at low strain locations is known to be a means of increasing the output energy: even though it reduces the amount of collected charge, the 204 M. Deterre .9: Simulated total output electrical energy per cycle W trans under optimal AC load for spiral designs with number of arms n arms ranging for 2 to 10 and number of revolution per arm n rev. ranging from 0.75 to 7, for an optimal AC load case. The excitation is a sinusoidal 180 mN amplitude force and the electrical load is an optimal AC load. Figure 5.12: Simulated central displacement of spirals for n arms ranging for 2 to 10 and for which n rev. is determined from Fig. 5.9 to yield the energy output W out given on the x-axis.
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M. Deterre capacitance is reduced. This corresponds to the fact that the average voltage is higher if low voltage generating areas are excluded. Hence, the V o.c. Q s.c. product can be optimized. This electrode size optimization work has been carried out through FEM simulations for example on the design from Fig. 5.8(ii), where variable electrode sizes have been manually changed and evaluated. It has yielded the pattern shown in Fig. 5.13 where low strain areas have not been covered by electrodes.

Figure 5.13: Results of the same numerical simulation as in Fig. 5.8 where the electrode sizes have been manually changed to yield an optimal design in terms of output energy.

MECHANICAL STRESS CONSIDERATIONS

One of the most difficult parameters to set when designing a piezoelectric transducer is mechanical stress. Indeed, the generated voltage is proportional to the latter, and hence the energy varies with the square of the stress, which pushes toward a maximization of the stress. On the other hand, the mechanical stress needs to be as small as possible as the reliability of the device largely depends on this quantity. In particular, the stress should be significantly low if we would like to avoid fatigue phenomena, especially since the device is targeted to work for hundreds of millions of cycles. Moreover, the quantification of the stress for which the fatigue issue will come up is very difficult to predict, as it depends on the material, its manufacturing process, the presence of micro-defects, the mechanical design, as well as the number of cycles. Even though these considerations are critical for the design and the development of a reliable piezoelectric harvester, the complex study of this issue was left aside this dissertation but will be an essential step to carry out toward the implementation of a piezoelectric transducer.

PROTOTYPES DESIGN

CONSIDERED DESIGNS

From these simulations, three different designs have been chosen to be fabricated: design #1 (Fig. 5.14(i)) with two arms and one revolution per arm which is weak in terms of electrical performance but reasonably efficient, simple and with a very small stroke; design #2 (Fig. 5.14(ii)) with three arms and two revolutions per arm which is more compliant and generates more power (this design has been shown in the previous figures); and design #3 (Fig. 5.14(iii)) with ten arms and one turn per arm that is more complex but should provide performance similar to design #2 for less stroke. An illustration of these three designs is provided in Fig. 5.14. For these three designs, simulations have been run for varying electrode sizes, yielding an optimized size following the method described in section 5.3.5. The resulting electrical performances for this optimized electrode configuration as well as for the simply separated electrode pattern determined directly by the sign of the electrode-less potential (as in Fig. 5.8 (ii)) are listed in table 5.4. for each set of electrodes (positive and negative), designs #1, #2 and #3, and electrodes configurations optimized or not.

Design Electrodes

V + o.c. Q + s.c. V - o.c. Q - s.c. V + o.c. Q + s.c. V - o.c. Q - s.c. configuration (V) (nC) (V) (nC) (nJ) (nJ) 

ELECTRODES CONNECTION

Each of the sets of electrodes consists of numerous segmented electrodes along the spiral arms that need to be connected together. There are two ways of carrying out this connection:
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M. Deterre either by having an out-of-plane connecting wire, as in Fig. 5.15 (i), or by leaving a narrow conductive track on the side of each electrodes for the interconnection, as in Fig. 5.15 (ii).

The first option has the advantage to leave the in-plane pattern untouched, but the wires can be weakened by repeated actuation. The second option is clearly more robust, but it presents the disadvantage of reducing the actual charge collecting areas, and the conduction tracks are actually collecting charge of the wrong polarity which reduces the performance. The two options have been experimentally tested, and the conductive track option has been taken for ease of fabrication as well as reliability. Naturally, the tracks should be as narrow as possible while keeping a significant conductivity in order to minimize the charge canceling effect.

(i) (ii)

Figure 5.15: Electrodes set connection type: out-of-plane wires (for instance made by wirebonding) (i), and in-plane conductive tracks (ii).

From the results of table 5.4, we deduct that the negative set of electrodes is giving only a small portion (< 15%) of the total power. Hence, we have chosen for the first prototypes not to connect this negative set, as it permits a much easier interconnection of each electrodes of the positive sets, and removes half of the energy losing conductive tracks, as we are choosing the connections from Fig. 5.15 (ii).

CONNECTING PADS

In the first prototypes are also intended some connecting pads in the shape of small squares where the electrical connection will be attached (typically by soldering). This permits an easy connection of the electrode output, but has the disadvantage in the current design to add a large parasitic capacitance that significantly reduces the average created voltage and hence the output energy. To anticipate this effect and in the goal of comparing simulation and experimental results, an additional numerical simulation step has been carried out for parts that represent as closely as possible the actual first prototype, which is depicted Fig. 5.16 for design #2. The boundary conditions are also slightly changed in the numerical simulation (for the sample fixation) to match as accurately as possible the experimental bench. These results are summarized in table 5.5 and are to be compared with the prospective designs of table 5.4. The presence of the pads dramatically decreases the output voltage and therefore the energy. Even though this energy drop reflects on the first prototypes, it will not occur for further parts that will be designed with improved connections that will not affect the capacitance. for the positive set of electrode (the negative set is disconnected) of the parts to be fabricated (designs #1, #2 and #3).

MECHANICAL STRESS

For the three considered designs, an evaluation of the maximum mechanical stress has been extracted from the numerical simulation results and quantified by the Von Mises scalar expression of the stress tensor.

As expected, the maximum stress is located at the notch defining the anchor of the spiral arms, as this area concentrates the mechanical stress. It is believed that this value can be lowered by an appropriate design of the notch which typically leverages a larger radius of the arm anchor. On the other hand, the stress at the start of the arm on the top piezoelectric layer is more critical as it can not be reduced without difficulty for a given spiral geometry and excitation. The values of the Von Mises stress at these two locations and for the three proposed designs are listed in table 5.6.

From these values, it is to be expected that the stress is too high for an "infinite" number of cycles, especially for design #2. However, due to a lack of supplementary data on the piezoelectric ceramic mechanical resistance, it is proposed to continue the study with the Design Von Mises stress at anchor notch (MPa) Von Mises stress at arm start (MPa) #1 20 9 #2 50 30 #3 40 20

Table 5.6: Maximum mechanical stress on the parts to be fabricated (designs #1, #2 and #3) under maximum excitation of 180 mN.

proposed design -while keeping in mind that the mechanical reliability will eventually need further validation.

FABRICATION

The three chosen designs have been fabricated (Fig. 5.17) in a plate of bimorph PZT-5H (2x130 µm) and brass (120 µm) materials with top and bottom nickel metallization where the piezoelectric layers have been polarized in the same vertical direction for parallel operation. The spiral arms have been cut through the whole stack by femto-second laser micromachining which low temperature process limits damaging heating effects on the polarization. The cutting width of the 380 µm stack is ranging from about 50 µm for the top side down to about 30 µm for the bottom side. This taper is believed to induce a slight reduction of the piezoelectric top layer performance, especially for small arm width. Then, the electrode patterns have been etched on both sides by a weaker femto-second laser (etching width below 20 µm). Scanning electron microscope (SEM) and optical micrographs of some of the fabricated samples are shown respectively in Fig. 5 

EXPERIMENTAL RESULTS

The fabricated prototypes have been experimentally subjected to an AC 1.5 Hz, 180 mN peak amplitude load representing the left ventricle pressure transmitted as a force on a 6mm diameter surface, without taking into account the incoming energy lost in the packaging rigidity. The experimental bench is a slightly modified version of the bench used for bellows characterization (see Fig. 3.22) and is schematically depicted in Fig. 5.20. A top view picture of a 10-arm spiral under test is shown in Fig. 5.21.

The output piezoelectric power has been measured for a wide range of electrical loads and the energy per cycle for three representative samples has been plotted in Fig. 5.22. For design #3 with ten arms, we have chosen to show results where only the bottom side electrodes have been connected , as the performance of the top side was significantly lower, presumably due to the combined small arm width and the taper effect of the laser microcutting process. This also translates into a shift in the optimal load on Fig. 5.22 coming from a capacitance approximately divided by two compared to both other designs.

The experimental results have been compared to theoretical load curves which parameters have been determined by numerical simulation results V o.c. and Q s.c. from table 5.5 and using the equation (5.12) for an AC load where R is the electrical load and f the excitation frequency (see appendix C for details). 

W out = RV 2 o.c. 2 f R 2 + V 2 o.c. 4π 2 f 2 Q 2 s.c.
.

(5.12)

An AC load experiment has been chosen as it permits easy evaluation of the piezoelectric performances. However, it is important to state that the extracted energy can be multiple times higher by implementing other types of DC power management electronics as will be discussed in section 5.6. Furthermore, an AC load is practically inapplicable to a real implant that generally requires a DC power supply. Also, we can fit the experimental data W out (R) plotted in Fig. 5.22 to the theoretical load curve shape expressed in (5.12). This yield a more accurate measurement of V o.c. and Q s.c. than with only the two open-circuit and short-circuit measurements. This method is used in the next section to characterize the samples. 

VARIABILITY IN THE EXPERIMENTAL PROCEDURE

Naturally, the experimental process induces some errors, coming from imperfections in the actuation system, the prototype material and fabrication, or the measurement system. Therefore, different samples with the same theoretical design have yielded slightly different results. Numerous samples have been tested, and in Fig. 5.23 the results of all these tests are shown: for each design, the value of the capacitance, short-circuit stiffness, open-circuit voltage and short-circuit charge have been determined. The samples whose characterization has been presented in Fig. 5.22 are representative examples of each design.

MATERIAL PROPERTIES ADJUSTMENT

An important caveat has to be mentioned regarding the matching between numerical simulations and experiments that can be seen on Fig. 5.22. In a preliminary study, simulations had been run using standard material properties for the piezoelectic PZT layers. Although the simulated and experimental electrical behavior agreed satisfactorily within ± 30%, the measured stiffness was two or three times smaller than expected. After thorough calibration of experimental and simulation procedures, we came to the conclusion that the piezoelectric material properties could be somewhat different from the standard values within ± 30%, and that the shear modulus (that affects only the torsion) had to be strongly reduced by a fraction of the standard values. The adjustment in the material properties have been made in the aim of having the simulation results (black line in Fig. 5.23) fit as closely as possible the experimental values. These material parameters corrections have implemented in the simulations presented in this chapter and the exhaustive list of relevant material parameters used is shown in table 5.2. Although we believe that ± 30% of variations are common in the literature of piezoelectric material properties, we do not have knowledge of a PZT shear modulus study that could confirm or infirm this singularly very low value, that might be largely dependent on the material layer manufacturing process.

SPIRAL STACKING FOR ENERGY MULTIPLICATION

Even thought the extracted energy for one spiral is small, one has to consider the fact that the volume is also very small (here, the volume of the active region of the sample is only about 11 mm 3 ) , yielding an energy density that is substantial as derived in table 5.7. In order to generate more energy by making use of a larger volume, one can stack piezoelectric spirals and mechanically connect them in series.Indeed, when connected in series, spirals are all subjected to the same input force (see illustration on Fig. 5.24). Each of their displacements and output energies are therefore the same as for a single spiral, making the total output energy (as well as the total displacement) multiplied by the number of spiral. This stacking process is typically limited by the displacement allowed by the packaging (bellows). 

Design Simulated energy density (µJ/cm

Figure 5.24: Four spirals stacked in series for 4-fold energy increase: schematics (i) and setup picture (ii).

The electrodes of each spiral can be connected either in parallel, which multiplies the short-circuit charge, or in series, which multiplies the open-circuit voltage. In table 5.8 the electrical characterization of four of the samples individually, when electrically connected in series, and in parallel is referenced. The four samples in considerations are randomly chosen
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M. Deterre between the different designs, and some (number 2, 3 and 4) only have one side connected.

The following considerations are proven from the results of table 5.8:

• By connecting elements in series, their extracted charge is homogenized and the voltages add. Therefore, elements should have approximately all the same individual Q s.c. for efficient energy accumulation: in the example of table 5.8, half of the possible generated energy from sample 1 is lost in series configuration.

• By connecting elements in parallel, their voltage is homogenized and the extracted charges are added. This configuration is much more efficient for the considered samples that roughly have the same generated voltage. Hence, the total energy is approximately the same as the sum of the energies generated by the individual samples.

Hence, by mechanically connecting spirals in series, and electrically connecting them in series and/or parallel (depending on the most efficient configuration and on the required optimal load impedance), one can multiply the energy by multiplying the number of implemented samples. 

Sample C F (nF) V o.c. (V) Q s.c. (

POWER MANAGEMENT ELECTRONICS

Power management electronics play an essential role in the performances of piezoelectric energy harvesters and can not be decoupled from the transduction mechanism. Actually it is more relevant to couple together the piezoelectric transducer and the power management electronics in the energy diagram of Fig. 3.2. For this reason, energy extraction optimization techniques have been extensively studied in recent years [Bad05, SL06, LBR + 06, Lal08, WG10, GL11b, DMSY12]. Practically, these techniques can be either passive, semi-active or active. In appendix C the main power management electronics circuits and how they can increase the output power from our piezoelectric transducer are exposed. All these detailed techniques are bringing into play the increase of the voltage across the piezoelectric element under which the electrical charge is extracted. For some circuits, the only limitation to the output energy (on top of limited input force and/or displacement) is the losses in the electronic circuits. Hence, they can provide several times as much energy as the classical AC load circuit, provided that the circuit efficiency is good. Typically, power management electronics efficiencies varies roughly from 0.5 to 0.95 depending on the specifications and the technologies.

A summary of the performances of each of the techniques mentioned in appendix C is provided in table 5.9. Additionally, their theoretical power enhancement compared to the classical DC case have been plotted in Fig. 5.25.

Power electronics interface Maximum output energy per cycle W out

Standard AC π 2 Q s.c. V o.c. Standard DC Q s.c. V o.c. Switch-only 2Q s.c. V o.c. SSHI 2 1 -γ Q s.c. V o.c. SECE 4Q s.c. V o.c. Active method 4η 3 1 -η 2 Q s.c. V o.c.
Table 5.9: Summary of the maximum theoretical output energy per cycle W out of the main types of electronics interface for piezoelectric energy harvester. γ and η represent the efficiencies of the SSHI inversion and of the active method, respectively. The derivation of these results is found in appendix C. As previously mentioned, a constant and regulated DC output voltage is required by the implant electronics. As the output voltage V out might be too large to directly act as the power
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PIEZOELECTRIC TRANSDUCTION PERSPECTIVES

Although the output energy density per cycle achieved by the proposed piezoelectric spirals are not particularly better than conventional inertial energy harvester found in the literature, several improvements can be brought into play to enhance the output energy. First, from the comparison between the optimal electrodes configuration with no connection pads of table 5.4 and the tested electrode configuration with the pads shown in table 5.5, one can expect at least twice as much power for real device designs: even though the highest experimentally measured energy density was about 3 µJ/cm 3 /cycle for design #3, a value of about 6 µJ/cm 3 /cycle can be predicted. Additionally, these results were obtained using standard available material and one can easily imagine that much higher output power could be obtained by implementing more advanced materials such as single crystals that exhibit much better coupling. Indeed, materials such as PMN-PT or PZN-PT can exhibit a coupling efficiency that is at least five times higher than the proposed material ( [Micb] claims to achieve a transverse coupling k 32 of up to 0.91) . Furthermore, progress in low power electronic circuit efficiencies will enable a increase of output energy by a factor of 5, 10 or more as illustrated in Fig. 5.25.

