Résumé : Le stimulateur cardiaque sans sonde est le concept de stimulateur cardiaque le plus récent qui a été développé pour surmonter les limites des stimulateurs cardiaques conventionnels. Cette technologie offre un meilleur confort aux patients, un risque d'implantation plus faible et une plus grande fiabilité. Cependant, en raison de l'extrême miniaturisation requise pour l'implantation à l'intérieur des cavités cardiaques, ces dispositifs souffrent d'une durée de vie limitée de la batterie. Ce travail présente une solution pour prolonger la durée de vie de la batterie en convertissant l'énergie biomécanique des battements de coeur en électricité à l'aide d'un dispositif de récupération d'énergie MEMS électrostatique innovant.

Sur la base de modèles théoriques et d'expériences, nous proposons une approche générale pour choisir le circuit d'interface optimal en tenant compte de la capacitance parasite du circuit, qui est une imperfection qui affecte grandement les performances de puissance. Sur la base de l'énergie consommée par la dernière génération de stimulateurs cardiaques sans sonde, la solution MEMS proposée avec un circuit d'interface optimal a montré expérimentalement la possibilité de prolonger la durée de vie de la batterie du stimulateur cardiaque jusqu'à 44%.

Title : Silicon-on-glass MEMS electrostatic vibration energy harvesters to improve the autonomy of leadless pacemakers Keywords : Leadless pacemaker, MEMS, Biomechanical energy harvesting Abstract : Leadless pacemaker is the most recent pacemaker concept which was developed to overcome the limitations of conventional pacemakers. This technology offers better comfort tothe patients, lower risk of implantation and higher reliability. However, due to extreme miniaturization required for implantation inside the heart cavities, these devices suffer from limited battery lifetime. This work presents a solution to extend the battery lifetime by converting biomechanical heartbeats energy into electricity using an innovative electrostatic MEMS energy harvesting device. Based on theoretical models and experiments, we propose a general approach to choose the optimal interface circuit taking into the parasitic capacitance of the circuit, which is an imperfection that greatly affects the power performances.

Based on the energy consumed by the last generation commercial leadless pacemakers, theproposed MEMS solution with optimal interface circuit experimentally showed the possibility to extend the pacemaker battery lifetime up to 44%.
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Résumé

Les stimulateurs cardiaques sans sonde (SCSS) ont montré d'importantes améliorations par rapport aux stimulateurs cardiaques conventionnels (SCC). Les SCSS éliminent le risque de complications liées à la sonde : défaillance de la sonde, fracture de la sonde et pneumothorax. Les risques d'extraction de la sonde peuvent être évités car il n'y a pas de sonde à remplacer ou à extraire. Les SCSS réduisent le risque d'infection car il n'y a pas de voie de passage pour les bactéries entre le thorax et la circulation sanguine. Les SCSS sont plus confortables car les patients ne peuvent pas voir ou sentir le dispositif sur la paroi thoracique.

La principale limitation des SCSS commerciaux est la durée de vie de la batterie. Les derniers modèles de SCSS sont équipés de batteries Li-CFx d'une capacité nominale de 240mAh. L'épuisement de ces batteries varie d'un patient à l'autre en fonction de la fréquence de stimulation et de l'amplitude de stimulation nécessaires pour le traitment. La durée de vie prévue des stimulateurs cardiaques commerciaux est de 3,5 ans dans le pire des cas, lorsque le SCSS est utilisée avec une fréquence de stimulation de 100% et une amplitude maximale de stimulation. Dans le meilleur des cas, la durée de vie peut aller jusqu'à 30 ans lorsque la stimulation est inhibée à une fréquence de stimulation de 0%. Le présent travail propose une solution non invasive pour alimenter la dernière génération de SCSS en utilisant la récupération d'énergie de vibrations. L'espace limité disponible à l'intérieur de la cavité cardiaque et des artères a imposé certaines contraintes pour le développement des SCSS. La première contrainte est la limitation du diamètre de l'implant. Elle est due au fait que les SCSS sont implantées à l'aide de cathéters passant par les artères. La deuxième contrainte est la taille de la cavité cardiaque qui limite la longueur de l'implant. En général, un SCSS a un diamètre de 5 à 6 mm et une longueur de 30 à 50 mm.

Un facteur important à prendre en compte est la consommation d'énergie des SCSS. En raison de l'espace réduit disponible pour les batteries, la consommation d'énergie des SCSS doit être bien inférieure à celle des SCC. La dernière génération de SCSS commerciale fonctionnant à 100% de la fréquence de stimulation, soit 50bpm, une amplitude d'impulsion de 2,5V et une charge de stimulation de 500Ω, consomment 2, 3µA de courant, soit une consommation moyenne d'au moins 6µW . Une batterie de 240mAh serait épuisée au bout de 11 ans dans ces conditions. Le dispositif MEMS a été conçu dans le but de contribuer à l'alimentation d'un SCSS dans ces conditions. L'objectif est de générer la plus grande part possible de l'énergie consomé par le SCSS afin de prolonger de manière significative la durée de vie de la batterie.

L'étude commence par une présentation de l'histoire du développement des implants cardiaques. Elle s'intéresse à l'anatomie et à la fonction du système cardiaque. Elle aborde également les conséquences des dysfonctionnements du système de conduction du coeur. Différentes technologies de traitement des affections cardiaques, dont les stimulateurs cardiaques sans sonde, sont étudiées. Le stimulateur cardiaque sans sonde est mis en avant pour son faible risque d'implantation.

De solutions de récuperqtion d'énergie sont explorées, en mettant l'accent sur les MEMS électrostatiques qui constituent une option prometteuse pour alimenter les stimulateurs cardiaques sans sonde en raison de leur fiabilité et de leur durabilité par rapport à d'autres solutions.

L'état de l'art examine également l'histoire des MEMS et l'évolution du marché, en mettant l'accent sur leurs capacités éprouvées de fabrication par lots, leur rentabilité et leur potentiel d'allongement de la durée de vie des stimulateurs cardiaques sans sonde.

L'étude se poursuit par l'analyse des transducteurs électrostatiques fonctionnant en cycles rectangulaires d'un point de vue thermodynamique. Les échanges d'énergie électrique, les changements d'énergie interne et le travail effectué pendant chaque phase du cycle QV (charge-tension) sont calculés. Ces résultats sont validés en verifiant que l'énergie récoltée par cycle correspond à la surface delimité par le cycle QV.

Des simulations SPICE sont réalisées à l'aide d'un exemple concret de transducteur. Ces simulations démontrent, à l'aide d'un exemple concret, l'application pratique de l'analyse thermodynamique effectuée précédemment.

En outre, l'étude établit une analogie entre les transducteurs électrostatiques et les machines thermiques. Elle montre le lien entre un transducteur électrostatique, qui convertit l'énergie mécanique en électricité, et un réfrigérateur dans le cas des machines thermiques. L'étude montre également que la pompe de charge idéale utilisée pour la récuperation d'énergie peut fonctionner en sense inverse pour permettre au MEMS de convertir l'énergie électrique en mouvement mécanique.

Une étude des circuits d'interface existants permettant de réaliser des cycles QV rectangulaires est présentée. L'étude des circuits porte ensuite sur la façon dont les cycles QV deviennent des parallélogrammes en présence d'une capacitance parasite dans le circuit d'interface, ce qui entraîne une réduction de l'énergie convertie par cycle.

L'étude détermine un rapport de tension optimal γ opt pour les circuits rectangu-laires à cycle QV qui maximisent l'énergie par cycle pour une tension maximale aux bornes du transducteur V max fixe en tenant compte des effets de la capacitance parasite du circuit d'interface. Elle démontre également que, quelle que soit l'ampleur de la variation de capacitance η, γ opt reste dans la plage 1 < γ opt < 2 lorsque V max est fixé. Le processus de conception commence par l'établissement de contraintes pour le dispositif, principalement centrées sur sa réponse à basse fréquence correspondant au spectre des battements cardiaques et sur son implantation par l'intermédiaire d'un cathéter. Ces contraintes fixent l'empreinte du dispositif à 2,2 cm x 5,6 mm. Ces dimentions permetent de placer deux dispositifs MEMS à l'intérieur de l'implant.

Un modèle dynamique du dispositif MEMS est présenté. La corrélation entre la tension appliquée et le décalage de fréquence est analysée. Une tension plus élevée se traduit par une réponse en fréquence décalée vers des basses fréquences. Cette relation est avantageuse car elle augmente l'énergie par cycle en rapprochant la réponse en fréquence du spectre des battements cardiaques.

Afin d'augmenter l'énergie récupérée et d'avoir une bande passante dans la gamme des fréquences inférieures à 80 Hz, une masse de tungstène est ajoutée sur la partie mobile du MEMS. Le processus de conception se poursuit par la fixation d'une limite supérieure pour la masse de tungstène, déterminant qu'un maximum de 770 mg de masse de tungstène supplémentaire est possible compte tenu des dimensions de l'implant.

Plusieurs structures de ressorts sont proposées, la structure à double poutre étant considérée comme la plus appropriée en raison de ses propriétés de guidage et de sa robustesse, ce qui réduit le risque de rupture des poutres. Le processus de conception de peignes du transducteur électrostatique commence par l'évaluation de la stabilité des doigts. Le processus de conception aboutit à un design de peigne capable de supporter une tension maximale de 314V . La capacitance théorique maximale de ce design est de 215pF et la capacité minimale de 5, 23pF .

Le processus de conception se poursuit par la présentation du processus de fabrication choisi, en optant pour le micro-usinage par gravure DRIE (procédé Bosch) en raison de sa capacité à atteindre des rapports d'aspect élevés pour la fabrication du dispositif.

L'étude se poursuit par la présentation des caractéristiques mécaniques et électriques du dispositif MEMS fabriqué. Sur le plan mécanique, le dispositif présente une fréquence de résonance de 40.8Hz avec un facteur de qualité de Q = 820. Sur le plan électrique, il a une capacité minimale de 8pF et une capacité maximale de 67.5pF , ce qui se traduit par une variation de capacité de η = 8.4. On note que la capacité maximale obtenue est nettement plus faible que prévu, en raison d'un effet de surgravure des peignes (notching).

Cinq circuits d'interface sont utilisés dans l'étude afin de déterminer le circuit le plus performant pour le dispositif MEMS fabriqué. Les mesures de conversion d'énergie sous excitation sinusoïdale sont en bon accord avec les prédictions théoriques développées. Expérimentalement, le circuit avec un rapport de tension γ = 1, 5 maximise l'énergie par cycle (E h ), ce qui permet d'atteindre une puissance convertie maximale de 2µW .

On observe qu'un nombre accru de diodes dans le circuit augmente la capacité parasite.

Le circuit avec γ = 1, 5 s'avère être le plus efficace pour l'excitation des battements cardiaques, produisant une puissance convertie par dispositif MEMS allant de 0, 4 à 1, 1µW suivant la fréquence des battements du coeur.

Etant donné que deux dispositifs MEMS peuvent être intégrés dans un stimulateur cardiaque sans sonde, la puissance totale récupérée va de 0, 8 à 2, 2µW .

La consommation d'énergie moyenne du stimulateur cardiaque varie de 2, 4µW (dispositif inhibé à 0%) à 7, 5µW (dispositif functionanat à 100%). La batterie, d'une capacité de 234mAh, a une durée de vie prévue de 29,7 ans (dispositif inhibé à 0%) et de 10,8 ans (dispositif functionanat à 100%).

En supposant que le récupérateur d'énergie proposé soit intégré dans le stimulateur cardiaque, il réduirait le courant fourni par la batterie, ce qui prolongerait sa durée de vie. En fonction de la fréquence cardiaque, le capteur d'énergie réduit le courant de 2, 5µA à une plage de [2,24-1, 77µA], ce qui permetrait d'augmenter la durée de vie de la batterie jusqu'à 44%.

Abstract

Leadless pacemakers (LPMs) have shown important improvements over conventional pacemakers (CPMs). LPMs eliminate the risk of lead-related complications: lead failure, lead fracture, insulation defect and pneumothorax. Risks of extraction such as a torn subclavian vein or tricuspid valve can be avoided because there is no lead to replace or extract. LPMs decrease the risk of infection since there is no pathway between the chest and the bloodstream for bacteria. LPMs are more comfortable since patients are unable to see or feel the device on the chest wall.

The main limitation of commercial LPMs is the battery life time. Latest models of LPMs have Li-CFx batteries of 240mAh nominal capacity. The depletion of these batteries varies from patient to patient in function of the needed pacing rate and needed R-wave amplitude. The projected life time of commercial pacemakers goes from 3.5 years for the worst case where the LPMs is used in a 100% pacing rate and maximum R-wave amplitude. In the best case scenario, the lifetime can go up to 30 years when the pacing is inhibited at 0% pacing rate in theory.

The present work proposes a non-invasive solution to power the last generation of LPMs using inertial energy harvesting. Limited space available inside the heart cavity and arteries have imposed certain constraints for the development of LPMs. The first constraint is the implant's diameter limitation. It comes from the fact that LPMs are implanted with catheters through the arteries. The second constraint is the heart cavity size limiting the implant's length. Typically, a LPM has 5-6mm diameter and 30-50mm length.

An important factor to take into account is the energy consumption of LPMs. Due to the lower space available for batteries, LPMs energy consumption has to be much lower than CPMs. The last generation of commercial LPM working at 100% pacing rate, 50bpm, pulse duration of 2.5V and a 500Ω pacing load, consume 2.3µA of current, meaning at least 6µW of average consumption. A battery of 240mAh would be depleted after 11 years under these conditions. The MEMS device was designed with the aim of contributing to powering a LPM under these conditions. The objective is to generate the largest possible part of the LPM power needs in order to significantly extend the battery lifetime.

The study begins by discussing the development of cardiac implants. The study covers the anatomy and function of the cardiac system. It also addresses the consequences of conduction system malfunctions. Different technologies for treating heart conditions, including leadless pacemakers, are studied. The leadless pacemaker is highlighted for its reduced implantation risks.

Energy harvesting solutions are explored, focusing on electrostatic MEMS as an ideal option for powering leadless pacemakers due to the higher reliability and durability compared to other solutions.

The state of the art also examines MEMS's history and market evolution, em-phasizing its proven batch-fabrication capabilities, cost-effectiveness, and potential to extend leadless pacemaker lifespans.

The study continues by analyzing electrostatic transducers operating in rectangular cycles from a thermodynamic point of view. The exchanges of electrical energy, internal energy changes, and work done during each phase of the QV (charge-voltage) cycle are calculated. These results are consistent with the fact that the energy harvested per cycle corresponds to the surface area enclosed by the QV cycle.

Spice simulations are conducted using a concrete example of a gap-overlap transducer. These simulations demonstrate the practical application of the energy analysis of QV cycles in converting mechanical energy into electricity. The study introduces the force vs. displacement diagram, showing that the enclosed surface area in the Fx diagram represents the total work done in the cycle.

Furthermore, the study makes an analogy between electrostatic transducers and thermal machines. It shows the link between an electrostatic transducer, converting mechanical energy into electricity, and a refrigerator in the case of thermal machines. The study also shows how the ideal charge pump employed for energy harvesting can operate backward to convert electric energy into mechanical movement.

A review of existing rectangular QV cycle circuits is presented. The study of circuits addresses how QV cycles become parallelograms in the presence of parasitic capacitance in the interface circuit, leading to a reduction in the enclosed energy surface. The study determines an optimal voltage ratio γ opt for rectangular QV cycle circuits that maximize energy per cycle for a fixed V max taking into account the effects of parasitic capacitance. It also demonstrates that regardless of the extent of capacitance change η, γ opt remains within the range 1 < γ opt < 2 when V max is fixed.

The MEMS design process starts by establishing crucial constraints for the device, primarily centered around its low-frequency response matching the heartbeat spectrum and its implantation via a catheter. These constraints determine a specific device footprint of 2.2cm x 5.6mm. This footprint allows to place two MEMS devices inside the implant.

A dynamic model of the MEMS device is introduced. The correlation between applied voltage and frequency shift is presented. Higher voltage results in a frequency response shifted to lower frequencies. This relationship is advantageous as it increases energy per cycle and helps to plqce the frequency response closer to the heartbeat spectrum.

Due to the need to have a frequency response in the frequency range lower than 80Hz, a tungsten mass is added on top of the device. The design process continues by fixing an upper limit for the tungsten mass, determining that a maximum of 770mg of additional tungsten mass is feasible given the implant size constraints.

Multiple silicon spring designs are proposed, with the double beam structure identified as the most suitable due to its guiding properties and resilience, reducing the risk of beam breakage.

The comb design process of the electrostatic transducer begins by assessing finger stability concerning geometry and voltage, resulting in a comb design capable of standing a maximum voltage of 314V . This design results in a theoretical maximum capacitance of 215pF and a minimum capacitance of 5.23pF .