Nevertheless, the transduction efficiency of our proposed spirals is low, even though the output power is decent (as the flexibility of the spiral lets enter a large amount of incoming energy). The root causes of this low efficiency have been investigated and we believe that the two principle reasons are:

• The main part of the mechanical deformation in spirals goes in torsion. As in our proposed configuration, only the bending energy gets transduced, all the energy stored in the large torsional rigidity is lost.

• Also, the created voltage switches signs multiple times along the arms -which is also partly due to torsion effects. As the output energy is proportional to the square of this voltage (equivalent to the voltage times the charge when introducing the capacitance), it is much more effective to have a voltage built up on one polarity only rather than oscillating near zero. This corresponds to the fact that the strain is distributed between two signs whereas a large strain with one sign only would be much more effective (as it plays a quadratic role).

Therefore, further designs should avoid torsion, and the strain should always have the same sign. Following these conclusions, new types of designs that work around the issue have been suggested and are currently being studied and fabricated. Although these new concepts can unfortunately not be disclosed in this dissertation as they are currently in the process of being protected, it is claimed that a power improvement factor of 10 or more can be achieved through design with the same material and electronics.

GENERAL CONCLUSION

Perpetual advances in electronic devices miniaturization applied to active implantable medical devices is now allowing a dream envisioned in 1970 by W. J. Spickler to come true: pacemakers can now be so small that they can be implanted directly inside the heart cavities. Contrarily to current cardiac pacing systems, these leadless pacemakers avoid intravenous leads. The notable advantages of these system are to provide an easier implantation procedure, an minimal invasiveness, a greater comfort for the patient, and more importantly a removal of the leads that are the principal cause of the (rare) issues in cardiac implant operations.

However, these new type of pacemakers also present some specific challenges. First, these implants should be perfectly fixed to the myocardium. Also, a leadless pacemaker replacement procedure is extremely delicate, as the fastening is consequently very strong and as a small device constantly shaken by the blood is very hard to catch. Clearly, there is a need for a leadless device that does not need to be replaced. Therefore, a leadless pacemaker energy source should preferably be a perpetual power supply rather than a traditional battery with limited longevity. Several concepts addressing this need have been presented. Wireless energy transfer is the first possibility. An external emitter could transfer energy for instance through ultrasound, light, or induction to an internal receiver in the implant. However, a preferable solution is to embed an energy harvester that converts some of the abundant surrounding energy into electricity. This effectively enables a leadless pacemaker that we can implant and forget, bringing the tremendous advantage of working perfectly autonomously and virtually perpetually. This consideration is motivating the presented work on the development of energy harvesting solutions for leadless pacemakers.

Inertial energy harvesters that convert mechanical movement (vibrations) into electricity through a spring and proof-mass system are widespread in the literature as first studied in this dissertation. These inertial harvesters can be adapted to the leadless pacemaker application, as it has been measured that sufficient energy can be extracted from heartbeat induced vibrations at around 20 Hz. As part of the HBS project lead by Sorin, this technique is currently being investigated by experts in the inertial energy harvesting field at CEA-LETI and TIMA lab (UJF). Hopefully, their work will soon yield the first functional prototypes. Al-though these envisioned systems should meet the current leadless pacemaker requirements in terms of size and power, they present two specific drawbacks. First, the inertial harvesting solution can not be further miniaturized easily: shrinking the device size and hence the mass directly impacts the output power. Also, it puts extremely stringent requirements on the spring compliance in order to keep the low resonance frequency of the system. Second, the amplitude and frequency of the heart vibrations are extremely variable and largely depend on the patients activity and also on the implantation location. Keeping a steady output power from these unsteady excitations is challenging for resonant inertial energy harvesters.

This dissertation has proposed to explore alternative energy harvesting possibilities in the cardiac environment. As the heart is a very particular organ that develops a large amount of power (up to ten Watts), there is intuitively a large amount of energy that a specifically designed system could harvest. Toward that goal, an exploratory work has first been carried out in order to conceptualize and quantify all the potential sources of mechanical energy in the heart. More specifically, heart movement, myocardium contractions, blood fluidic forces and blood pressure forces have been considered.

The blood fluidic forces have been discarded because preliminary calculations have indicated that insufficient energy could be extracted from these forces. This result is believed to be due to the fact that blood flow forces are only powerful near the output valves, such as within the aorta where all the flow is concentrated. Cardiac cavities where leadless pacemakers are targeted to be implanted are however only affected by a relatively slow laminar flow and/or turbulent side effects. On the other hand, cardiac muscle contractions concentrate a lot of energy. This had been expected since muscle contractions are the primary source of mechanical energy of the heart. However, harvesting some energy from these forces requires an implant that is anchored at multiple locations in the muscle. Such a system would be almost impossible to properly implant within a cardiac cavity via a catheter. Hence, this solution was discarded for the endocardial version of leadless pacemaker. Nevertheless, this energy harvesting solution could be interesting to further study for a potential epicardial solution.

Fortunately, there is still one promising energy source that is particularly adapted for intracardiac leadless pacemakers: blood pressure variations. Indeed, the main role of the heart in the body is actually to pump blood. Therefore, most of its consumed energy aims at increasing the blood pressure in cardiac cavities in order to deliver blood to the lungs and all over the body. Hence, blood pressure concentrates large forces and an energy harvester that would be actuated by these strong forces is proposed. Additionally, blood pressure forces have the tremendous advantage of being predictable and stable. Indeed, blood pressure variations, as can be measured by routine exams in the arterial system, lie within a typical range, and although some fluctuations can occur in patients suffering from hypo-tension or hyper-tension, the variability is less important than for all the other mentioned sources of energy. Also, blood pressure forces do not depend on the implantation location within a cardiac cavity. Hence, the leadless pacemaker implantation location is entirely determined by stimulation efficiency considerations -just like conventional leads. Also, the frequency of variation of blood pressure in cardiac cavities has the merit of being equal to the heartbeat frequency. Therefore, leadless pacemaker power considerations can be advantageously quantified in terms of energy generated and consumed per cardiac cycle.

From the exploratory analysis of the potential energy sources, an energy harvester that exploits blood pressure forces has been chosen. Although the energy density of this tech-nique seems important, specific challenges arise and particular risks have to be mitigated. The principal challenge consists in making a flexible packaging that transmits the blood pressure forces to an internal mechano-electrical transducer. Indeed, the packaging needs to deflect extensively to gather as much blood pressure energy as possible. For simplicity and ease of fabrication, the flexible part of the packaging is located at the tip of the 6-mm diameter leadless implant. Enhancing the flexibility is particularly demanding since this packaging must be perfectly hermetic for decades, as no chemical species could be permitted to be transferred from the harsh blood environment to the internal electronic components of the pacemaker. As metals present much greater hermeticity performances compared to other flexible materials such a polymers, a metal casing is required. The stiff nature of metals therefore necessitates the leverage of complex structuring to achieve the desired flexibility. To tackle this issue, plain and corrugated diaphragms have been studied. Theoretical analysis and numerical simulations have shown that even though these elements are very small, their compliance cannot achieve the required performance. Indeed, they cannot significantly deflect under blood pressure forces unless their thickness is reduced to the challenging level of a few micrometers. A preferred solution lies in the development of a packaging in the shape of a bellows (Fig 6 .1). Indeed, the bellows structure permits through numerous corrugations to substantially enhance the packaging flexibility. Numerical simulations and experimental prototypes characterization have shown that 10 µm thick bellows placed at the tip of a 6-mm diameter capsule could yield a stiffness of only a few hundreds of Newtons per meter. This configuration corresponds to several hundreds of micro-joules of energy per cardiac cycle that can be exploited in the left ventricle and about ten times less in the right ventricle. Prototypes of these ultra-thin bellows have been fabricated through a particular electrodeposition and etching process, carried out concurrently by an industrial manufacturer and at IEF. The prototypes resulting flexibility, handling and industrialization capabilities permit to largely raise the level of confidence of these challenging bellows elements serving as a flexible implant packaging, as well as validate the possibility of harvesting blood pressure forces. Last, the short-term hermeticity of the fabricated bellows has been successfully tested. The proposed bellows is coupled to an internal transducer that converts the transmitted mechanical energy into electricity. Out of the three standard transduction principles (electrostatic, piezoelectric and electromagnetic), only the the first two are considered as electromagnetic systems can hardly be made MRI compatible.

The electrostatic transduction option has first been studied. Its working principle consists in a capacitor which capacitance is changed through the effect of mechanical forces that in this case are transmitted blood pressure forces. When the capacitor is properly charged at high capacitance and discharged at low capacitance, the mechanical forces are working to separate the two capacitor structures and the associated developed energy is directly converted into electrical energy on the capacitor. In order to maximize the extracted energy, the voltage under which the charge and discharge operations are carried out needs to be increased. Also, the capacitance variation has to be as high as possible. Toward that goal, a novel three-dimensional out-of-plane overlap electrostatic structure has been presented (Fig. 6.2). It consists of numerous stacked layers of interdigitated combs, maximizing the total capacitance variation for the cylindrical geometric requirements of the leadless pacemaker. Numerous parameters are determining the design of this structure, such as the fingers length, width, inter-finger gap, height of the layers, height of the inter-layer gaps, and the number of layers. A thorough analysis of each of these parameters has been exposed, and a design procedure towards an optimized design for given fabrication constraints has been presented. Two fabrication processes have then been proposed: a wafer deep etching and stacking approach, and a layer-by layer patterned eletrodeposition approach. They are giving similar theoretical performances but present different technological challenges: the wafer stacking process complexity consists in etching high aspect-ratio structures in silicon and precisely aligning several layers, whereas the layer-by layer electrodeposition method challenge resides in the deposition and planarization steps. Several realistic design cases adapted for each of these processes are more closely investigated. Performances of up to several tens of micro-joules per cycle in the left ventricle and several micro-joules per cycle in the right ventricle are expected for a device volume of 30 mm 3 . In order to predict the actual output power, the efficiency of an associated power management electronics working under tens of Volts should be taken into account. Nevertheless, a particular design is currently under fabrication using the layer-by-layer patterned electrodeposition approach.

The piezoelectric transduction method has also been studied and promises an easier fabrication as well as simpler power management circuits. Drawbacks of the piezoelectric transduction over its electrostatic counterpart are the large part of the energy stored in rigidity that is not transduced, a more constrained design freedom, and a necessary important mechanical strain that can cause reliability issues. The main challenge in the piezoelectric transducer design consists of optimizing both the flexibility of the device in order to gather as much mechanical energy as possible, and the transduction efficiency that permits to convert this input energy into electrical energy. Also, the generated voltage and the mechanical strain should be kept within the operating and reliability limits, respectively. Considering the geometry as well as the packaging-transducer coupling requirements, standard piezoelectric cantilevers are first discarded. Spiral shapes have been proposed for the transducer design, with multiple arms and different arm lengths (Fig. 6.2). These configurations permit indeed to effectively largely enhance the flexibility of the transducer and allow a displacement of several hundreds of micrometers. A critical consequence of the spiral shape concerns the complex strain distribution due to combined torsion and bending effects under ac-
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Figure 6.2: Proposed transducers in a bellows flexible packaging for blood pressure energy harvesters.

tuation. Those effects induce numerous electrical potential polarity changes on the surface of the transducer. Therefore, a complex electrode layout has to be patterned at the spiral surface in order to avoid a charge recombination that would cancel the generated energy. The effects of spiral design parameters have been studied through numerical simulations, especially regarding the number of spiral arms and the number of revolutions per arm. It arose that compromises have to be made between high flexibility and incoming energy, displacement considerations, and final output energy due to varying transduction efficiency. In a nutshell, even though a more flexible transducer generally translates into a less effective transduction, it extracts more energy due to increased input mechanical energy. Also, multiplying the number of arms has been shown to be more effective than lengthening the spiral arms, as it reduces the losses in torsion and the number of polarity changes.

In order to validate this numerical study, several prototypes have been fabricated in standard bimorph PZT material and micromachined by a femto-second laser. The experimental characterization of these prototypes has yielded a relatively good match with the simulations, provided that the material properties had to be slightly adjusted. For the fabricated designs, energy of several tens of nano-joules per cycle have been obtained when connected to a standard AC load. Although this extracted energy is far too small for a leadless pacemaker, the volume taken by each piezoelectric spiral is small and the density of energy per cycle attained the more decent value of 3 µJ/cm 3 /cycle, using an off-the-shelf material. Also, several improvements can be easily implemented to directly enhance the output energy of these spirals, such as removing the prototype connection pads, stacking several spirals in series, switch to a better coupled piezoelectric material and implementing adapted electronic power management circuits that can enhance the generated energy by a factor of at least two and up to ten depending on their efficiency.

Nevertheless, it has been concluded from the spiral study that better piezoelectric transducer designs could be envisaged to yield a much higher output power. Indeed, two notable conclusions have been drawn: too much energy is stored in torsion that cannot be transduced in the proposed configuration, and the numerous polarity changes are largely penalizing the output power. Improvements and new designs are currently analyzed through numerical studies and the fabrication process is under way. Although these last developments could not have been implemented in this dissertation, it is claimed that the output power is expected to be multiplied by a factor of at least ten compared to spirals, which could with appropriate electronics start to compete with the performances of the electrostatic option.

On the road toward an complete validation and industrialisation of the proposed blood pressure powered leadless pacemaker are remaining hurdles to overcome:

• As any device in permanent contact with biological tissue, the proposed implant packaging could suffer from endothelization and be surrounded by growing fibrosis. The impact of such a phenomenon on the packaging flexibility could induce serious consequences in the device performance. Therefore, this effect needs to be studied and appropriate countermeasures taken, probably in terms of appropriate coating.

• Blood pressure levels are affected by atmospheric pressure changes, notably induced by altitude or flight. As the proposed harvester concept might not tolerate such a large solicitation offset, it might be relevant to block the harvesting operation during these temporary unfavorable conditions and incorporate a small buffer battery in the implant that takes over the power supply during that time. Such a hybrid configuration where the energy harvester is associated to a small battery would also significantly raise the safety of the patient and the acceptability of the energy harvesting innovation.

• The proposed bellows packaging is currently made of nickel that is an irritant for 20% of the population and not biocompatible. Therefore, it needs either to be fabricated out of another biocompatible metal, or to be appropriately coated by a thin biocompatible material. Also, the hermeticity and mechanical reliability of these novel electrodeposited ultra-thin bellows still need to be validated for decades of implantation under permanent excitation.