The design process continues by presenting the chosen fabrication process, opting for bulk micro-machining due to its ability to achieve high aspect ratios for the device's fabrication.

The study continues with the mechanical and electrical characterization of the fabricated MEMS device. Mechanically, the device exhibits a resonant frequency of 40.8Hz with a quality factor of Q = 820. Electrically, it has a minimal capacitance of 8pF and a maximal capacitance of 67.5pF , resulting in a capacitance ratio of η = 8.4.

Five interface circuits are considered in the study to determine the best-performing circuit for the fabricated MEMS device. Energy conversion measurements under sinusoidal excitation align with the theoretical expressions developed. Experimentally, the circuit with a voltage ratio γ = 1.5 maximizes energy per cycle (E h ), achieving a maximum converted power of 2µW in harmonic regime.

It is observed that an increased number of diodes in the circuit increases the parasitic capacitance. Consequently, the ideal circuit balances proximity to the theoretical optimal voltage ratio (γ opt ) by minimizing the number of diodes.

The circuit with γ = 1.5 is found to be the most effective for heart-beat excitation, yielding a converted power per MEMS device ranging from 0.4 to 1.1µW .

Two MEMS devices can be integrated into a leadless pacemaker. The power that the devices can supply for the implant goes then from 0.8 to 2.2µW , depending on the heart rate.

The average power consumption of the pacemaker ranges from 2.4µW (0% pacing rate) to 7.5µW (100% pacing rate). The battery, with a 234mAh capacity, allows for a projected lifetime of 29.7 years (0% pacing rate) and 10.8 years (100% pacing rate).

Assuming the proposed energy harvester is integrated into the pacemaker, it reduces the current supplied by the battery, extending its lifetime. Depending on the heart rate, the energy harvester decreases the current from 2.5µA to a range of [2.24-1.77µA], resulting in an increased battery lifetime of up to 44%. Compared to conventional pacemakers, leadless pacemakers decrease the risk of intravascular leads, which are the primary source of complications in conventional pacemakers. No pocket is required for device placement. LPMs can be implanted with a catheter, making the implantation procedure much less invasive than conventional pacemakers (CPMs), as depicted in Fig. 1.1.

The main limitation of LPMs is the battery lifetime. The latest commercial models of LPMs have batteries of 240mAh nominal capacity Fig. 1.1. The depletion time of these batteries varies from patient to patient in function of the pacing rate and the R-wave amplitude needed for each patient. The lifetime of these commercial LPMs can go as short as three years for the worst case, where a 100% pacing rate is needed at the highest configuration of the R-wave stimulus amplitude, or it can go as long as 30 years, where the device is basically in sleep mode at 0% pacing rate [START_REF] Medical | Aveir™ Leadless Pacemaker Aveir™ Leadless Pacemaker Model LSP112V Aveir™ Delivery Catheter Model LSCD111 Instructions for Use[END_REF]. The projected lifetime in "standard settings" of the latest commercial LPMs is ten years [START_REF] Medical | Aveir™ Leadless Pacemaker Aveir™ Leadless Pacemaker Model LSP112V Aveir™ Delivery Catheter Model LSCD111 Instructions for Use[END_REF]. The goal of the present work is to increase the lifetime of LPMs using the heart-beat movement to transform into electricity the kinetic energy of an inertial mass inside the LPM. Fig. 1.2 shows the envisioned internal structure of the LPM; half of the implant will be used for the harvesting device, and the other half will be dedicated to the pacemaker-dedicated electronics and interface circuits of the LPM.

The proposed approach is based on MEMS technology which enables extreme miniaturization, reliable devices and reasonable manufacturing costs. The biomechanical to electrical energy conversion is based on electrostatic transducers. The choice was motivated by long term reliability of this type of transducers which work without mechanical shock or contact, and without mechanical stress on active materials. In addition, the mechanical characteristics of the transducer (mass and spring constant) and its electrical characteristics (capacitance, working voltage) can be tailored with large degrees of freedom. This study includes the interface circuits whose impact on the system behaviour is investigated in detail. One should note that this specific application requires a small battery for safety reasons. This battery will also be used to bias the transducers, which is required to initiate the energy conversion process using the purely passive variable capacitor of this transducer. Therefore, there is no need for integrating an electret material.

This chapter is mainly focused on the review of the heart functioning and the treatment developed to treat heart rhythm disorders. An overview of existing energy harvesting solutions is then provided, with a focus on medical implant applications. Finally, current trends in MEMS technology are presented.

Heart Beat and Life Expectancy Scaling Laws

In biology, many observables scale with the mass as a simple power law:

Y = Y 0 M b .
Y is a biologic observable such as heart rate, metabolic rate and growth rate, Y 0 is a constant and b is the allometric scaling exponent [START_REF] Van | The predominance of quarter-power scaling in biology[END_REF].

In a general sense, allometry describes how the characteristics of living creatures change with size. Now, the concept of allometry has been expanded to refer to biological scaling laws. These power laws give us coarse grained quantitative relations that reflect generic features and principles that are common to almost all living creatures [START_REF] West | Life's universal scaling laws[END_REF].

Among the many fundamental variables that obey these power laws are: metabolic rate (consumed energy per day), life span, growth rate, heart rate, tree height, mass of cerebral grey matter among others. Most surprisingly and of great importance, is the fact that the exponent b almost invariably is a multiple of 1/4. Heartbeat rate is one of the fundamental observable that obeys a scaling law with mass. In Fig. 1.3 each point represents the average hart beat at rest for a variety of mammals. The exponent of grow for the heart beat is b = -1/4, meaning the bigger the mass, the lower the heart beat rate. That is why big mammals such as whales and elephants have slow heart beat rates compared to smaller mammals such as mouses. Ammong mammals, there is an inverse relation heart rate and life expectancy. The product of life expectancy and heart beat rate yields the number of heartbeats in a lifetime. Remarkably, when one compares among mammals the number of heartbeats in a lifetime, one finds a constant average of ∼ 10 9 heart beats in a lifetime. This result tells us that the number of heart-beats in a typical life-time is independent of size, is invariable among mammal species.

The only mammals that do not follow this law is the human as depicted in Fig. 1.4. A healthy human heart beats more than 3 * 10 9 in a typical life-time The human has stretched the boundaries of biology to achieve life-span to 80 years. Perhaps the most obvious explanation to credit this achievement are advances in science, medicine and technology.

The pacemaker is a clear example of a technology that has allowed to stretch the boundaries of life expectancy and shine light on the importance of developing biomedical technologies such as more reliable, less invasive pacemakers. 

Cardiac System

The heart consists of four chambers that contract and release in a synchronized manner to pump blood. The two upper chambers are the left atrium and right atrium, these atria serve to collect blood into the heart. The two lower chambers are called right and left ventricles, they pump blood out of the heart.

• Right atrium: Receives blood from the body, the blood is low in O 2 and rich in CO 2 . The right atrium pumps the blood into the right ventricle.

• Right ventricle: Receives blood from the right atrium, it pumps blood into the lungs to remove CO 2 and provide blood with O 2 .

• Left atrium: Receives blood from the lungs rich in O 2 . In pumps blood into the left ventricle.

• Left ventricle: Receives oxygenated blood from the left atrium and pumps blood back into the body. 

Cardiac Conduction System

The heart has natural pacemakers that generate rhythmic electrical impulses. The first natural pacemaker is called the sinoatrial node (SAN), electrical impulses originate in the SAN. These impulses travel across the left and right atrial muscle (AM) to initiate atrial contraction as depicted in Fig. 1.5. The electrical impulses generate by the SAN arrive to the atrioventricular node (AVN). The AVN delays the electrical impulses to give enough time to the atria pump blood into the ventricles.

The His bundle is an electrical connection that communicates the AVN and ventricles. After the time delay, the AVN sends electrical impulses through the His bundle, the Purkinje fibres (PF) receive the impulse and stimulate the ventricle muscle (VM) to contract.

Arrhythmias

Arrhythmia is a problem of the rhythm or rate of the heartbeat. The heart beat may quick too quickly (tachycardia), it may be too slow (bradycardia) or with an irregular rhythm.

Arrhythmias are treatable with medicine or procedures to control irregular heart beat rates such as pacemakers. If an arrhytmia is not treated it can cause complications in the heart and brain. Complications may include [START_REF]Arrhythmias -Living With -NHLBI[END_REF]:

• Cardiac arrest: The heart stops beating unexpectedly.

• Heart failure: The heart cannot pump enough blood to meet the body's needs.

• Stroke: Blood can pool in the upper chambers of the heart forming a blood clots. If a blood clot travels to the brain it can cause reduce or interrupt the flow of blood, causing the death of neurons.

Cardiac Pacemakers

A pacemaker is a device used to treat arrhythmias. During an arrhythmia, the heart beats in an abnormal way, pacemakers send electrical pulses to help the heart reestablish the heart's normal rhythm. Pacemakers are comprised by two main parts: the generator and the leads. The generator is typically implanted in an infra-clavicular location in the thorax. The leads are inserted through the artery and the lead-tip is inserted either in the right ventricle, the right atrium or both. Over one million pacemakers are implanted worldwide [START_REF] Harry | The 11th world survey of cardiac pacing and implantable cardioverter-defibrillators: calendar year 2009-a World Society of Arrhythmia's project[END_REF]. Strong efforts have been done to do the implantation less invasive and more comfortable for the patient, going from bulky external pulse generators connected to the chest wall or directly to the heart via wires [START_REF] Cingolani | Next-generation pacemakers: from small devices to biological pacemakers[END_REF] to the latest generations of leadless pacemakers [START_REF] Medical | Aveir™ Leadless Pacemaker Aveir™ Leadless Pacemaker Model LSP112V Aveir™ Delivery Catheter Model LSCD111 Instructions for Use[END_REF].

Evolution of Pacemaker Technology

In 1958, the first fully implantable pacemaker was placed in Sweden. The device was placed using a thoracotomy to suture two epicardial electrodes. The first pacemaker replacement, done the following morning, was followed by more than 22 units and numerous surgical interventions until the patient died in 2001 for an unrelated reason [START_REF] Van Hemel | 8 October 1958, D Day for the implantable pacemaker[END_REF].

Since the first implantable pacemaker, this technology has gone through several improvements, mainly: lead design, battery longevity, generator size. The main limitation of pacemakers has always been the battery life time. Companies developed nuclear-powered devices in order to power pacemakers with a long lasting energy source. The first isotope based pacemaker was implanted in France in 1970, the pacemaker used an isotope of plutonium to function ( 238 P u). Isotope based devices had life times longer than 30 years [START_REF] Harry | The cardiac implantable electronic device power source: evolution and revolution[END_REF]. Despite their extraordinary battery longevity, safety concerns evoked controversy. Another difficulty was obtaining implant licence from energy authorities. These two obstacles prevented the nuclear power source to be incorporated in implants. Due to the obstacles nuclear batteries encountered, lithium based batteries became the standard of modern pacemakers.

Current technologies

Nowadays, conventional pacemakers have a longevity of ∼ 10 years with lithium based batteries. They have RF telecommunication system that receives and transmits data to reprogram the device and get data for the follow-up of the patient. Algorithms iterativly test the minimum output required (pacing threshold) to adjust the pacing amplitude of the electric impulse to increase implants life-time and patients safety [START_REF] Cingolani | Next-generation pacemakers: from small devices to biological pacemakers[END_REF]. They have integrated accelerometers to detect patients activity and adjust pacing rate in response to exercise. Some even have a MRI mode that allows patients that allows patients to do MRI scans without risk. Single chamber pacemakers are often used to treat bradycardia (slow rate) Fig. 1.7. Bradycardia can occur if the heart electrical signals do not move correctly from the atria to the ventricles. The ventricles will beat on their own but at a very slow rate. When this happens, a single chamber pacemaker can be implanted. In order to maintain AV synchrony, a single lead is used to connect the right ventricles with the pacemaker for stimulation. This mode of pacing is called VVI/VVIR. [START_REF] Panicker | Choosing pacemakers appropriately[END_REF].

Another mode of operation of single chamber pacemakers is AAI/AAIR pacing. It is indicated for patients with sinuatrial node (SAN) dysfunction but with a good connection between the atria and ventricles. In this mode of operation, the lead is connected to the right atrium to emulate the pulses the SAN would generate.

Double chamber pacemakers, with two leads, the right atrium and right ventricle are connected to the pacemaker [START_REF] Panicker | Choosing pacemakers appropriately[END_REF]. Double chamber pacemakers are indicated when the patient presents atrioventricular block (AV block or heart block). AV block happens when none of the electrical signals from the atria arrives to the ventricles, there are two kinds of pacing in double chamber pacemakers: VDD and DDD/DDDR. VDD pacing, both the ventricle and atrium are being sensed and the ventricle is stimulated accordingly. VDD mode is indicated for patient with AV block but a fully functional SAN. In the other hand, the DDD/DDDR mode senses and stimulates the atrium and ventricle. DDD/DDDR is indicated for patients with AV block and SAN dysfunction.

Biventricular pacemaker, also know as cardiac re-synchronization therapy device (CRT) has three leads. One lead is connected two the right atrium, the other two are connected to the right and left ventricles. For people with heart failure, the left and right ventricles do not pump at the same time. Biventricular pacemakers are programmed to syncronize both ventricle so they pump together.

Implantable cardioverter defibrillator (ICD)

Implantable cardiac defibrillators (ICD) look like larger versions of pacemakers. Although most of ICD include pacemaker functions, they defibrillate the heart with large amounts of electrical energy. ICDs are used to treat ventricular tachycardia or ventricular fibrillation. Fibrillation is a type of arrhythmia where electrical pulses fire chaotically when they should be regular. [START_REF] Ronny | An up-to-date review of cardiac pacemakers and implantable cardioverter defibrillators[END_REF] [START_REF] Panicker | Choosing pacemakers appropriately[END_REF].

Leadless Pacemakers

Intravenous leads are the most common way to connect pacemaker's pocket with the cardiac tissue [START_REF] Malaczynska-Rajpold | Leadless Cardiac Pacing: New Horizons[END_REF]. Pacemaker's pocket is placed inside the torso, outside the circulatory system. Intravenous leads go from the inner part of the torso into the heart through a hole in the subclavian vein. These kind of pacemakers are what we call conventional pacemakers (CPM).

Although advances in miniaturisation have allowed conventional pacemakers (CPM) as the one shown in 1.7 to include several functionalities that improve patient's comfort, the implatation of CPMs involves invasive surgery that put at risk the patients health.

Intravenous leads are the Achilles heel of CPMs, most of complications of CPM are lead-related problems: Lead-fracture, lead-infection and lead dislodgement. Lead related problems are the most common complication in intravenous CPMs [START_REF] Sattar | Complications of leadless vs conventional (lead) artificial pacemakers-a retrospective review[END_REF] [71] [START_REF] Esberg | Complications after cardiac implantable electronic device implantations: an analysis of a complete, nationwide cohort in Denmark[END_REF].

Leadless pacemakers (LPM) are bullet-shaped pacemakers that are implanted with a catheter: The doctor makes a small cut in the patient's leg (femoral vein) and uses a delivery catheter to implant the LPM into the right ventricle of the heart [START_REF] Medical | Aveir™ Leadless Pacemaker Aveir™ Leadless Pacemaker Model LSP112V Aveir™ Delivery Catheter Model LSCD111 Instructions for Use[END_REF].

Leadless pacemakers offer more comfort to the patient. They eliminate the risk of the known risks of lead-related problems, they reduce as a torn subclavian vein or tricuspid valve can be avoided because there is no lead to replace or extract. LPMs decrease the risk of infection since there is no pathway between the chest and the bloodstream for bacteria. LPMs are more comfortable since patients are unable to see or feel the device on the chest wall [START_REF] Lee | Leadless pacemaker: performance and complications[END_REF] [51] [11] [8].

The first leadless pacemaker [START_REF] Spickler | Totally self-contained intracardiac pacemaker[END_REF] was tested in 1970 in dogs. The device was powered by a nuclear cell called "Betacel" using Promethium-147. With nuclear battery, the pacemaker lifetime was 5 years. [START_REF] Spickler | Totally self-contained intracardiac pacemaker[END_REF] Miniaturization and advances in micro/nano fabrication technologies have allowed to embed more and more devices in a capsule with dimensions necessary for catheter LPM implantation. Battery technologies have been developed to provide many years of service to all the on-board electronics of LPM. Performance requirements include high safety, reliability and volumetric energy density, long service life, and state of discharge indication [START_REF] David | Batteries used to power implantable biomedical devices[END_REF]. These requirements have displaced nuclear batteries technologies and have preferred lithium-based batteries for biomedical implants.