• The electrostatic transducer still needs several development steps toward a functional prototype. First, a fabrication process needs to be validated (the layer-by-layer electrodeposition process is currently extensively investigated at IEF), and associated power management electronics that should work under tens of volts while keeping the losses below the micro-Watt level currently do not exist.

• The validation of a piezoelectric transducer with the required performances is also not completed, as the first spiral prototypes yielded an insufficient amount of power. Nevertheless, new promising prototypes are on their way. Also, a tremendous improvement factor could come from the development of adapted electronics circuits, implementing semi-passive or active techniques to magnify the output power.

• Also, the level of mechanical stress that can be tolerated in the design of a piezoelectric transducer and the resulting reliability are still to be investigated. More piezoelectric material characterization, fatigue and aging tests should be carried out to first determine the safe design region of the material, then verify that the proposed design stays within that region, and finally qualify through accelerated tests the reliability of the proposed devices.

• Last but not least, the choice of the cardiac cavity is critical for the performance of the proposed harvester, as five times more energy are present in the left side of the heart compared to the right. Actually, the envisioned size (6-mm diameter, 10/15-mm long capsule) is probably too large for a left ventricle implementation, and the output power might be too small for a right ventricle application. If these fears are proven to be well-founded, a promising alternative could be to locate the bellows on the sides of the capsule, as opposed to the tip, which provides a much greater effective surface where blood pressure is applied.

With the proposed developments, and assuming that the raised risks can be properly mitigated, we can claim that this dissertation has presented an energy harvesting device that should provide enough energy to power the next generation of leadless pacemakers. 
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.1: Schematics and notation of a bimorph cantilever subjected to a tip load F and electrically connected in parallel (i) or in series (ii).
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Following a standard Euler-Bernoulli beam bending assumption, the stress components in the plane of a beam cross-section are zero:

T 2 = T 3 = 0 (B.5)
By developing the first line of the first equation of (B.1) and the third line of the second equation, we have:

S 1 = s E 11 T 1 + d 31 E 3 = 1 Y 11 T 1 + d 31 E 3 (B.6) and D 3 = d E 31 T 1 + T 33 E 3 . (B.7)
By rewrite the latter two equations in a stress-charge form, we have:

T 1 = Y 11 S 1 -d 31 Y 11 E 3 D 3 = d 31 Y 11 S 1 + T 33 -d 2 31 Y 11 E 3 (B.8)
In order to simplify the notation, we define c p = Y 11 , e p = d 31 Y 11 and p = T 33d 2 31 Y 11 . This enables a rewriting of (B.8) as:

T 1 = c p S 1 -e p E 3 D 3 = e p S 1 + p E 3 (B.9)

B.2.2 SHIM MATERIAL

In the shim material, we only have:

T 1 = c s S 1 (B. 10 
)
where c s = Y s typically represents the Young's modulus of the shim material.

B.3 MECHANICAL AND ELECTRICAL GOVERNING

EQUATIONS

B.3.1 PIEZOELECTRIC LAYERS

Following the Euler-Bernoulli beam theory, each plane cross-section stays plane during the bending:

S 1 (z, x) = - z ρ(x) (B.11) = -z d 2 w dx 2 (x) (B.12)
Where ρ(x) and w(x) are the curve radius and the deflection, respectively, at a distance x from the anchor.

We also introduce the notation V a and V b for the electrical potentials of the harvesting electrode (at the anchor) and of the floating electrode (at the tip), respectively. Therefore, the surface potential V(x) is piece-wise linearly defined as follows:

V(x) = V a si 0 ≤ x ≤ L e , V b si L e ≤ x ≤ L b . (B.13)
By application of the Gauss's flux theorem, we deduce that the electrical displacement field in the piezoelectric layer is independent of the thickness:

D 3 (x, z) = D 3 (x). (B.14)
Therefore, we can rewrite the electrical equation (B.9) as follows:

E 3 (x, z) = 1 p D 3 (x) - e p p S 1 (x, z). (B.15)
By definition of the electrical potential, we also have:

V(x) = - 2 a t 2 t 1 E 3 (x, z) dz, (B.16)
where a is a constant equal to 2 for the parallel connection configuration and 1 for the series connection configuration. Hence, by putting (B.15) and (B.12) into (B.16) using (B.14), we derive: 

V(x) = - 2 
t 2 2 -t 2 1 = (t 2 -t 1 ) (t 1 + t 2 ) = h p h p + h s (B.20)
We have: On the top piezoelectric layer (-t 2 < z < -t 1 ) the series and parallel connection cases have to be differentiated.

D 3 (x) = - a p 2h p V ( 

Series connection

In the series case the polarization is switching signs and hence e p becomes -e p in the constitutive equations, when compared to the bottom layer acting as a reference. Also, the potential V(x) is calculated by integrating the electric field from -t 2 to -t 1 from Fig. 

(i).

Therefore, applying a similar method as in the previous case yields successively: This results is the same for both series and parallel case, and therefore both case can be regrouped.

V(x) = - 2 a -t 2 -t 1 1 p D 3 (x)

B.3.2 SHIM LAYER

In the shim layer (-t 1 < z < t 1 ), we simply have for all x :

T 1 (z, x) = c s S 1 (z, 

B.3.3 MOMENT IN CROSS-SECTION

The moment in the cross-section is by definition: • at the anchor, we have dw dx (0) = 0 and w(0) = 0 • at x = L e , we have continuity of dw dx (x) (beam angle) and of w(x) (deflection). Hence, for 0 ≤ x ≤ L e , we have: 

M(x) = b 2 y=-b

B.3.5 EXTRACTED CHARGES

On the electrical side, we have for the electrode at the anchor (connected to the circuit): As we know that this electrode is disconnected, the extracted charge Q b is zero. Therefore, we obtain an expression for V b : we have

Q a =
V b = - λ (L b -L e ) 2λ 2
Q a = αu -C 0 V a (B.87)
Finally, we can regroup the preceding equations in the following couple of equations:

F = ku + αV Q = αu -C 0 V (B.88)
We can note that this model is more complex than some that have been presented in the literature such as in [START_REF] Roundy | A piezoelectric vibration based generator for wireless electronics[END_REF]. Actually, the latter work makes two notable simplifying assumptions:

• the piezoelectric coupling does not affect the mechanics equation

• the stress is in the piezoelectric layer is assumed to be independent from z when determining the piezoelectric coupling.

These assumptions are accurate when the piezoelectric layer is very thin compared to the shim layer, and when the coupling is small. An advantage of the model proposed in this appendix is that it is accurate for a much wider range of cases.

B.4.2 RESULTS AND COMPARISON

From these two types of numerical simulations the lumped parameters k, α and C 0 , for a different beams geometries (detailed in From these comparisons, we conclude that the analytical model matched perfectly the FEM model under 2D assmptions. When the 3D effects are taken into consideration, some errors start to appear. Nevertheless, this analysis validates the proposed derivation.

B.5 PARAMETERS OPTIMIZATION

It has been derived in chapter 5 that the output energy is proportional to Q s.c. V o.c. = α 2 F 2 0 k 2 C F , the other factor being only determined by the power electronics.

If the input force is fixed (at a value F 0 ), the quantity to maximize in order to maximize the efficiency of the device (output power for a given input) is α 2 k 2 C F that we note note E design (in J/N 2 ). This input force case is the case of the application of the present dissertation. By introducing in this expression the value of the lumped parameters, we have: The latter expression permits us to optimize any design parameter. For instance, the optimized electrode length L e is determined by deriving the latter expression of E design with respect to L e . This yields a very simple optimized electrode length L e, opt of two third of the total beam length.

E design = α 2 k 2 C F + α 2 k (B.89) = λ 2 L b L e -L 2
Also, it can be seen that the output energy is inversely proportional to the beam width b.

Of course, one has to check eventually that the displacement amplitude stays within the limits of the system, and that the maximum stress in the material stays below the fatigue limit. amplitude and frequency are known and very stable. Even though this case is not applicable to our application, it is studied here for comparison purposes. By taking the derivative of (C.1) and using Ohm's law across the resistor R, the complex current I (derivative of Q) and the power through the load P can be respectively expressed as: Hence, the net output energy (negative) between steps 1 and 2 W 1→2 is equal to:

I = jωαF 0 k + RjωkC F (C.
W 1→2 = W 1→2, gain -W 1→2, loss = η - 1 η C F V 2 out 2 . (C.31)
The same energetic transfer applies from steps 3 to 4 and the net output energy W 3→4 is equal to:

W 3→4 = W 1→2 = η - 1 η C F V 2 out 2 . (C.32)
Between steps 2 and 3, an energy of 2αF 0 V out /k is extracted from the piezoelectric material from the energetic cycle C.16. The energy flowing out of the circuit is then:

W 2→3 = η 2αF 0 V out k . (C.33)
Similarly, we obtain:

W 4→1 = W 2→3 = η 2αF 0 V out k . (C.34)
Over a whole cycle, the net output energy W active is:

W active = W 1→2 + W 2→3 + W 3→4 + W 4→1 (C.35) = η - 1 η C F V 2 out + 4ηαF 0 V out k (C.36)
This output energy is maximized for an optimal voltage V opt expressed in (C.37):

V opt = 2ηαF 0 kC F 1 η -η . (C.37)
The maximal voltage V max piezo that the piezoelectric element can withstand without suffering electrical or mechanical properties damages such as depolarization, increasing resistive losses or fatigue has to be considered. If V opt ≥ V max piezo then V out is set to V max piezo and the output energy is W active -piezo limited :

W active -piezo limited = η - 1 η C F V 2 max piezo + 4ηαF 0 V max piezo k . (C.38)
In the case where V opt ≤ V max piezo , V opt is applied safely to the piezoelectric material and the output energy has a value of W active max expressed in (C. In terms of Q s.c. and V o.c. , we can rewrite W active max as:

W active max = 4η 3 1η 2 Q s.c. V o.c. . (C.40)

C.4.3 EXPERIMENTAL PRINCIPLE VALIDATION

A 45 mm diameter diaphragm with a 25 mm diameter piezoelectric layer arranged according to the schematic of Fig. C.18 has been experimentally subjected to a varying external pressure. The thicknesses are 100 µm for the brass substrate and 110 µm for the piezoelectric ceramic. Its capacitance C 0 has been measured to a value of 57 nF and its compliance k has been measured by microindentation to be around 4 000 N/m. To simulate blood pressure variations, a pressure with an amplitude ranging from 0 to 50 mmHg (0 to 6600 Pa) and a frequency of 2 Hz was applied. A picture of the experimental setup is shown in La récupération des forces fluidiques du sang a été écarté car des calculs préliminaires ont montré que l'énergie pouvant être extraite à partir de ces efforts est insuffisante dans la zone de l'implant. En effet, bien que les flux sanguins soient puissants à la sortie des cavités au niveau des valves (comme dans l'aorte par exemple qui concentre le flux sanguin), l'intérieur des cavités cardiaques, qui est la cible d'implantation des stimulateurs sans sonde, n'est affectée que par des effets fluidiques plus secondaires (flux laminaire et/ou des turbulences relativement peu puissantes). D'un autre côté, les contractions du muscle cardiaque sont beaucoup plus puissantes, car elles représentent la source primaire d'énergie mécanique dans le coeur. Cependant, la récupération d'une partie de ces efforts nécessite d'avoir un implant fixé à plusieurs endroits dans le muscle. Un tel système serait dans la pratique quasiment impossible à implanter convenablement dans une cavité cardiaque par voie intraveineuse et avec un cathéter. Cette solution est donc également écartée pour une version endocardique de stimulateur sans sonde. Cependant, cette technique pourrait se révéler intéressante à poursuivre dans le cadre d'une solution épicardique.

Une autre source d'énergie, prometteuse en termes de densité de puissance, et particulièrement adaptée aux implants intracardiaques, repose sur les variations de pression sanguine. En effet, comme le rôle du coeur dans le corps est par nature celui d'une pompe, la majeure partie de l'énergie consommée par le coeur a pour but d'augmenter la pression sanguine dans les diverses chambres, avec suffisamment de puissance pour pouvoir irriguer la totalité du corps. Par conséquent, la pression sanguine concentre d'importants efforts mécaniques qu'un récupérateur d'énergie adapté pourrait tenter d'exploiter. De plus, les forces de pressions sanguine ont l'avantage considérable d'être prévisibles et stables. En effet, les variations de pressions ne s'éloignent pas d'une certaine plage de valeurs, comme le montrent les mesures dans le système artériel lors d'examens médicaux routiniers. Malgré le fait que des fluctuations anormales peuvent apparaître chez des patients soufrant d'hypo-ou d'hypertension, la variabilité de cette quantité est moins importante que toutes les autres sources d'énergie mentionnées. En outre, les efforts de pressions sont des efforts statiques et donc indépendants du site d'implantation dans une cavité donnée. Ainsi, avec un tel système, la localisation d'un implant sans sonde est libre et peut être choisie, à la manière de sondes traditionnelles, selon les meilleures performances de stimulation. Enfin, la fréquence de variation de la pression sanguine dans le coeur a l'avantage intrinsèque d'être toujours égale à la fréquence cardiaque. En effet, une partie significative de l'énergie consommée par l'implant étant proportionnelle au rythme cardiaque (notamment due à la stimulation), le fait de générer une énergie constante par cycle cardiaque est un avantage de poids. D'après les analyses aux premier ordre des sources d'énergie potentielles, récapitulées dans le tableau D.2, un récupérateur d'énergie exploitant les variations de pression a donc été choisi. Bien que la densité d'énergie apportée par cette technique semble importante, cette dernière soulève des risques spécifiques devant d'abord être relevés pour la suite de l'étude. Le principal challenge réside dans l'élaboration d'un boîtier de l'implant qui soit flexible pour permettre la transmission des efforts de pression sanguine à un transducteur mécano-électrique interne. En effet, le boîtier doit considérablement se déformer pour récolter autant d'énergie mécanique que possible des efforts de pression. Pour des raisons de simplicité et de facilité de fabrication, la partie flexible du boîtier est située au bout de l'implant cylindrique de 6 mm de diamètre. Amplifier la flexibilité est particulièrement difficile car le boîtier doit également être parfaitement hermétique sur une durée de plusieurs décennies. En effet, un éventuel transfert d'espèces chimiques de l'environnement sanguin corrosif vers les composants, notamment électroniques, à l'intérieur du stimulateur, n'est pas admissible. Comme les métaux offrent des performances bien plus grandes en termes d'herméticité comparativement à d'autres matériaux plus flexibles tels que des polymères, un boîtier métallique est indispensable. La nature intrinsèquement rigide des métaux nous oblige à les structurer de manière complexe pour atteindre la souplesse demandée. Pour résoudre ce problème, des diaphragmes pleins et ondulés ont dans un premier temps été étudiés. Bien que ces éléments occupent un faible volume, des analyses théoriques et numériques montrent que leur flexibilité ne peut que difficilement atteindre le niveau souhaité. En effet, ces diaphragmes ne peuvent pas se déformer significativement sous l'effet des efforts de pression à moins de réduire leur épaisseur au niveau critique de quelques micromètres. Une solution préférable est le développement d'un boîtier en forme de soufflet selon la En premier lieu, l'option de transduction électrostatique a été étudiée. Le principe de fonctionnement est le suivant : un condensateur voit sa capacité varier sous l'effet de forces mécaniques, qui dans le cas considéré proviennent des forces de pressions transmises par le soufflet. Quand le condensateur est correctement chargé à haute capacité, et déchargé à basse capacité, les efforts mécaniques fournissent un travail pour séparer les deux structures du condensateur, et l'énergie associée est directement convertie en énergie électrique à ses bornes. Dans le but de maximiser l'énergie extraite, la tension sous laquelle les opérations de charge et de décharge ont lieu doit être la plus grande possible. Il en est de même avec la variation de la capacité. Pour augmenter cette dernière, une structure novatrice tri-dimensionnelle à chevauchement hors-plan est proposée (Fig. D.7). Elle comprend de nombreuses couches empilées de peignes inter-digités, ce qui maximise la variation totale de capacité dans les contraintes de volume cylindriques du stimulateur sans sonde. De nombreux paramètres déterminent la géométrie de la structure, tels que la longueur des doigts, leur largeur, l'entrefer, la hauteur des couches, l'espace entre deux couches, et le nombre de couches. Une analyse poussée de l'influence de chacun de ces paramètres est exposée, et une procédure de conception pour une structure optimisée en respectant les contraintes de fabrication est présentée. Deux processus de fabrication sont proposés : une approche par gravure profonde de plaquettes empilées, et une approche par électro-déposition structurée couche à couche (cette dernière est détaillée en Fig. D.8). Ces deux techniques donnent des résultats théoriques similaires, mais elles présentent chacune des défis différents : la complexité de l'approche par plaquettes empilées réside dans les procédés de gravure à grand rapport d'aspect et dans l'alignement précis de plusieurs plaquettes, alors que les défis technologiques de l'approche par électro-déposition couche-à-couche relèvent en revanche des étapes de déposition et de planarisation. Quelques cas de structures réalisables adaptées à chacun de ces procédés sont investigués plus en détails. Des performances énergétiques allant jusqu'à quelques dizaines de micro-joules par cycle dans le ventricule gauche et quelques micro-joules par cycle dans le ventricule droit sont attendues pour un dispositif ayant un volume de 30 mm Une méthode de transduction par voie piézoélectrique a également été étudiée, et promet de simplifier la fabrication ainsi que l'électronique de gestion d'énergie. Les inconvénients de la transduction piézoélectrique par rapport à son homologue électrostatique sont principalement le fait qu'une large partie de l'énergie est stockée sous forme élastique et ne peut être convertie, la limitation des libertés de conception, et enfin les contraintes mécaniques élevées mais nécessaires qui impactent la fiabilité. Le défi principal de la conception d'un transducteur piézoélectrique consiste à optimiser à la fois la flexibilité du dispositif afin de récolter autant d'énergie mécanique que possible, tout en augmentant le rendement de conversion de cette énergie mécanique en énergie électrique. En outre, la tension générée et la contrainte mécaniques doivent naturellement être cantonnées respectivement aux limites du système électronique et aux limites de fatigue. En considérant la géométrie disponible ainsi que les contraintes imposées par le couplage mécanique avec le boîtier, les structures standards de type poutre piézoélectrique sont premièrement écartées. Il est proposé de structurer le transducteur en forme de spirales, avec un nombre et une longueur de bras variés (Fig. Cependant, il a été conclu à partir de l'étude de ces spirales que de meilleurs transducteurs piézoélectriques pouvaient être conçus pour donner une énergie en sortie plus importante. En effet, les deux conclusions notables qui ont été tirées sont les suivantes : d'une part, trop d'énergie est perdue sous forme de torsion qui ne peut être transduite avec la configura-M. Deterre tion proposée, et d'autre part les nombreux changements de polarité pénalisent la puissance en sortie. Des améliorations et de nouvelles structures sont actuellement analysées à travers des études numériques, et le processus de leur fabrication a été lancé. Bien que ces derniers développements n'ont pu être incorporés dans ce mémoire pour des raisons de protection intellectuelle en cours, il est prétendu que l'énergie de sortie pourrait être multipliée par un facteur dix par rapport au concept de spirales, ce qui avec une électronique appropriée rend la technologie piézoélectrique compétitive face à la solution électrostatique.

Il reste néanmoins de nombreux éléments à valider en vue de la commercialisation et de l'industrialisation du récupérateur d'énergie proposé avant son implémentation dans un stimulateur sans sonde rendu complètement autonome.

• Comme tout dispositif en contact permanent avec des tissus biologiques, le boîtier proposé peut être affecté par un phénomène d'endothélisation (croissance de fibrose). L'impact d'un tel phénomène sur la flexibilité du boîtier pourrait induire de sérieuses conséquences sur les performances du dispositif. C'est pourquoi cet effet doit être étudié et des contre-mesures appropriées prises, probablement à travers un revêtement spécifique.

• Le niveau de pression cardiaque est affecté par les changements de pression atmosphérique, notamment induits par l'altitude ou le vol en avion. Comme le concept de 308 M. Deterre récupérateur peut ne pas supporter une sollicitation aussi importante, il peut être pertinent de bloquer le fonctionnement du récupérateur lors de ces conditions défavorables temporaires, et de basculer l'alimentation électrique de l'implant sur une petite batterie tampon durant cette période. Une telle configuration hybride où le récupérateur d'énergie est associé à une petite batterie permet de surcroît d'augmenter très largement la sécurité du système, et par la même l'acceptabilité de l'innovation proposée.

• Le boîtier proposé en forme de soufflet est actuellement fabriqué en nickel, qui est un matériau irritant pour 20 % de la population et non biocompatible. Ainsi, ce soufflet devrait soit être fabriqué dans un autre métal qui lui serait biocompatible (titane, palladium, nitinol, etc...), soit être revêtu de manière appropriée par une fine couche de matériau biocompatible. De plus, l'herméticité et la fiabilité mécanique de ces soufflets fabriqués par cette méthode novatrice d'électro-déposition doivent encore être qualifiée, pour au moins une décennie d'implantation sous excitation permanente.

• Le transducteur électrostatique doit encore passer certaines étapes de développement avant d'arriver à un prototype fonctionnel. Premièrement, le procédé de fabrication doit encore être validé (l'approche par électro-dépositon couche-à-couche est actuellement en cours de développement à l'IEF), et le circuit électronique associé de gestion de l'énergie, gérant notamment les opérations de charges et de décharges sous plusieurs dizaines de Volts tout en limitant les pertes sous le niveau du microwatt, n'est pour l'instant pas abordé.

• La validation du transducteur piézoélectriques aux performances attendues n'est également pas encore finalisée, car les premiers prototypes spiralés fournissent une énergie pour l'instant insuffisante. Cependant, de nouveaux prototypes prometteurs sont en cours de développement et fabrication. De plus, un facteur d'amélioration très important devrait venir du développement de circuits électroniques adaptés, implémentant par exemple des techniques semi-passives ou actives afin de démultiplier la puissance en sortie.

• De surcroît, le niveau de contraintes mécaniques pouvant être toléré et la fiabilité mécanique résultante du transducteur piézoélectrique proposé restent encore à étudier. De plus amples caractérisations et tests de fatigue et de vieillissement doivent être effectués afin de premièrement déterminer la zone de fiabilité mécanique du matériau, de vérifier ensuite que la structure proposée reste dans cette zone, et enfin de qualifier la fiabilité des dispositifs proposés par des tests accélérés.

• Enfin, dernier élément mais non des moindres, le choix de la cavité cardiaque est critique pour les performances du récupérateur proposé, car cinq fois plus de pression est présente dans le coeur gauche que dans le coeur droit. En réalité, la taille envisagée (capsule de 6 mm de diamètre et 10 à 15 mm de long) est probablement trop grande pour une implantation dans le ventricule gauche, et la puissance en sortie est sans doute trop faible pour une implantation dans le ventricule droit. Si ces craintes sont confirmées, une alternative prometteuse serait de situer le soufflet non pas en bout de capsule, mais sur ses flancs, ce qui augmenterait notablement la surface effective d'application de la pression et donc de l'énergie finale. 

  Figure 0.1: Current pacemaker v.s. envisioned leadless pacemaker.

  Illustration of the heart anatomy (adapted from Wikimedia Commons).
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 11 Figure 1.1: Schematic of the heart and its circulatory system.
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 1 Figure 1.2: Heart chambers contraction cycle.

  Figure 1.3: Heart electrical impulses conduction system.
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 1 Figure 1.4: Electrocardiography (EKG) of one heart beat.
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 15 Figure 1.5: Schematic of a pacing system showing a subcutaneous pacemaker with leads going intravenously to the right atrium and right ventricle (image adapted from Zigote body c ).

  Figure 1.6: X-Ray image of a implanted double-chamber pacemaker (picture adapted from Wikimedia Commons).

  Figure1.7: Some endocardial (i) and epicardial (ii) leads (adapted from[Sor] and Springer Images c ).

  Figure1.9: History of the miniaturization of Sorin pacemakers over the years[Sor].
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 110 Figure 1.10: Lapicque's law: minimum voltage amplitude to stimulate cardiac muscle for a given impulse length (stimulation threshold), and the associated energy consumption following (1.2).
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 111 Figure 1.11: Components of an ICD [Sor].
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 112 Figure1.12: History of the miniaturization of Sorin ICDs over the years[Sor].
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 113 Figure 1.13: Broadening diversity of implantable medical devices applications [WL08].

  Figure 1.14: SonR R hemodynamic 1D-acceleration sensor at the tip of a lead [Sor].

Figure 1

 1 Figure 1.16: Number and rate of patients experiencing major complications after pacemaker or ICD replacement or upgrade in the REPLACE registry: without (cohort A) and with (cohort B) a planned transvenous lead addition [PGM + 10].

  Figure 1.17: Leadless pacing system proposed by W.J. Spickler in 1970 [SRK + 70].
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 1 Figure 1.18: Medtronic c leadless concept (i) and mechanical prototype (ii).
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 1 Figure 1.19: Nanostim c leadless pacemaker.
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 1 Figure 1.20: EBR c System ultrasound transmission based leadless pacemaker.

  Figure 1.22: Preferred shapes for endocardial (i) and epicardial (ii) leadless pacemakers.

  Figure 1.23: 3Dplus WDoD TM technology process for high density 3D electronics modules [CNVB12].
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 1 Figure 1.24: Pictures of some fabricated 3D electronics modules with connections on the cube faces [CNVB08].
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 1 Figure 1.25: Nuclear pacemaker from the early 70s c 2008 T.W. Gray.

Figure 1 .

 1 Figure 1.27: Summary of the principle, preparation, implantation and operation of an implantable "Quinone-Ubiquinone Glucose BioFuel Cell" [CGG + 10].
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 1 Figure 1.29: The Seiko Thermic wristwatch: (a) the product; (b) a cross-sectional diagram; (c) thermoelectric modules; (d) a thermopile array (from [PS05]). c Seiko Instruments.
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 1 Figure 1.30: Schematic of an inertial energy harvester with notation.

  Figure 1.33: Electromagnetic generator from [WSH + 01].
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 1 Figure 1.34: Electromagnetic generator from [AC98] made with discrete components.

  Figure 1.35: Electromagnetic generators of the University of Southampton: from [BTK + 05] (i), from [BTT + 07] (ii), from [KKT + 08] (iii) and from [GJTBW04] (iv).
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 1 Figure 1.37: Electromagnetic generator from [PHHL06] (i) and from [LH11a] (ii).

Figure 1

 1 Figure 1.38: Electromagnetic generator from [MSS09]: schematic and cross section through the device (i) and prototype components (ii).

Figure 1

 1 Figure 1.46: Three topologies for micromachined electrostatic transducers (adapted from [RWP02]).

Figure 1

 1 Figure 1.47: In-plane overlap electrostatic device presented in [MMMA + 01] side view (i) and top view (ii).

Figure 1

 1 Figure 1.49: High daping electrostatic structures presented by Despesse et al.: Tungsten macroprototype (i) from [Des05] and silicon microstructure (ii) from [DCJ + 05].

Figure 1

 1 Figure 1.50: 3D schematic view (i) and fabricated device (ii) of the MEMS electrostatic harvester developed by Basset et al. [BGP + 09b].

Figure 1

 1 Figure 1.51: In-plane gap closing electrostatic structure proposed by Guillemet et al. in [GBG + 12]: Schematic and SEM image (i) and pictures (ii).

Figure 1 .

 1 Figure 1.52: In-plane gap overlap electrostatic structure presented in [HFM09].

Figure 1 .

 1 Figure 1.53: In-plane gap closing structure of Chiu et al. [CKC07, CT08]. A tungsten ball is attached to the silicon microstructure to increase the seismic mass.

Figure 1

 1 Figure 1.54: Device proposed by Tashiro et al. in [TKK + 02]: honeycomb structure (i), capacitance variation principle (ii), and setup with coil springs and proof-mass (iii).

  1.55). Peano et al. [PT05] also proposed to adapt conventional MEMS electrostatic harvesters with in-plane overlap combs to electrets precharging technique (see Fig. 1.56) and derived a theoretical model and an associated design method. Sterken et al. fabricated a similar device [SFB + 04] which is depicted in Fig. 1.57. The device is bulk micromachined from two silicon wafers (inertial mass and electret) and one glass wafer (fixed electrode) -the latter being used to reduce parasitic capacitances.

Figure 1 .

 1 Figure 1.55: Schematic of an electret generator as proposed by Boland et al. in [BCST03] (a) cross-section view (b) 3-D view showing a 4-pole rotor and stator.
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 111 Figure 1.56: MEMS in-plane comb-type electrostatic energy harvester with electrets precharge from [PT05].

Figure 1 .

 1 Figure 1.60: Electrostatic micro power generator from very low frequency vibrations with a proof-mass supported on microball bearings (from [NMM + 09]): Schematic (i) and prototype images (ii) expanded view (a), ball guide view (b) and cross-section view (c).

Figure 1 .

 1 Figure 1.61: Schematic of the device where the proof mass is guided by ball bearings on either side (proposed by Yang et al. in [YWZ11]).

  11]. Teflon based electrets have been broadly used in the literature [BCST03, BDR + 11]. Many works have also been implementing polymer-based electrets, such as CYTOP [TSK + 06, SSK08,SMEH10] or parylene HT c [wLT08] that present promising high surface charge density. Silicon-based inorganic electrets, such as SiO 2 and Si 3 N 4 , have been also proposed and well studied for their high charge stability and compatibility with IC and micromachining technologies [NMM + 09, BDS10, YWZ11].
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 1 Figure 1.63: Corona discharging method schematic (from [BDR + 11]).

Figure 1 .

 1 Figure 1.65: Inertial electrostatic energy scavengers where the proof-mass is liquid and creates a change in capacitance when excited by external vibrations: electret design with a droplet by Boland et al. [BMLT05] (i), and rocking liquid reservoir design presented in [CHKY11] (ii).
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 1 Figure 1.66: 2D inertial energy harvester proposed by Galchev et al.in [GRP13]: a magnetofluid changes the capacitance of a capacitor when a magnetic ball passes over.