Nowadays two commercial LPMs are available in the market and approved by the FDA: The Micra from Medtronic and Aveir from Abbott. Micra got FDA approval in 2016 [START_REF]FDA approves first leadless pacemaker to treat heart rhythm disorders[END_REF], it was the first leadless pacemaker to be approved by FDA. The dimensions of the implant are illustrated in 1.9, Micra has a Li-CFx battery of 120mAh, with a projected service life of 5 years. Abbott bought St. Jude Medical in 2016, St.Jude Medical was developing the so called Nanostim, it had to be discontinued in 2016 due to rare but serious battery problems [START_REF] Lakkireddy | A worldwide experience of the management of battery failures and chronic device retrieval of the Nanostim leadless pacemaker[END_REF]. Abbott continued the LPM project of St Jude to finally get FDA approval in 2022 under the name of Aveir. Dimensions of Aveir are illustrated in 1.9, Aveir has a Li-CFx battery of 243mAh, with a projected service life of 10 years.

Both Micra and Aveir pacemakers are single chamber pacemakers for VVI/VVIR pacing. Not all patients needing a pacemaker can be implanted with these models, just the patients needing ventricular single chamber pacing to treat bradycardia discussed in subsection 1.5.2. Although one could envision other LPMs dedicated for multiple chamber sensing and stimulation.

Boston Scientific EMPOWER now is in clinical trials, if accepted by FDA it would be the first LPM capable of delivering both bradycardia pacing support and antitachycardia pacing (ATP). The goal of this thesis is to increase the lifetime of LPMs by using the heart beat movement. By taking into account the design constraints of commercial LPMs a vibration energy harvesting solution is proposed. The MEMS energy harvester most comply with the width requirements to go inside the implant, see Figure 1.9.

Energy harvesting solutions: state of the art

Energy harvesting presents solutions for some of today's most important challenges related to the autonomy of low power electronic devices. Energy harvesting solutions aim to increase the autonomy of devices that normally would rely on batteries to function by using the energy available in the surroundings of the device. Energy sources available in the environment may come in different forms:

• Mechanical energy such as human motion and vehicle vibrations [START_REF] Amoroso | An original device for train bogie energy harvesting: a real application scenario[END_REF], [START_REF] De | Performances evaluation of an autonomous sensing network node for rail vehicles supplied by a piezoelectric energy harvester[END_REF].

• Solar Energy [START_REF] Kannan | Solar energy for future world:-A review[END_REF], [START_REF] Backus | Photovoltaics state-of-the-art[END_REF] • RF radiation energy [START_REF] Talla | Powering the next billion devices with Wi-Fi[END_REF] • Thermal energy [START_REF] Epstein | Millimeter-scale, micro-electro-mechanical systems gas turbine engines[END_REF], [START_REF] Karami | Capillary enhanced phase change in a microfabricated self-oscillating fluidic heat engine (SOFHE)[END_REF] • Wind [START_REF] Gong | Capturing flow energy from ocean and wind[END_REF], [START_REF] Watson | Future emerging technologies in the wind power sector: A European perspective[END_REF] Here are presented some interesting examples that illustrate the utility and potential of energy harvesting solutions. Going from railway monitoring systems, handheld gaming consoles, powering devices with wi-fi and biomedical implants.

Devices needing to be located in places of difficult access is one of the mayor reasons that motivates the use of energy harvesting. One example of this case are monitoring solution in the rail-wail field. To warranty the safety and reliability of railway transportation systems, the interest in monitoring systems is constantly increasing. These devices include sensors and electronic components, which need electric power supply for their proper working [START_REF] Bosso | Application of low-power energy harvesting solutions in the railway field: a review[END_REF]. However, it may be difficult to provide energy to sensors by cables, powering these remote sensors from ambient energy can reduce maintenance costs, and improve the sensor network performance [START_REF] Wischke | Vibration harvesting in traffic tunnels to power wireless sensor nodes[END_REF].

In [START_REF] Wischke | Vibration harvesting in traffic tunnels to power wireless sensor nodes[END_REF] a piezoelectric energy harvesting device using an SSHI interface circuit was mounted on a railway sleeper. The power obtained from vibrations was stored on a 100µmF capacitor obtaining an average of 395µJ of energy per train passage. The electronics required to process and transmit date consumes 200µJ to power up and transmit acceleration data from the accelerometers depicted in figure 1.10. Figure 1.10: Accelerometers mounted on a railway track for monitoring from [START_REF] Wischke | Vibration harvesting in traffic tunnels to power wireless sensor nodes[END_REF] Another example of an application treating with electronics located in places of difficult access are tire pressure monitoring systems (TPMS). TPMS monitor in real time the pressure of vehicle tires, monitoring the tire pressure optimizes fuel consumption and reduces tire wear. Measuring the tire pressure directly requires to locate sensors inside the tire itself. This makes difficult to place wires that connect the sensors inside the tire with the rest of the vehicle electronics. One way to power TPMS is to place a vibration energy harvester in the tire and harvester energy from the tire vibrations [START_REF] Eskild | Design and modeling of a patternedelectret-based energy harvester for tire pressure monitoring systems[END_REF]. In [START_REF] Tang | Non-contact frequency-up-conversion energy harvester for durable & broad-band automotive TPMS application[END_REF] a frequency up system couple with piezoelectric cantilevers is presented, the device is tested on a shaker emulating the movement of the tire, the device generates an average power of 10µW .

TPMS is good example of an energy harvesting solution already making a place in the car market. Although most commercial TPMS rely on batteries, the last generation of TPMS sensors such as MLX91804 [START_REF]MLX91804 product flyer[END_REF] advertises this model as: "MLX91804 establishes a new benchmark for current consumption helping system designers squeeze even more operating lifetime from small form factor batteries and harvested energy sources". The system consumes 400nW of power in sleep mode, the system in operation power consumption depends on the communication frequency and the modules activate. It is possible to use energy harvesting solution such the one in [START_REF] Tang | Non-contact frequency-up-conversion energy harvester for durable & broad-band automotive TPMS application[END_REF] to power this commercial TPMS module by correctly tuning the communication time.

Figure 1.12: Battery free gameboy Although applications needing to be located in places of difficult access is a mayor motivation, energy harvesting solutions may increase the autonomy of lowpower devices of every day use, for instance retro handheld consoles. One example of such case is a portable game console capable of using sunlight and mechanical work done by the player to function: The Battery-Free Game Boy [START_REF] De | Battery-free game boy[END_REF].

The console gets energy from two sources: work done by the user by pressing the buttons and ambient sunlight. The novelty of this device does not come from how it gets energy but how it processes data. It gets all its energy from harvested energy, it uses a non-volatile memory to keep the state of the game in case of power failure. A concept called "intermittent computing" guarantees correctness and completion of the computation of battery-less energy harvesting embedded platforms despite frequent power interruptions. Figure 1.13: Wi-Fi antenna used to harvest the RF energy coming from the Wi-Fi router Another example on energy harvesting is RF energy conversion. This kind of energy harvesting gets energy from radio frequency electromagnetic waves to power low consumption devices. In [START_REF] Talla | Powering the next billion devices with Wi-Fi[END_REF] a Wi-Fi router was modified to constantly transmit information packets whose energy is harvested by the antenna depicted in figure 1. [START_REF] Bosso | Application of low-power energy harvesting solutions in the railway field: a review[END_REF].

An energy harvester was connected to a battery-free camera, a capacitor was used to store the energy coming from data packets, this allowed to take a picture every 35 minutes with the harvesting system being 5 meters away from the router. Although this example shows how energy can be transmitted with the router, the data from the picture is not sent back to the router. However, this shows the potential of using RF ambient energy to power low-power, low-latency devices such as the battery-less camera. Biomedical implants are another example of applications where electronic devices need to be located in places of difficult access [START_REF] Deterre | Energy harvesting system for cardiac implant applications[END_REF]. It is very important to warranty the supply of energy in biomedical implants since many complications may result from changing the batteries or accessing the implant.

In figure 1.14 are illustrated the locations of different implants. The power requirements of these implants from from implant to implant, hence the choice of energy harvesting mechanism also changes.

In the next section, a review of different energy harvesting solution is done. A special focus is done for the pacemaker application since it is the main focus subject of the present work.