Figure 1

 1 Figure1.67: Illustration of (1.28) (adapted from[START_REF] Weinsteini | .777 class -Design and Fabrication of Microelectromechanical[END_REF]).
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  Figure 1.69: Typical piezoelectric structures: unimorph beam (i), bimorph beam in series operation (ii-s), bimorph beam in parallel operation (ii-p) working in 31 mode (a,b) or 33 mode (c), piezoelectric stack working in 33 mode (iii): single stack (a), series operation (b) and parallel operation (c).

Figure 1 . 70 :

 170 Figure 1.70: Schematic showing the cross-sectional layout of macro-fiber composites (MFC) proposed by Sodano et al. in [SPI04].

Figure 1

 1 Figure 1.71: Standard piezoelectric bimorph inertial energy harvester working in 31-mode as proposed by Roundy et al.: schematic configuration (i) [RWR03], and prototype picture (ii) [RW04].

Figure 1 .

 1 Figure 1.75: The active part of the cantilever with interdigitated electrode pattern by Muralt et al. [MMB + 09].

Figure 1

 1 Figure 1.76: Improvement of cantilever geometries for a better strain distribution (from [RLB + 05]).

Figure 1 .

 1 Figure 1.77: Schematic and SEM images of a spiral piezoelectric inertial energy scavenger designed and fabricated by Marzencki et al. [Mar07].

Figure 1 .

 1 Figure 1.78: Schematic and SEM image of piezoelectric spiral energy harvester presented in [GAN12].

Figure 1 .

 1 Figure 1.79: Schematic of the in-plane energy harvesting piezoelectric spiral proposed by Dong et al. in [DHY08].

Figure 1

 1 Figure 1.80: Picture of a meander piezoelectric structure for low-frequency design (from Berdy et al. [BSX + 09, BSJ + 12]).

Figure 1

 1 Figure 1.81: Schematic of proposed hybrid piezoelectric-electrostatic energy harvester: solution by Khbeis et al. [KMRG06] including supercapacitor for energy storage (i), and patent application by Despesse et al. [DJC06] (ii).

  1.82). Dai et al. and Li et al.

Figure 1 .

 1 Figure 1.82: Prototype of the magnetostrictive energy harvesting beam from [WY08].

Figure 1 .

 1 Figure 1.83: Schematic diagram of an energy harvester with a magnetostrictive/piezoelectric laminate transducer [LWL + 11].

  1.84).Galchev et al. proposed in[START_REF] Galchev | A parametric frequency increased power generator for scavenging low frequency ambient vibrations[END_REF] a macro-scale version of this concept called Parametric Frequency Increased Generator (or PFIG) that is detailed in Fig.1.85, and that later in[START_REF] Galchev | A piezoelectric parametric frequency increased generator for harvesting low-frequency vibrations[END_REF] includes a spiral piezoelectric transducer as mentioned in section 1.5.4.4. Yet another version of the same principle has been presented in[START_REF] Zorlu | An electromagnetic micro-power generator for low frequency vibrations with tunable resonance[END_REF].

Figure 1 .

 1 Figure 1.84: Frequency up-conversion generator from [KN04] (color version from [Har11]): (upper left) isometric, (upper right) side, and (lower) schematic views.

Figure 1

 1 Figure 1.85: Parametric Frequency Increased Generator presented by Galchev et al. in [GKN09]: concept (i), theory of operation (ii), assembly (iii) and prototype photograph (iv).

  1.87), and this principle has also been applied in [LLK + 11]. Renaud et al. completely removed the return spring of the low frequency mass [RFvH07, RFvSvH09] that can therefore freely move within a sliding compartment (without considering dry friction). The mass excites piezoelectric benders when it reaches an end of the compartment (Fig. 1.88). This principle has also been applied for instance in [JAF11], and by Brown et al.in [SBB12] for in-vivo motion harvesting.
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 111 Figure 1.86: Schematic of a two-stage energy harvesting mechanism: low frequency vertically vibrating system (i) [RPN06] and rocking motion system (ii) [RM08].

Figure 1

 1 Figure 1.89: Active frequency tuning method by Roundy et al. [RLB + 05]: Schematic of a simply supported piezoelectric beam scavenger with an axial preload (i) Ratio of tuned resonance frequency to original resonance frequency as a function of the axial preload (ii).

Figure 1

 1 Figure 1.91: Piezoelectric clamped-clamped beam presented in [MDB09] (numerical simulation (i), SEM image (ii)) showing non-linear mechanical behavior that widens the bandwidth (iii).

Figure 1 .

 1 Figure 1.92: Non-linear energy harvester proposed by Soliman et al. based on stopperinduced piece-wise linear stiffness (i) that widens the bandwidth of the system (ii) [SARESM08].

Figure 1 .

 1 Figure 1.93: Schematic view of the nonlinear crab-leg spring designed in [ABC + 11].

Figure 1 .

 1 Figure 1.94: Illustration of the spring deformation after stopper contact [GBG + 13].

Figure 1 .

 1 Figure1.96: The nonlinear energy harvesting configuration proposed by[START_REF]Powering pacemakers from heartbeat vibrations using linear and nonlinear energy harvesters[END_REF] for heartbeat vibrations harvesting.

Figure 1 .

 1 Figure 1.97: Heel strike energy harvesting shoes: Magnetic generators in shoes developed at MIT's Media Lab [PS05]: strap-on overshoe (i-a) and assembly hosting twin motorgenerators and step-up gears (i-b); Piezoelectric version: Integration of a flexible PZT clamshell (ii-a) and a 16-layer PVDF bimorph (ii-b) under the insole of a running shoe (ii-c) resulting in operational power harvesting shoes (ii-d); Electro-active polymer version based on the compression of a charged dielectric elastomer (iii).

Figure 1 .

 1 Figure 1.98: Biomechanical energy harvester porposed by Donelan et al. [DLN + 08]: (A) Aluminum chassis (green) and generator (blue) mounted on a customized orthopedic knee brace (red); (B) Gear train that converts low velocity and high torque at the knee into high velocity and low torque for the generator, with a one-way roller clutch for selective engagement; (C) Computer-controlled feedback system.

  Figure1.99: Knee-joint piezoelectric harvester worn on the external side of the knee and fixed by braces[START_REF] Pozzi | Plucked piezoelectric bimorphs for knee-joint energy harvesting: modelling and experimental validation[END_REF][START_REF]Characterization of a rotary piezoelectric energy harvester based on plucking excitation for knee-joint wearable applications[END_REF]. Inside, a hub carries a number of bimorphs which are plucked by the ring-mounted plectra as the joint rotates during walking (i). Illustration of the plucking action (ii).
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 1 Figure 1.100: Implantable, stimulated-muscle-powered piezoelectric energy generator surgically attached between a bone and muscle-tendon [LKG09].

  Figure 1.101: Schematic of a pressure energy harvesting piezoelectric diaphragm [CM09].

Figure 1 .

 1 Figure 1.102: Schematic of an acoustic energy harvesting piezoelectric MEMS diaphragm [HSIN06].
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 11 Figure 1.104: Leadless pacemaker powered by pressure-based (i) and vibration-based (ii) energy harvester as envisioned by Rasor in [RS76].

Figure 1

 1 Figure 1.107: Piezoelectric beams vibrating at high frequency upon rotary actuation of a wind turbine: plucking action by Myers et al. in [MVKP07] (i) and magnetic repulsion by Karami et al.in [KFI13] (ii).

Figure 1

 1 Figure 1.108: Designs presented by Pfenniger et al. to harvest artery blood flow energy: electromagnetic turbine [PKMV11] (i) and magneto-hydrodynamic version [POS + 13] (ii).

Figure 1 .

 1 Figure 1.109: So-called Energy harvesting eel concept from [TBK + 01]: the vortex shedding effect from a steady water flow creates oscillations at a pre-determined frequency in a piezoelectric foil .
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 2 Figure 2.1: Successive mechanical behaviors of the heart during a contraction (some images extracted from [VPH + 11].
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 22 Figure 2.3: Examples of piezoelectric transducers for longitudinal (i) and lateral movements (ii): some piezoelectric material (in light orange) is strained upon movement and generates electricity.

Figure 2

 2 Figure 2.5: Typical shape of the acceleration spectrum measured in the right atrium.

Figure 2

 2 Figure 2.6: Simulated output power per gram of proof mass as a function of the harvesting system resonant frequency for different electrical damping factors, with the inset showing a close-up on the 20-30 Hz plateau.

Figure 2

 2 Figure 2.7: Simulated displacement of the proof mass as a function of the harvesting system resonant frequency for different electrical damping factors.

  Figure 2.8: Chain of the energy conversion.

  Figure 2.9: Two directions for unidirectional energy harvesters in a leadless capsule.
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 210 Figure 2.10: Longitudinal proof mass movement guided by two fixed-fixed leaf springs (in blue).

Figure 2 . 12 :

 212 Figure 2.12: Phase-contrast MRI blood flow measurement for a heart that has been successfully transplanted (the dashed rectangles show unusual flows) from [MGA + 11] (i) and Ultrasound-Doppler velocity measurement of the left side of a healthy heart at the beginning (top) and the end (bottom) of the ventricle filling, from [FWB + 99] (ii).
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 213 Figure 2.13: Pathline visualization of direct intracardiac blood flow in the left (red-yellow) and right (blue-turquoise) sides of a healthy heart by 3D Cine Phase-Contrast MRI technique [Ebb11].

Figure 2

 2 Figure 2.14: Configurations envisioned for fluid flow energy harvesting: parallel to the flow (i) or perpendicular to the flow (ii). The transducer is represented in bright blue or orange.

Figure 2

 2 Figure 2.15: Blood flow energy harvester in perpendicular configuration: schematic and notation.

Figure 2

 2 Figure 2.16: Energy per cardiac cycle developed by the drag force on the capsule following (2.13).

Figure 2

 2 Figure 2.17: In vivo strain (i) and stress (ii) estimation in the healthy heart myocardium from MRI images [HMA03]: (a) radial, (b) circumferential, (c) longitudinal components, from the end of diastole (left) to the end of systole (right).

  Figure 2.19: Typical pressure levels along the blood circulation path (figures extracted from [Pol10]).
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 22 Figure 2.20: Commercial implantable pressure sensors (available or in development): Remon Medical R (i) Medtronic Chronicle R (ii) CardioMEMS Endosensor R (iii) ISSYS R Sensing Systems (iv) Radi Medical Systems Pressure Wire R (v) .

  Figure 3.1: Flexible packaging under compression. General case (a) and linearized case (b).
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 32 Figure 3.2: Energy flow in blood pressure energy harvesting. The directions of the arrows are correct only for a quarter cycle, as for the next quarter cycle the energy can flow backwards (e.g. the packaging deformation or internal gas compression give back their stored elastic energy).

Figure 3

 3 Figure 3.3: Configurations of flexible packaging that deform under external pressure: plain (a), corrugated (b) or as a bellows (c), where the flexible part is at the top (i) or on the side (ii) of the capsule.
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 34 Figure 3.4: Permeability chart for common classes of packaging materials (from [ZGG10], adapted from [Ely00]).
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 35 Figure 3.5: Side view of a plain diaphragm under external pressure with notation.

Figure 3

 3 Figure 3.6: Analytically calculated center deflection x 0 of a plain diaphragm under pressure for different thicknesses t, for flexion (3.6), membrane (3.8), and combined (3.11) behavior assumptions for a radius R = 3 mm, a Young's modulus E = 100 GPa and a Poisson's ratio of 0.3.
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 3 Figure 3.7: FEM simulation results of a 3-mm radius plain diaphragm under external pressure.
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 310 Figure3.9: Simulated displaced volume ∆V in function of P (i), yielding P pack (∆V) by in- verting ∆V and P (ii), and the maximum mechanical energy per quarter cycle W in, max (iii), for a plain diaphragm with a varying thickness.

Figure 3 . 12 :

 312 Figure 3.12: FEM simulation results of a diaphragm with square corrugations with varying number of corrugations n cor and thickness t under external pressure of 6.5 kPa

Figure 3 . 13 :

 313 Figure 3.13: FEM simulation results of a diaphragm with rounded corrugations with varying number of corrugations n cor and thickness t, under external pressure of 6.5 kPa

Figure 3

 3 Figure 3.14: Simulated input mechanical energy W in for plain or corrugated diaphragms under a maximum pressure of 1.3 kPa.
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 3 Figure3.15: Simulated input mechanical energy W in for plain or corrugated diaphragms under a maximum pressure of 6.5 kPa.

Figure 3

 3 Figure 3.16: Schematic side view of bellows with 5 rounded corrugations (n cor. = 5) with notation.

Figure 3

 3 Figure3.17: FEM simulation results of deformed bellows under application of a force distributed at the top rim of the bellows corresponding to an applied pressure on the top surface.
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 33 Figure 3.18: FEM simulation results an actuated rounded corrugation bellows for linear and non-linear analysis compared to the analytical formula of (3.18).
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 3 Figure 3.20: Ultra-thin bellows fabrication process: Start with sacrificial mandrel (i) Mandrel lathe machining to required geometry (ii) Thin structural layer electrodeposition (iii) Mandrel dissolution and bellows release (iv).

  Figure 3.21: Pictures of a bellows fabricated by the industrial partner.

Figure 3

 3 Figure 3.23: Experimental force-displacement characterization of the bellows S1 and S2 with their respective linear fit curves.

Figure 3 .

 3 Figure 3.25: Analytical stiffness (continuous color stripes) and stiffness from FEM (color crosses) plotted for varying thicknesses and Young's moduli for a bellows with 10 rounded corrugations such as the S1 and S2 samples. The two color ranges are centered on the experimentally measured stiffnesses of S1 and S2.

  Figure 3.27: Bellows sample fabricated at IEF.
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 33 Figure 3.28: Experimental force-displacement characterization of three different bellows B1, B2and B3 with their respective linear fit curves.
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 3 Figure 3.30: Analytical stiffness (continuous color stripes) and stiffness from FEM (color crosses) plotted for varying thicknesses and Young's moduli for a bellows with 7 square corrugations and which top diaphragm is flexible such as the B1 and B2 samples. The two color ranges are centered on the experimentally measured stiffnesses of B1 and B2.

Figure 3 .

 3 Figure 3.31: Analytical stiffness (continuous color stripes) and stiffness from FEM (color crosses) plotted for varying thicknesses and Young's moduli for a bellows with 7 square corrugations and which top diaphragm is rigid such as in the B3 sample characterization experiment. To keep a Young's modulus value of 80 GPa as found in Fig. 3.30, the corresponding thickness should be around 9 µm..
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 3 Figure3.32: Achievable bellows stiffness depending on its height and thickness using the experimentally validated formula for the given parameters.

  Figure3.33: Maximum input mechanical energy per quarter cycle W in, max using the stiffness result from Fig.3.32. For configurations where the pressure is supposed to induce a displacement larger than half of the bellows height (maximum bellows stroke), this energy has been cropped (typically for 5-8 µm thin bellows under 6.5 kPa of pressure).