Review of precedent works energy harvesting for pacemakers

Different sources of energy are available to harvest and power biomedical implants. Biochemical energy can be harvested from the electrical potential difference in the cell membrane [14] [19]. Glucose is another source of biochemical energy that can Figure 1.14: Different biomedical implants and their locations [START_REF] Roy | Powering solutions for biomedical sensors and implants inside the human body: a comprehensive review on energy harvesting units, energy storage, and wireless power transfer techniques[END_REF] be used to power implants. In [START_REF] Cinquin | A glucose biofuel cell implanted in rats[END_REF] an implantable glucose biofuel cell is presented. The biofuel cell was implanted in a rat, a peak power of 6.5µW was found.

Another source of energy available in the environment is sunlight [75] [37]. In [START_REF] Haeberlin | Successful pacing using a batteryless sunlight-powered pacemaker[END_REF] a subcutaneous solar module was tested ex vivo under real sunlight under pig skin. A median output power of 4941µW/cm 2 was measured. In vivo pacemaker tests showed that the energy consumption of the pacemaker could be covered by the energy harvested by the solar module.

Biomechanical energy can induce vibration that be exploted by energy harvesters [START_REF] Karami | Powering pacemakers from heartbeat vibrations using linear and nonlinear energy harvesters[END_REF]. Harvesting heart mechanical energy in vivo test on rats, sheep, pig and dogs have been reported [START_REF] Li | Muscle-driven in vivo nanogenerator[END_REF] [69] [START_REF] Ouyang | Symbiotic cardiac pacemaker[END_REF] [28] [START_REF] Zurbuchen | Energy harvesting from the beating heart by a mass imbalance oscillation generator[END_REF].

In [START_REF] Ouyang | Symbiotic cardiac pacemaker[END_REF] authors use a triboelectric generator aiming to supply energy to a pacemaker achieving cardiac pacing using mechanical work done by the heart. The generator achieves to generate an average energy of 0.495µJ per cardiac cycle by attaching a flexible biocompatible triboelectric generator on the side of a pig's heart.

Authors in [START_REF] Ryu | Self-rechargeable cardiac pacemaker system with triboelectric nanogenerators[END_REF] designed an inertial triboelectric harvester to get energy from the acceleration resulting from dog walk. The device best performance was 4.9µW/cm 3 power density in a laboratory experiment exciting the device with a shaker at 3Hz.

An inertial electromagnetic harvester was reported in [START_REF] Zurbuchen | Energy harvesting from the beating heart by a mass imbalance oscillation generator[END_REF], it uses an inertial mechanism from a commercially available wrist watch. The mechanism moves due to the heart beat of a sheep. The mobile pendulum compresses a spring until a certain threshold is reached. The spring energy is then released to drive an electromagnetic generator. In vivo test on a sheep's heart showed that the harvester generated an average power of 16.7µW .

In [START_REF] Ryu | Self-rechargeable cardiac pacemaker system with triboelectric nanogenerators[END_REF] [63] [START_REF] Zurbuchen | Endocardial energy harvesting by electromagnetic induction[END_REF] suturing methods were used to implant devices, which makes the procedure invasive. A less invasive approach was proposed in [START_REF] Dong | Multifunctional pacemaker lead for cardiac energy harvesting and pressure sensing[END_REF]: a flexible [START_REF] Ryu | Self-rechargeable cardiac pacemaker system with triboelectric nanogenerators[END_REF] biocompatible piezoelectric material was integrated into the lead of a pacemaker, using bending and twisting motions of the lead plugged in a pig's heart to generate energy.

Energy harvesting systems for the leadless pacemakers

Leadless pacemakers offer comfort and reduce the risk of implantation compared to conventional pacemakers [START_REF] Medical | Aveir™ Leadless Pacemaker Aveir™ Leadless Pacemaker Model LSP112V Aveir™ Delivery Catheter Model LSCD111 Instructions for Use[END_REF]. Although they show advantages in some aspects, they suffer from low autonomy due to the reduced room available for batteries in the implant. This subsection reviews energy harvesting systems that aim to power leadless pacemakers [6] [91]. A compliant capsule head that deforms with blood pressure is presented in [START_REF] Deterre | Micro blood pressure energy harvester for intracardiac pacemaker[END_REF]. Variations in blood pressure make the capsule's head move. This movement is transferred to a piezoelectric mechanism that transforms the capsule's deformation into electricity, as depicted in figure 1.16. The presented transducer has a volume of 21mm 3 and generates 3µJ/cm 3 per heartbeat.

A two cantilever piezoelectric MEMS based in AlN (Aluminum Nitride) was presented in [START_REF] Jackson | Shock-induced aluminum nitride based MEMS energy harvester to power a leadless pacemaker[END_REF]. The transducer consists of two opposing cantilever beams facing one the other. The cantilever beams have a resonant frequency of around 376Hz. Although the heartbeat frequency is way lower, the cantilevers oscillate due to the shock induced by the acceleration peaks of the heartbeat. The system generates 3µW of power at 60bpm heartbeat acceleration and 11µW at 240bpm. Figure 1.17: a) AlN based MEMS energy harvester with a two cantilever device b)Two cantilever MEMS energy harvester inside a capsule with dimensions of a leadless pacemaker from [START_REF] Jackson | Shock-induced aluminum nitride based MEMS energy harvester to power a leadless pacemaker[END_REF] An electromagnetic vibration energy harvester is presented in [START_REF] Franzina | A miniaturized endocardial electromagnetic energy harvester for leadless cardiac pacemakers[END_REF]. The system is adapted with the correct dimensions for catheter implantation. Like the wristwatch mechanism, it uses an unbalanced pendulum that rotates in the presence of external shocks, such as the heartbeat movement, as depicted in figure 1. [START_REF] Cinquin | A glucose biofuel cell implanted in rats[END_REF].

Inside the rotor part, there are permanent magnets. These turning magnets create a changing magnetic field; due to the magnetic field variations in time, a current is induced in the stator coils.

The device is tested in a hexapod robot that mimics the heartbeat movement. The robot has six degrees of freedom, which allows it to mimic the complex trajectories of the heartbeat movement.

The accelerations reproduced by the hexapod were recorded with an implantable accelerometer in an in-vivo study of a domestic pig. Several recordings were done with varying heartbeat rates. The device generated a maximum average power of 4.2µW at 160bpm in the hexapod test bench.

An in-vivo harvesting experiment was done to test the device closer to actual conditions. The system yielded an average 2.6µW power at 142 bpm. Figure 1.18: Electromagnetic vibration energy harvester adapted for LPMs from [START_REF] Franzina | A miniaturized endocardial electromagnetic energy harvester for leadless cardiac pacemakers[END_REF] In [START_REF] Wang | Cylindrical Electret Energy Harvester with Perforated Electrode for Intracardiac Pacemakers[END_REF], an electret-based energy harvester is presented. The device is adapted for the leadless pacemaker application. It consists of two concentric cylinders that house an electret between them, as depicted in 1.19. The cylinders serve as electrodes to the compliant intermediate electret.

The electret deforms due to pressure variations in the blood. These variations deform the electret to get closer to either one of the electrodes. The electrode induces a charge in the outer electrode when it expands due to electrostatic induction. Conversely, the electret induces an electric charge in the inner electrode when it contracts, as shown in figure 1. [START_REF] Clementi | Biological Energy Harvesting for Autonomous Temperature Sensors[END_REF].

A setup was mounted with a syringe that pumps fluid that mimics the blood pressure variations. The device generated a maximum peak output power of 1.6µW for 30mmHg pressure variation at 60 bpm. Another MEMS system aiming to power leadless pacemakers was proposed in [START_REF] Vysotskyi | Nonlinear electrostatic energy harvester using compensational springs in gravity field[END_REF] [START_REF] Vysotskyi | Récupérateur d'énergie vibratoire MEMS électrostatique à large bande pour applications biomédicales[END_REF]. The MEMS system implements a nonlinear force-displacement relationship by combining a folded beam linear spring design with nonlinear springs made from buckled beams as depicted in 1.20. This force-displacement relationship gives the device a high bandwidth and requires low acceleration to excite the device. The work of the present thesis takes as inspiration the advances made in these studies [START_REF] Vysotskyi | Nonlinear electrostatic energy harvester using compensational springs in gravity field[END_REF] [START_REF] Vysotskyi | Récupérateur d'énergie vibratoire MEMS électrostatique à large bande pour applications biomédicales[END_REF] to develop the device.

The nonlinear springs are made with curved beams with a sine shape. The mobile part is positioned a bit off from the center of the travel range. The amplitude of the sine shape of the beams defines this distance off the center. The beams are buckled because they are compressed axially as the mobile part moves toward the center of the travel range. This makes the buckled beams have a bi-stable force-displacement relation with a negative stiffness region in the middle of the curve.

The spring constant of the system's folded spring is tuned to nullify the negative slope of the buckled beam. This is done as an attempt to have a near-zero net reaction force in the middle of the travel range. A near-zero spring slope is advantageous to get energy from low-frequency acceleration excitation.

Although the system does not have the necessary dimensions to fit inside a leadless pacemaker, particular challenges related to the application are tackled. The most important one is gravity's role in the device's dynamics. The gravity induces an offset on the displacement of the mobile part of the transducer. This offset is used to approach the mobile part to the center of the travel range. This way, the net force acting on the mobile part is zero with a nearzero slope when the beam parameters are well-tuned.

The device generates 2.38µW of average power at 60°of inclination and a heartbeat rate of 116bpm.

MEMS devices

The term Micro Electro Mechanical Systems (MEMS) describe an engineering field where mechanical elements such as cantilevers, membranes, hinges, turbines or springs had been fabricated at a scale closer to the microelectronic circuit than to a structure fabricated with a lathe or milling machine [START_REF] Chollet | A (not so) short introduction to Micro Electro Mechanical Systems[END_REF].

Other terms to describe MEMS are Micro-machines and Micro-systems, the first used often in Japan and the later used in Europe. These devices have features below 100µm, these features are not manufactured using standard machining techniques but by using techniques globally called micro-fabrication technology. Under this scope, micro-electronic circuits could be also included in the definition of MEMS, but there are characteristic of MEMS that micro-electronic circuits do not have. While micro-electronic circuits are compact, fixed and solid structures, MEMS have elements that deform and move that resemble to classical mechanical parts.

MEMS fabrication technologies took inspiration from microelectronics. Techniques like photo-lithography, chemical vapor deposition (CVD), physical vapor deposition (PVD), doping by ion implantation, wet etching, dry etching, have been adopted and adapted for MEMS fabrication. Synergies between MEMS development and microelectronics are many. MEMS has its roots in microelectronics, in 1967 the "resonant gate transistor" was developed, it is considered to be the first MEMS [START_REF] Harvey | The resonant gate transistor[END_REF]. The device used a cantilever beam as the gate of a field effect transistor, the high mechanical Q factor of the beam served to provide very selective electronic filtering. 

MEMS Market

Many MEMS have been developed since the late 60's, some of the developed MEMS in R&D have reached commercial maturity. The first commercial MEMS was the piezoresistive pressure sensor. Piezoresistive materials change of resistance in function of strain imposed on them [START_REF] Chollet | A (not so) short introduction to Micro Electro Mechanical Systems[END_REF]. Since then, other MEMS have reached commercial maturity to be integrated in the market. The MEMS that have reached commercial maturity can be classified in:

• Pressure sensors : Used for manifold pressure, TPMS, blood pressure.

• Inertial Sensors : Accelerometer, gyroscope, crash sensors.

• Microfluidic : Inkjet printer nozzle, MEMS micro-pumps for dispensing and drug delivery.

• Optical : DMD (deformable mirror devices) for projectors, MEMS micromirrors for scanning in LiDAR.

• RF MEMS : RF MEMS switches, SAW & BAW filters in telecommunications (surface and bulk acoustic waves).

• Microphone : Used mainly in consumer market for cellphones, tablets, automotive.

• Micro-speakers : New all-in silicon technologies using NED (Nanoscopic electrostatic drive).

• Magnetometers : Used in consumer electronics and automotive for navigation.

• Thermal imaging : Microbolometers for thermal cameras.

• Timing MEMS : MEMS resonators can be used to substitute quartz resonators, they can be used as highly reliable and accurate reference clocks.

Figure 1.22: Timescale of MEMS products emergence from [START_REF] Chollet | A (not so) short introduction to Micro Electro Mechanical Systems[END_REF] Each year, new MEMS devices are introduced in the market [START_REF]Status of the MEMS Industry[END_REF]. During the last years, many MEMS devices have been introduced in the consumer electronics market: inertial sensors for wearables and smart phone for gesture detection, BAW and SAW MEMS filters that are enabling the 5G network development, inertial measurement unit for HAD (Highly automated driving) in cars [START_REF]Status of the MEMS Industry[END_REF].

Figure 1.23: Evolution of MEMS sensors [START_REF]Status of the MEMS Industry[END_REF] As seen in Figures 1.23 and 1.24, the MEMS market has been continuously growing the last 30 years and is expected to continue growing. The MEMS market size in 2021 was $13.6 billions of dollars and is expected to grow to $22.3B in 2027 [START_REF]Status of the MEMS Industry[END_REF].

There are two kinds of companies that fabricate semiconductors, there are the IDMs (integrated device manufacturer) and pure play foundries. The IDMs take charge of all processes in producing semiconductor devices, from design to produce the final product. The pure play foundries do not design devices, but rather fabricate the designs made by fabless semiconductor companies. 

Not yet commercialized MEMS, future MEMS?

Besides the MEMS already available in the market, there are other kinds of MEMS in development. Although it is difficult to summarize all kinds of MEMS that have not reach yet commercial maturity, here are some interesting examples of "nonconventional" MEMS and micro-systems in the general sense.

NED : Nanoscopic Electrostatic Drives are innovative all-in silicon electrostatic actuators developed at Fraunhofer IPMS, these kind of actuators allow to have travel ranges of several mm [START_REF] Narimani | Highly Modular Microsystem Inchworm Motor Based on a Nanoscopic Electrostatic Drive[END_REF]. The novelty of this kind of actuator is the large tip deflection generated at low voltages, at the same time high position precision (in the order on nm), furthermore, they can easily integrated with CMOS that makes them an interesting solution for commercial products. [START_REF]NANOSCOPIC ELECTROSTATIC DRIVES[END_REF] As shown in Fig. 1.25, the actuator consists in three parts, in grey the beam made of silicon, in blue the top electrode in silicon, in green silicon oxide spacers. The geometry of the top electrode has a zigzag shape, under electrostatic actuation the zigzag shape tends to flatten, this deformation puts into tension the top surface of the silicon beam. The beam's top mechanical tension makes a strain gradient on the cross section of the beam, this causes the beam to curve. Huge electrostatic forces at moderate voltages can be created due to the 200 nm small gap between the beam and the top electrode. These actuators can be used for micro-positioning [START_REF] Narimani | Highly Modular Microsystem Inchworm Motor Based on a Nanoscopic Electrostatic Drive[END_REF] and all-in silicon micro-speakers. Arioso systems was a startup working with Fraunhofer in all-in silicon microspeakers using NED actuators. Bosch acquired Arioso in 2022 [START_REF]Status of the MEMS Industry[END_REF], other companies are developing all-in silicon micro-speakers to take a share of MEMS micro-speakers market. In the near future these MEMS micro-speakers will be integrated in phones, tablets, laptops, headphones due to their small size, low power consumption, ease of fabrication and high sound quality.

MEMS logic gates: CMOS devices dissipate energy due to leakage currents, another concept called capacitive adiabatic logic has emerged (CAL) [START_REF] Samaali | MEMS four-terminal variable capacitor for low power capacitive adiabatic logic with high logic state differentiation[END_REF], [START_REF] Marković | Ultra-Low-Power Logic with Contactless Capacitive MEMS[END_REF]. In this paradigm information is stored in comb drives, logic 1 and logic 0 are represented by capacitance. Variable capacitors can be used to build logic gates, by controlling the charge we change the logic state, engaging and disengaging comb drives one can represent logic states. The advantage over CMOS is that there is no leakage current because there is no contact between the finger combs. Furthermore, the energy injected to the capacitor to change its logic state can be recuperated by discharging the capacitor. This approach allows to get closer to the Landauer limit, which states that the minimum energy to change the state of a bit is k b T ln (2).

Micro heat engines Micro heat engines were proposed in the 90's [START_REF] Epstein | Macro power from micro machinery[END_REF], reducing heat engines size down to chip sizes would offer a high-power density alternative to batteries [4]. The most dominant portable power source Ii-ion batteries with an energy density of around 0.3M J/kg while gasoline has 47M J/kg [3]. Having high energy density portable power sources would enable to increase the autonomy of portable electronics, robots or drones.