  Figure 3.34: Volume occupied by an example of electronics configuration

Figure 3

 3 Figure3.36: Volume variation ∆V atm against the packaging stiffness κ when the packaging is placed under atmospheric pressure P atm = 100 kPa for different initial internal volume V 0 and pressure P i0 . The correspondence with the case of a 6-mm diameter bellows packaging is represented by the blue axes.
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 3 Figure3.37: Volume variation ∆V atm against the packaging stiffness κ when the packaging is placed under atmospheric pressure P atm = 75 kPa for different initial internal volume V 0 and pressure P i0 . The correspondence with the case of a 6-mm diameter bellows packaging is represented by the blue axes.

  Figure3.38: High-pass filter implementation that cancels the offset created by very low frequency atmospheric pressure changes for the transducer, without filtering the blood pressure variations.
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 4 Figure 4.1: Charge-Voltage plot showing the energy extraction operation cycles for the voltage constrained (path ACD) and charge constrained (path ABD) cases.
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 42 Figure 4.2: Charge-Voltage plot showing the energy extraction operation cycles for the voltage constrained (path ACD) and charge constrained (path ABD) cases, in the case where a parasitic capacitance C par has been taken into account.

Figure 4 . 3 :Figure 4

 434 Figure 4.3: Principle of the proposed out-of-plane overlap electrostatic structure. Low aspect ratio single layer structure (i-a) high aspect ratio single layer structure (i-b) and multi-layer structure (ii).
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 46 Figure 4.6: Theoretical capacity of a single layer structure versus the displacement w of the moving part.

CapacitanceFigure 4

 4 Figure 4.7: Theoretical capacitance of the electrostatic multi-layer structure versus the displacement w (with n l = 6 layers), calculated from (4.35).

Figure 4 . 8 :

 48 Figure 4.8: Examples of numerical simulations resulting in the potential distribution and hence the capacitance between moving and fixed comb structures. In each numerical simulation, fingers on the left side (fixed comb) are grounded and those on the right side (moving comb) have an electrical potential fixed to one Volt. In (i) is shown a 6-layer structure which parameters are h f = 20 µm, h i = 30 µm, w f = 10 µm, g = 2 µm and w = 10 µm, and in (ii) is shown a 4-layer structure which parameters are h f = 20 µm, h i = 60 µm, w f = 80 µm, g = 10 µm and w = 160 µm . The x and y-axes units are in µm.

Figure 4

 4 Figure4.9: Linear capacitance of a single-layer electrostatic structure with h f = 20 µm and g = 2 µm. For the numerical simulation, a finger width of w f = 2 µm has been taken.

Figure 4 . 10 :

 410 Figure 4.10: Linear capacitance of a 6-layer electrostatic structure with h f = 20 µm, h i = 30 µm and g = 2 µm. For the numerical simulation, a finger width of w f = 2 µm has been taken.

  α

  Fig. 4.11 shows some examples of simulated capacitances plotted for the whole travel range of w, on top of the simplified expression (4.36) for each case. These results show that the matching between the two is accurate for a wide range of parameters. Therefore, the full C(w) profile is determined by carrying out numerical simulations only for positions w = 0, w = pitch 2 and w = n l pitch, yielding C 0 , C 1/2 and C n l pitch , and by applying the formula (4.36).

  AR g =1; AR i =1; AR f =1; n l =6 AR g =0.5; AR i =2; AR f =0.1; n l =6 AR g =0.25; AR i =2; AR f =10; n l ; AR i =3; AR f =0.1; n l =10Full numerical simulation Simplified formula C simu (ii) Scaled linear capacitance relative to its initial (and maximum) value for each case

Figure 4 . 11 :

 411 Figure 4.11: Numerical simulation results for different cases of electrostatic structures with
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 413 Figure 4.13: Schematic of the Σ∆C(w) quantity for the theoretical example of Fig. 4.10 along with the initial linear capacitance variation ∆C i (see section 4.3.3.2.3).
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 4 Figure 4.14: Illustration of the stairs function introduced in (4.42).

Figure 4 .

 4 Figure 4.15: Σ∆C(w) quantity calculated from numerical simulation results for some examples of structures along with the initial linear capacitance variation ∆C i (see section 4.3.3.2.3).

  Figure 4.16: Relative initial linear capacitance variation ∆C i • h f (constrained voltage case) for electrostatic structures with different aspect ratios.

  Finger aspect ratio AR f = 10

Figure 4 .

 4 Figure 4.18: Relative initial linear capacitance variation ∆C i • h f (constrained charge case) for electrostatic structures with different aspect ratios.

Figure 4

 4 Figure 4.19: Relative initial linear capacitance variation ∆C i • h f under constrained voltage for electrostatic structures with varying number of layers n l and for different aspect ratios AR i , clearly showing the linear behavior of n l in ∆C i • h f .

10 (

 10 Figure 4.20: Relative initial linear capacitance variation ∆C i • h f scaled relatively to the total relative system height n l (1 + AR i ), for the electrostatic structures of Fig. 4.16.
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 4 Figure 4.21: Top-view of an electrostatic finger subjected to a deflection due to electrostatic forces and a misalignement error g between the two neighboring fingers center positions.

Figure 4

 4 Figure 4.22: Illustration of perfectly aligned layers (i) where the inter-finger gap g stays constant upon movement from (i-a) to (i-b), and more realistic misaligned layers (ii) that induce changes in inter-layer gap upon movement (ii-a) to (ii-b).
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 4 Figure 4.25: Balance of the electrostatic and rigidity loads for a finger which tip deflection is δ L when there is no gap error g .

Figure 4

 4 Figure 4.26: Maximum finger length to prevent electrostatic instability, depending on the applied voltage V and for different finger geometric configurations.

Figure 4 .

 4 Figure 4.27: Example of a 6-mm diameter comb structure layer (top view) where the fingers have a maximum length of 1 mm.

Figure 4

 4 Figure 4.28: Minimum finger width to prevent electrostatic instability, depending on the applied voltage V and the gap g.

  Theoretical figure of Merit FoM f inger

Figure 4 .

 4 Figure 4.29: Figure of Merit FoM f inger over which the fingers are stable.

  Figure 4.30: Maximum voltage V max satisfying the finger stability criterion for different w f and g using (4.66).

Figure 4 .

 4 Figure 4.31: Modified Paschen curve at micrometer scale.

Figure 4

 4 Figure 4.32: Schematic process of the wafer stacking fabrication method

Figure 4

 4 Figure 4.34: Layer-by-layer patterned electrodeposition process for 3D multilayer electrostatic structure fabrication.

Figure 4

 4 Figure 4.35: Illustration of the transduction force when the moving part of the electrostatic structure is displaced by an amount w that is increasing, in the constrained voltage case.The voltage is set to zero when the capacitance is raising to avoid providing energy to the system.

FeFigure 4

 4 Figure 4.37: Diagram of the different forces that act on the system for a given displacement.

Figure 4

 4 Figure 4.38: Diagram of the different forces showing a strong electrostatic force that acts like a dry friction preventing the movement at first, and then the moving part traverses the whole electrostatic structure virtually instantaneously.

Figure 4 .

 4 Figure 4.39: Theoretical displacement caused by an external force F e and the associated work of the transduction force W trans .

Figure 4 .

 4 Figure 4.40: Total counteracting force (F pack + F trans ) versus the displacement for the electrostatic structures that have been previously studied in Fig. 4.15.

  ; h f =50 µm; AR i =1; g=7.5 µm; w f =30 µm Voltage V ; h f =50 µm; AR i =1; g=7.5 µm; w f =30 µm Voltage V (V) Displ. amplitude w Peak amplitude displacement w
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 4 Figure 4.42: Performance of case (1-a) in the left ventricle.

Figure 4 .

 4 Figure 4.43: Performance of case (1-b) in the left ventricle.

  Figure 4.44: Performance of case (1-c) in the left ventricle.

Figure 4 .

 4 Figure 4.45: Performance of case (2-a) in the left ventricle.

  ; h f =10 µm; AR i =3; g=10 µm; w f =20 µm Voltage V ; h f =10 µm; AR i =3; g=10 µm; w f =20 µm Voltage V (V) Displ. amplitude w Peak amplitude displacement w

Figure 4 .

 4 Figure 4.46: Performance of case (2-b) in the left ventricle..

  Figure 4.47: Performance of case (2-c) in the left ventricle.

  Figure 4.48: Top view of a finger layer (i) showing the interdigitated combs, and top view of the inter-layer support structure (ii).

Figure 4 .

 4 Figure 4.52: CAD view with a cut of the design detailed in table 4.4 showing fingers and suspension springs.

Figure 5 . 1 :

 51 Figure 5.1: Schematic of a lumped piezoelectric element coupling mechanical and electrical lumped variables

Figure 5 . 2 :

 52 Figure 5.2: Schematic of a bellows packaging that transmits blood pressure into a point force on the piezoelectric transducer.

Figure 5 . 4 :

 54 Figure 5.4: Schematic of standard piezoelectric configurations adapted to the coupling requirements: a fixed-fixed piezoelectric strip (i) and a piezoelectric circular diaphragm (ii).

  First, the same electrode-less open-circuit potential simulation as in Fig. 5.8(i) is run. The open-circuit voltages V + o.c. and V - o.c. that would be created on electrodes that match the 200 M. Deterre

Figure 5

 5 Figure 5.7: FEM simulation of the voltage created on an electrode-less piezoelectric spiral actuated by a central force (i) and plot of the out-of-plane displacement and created voltage at the top center line of one arm (plotted in green) (ii). The central shim layer is grounded.

  Figure5.9: Simulated total output electrical energy per cycle W trans under optimal AC load for spiral designs with number of arms n arms ranging for 2 to 10 and number of revolution per arm n rev. ranging from 0.75 to 7, for an optimal AC load case. The excitation is a sinusoidal 180 mN amplitude force and the electrical load is an optimal AC load.

Figure 5 . 10 :Figure 5 . 11 :

 510511 Figure 5.10: Simulated central displacement and associated input energy of spirals upon actuation for designs with n arms ranging for 2 to 10 and n rev. ranging from 0.75 to 7. The excitation is a sinusoidal 180 mN amplitude force.

  Figure 5.14: Illustration of the three proposed designs in electrode-less electrical potential simulation (deformations have been emphasized).

Figure 5 .

 5 Figure5.16: Results of the same numerical simulation as in Fig.5.8 and 5.13 which sample will be actually fabricated and tested for subsequent comparison.

  Figure5.17: Fabrication process schematics: start with solid bimorph plate (i) femto-second laser micromachining through the whole stack for spiral arms definition (ii) and doublesided femto-second laser etching of the nickel layers for electrodes, conductive tracks and pads definition (iii).

Figure 5 Figure 5

 55 Figure 5.18: SEM micrographs of 3 micromachined spirals and their corresponding electrodes patterns.

Figure 5

 5 Figure 5.20: Schematics of the experimental setup.

Figure 5

 5 Figure 5.22: Experimentally measured output energy per cycle compared to simulation results for a force peak amplitude of 180 mN.

Figure 5

 5 Figure5.23: Variability of the experimental characterization: for each design, one color represents a certain sample, for which the capacitance, short-circuit stiffness, V o.c. and Q s.c. have been measured. The black line corresponds to the numerical simulation result from table 5.5. V o.c. and Q s.c. have been determined by fitting the theoretical curve (5.12).

Figure 5

 5 Figure5.25: Power enhancement factor of different types of electronic circuits compared to the AC circuit (from equations listed in table 5.9).

Figure 6

 6 Figure 6.1: Proposed leadless pacemaker with bellows flexible packaging harvesting blood pressure energy.
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 7101112 Figure A.7: Performance of 1-mm high case (1-a) in the right ventricle.
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  Parallel connection In the parallel connection case, the only change on the top layer compared to the bottom layer is the inversion of the potential sign from Fig. B.1

=

  -c s z d 2 w dx 2 (x).(B.44)

  for L e ≤ x ≤ L b : dw dx (x) = F L b x -x 2 2 YI + λV b xλ (V b -V a ) L e (B.60) 270 M. Deterre and w(x) = F(L b x 2 -x 3 3 ) 2YI + λV b 2 x 2λ (V b -V a ) L e xobtain in L b (tip of the beam) a discplacement u of:u = w(L b ) = FL 3 3YI + λV b 2 L 2 bλ (V b -V a ) L e L b -

  other electrode at the tip of the beam, we have following the same derivation:-L e ) V b (B.75) = -λYI F (L b -L e ) 2 2YI + λ (L b -L e ) V b -a 2 b p 2h p (L b -L e ) V b (B.76) = -λ (L b -L e ) 2 2 F -(L b -L e ) λ 2 YI + a 2 b p 2h p V b (B.77)

  By substituting this expression of V b in (B.63), the latter equation can be rewritten as:L b -L e ) 4λ 2 YI + 2a 2 b p h p F (L b -L e ) 2 + V a L 2 canexpress F in function of u and V a as follows: F = ku + αV a (B.83) 272 M. Deterre B.4. Numerical simulation validation By substituting these parameters in (B.69): Q a = -λ L b L e -L 2 e 2 (ku + αV a )λ 2 YIL e + a 2 b p L e 2h p V a (B.84) = αu -a 2 b p L e 2h p + λ 2 YIL e + λα L b L edefining C 0 as follows: C 0 = a 2 b p L e 2h p + λ 2 YIL e + λα L b L e -

  Fig. B.3(i)) were calculated. The comparison the two FEM configuration results and the values given by the derived analytical model are shown in Fig. B.3.

e 2 2 a 2 +

 22 2 b p L e 2h p + λ 2 YIL e + λα L b L ep L e 2h p + λ 2 YIL ekλ 2 L b L e -L 2 e 2 kλ 2 L b L e -

Figure C. 1 :

 1 Figure C.1: Equivalent circuit for the piezoelectric element.

Figure C. 2 :

 2 Figure C.2: Circuit of the classical AC energy extraction method.

  2 + R 2 ω 2 k 2 C 2 F . (C.3)From equation (C.3), we can calculate the optimal load R opt (C.4) that yields the maximum power P max (C.5): , this corresponds to an extracted energy W class. AC of:W class. AC = πα 2 F 2 0 2k 2 C F = π 2 Q s.c. Vo.c. . (C.6) 278 M. Deterre of the circuit over the energy coming in). Between steps 1 and 2, an energy of W 1→2, gain is gained as the capacitor C F is discharged (C.29) and an energy of W 1→2, loss is consumed to charge C F back up (C.30). W 1→2, gain = η C

Figure D. 2 :

 2 Figure C.18: Schematic of the piezoelectric diaphragm used for the active method verification experiment.

Figure D. 3 :Figure D. 4 :

 34 Figure D.3: Stimulateur cardiaque sans sonde proposé dont le boîtier est fait d'un soufflet déformable récupérant l'énergie de pression sanguine.

Figure D. 6 :

 6 Figure D.5: Énergie mécanique maximum autorisée par le soufflet à entrer le récupérateur, par quart de cycle cardiaque.

  Figure D.7: Principe de la structure électrostatique multicouche à chevauchement hors-plan (i) et structure proposée adaptée à la géométrie cylindrique de l'implant (ii).

Figure D. 8 :

 8 Figure D.8: Procédé de fabrication en couche-à-couche de la structure électrostatique tridimensionnelle proposée par étapes de structuration et d'électro-déposition successives.

Figure D. 10 :

 10 Figure D.10: Vue tri-dimensionnelle réalisée en CAO de la structure électrostatique actuellement en fabrication, représentant à la fois les doigts électrostatiques, leur support, et les suspensions de la structure.

Figure D. 11 :Figure D. 12 :Figure D. 13 :

 111213 Figure D.11: Simulation par éléments finis du potentiel électric créé sur une spirale piézoélectrique actionnée par une force en son centre (i), et graphique du déplacement hors plan et de la tension créée sur la courbe (traçée en vert) au centre et à la surface de l'un des bras (ii). La couche centrale (substrat) est reliée à la terre.

  Figure D.14: Énergie électrique récupérée expérimentalement comparée aux prévisions issues de simulation numériques, pour une force sinusoïdale d'amplitude 180 mN.

  Figure D.15: Facteur multiplicatif de puissance de différents circuits électroniques associés au récupérateur piézoélectrique, par rapport à la technique d'une simple charge alternative.

Figure D. 16 :

 16 Figure D.16: Transducteurs proposés pour être accouplés à un boîtier souple de type soufflet récupérant l'énergie de pression sanguine.

  

  

  

  

Table 1

 1 

	Implantable cardiac activity recorder Current pacemaker LeadLess Pacemaker Implantable Cardioverter Defibrillator (ICD) 40 -60 30 -35 15 -50 1 -10 Blood pressure sensor < 10
	Implantable vagus nerve stimulator Implantable sacral roots stimulator Implantable drug pump Implantable neurostimulator Implantable medullary stimulator Coclear implant	60 -70 10 -100 50 -200 120 -3800 1000 -5000 5000 -1000

.1: Typical implants power requirements (adapted from

[START_REF] Belleville | Micro et nanosystèmes autonomes en énergie : Des applications aux fonctions et technologies[END_REF][START_REF] Deterre | Mems integration for smart medical devices: opportunities and challenges, Design, Test, Integration and Packaging of MEMS/MOEMS (DTIP)[END_REF]

)

.4.3 ELECTROSTATIC TRANSDUCTION 1.5.4.3.1 ELECTROSTATIC TRANSDUCTION PRINCIPLE

  

	achieved an in-vitro output power of 30 µW and in-vivo in a sheep of 16.7µW.
	Reference	Volume Frequency Amplitude Power
	Williams et al.	(cm 3 ) 0.025	(Hz) 330	(i)	(µm) 50		(mW) 0.1
	[WY95, WSH + 01] Amirtharajah and Chandrakasan [AC98]	23.5	94		Eccentric Mass 2 • 10 4	0.4 PM Ring
	Li et al. [LWW + 00, LHC + 00]	1	64		200		0.01
	El-hami et al. [EhGJW + 01]	0.24	320		25	0.53 Planar Coil
	Ching et al. [CWL + 01]	1	110		200		0.83
	von Büren and Tröster [vBT07]	0.25	20	(ii)	2 • 10 3	0.025
	Koukharenko et al. [KBT + 06] 0.1 Beeby et al. [BTT + 07] 0.15 Coils Pan et al. [PHHL06] 0.45 Marioli et al. [MSS09] 8.6 Figure 1.44: Wristwatch generating mechanism sewed on the epicardium of a sheep's heart 1.6 • 10 3 3.9 • 10 -2 1.04 • 10 4 52 570 4.6 • 10 -2 60 30 0.1 102 875 0.29 Stacked magnets [ZPS + 13].
	Saha et al. [SOWM08] Figure 1.41: Inertial linear-based gener-14 14 14 Carroll and Duffy [CD05] 6 Romero et al. [RWN09b] 1.5 Yang et al. [YL10] 2.7 from [CD05] and [RWN09a]. ator placed inside the shoe sole, design 1.5	8 --5 2.8 Figure 1.42: 3D schematic and coil 6 • 10 3 14.55 • 10 -3 (walking) 0.95 (running) 2.46 (walking) (walking) 40 -80 530 4 • 10 -4 3.9 • 10 -3 [RWN09b]. 8.5 picture of the axial flux generator of
	Table 1.2: Comparisons of the performance of some electromagnetic inertial energy har-
	vesters presented in the literature.					
	Figure 1.43: Schematic cross-sectional drawing of the electromagnetic energy harvester pre-
	sented in [YL10]: a disc magnet is packaged inside a hole that is sealed by two pieces of
	Figure 1.39: Device from [vBT07]. acrylic plates with air holes.			Figure 1.40: Floating magnet
					device proposed in [SOWM08].
							They

  , but in this work the spiral part Table1.6: Comparison of the performance of some piezoelectric inertial energy harvesters presented in the literature.

	Reference	Volume	Frequency Acceleration Power
		(cm 3 )	(Hz)	(m/s 2 )	(µW)
	Roundy et al. [RW04]	1	120	2.5	375
	Jeon et al. [JSJK05] Marzencki et al. [MAB08] Elfrink et al. [EKG + 09] Muralt et al. [MMB + 09]	< 10 -4 ≈ 1 • 10 -3 ≈ 0.05 -	13900 1500 572 870	107 3.9 19.6 19.6	1 0.03 60 1.4
	Renault et al.(PZT) [RKS + 08] ≈ 16 • 10 -3 1800 Renault et al. (AlN) [RKS + 08] ≈ 15 • 10 -3 320 Glynne-Jones et al. [GJBW01] 90 • 10 -3 80 Khbeis et al. [KMRG06] 12 • 10 -3 120 Berdy et al. [BSJ + 12] 4 50	2 0.18 -1 2	40 50 • 10 -3 2 • 10 -3 14 • 10 -3 100 • 10 -3

Table 1

 1 

	82					
	batteries	Decades	high	Commercial in the 70s cost, toxicity, radioactive material
						dissemination
	Lithium batteries	Replacement needed	medium	Widespread		
	Biofuel cells	Infinite or catalyst	very high	academic level	longevity to be proven
		replacement needed?				
	Inductive coupling	Regular recharging	medium	Some commercial	transduction efficiency
				applications		MRI incompatibility
	Optical coupling	Regular recharging	medium	Some commercial app. heating? transduction efficiency
	Ultrasound coupling	Regular recharging	medium	Some commercial app. transduction efficiency
	Ambient light scavenging	Virtually infinite	too small	high		body opaque
	Thermal energy scavenging	Virtually infinite	too small	high		no thermal gradient near the heart
	Ambient RF scavenging	Virtually infinite	too small	high		unreliable
	Inertial energy harvesting	Virtually infinite	medium	between	commer-	Difficult miniaturization
				cial products and	Heartbeat vibrations constantly
				academic technologies	changing (frequency, amplitude)
	-Magnetic up-conversion					MRI incompatibility
	-Plucking up-conversion					Mechanical reliability
	Direct mechanical forces	Virtually infinite	medium to	concept/academic	Flexible packaging
	energy harvesting		large	level		Application/location specific
	M. Deterre					

.7: Summary of energy sources and their relevance for leadless pacemakers.

Table 1

 1 

	M. Deterre

.8: Summary of mechanical to electrical transduction types and their relevance for leadless pacemakers.

Table 2

 2 

		's Modulus width thickness length
		E (GPa)	w (µm)	t (µm)	L (mm)
	Silicon/metal	100	300	30	4
	Silicon/metal	100	500	28	4
	Piezoelectric ceramic	50	350	35	4
	Polymer	2	800	80	4
	Polymer	2	470	47	2

.1: Examples of leaf-springs geometries for longitudinal inertial harvester movement.

Table 2

 2 

	Location		Normal pressure range (mmHg)
	Central venous system	2-8
	Right ventricle	systole	15-30
		diastole	2-8
	Pulmonary artery systole	15-30
		diastole	4-12
	Left ventricle	systole	100-140
		diastole	3-12

.3: Normal hemodynamic parameters from

[START_REF] Klingensmith | The washington manual of surgery[END_REF]

.

Table 2

 2 

	2.6. Conclusion

.4: Summary of mechanical energy sources in the cardiac environment and their respective advantages/disadvantages.

  .26(iii) and 3.27(i) whose geometric parameters are listed in table 3.2. Therefore, they can exhibit the combined flexibility of a plain diaphragm and of a bellows.

	Parameter	Value
	corrugations squared
	n cor.	7
	R o	3 mm
	R i	2.5 mm
	t	7-15 µm
	pitch	500 µm
	Table 3.2: Measured parameters for bellows fabricated at IEF.

Table 5

 5 

	.1: Lumped model determination from numerical simulation results for a 3-arm, 2-
	revolution per arm spiral actuated at its center.
	M. Deterre

Table 5 .

 5 4: Simulated open-circuit voltage, short-circuit charge and energy product V o.c. Q s.c.

	#1	simply separated	2.07 10.1 -0.48 -1.3	20.9	0.62
	#1	optimized	2.23 9.98 -0.62	1.3	22.3	0.80
	#2	simply separated	2.88 14.3 -1.42 -4.37	41.1	6.19
	#2	optimized	3.26 14.0 -1.74 -4.15	45.7	7.21
	#3	simply separated	3.16 14.6 -1.62 -5.25	46.2	8.50
	#3	optimized	3.56 13.2 -1.90 4.68	47.0	8.91

3 ) Measured energy density (µJ/cm 3 )

  

	#1	1.07	0.99
	#2	2.90	2.77
	#3	3.55	2.92

Table 5 .

 5 7: Density of output energy per cycle at optimal AC electrical load: results from numerical simulation and from the experimental tests of the samples which characterization has been presented in Fig.5.22.
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  (z, x) = c p S 1 (z, x) + e p E 3 (x)

	B.1 (ii). Hence, (B.18) becomes: V(x) = -2 a -t 1 -t 2 1 p D 3 (x) + e p p = -2h p a p D 3 (x) + 2e p a p d 2 w S 1 (x, z) dz dx 2 (x) -t 1 -t 2 z dz = -2h p a p D 3 (x) -e p a p d 2 w dx 2 (x) t 2 2 -t 2 1 E 3 (x, z) = -et (B.23) becomes a 2h p V(x) -e p h p + h s 2 p d 2 w dx 2 (x) -e p p z = -a 2h p V(x) -e p p z + h p + h s 2 d 2 w dx 2 (x) d 2 w dx 2 (x) Hence = -c p z d 2 w dx 2 (x) -ae p 2h p V(x) -e 2 p p z + h p + h s 2 d 2 w dx 2 (x) M. Deterre T 1 (B.32) (B.27) (B.28) (B.29) (B.30) (B.31) (B.33) = -c p + e 2 p p z + e 2 p h p + h s 2 p d 2 w dx 2 (x) -
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SUPPLEMENTARY RESULTS

In this appendix some supplementary results to the analysis presented in chapter 4 that follow and complete the results of section 4.5.3 are shown.

A.1 5-MM HIGH ELECTROSTATIC STRUCTURE IN THE LEFT VENTRICLE

In this section the performances of the structures which parameters have been listed in tables 4.1 and 4.2, and for a number of layers determined so that the total device height is as close to 5 mm as possible are presented. This is completing the results of section 4.5.3 for which the device height was set to 1 mm. The corresponding n l for each case along with the total height h t is listed in table A.1. Naturally, fabricating so many layers might be very expensive, time-consuming and expensive. In order to obtain the energy density in µJ/cm 3 , the output energy W trans needs to be divided by the volume of the electrostatic structure, which is here about 5+2x2 mm times the 6-mm diameter surface yielding 250 mm 3 . Hence, the energy per cycle in µJ has to be multiplied by about 4 in order to get the energy density in µJ/cm 3 .

Case Number of layers Device height

From these results, one can clearly see the optimum transduction force to extract as much energy as possible. Indeed, as already mentioned in several sections, a transduction force that is too large will over damp the movement.

Also, the engendered displacements have to be carefully taken into account as they start to be very large (greater than 1 mm): hence, in order for these results to be valid, the bellows and the internal gas compression must still behave linearly for this displacement range, which is not straightforward.

A.2 1-MM HIGH ELECTROSTATIC STRUCTURE IN THE

RIGHT VENTRICLE

In this section are shown the results of the same designs as studied in 4.5.3 and detailed in tables 4.1, 4.2 and 4.3, but this time for the case of the right ventricle instead of the left (applied force with a peak amplitude of 36 mN as opposed to 180 mN). The resulting output energy per cycle W trans and associated peak amplitude displacements are plotted in Fig. A.7 to A.12. Again here, we can see that the optimum transduction force is not necessarily the highest force.

If the maximum allowable operating voltage is very low, then it might be relevant to consider a 5-mm high design for the right ventricle. 

APPENDIX

B B PIEZOELECTRIC CANTILEVER: A LUMPED

MODEL DERIVATION B.1 CONSIDERED CONFIGURATION

As envisioned in section 5.2.1, the behavior of a piezoelectric element can be advantageously described by a lumped model. In section 5.3.2, such a lumped model was determined for piezoelectric spirals though numerical simulations. Here we propose to theoretically derive the lumped model of the classical case of a fixed-free bimorph piezoelectric cantilever. The cantilever configuration that is studied is described in Fig. B.1: the cantilever consists of three layers, two equally thick layers of piezoelectric material separated by a central shim layer. All layers have the same length. The shim is made of a conductive material and behaves as an electrode. The piezoelectric layers are also metalized with electrodes of length L e , starting from the anchor. The remainder of the piezoelectric layer is also covered by a non -connected electrode (remaining metalization). This configuration represents what could be easily achieved by patterning a standard metalized bimorph stack and cutting the top electrode to reduce its length. The connected electrodes can be mounted in series or in parallel as depicted in Fig. B.1. The polarization direction is noted P, the applied force at the tip F and the cantilever width (out-of-plane dimension along direction y) is b.

B.2 MATERIAL CONSTITUTIVE EQUATIONS

B.2.1 PIEZOELECTRIC MATERIAL

As introduced in section 1.5.4.4, the piezoelectric material is governed by the following matrices (strain-charge notation -see (1.28)):

We consider the piezoelectric material as transverse isotropic and rewrite the material properties matrices (1.29), (1.30) and (1.31) as:

We also introduce the λ parameter defined as follows:

Hence, the moment can be expressed as:

B.3.4 DEFLECTION

A punctual force F is applied at the tip of the cantilever. Hence:

Therefore, we have:

while being wary that that d 2 w dx 2 (x)is discontinuous in L e where V(x) is discontinuous. The boundary conditions are:

B.4 NUMERICAL SIMULATION VALIDATION

B.4.1 MODEL ASSUMPTIONS

In order to validate this model, numerical simulations have been carried out and compared to the derived analytical model. In order to satisfy the beam theory assumptions, the beam has to be slender: its thickness has to be small compared to its width, that has to be small compared to its length.

Two types of numerical simulations have been run: a 2D model, that is strictly equivalent to the configuration of 

INTERFACES

In chapter 5 the design of piezoelectric transducers has been exposed. It has been mentioned that the interactions with the transducer and the power management electronic circuit is critical, as the latter can significantly enhance the output power. This appendix details some of the power management circuits that are found in the abundant literature on the topic [Bad05, SL06, LBR + 06, Lal08, WG10, GL11b, DMSY12].

C.1 MODEL

In section 5.2.1 a lumped model for the piezoelectric element has been proposed. This model, to which any piezoelectric transducer design can be simplified under linear assumptions, is taken as the basis of an equivalent electronics circuit. We recall from (5.2) that the electrical equation that governs the piezoelectric element is

where F is assumed to be a sinusoidal input F = F 0 cos (ωt).

Hence, the piezoelectric element can be modeled in an electrical circuit as a current source of amplitude α k F 0 ω at angular frequency ω in parallel with a capacitor of capacitance C F , as depicted in 

C.2 PASSIVE TECHNIQUES

Classical techniques such as rectifier-based implementations [START_REF] Ottman | Adaptive piezoelectric energy harvesting circuit for wireless remote power supply, Power Electronics[END_REF] are typically called passive as they only need passive components.

C.2.1 CLASSICAL AC ENERGY EXTRACTION METHOD

First we consider the simplest case where a resistive load R is connected directly on the piezoelectric element, as depicted in Figure C.2. As AC power sources should provide a regulated output, this approach is appropriate only in the specific case where the excitation

C.2.2 CLASSICAL DC ENERGY EXTRACTION METHOD

As most of the applications require a DC power supply, a more realistic approach that addresses this need consists in connecting the piezoelectric element to a rectifier circuit followed by a filtering capacitor as illustrated in In this case, the output voltage V out is held constant as the capacitance of the filtering capacitor C is chosen to give a time constant RC which is large compared to the excitation period.

For this circuit, typical waveforms of the voltage V across the piezoelectric element and the extracted current I are drawn in Figure C.4. These waveforms have been obtained by a SPICE numerical simulation (using the LTSpice software). When V is lower than the output voltage V out , the piezoelectric element is in open-circuit configuration, no current is generated and V increases proportionally with F (from (C.1)). When the absolute value of V reaches the rectified voltage V out , its value is held constant and the generated current I rises, effectively recharging the capacitor. As the force starts to decrease, V decreases as well and falls back in open-circuit configuration.

The Q-V energetic cycle of this conversion method is drawn in Figure C.5. This cycle is a simple rectangle as when the voltage is increasing, the charge is held constant and vice 

For half of the excitation period T (e.g. between time steps 2 and 4 in the plot from Fig. C.4) the components following the rectifier have undergone a full period. Hence, the charge extracted from the piezoelectric element during that time has been fully transferred to the load R as no net charge has been accumulated in the capacitor. Expressing this charge 2Q m as the integral of the current I resistor flowing through the resistor yields on one hand:

and expressing it as the current I leaving the piezo using (C.1) yields on the other hand:

The combination of the latter two equations gives an expression of the output voltage as a function of the excitation force amplitude:

This gives the mean power through the load P (= V 2 out R ) which is maximized for an optimal value of the load R opt as follows:

The energy extracted per cycle W class. DC is then:

Compared to the classical AC method, we have:

which quantifies the energy trade-off of choosing a DC output.

C.3 SEMI-PASSIVE TECHNIQUES

Some improved non-linear circuits implementations make use of switches triggered at appropriate timing to enhance the conversion efficiency. They are usually called semi-active as their power consumption is kept very low and their action on the circuit is limited to small instants.

C.3.1 SYNCHRONIZED SWITCHED HARVESTING ON INDUCTOR (SSHI) TECHNIQUE

The SSHI technique has been reported by Guyomar et al. in [START_REF] Guyomar | Toward energy harvesting using active materials and conversion improvement by nonlinear processing[END_REF] and from then extensively studied in the literature. In order to enhance the conversion efficiency, it is proposed to flip the sign of the voltage across the piezoelectric element by using a quick RLC half oscillation when the derivative of the force switches signs. Hence, the charge created by the derivative of the force (see (C.1)) gets extracted under a higher voltage, which yields a higher energy output.

Out of several circuits that bring this principle into play is presented the so-called parallel SSHI in Therefore the diode bridge is letting the piezoelectric element being in open-circuit and its voltage V rises until it attains V out .

2. Then the diode bridge is blocking V at V out and the current rises following (C.1).

3. When the force starts to decrease, the switch S is closed which yields an RLC oscillation between the piezoelectric element and the inductor. After the first half-oscillation, the switch is opened again. Effectively, this process has inverted the polarity of the piezoelectric voltage with some losses. We call γ the efficiency of the conversion defined as V 4 = -γV 3 . The duration of this half oscillation is taken very small compared to the excitation period T. Hence, it is considered that F is constant during the transition.

4. Next, as in 1, the piezoelectric element is in open-circuit until the voltage decreases down to -V out .

5. Then, V = -V out and current is drawn from the piezoelectric element until the force starts to increase again.

6. At that point the switch S is closed again for half an oscillation period and the system is back at position 1. -

We can derive the extracted energy depending on the load R by applying the same method as last section: the charge consumed in one half of period Q consumed is equal to the charge created during the same time Q created .

The flipping phase 3 → 4 is not taken into account as it does not induce any charge creation. The equality of the latter two expressions yields:

This gives the mean power through the load P and its maximum value P max for the optimal load R opt :

(C.17)

The energy extracted per cycle W class. DC is then:

Theoretically, the better the inversion coefficient γ, the higher is the voltage under which the generated charge is extracted and therefore the higher is the output energy. However, a major drawback of this technique is the need for an inductor -which is typically difficult to implement in MRI compatible devices and is often bulky.

M. Deterre

C.3.2 SWITCH-ONLY

A particular case of the SSHI method is the so-called switch-only method which avoids the inductor. It actually only consists in zeroing the voltage of the piezoelectric element by a quick short-circuit. Hence, it is equivalent to the parallel SSHI method with no inductor. The typical switch-only circuit is represented in Applying γ = 0 in the formulas derived in the parallel SSHI section yields the output voltage V out , the optimal load R opt and the optimal output energy per cycle W switch-only for the switch-only method: Naturally, this circuit is less efficient in increasing the voltage than the SSHI circuit and hence extracts less energy. Nevertheless, if inductance implementations are forbidden for MRI-compatibility or volume restrictions reasons, a switch-only method provides a doubling of the output energy compared to a simple rectifier and is relatively simple to implement.

C.3.3 SYNCHRONOUS ELECTRIC CHARGE EXTRACTION (SECE)

An other type of semi-active technique is the so-called Synchronous Electric Charge Extraction method [START_REF] Lefeuvre | Piezoelectric energy harvesting device optimization by synchronous electric charge extraction[END_REF][START_REF] Badel | Récupération d'énergie et contrôle vibratoire par éléments piézoélectriques suivant une approche non linéaire[END_REF]. This implementation proposes to let the piezoelectric element build its voltage in open-circuit mode, and to extract all the built-up charges at once at maximum voltage. In order to efficiently empty the capacitor of the piezoelectric element in the output capacitor, it is propose to add an inductance for an intermediate energy transfer step. A typical circuit is represented in Fig. C.12 (other circuits implementing the same methods are detailed for instance in [START_REF] Lallart | Amélioration de la conversion électroactive de matériaux piézoélectriques et pyroélectriques pour le contrôle vibratoire et la récupération d'énergieapplication au contrôle de santé structurale auto-alimenté[END_REF]). The principle of operation is described in the temporal waveforms of 2. At that point, the switch S is briefly closed to permit that the energy on the piezoelectric element to be transferred into the inductance L. When all the energy has been transferred after a quarter oscillation (V = 0), the switch is opened again. At that point, the magnetic energy on the inductance is transferred through the diode D to the output capacitor C. The time constants of these two energy transfers (from the piezoelectric element to L and from L to C) are very fast compared to the excitation so that F is considered constant during that time.

M. Deterre For each half period T/2, the voltage built in in open-circuit V M is obtained by integrating (C.1) from 1 to 2 :

During the discharge phase (2 → 3), the energy on the piezoelectric element transferred to the inductance is:

In the ideal case where there is no loss in the energy transfer from the piezoelectric element to the inductor and eventually to the output capacitor, the total extracted energy per cycle W SECE is expressed in (C.26). For a more thorough derivation taking the losses into account, see [START_REF] Lallart | Amélioration de la conversion électroactive de matériaux piézoélectriques et pyroélectriques pour le contrôle vibratoire et la récupération d'énergieapplication au contrôle de santé structurale auto-alimenté[END_REF].

C.4 ACTIVE TECHNIQUES

In [LSG + 09] and [START_REF] Luo | Wideband energy harvesting for piezoelectric devices with linear resonant behavior[END_REF], a type of energy extraction technique called active piezoelectric energy harvesting where the voltage across the piezoelectric element is constantly forced to have a square wave shape is presented. The quasi-static application of the method has also been developed in [Liu06, Tia08, LTW + 09]. In [START_REF] Deterre | An active piezoelectric energy extraction method for pressure energy harvesting[END_REF] is this technique studied for our particular application of low frequency blood pressure harvesting.

C.4.1 IDEAL THEORETICAL MODEL

In this method V is chosen to have a square profile with an amplitude V out in phase with the direction of variation of the force F as depicted in the waveforms in Figure C.15. When the force on the diaphragm varies, the piezoelectrically generated charge Q will be extracted under a voltage V out that will not affect the current I (from (C.1)). Hence, within the validity limits of this model, the harvested power P = V out I is proportional to the amplitude of the applied voltage.

By drawing the energetic cycle Q-V of this conversion (Figure C.16), the extracted energy per cycle W active lossless can be written as:

(C.27) Using (C.1), we can calculate the charge variation between steps 2 and 3 where only F is varying, yielding: - 

Hence, there is no theoretical limit on the extracted energy as long as we applied a voltage large enough. In reality, the voltage will be limited either by non-ideal power electronics efficiencies or by the piezoelectric material characteristics as detailed in the subsequent section. Additionally, it is worth noticing in this model that as the displacement w is affected by the voltage V through (5.2), applying large voltages will impact the mechanical energy received by the piezoelectric element. This increase of input energy is one of the reasons for the increase of extracted energy.

One of the potential circuits to achieve this type of energy extraction is a Pulse Width Modulation (PWM) inverter as depicted in Figure C.17. This implementation has been simulated in SPICE to give the waveforms of 

C.4.2 EFFECT OF THE LOSSES

A main limitation to the magnitude of the applied voltage is caused by the effect of the losses in the power management electronics. During the voltage inversion in the squarewave pattern, there is no theoretical loss or gain of power as the piezoelectric capacitance C F is discharged and recharged to the same energy value 1 2 C F V 2 out but with opposite voltage. However, the power that has flowed through the electronics during the voltage inversion has necessarily suffered from some loss. Additionally, the extracted harvested power during pressure variations also has to flow through the power electronics circuit and will be affected by its non-ideal efficiency. Moreover, the energy loss due to the control part of the electronics (logic and active components) has to be included. As this effect is generally independent of the amount of transferred energy, it is more appropriate to subtract this energy loss to the final energy gain rather than taking this effect as an efficiency factor in the transferred energy.

The following derivation (adapted from [LTW + 09]) quantifies this energy loss in order to yield the actual achievable expectations of the active method performance. Let's consider η as the efficiency coefficient of the power electronics circuit (ratio of the energy getting out M. Deterre Both classical DC and active energy extraction methods have been implemented following the experimental circuits presented in Fig. C.20. In these circuits, the voltage across the piezoelectric element V was measured with a high impedance probe and the current I by a current amplifier. For the classical DC method, several loads R were tested and a value of 1.2 MΩ which yielded results close to those obtained with the theoretical optimal resistance of 2.2 MΩ was chosen. Typical recorded waveforms for this method are shown in Using these voltage and current measurements, the extracted power can be calculated and integrated to yield the output energy. Fig. C.23 shows an extracted energy comparison between both methods. From these curves, the output energy is measured to be about nine times higher with the active method than with the classical DC method. In the same figure, one can notice some peaks of energy in the active method case. These occur during applied voltage inversions as the piezoelectric capacity is then discharged (rising edge) and recharged (falling edge).

The measured extracted energy per cycle is also depicted in Fig. C.24 in a maybe more illustrative aspect using Q-V energetic cycle plots, matching theoretical cycles shapes from Fig. C.5 and C.16. Again, this plot clearly shows the extracted energy increase from the classical DC method to the active method. For the active technique cycle, as the vertical sides of the outer parallelogram are determined (Q 3 -Q 2 = 2αF 0 k ) one can enlarge its surface by simply raising the applied voltage V out and extract energy proportionally, as predicted in section C.4.1.

Interestingly, one can notice that the lower left and upper right corners of the inner rectangle (respective points A and B) are tangent to the outer parallelogram. Actually, this phenomenon is a simple consequence of the fact that for both cycles, Q and V are solutions of (5.2) for F = -F 0 at point A and for F = F 0 at point B.

To 

C.4.4 LIMITS OF THE ACTIVE METHOD

The proposed model is based on the linearized equations of the piezoelectric element behavior as written in (5.2). However, non-linear effects start to appear as values of displacement, voltage or force become high. A large forced voltage will cause large displacements and engender non-linearities limiting the extracted power. Additionally, large repetitive strains in the piezoelectric material can cause mechanical fatigue as well as material depolarization. Moreover, the voltage V applied on the piezoelectric element affects the stiffness. Force-displacement measurements have been carried out for several voltages applied on the piezoelectric layer to quantify this effect. Non-linearities of up to 20 % have been measured when the piezoeletric element was under a high voltage of ±40 V, but they were limited (< 5%) under ±10 V where the above-mentionned experiments under pressure have been run. Also, resistive losses and material depolarization must be taken into account when the voltage rises.

C.5 CONCLUSION

A summary of the performances of each of the above-mentioned techniques is provided in section 5.6, and notably in table 5.9. Les récupérateurs d'énergie inertiels, qui convertissent le mouvement mécaniques (vibrations) en électricité via un système masse-ressort, sont légion dans la littérature scientifique. Ce type de récupérateur peut être adapté à l'application du stimulateur sans sonde, car il est montré que suffisamment d'énergie peut être extraite des vibrations du coeur aux alentours de 20 Hz. Dans le cadre du projet HBS (pour Heart Beat Scavenger) coordonné par Sorin, cette technique est actuellement en cours d'investigation par des experts du domaine au CEA-LETI et au laboratoire TIMA de l'UJF à Grenoble. Ces travaux devraient mener prochainement à la présentation de premiers prototypes. Bien que ces systèmes envisagés devraient remplir les critères d'un stimulateur sans sonde, notamment en termes de taille et de puissance, ils présentent deux inconvénients spécifiques. Premièrement, les récupérateurs inertiels peuvent difficilement être miniaturisés : en effet, réduire la taille du dispositif, et du même coup la masse d'épreuve, impacte directement la puissance en sortie. De plus, cela ajoute des contraintes extrêmement sévères sur le ressort, dont la flexibilité doit être accrue, malgré la réduction du volume, pour garder une fréquence de résonance basse. Deuxièmement, l'amplitude et la fréquence des vibrations du coeur sont extrêmement variables et dépendent largement du patient, de son activité, et du site d'implantation. Garder une puissance en sortie stable à partir des ces excitations très variables est un réel défi pour les récupérateurs d'énergie inertiels qui fonctionnent de manière résonante. 
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