MEMS fabrication techniques can be used to fabricate miniaturized versions of thermal machines. DRIE, wafer bonding are used to fabricate a stack of wafers with moving parts such the turbine's rotor, Fig. 1.26. MEMS devices are usually made of good thermal conductors such as metals and silicon, this may create thermal short circuits between the hot and cold spots of thermal machines, techniques such as glass molding in silicon have been developed to overcome this fundamental challenge [2]. Pop-up book MEMS : Conventional micro-machining techniques such as LIGA, bulk and surface micromachining have enabled the development of the commercial MEMS devices discussed in 1.10.1. This techniques allow to fabricate planar devices with 2D geometries, more complicated 3D geometries can be achieved by repeating 2D micro-machining steps to stack several 2D layers that form a 3D structure like 3D printing. Such process are time consuming due to the need of repeating several fabrication steps and alignment for a single 3D structure [START_REF] Risquez | Additive fabrication of a 3D electrostatic energy harvesting microdevice designed to power a leadless pacemaker[END_REF].

Another method to create 3D structures was presented in [START_REF] Whitney | Pop-up book MEMS[END_REF]. Pop-up books are books with three-dimensional pages with features that "pop-up" when the page is turned, when the book is closed a stack of 2D paper shapes are folded inside the book, when the page is turned these shapes unfold to form a simple 3D structure on the book. A similar principle was applied in [START_REF] Whitney | Pop-up book MEMS[END_REF], a stack of multiple rigid-flex layers that are selectively bonded together to form hinges that will serve to the assembly. Other more complex structures have been fabricated using this techniques, such as the chassis and hinges for the wing of fling micro-robots [START_REF] Chen | Controlled flight of a microrobot powered by soft artificial muscles[END_REF], micro-manipulators [START_REF] Mcclintock | The milliDelta: A high-bandwidth, high-precision, millimeter-scale Delta robot[END_REF] and mechanisms for minimally invasive surgery [START_REF] Peter | Microrobotic laser steering for minimally invasive surgery[END_REF].

Conclusions

This chapter started with the motivation of the development of cardiac implants and how the human has overcome its natural life expectancy as a mammal. The human is the only mammal that goes out of the scaling law heartbeat vs. life expectancy. This achievement is due to technological medical advancements such as the development of medical devices. The present work is aligned with this motivation by improving pacemakers' durability and reliability to improve patients' lifespan and life quality.

A review of the cardiac system anatomy and physiology was presented. This served to understand better the anatomy of the heart and its critical role in blood oxygenation, the way the natural pacing impulses are generated by the the sinoatrial ventricle (SAN), and the role of the his bundle as an electrical connection to stimulate the cardiac tissue. Arrhythmias and other disorders that take place when the cardiac conduction system does not work correctly were then explained.

The different technologies that treat arrhythmias and heart illnesses were presented, such as the implantable cardiac defibrillator, the pacemaker, and its different pacing modes depending on the patient's needs. The leadless pacemaker was introduced, and the advantages and limitations were discussed. Most of the problems that conventional pacemakers present are lead-related complications. The leadless pacemaker overcomes this problem by being directly implanted inside the heart without leads. Furthermore, the implant has a bullet shape that allows it to be implanted via a catheter. This drastically reduces the risk of implantation but with the cost of lower energy autonomy compared to the conventional counterparts. For all these reasons, the leadless pacemaker is the candidate of study in the present work; the aim is to extend the lifetime of leadless pacemakers by using the available energy in the implant's surroundings.

A review of different energy harvesting solutions was presented after explaining the motivation for extending the leadless pacemaker lifetime. Different real-world energy harvesting applications were presented. A summary of the state-of-the-art pacemaker energy harvesting options was presented. It was shown that most implantable solutions proposed in literature are invasive, and several aspects such as long term reliability and bio-compatibility issues were not considered. From this point of view, one should note that this work considers a safe route consisting in integrating the energy harvesting device into the titanium capsule of the LPM.

The review of all transduction mechanisms used in vibration energy harvesting showed that MEMS electrostatic transduction is a promising technology for this application. In particular, this solution does not require active materials that may compromise the reliability and durability of the device.

A review of the MEMS history and market evolution was finally presented. Different examples of MEMS were presented that successfully integrated the market and still have great importance in the semiconductor industry. The MEMS fabrication processes offer batch-fabrication capabilities that have proven to result in efficient and reliable devices for relatively low cost compared to other solutions. All these reasons motivated the present study on the use of an inertial electrostatic MEMS to power the last generation of leadless pacemakers.

The next chapter directly enters at the heart of the energy conversion mechanisms which occurs in electrostatic transducers, going from the specific case of rectangular cycles to any cycle.

Chapter 2

Thermodynamic analysis of electrostatic transducers working in rectangular QV cycles

Introduction

This chapter presents the study of electrostatic transducers working in rectangular charge-voltage (QV) cycles. This study is carried out similarly to the energy conversion cycles considered in thermodynamics with the attempt to make a connection between electrostatic transducers and thermal machines.

The study begins in section 2.2.1 with the study of the zeroth law of thermodynamics. This law implies the existence of a necessary quantity that defines thermal equilibrium: temperature. Similarly, for electrostatic transducers, the quantity that defines equilibrium is voltage. This principle applies to the whole study of the chapter. All energy exchanges happen at equilibrium.

Following the zeroth law, in section 2.2.2, the first law is presented the same way it is done in thermodynamics. Energy is conserved, meaning that the change of internal energy during a process equals the difference between energy exchanged in the form of heat and the external work done during the process. From the electrostatic transducer point of view, the difference of internal energy equals the electric energy exchange minus the work done during the process.

After, in section 2.3, an energy study of rectangular QV is done using the first law. The internal energy, the electric energy exchanges, and the work done are calculated at each step of the QV cycle. This calculation allows us to know in detail the amount of energy converted and where the energy goes at each step of the cycle.

The results of the study of rectangular QV cycles are then used to study arbitrarily shaped QV cycles in section 2.4. A hand-waving proof of Green's theorem is used to use the results from rectangular QV cycles and generalize them for arbitrarily shaped QV cycles.

In section 2.5, spice simulations are done with a basic gap-overlap transducer model with limited displacement. This concrete example of a transducer working in rectangular QV cycles illustrates the analysis done in section 2.3.

The force vs. displacement diagram is introduced in section 2.5.1. The study of thermodynamic cycles can be done in two domains: the mechanical domain with PV diagrams (pressure vs. volume diagrams) or the heat domain TS diagrams (temperature vs. entropy diagrams). QV diagrams are used to study electrostatic transducers in the electric domain. They can also be studied in the mechanical domain with Fx diagrams (Force vs. displacement diagrams). The study of Fx diagrams allows us to picture the hysteresis that electrostatic transducers present when connected to an interface circuit to perform rectangular QV cycles.

Section 2.5.2 presents the study of a transducer performing QV cycles anticlockwise. In energy harvesting, QV cycles are performed clockwise to convert mechanical energy into electric energy. Section 2.5.2 gives a concrete example of how a transducer can be driven by a charge pump working backward. This results in converting electrical energy into mechanical energy, making the transducer oscillate, taking energy from a DC source. This follows the analogy with thermal machines; for a given thermodynamic cycle, an engine takes heat from a hot reservoir, uses part of this energy to perform work, and deposits the other part in a cold reservoir. Similarly, the presented oscillator takes energy from a high-voltage source, uses part of this energy to perform work, and deposits the rest in a low-voltage source.

Thermodynamics, pistons and variable capacitors

Thermodynamics is a coherent mathematical description of macroscopic systems in thermal equilibrium. This description is summarized in the laws of thermodynamics.

Thermodynamics concerns the study of the transformation of heat flow into work and vice-versa. For instance, thermodynamics studies how thermal engines transform into work the heat flowing from a hot reservoir into a cold one. Thermodynamics deals with two kinds of transformations: adiabatic transformations and heat exchanges. In adiabatic transformations, energy exchange between the system and the environment is done only in the form of work. On the other hand, heat exchanges happen when a system is in contact with a heat reservoir, and one needs to specify the macroscopic variables that are kept constant: volume, pressure or temperature.

For the electrostatic actuator case, the analog of heat Q thermo is the electric energy W E exchanged from a voltage source to a variable capacitor. One also needs to specify the variables that are kept constant: capacitance, charge, voltage.

Figure 2.1: Energy transfer between a charge reservoir and a variable capacitor

In the present chapter, the notation of exact and inexact differentials will be adopted from thermodynamics. The exact differentials will be denoted by ∆ and inexact differentials by δ. Exact differentials are path-independent. Examples of this are voltage, charge, and capacitance, differences of these quantities depend solely on the initial and final states. Inexact differentials depend on the path followed from the initial state and final states. These cases are often related with dissipative processes such as work and charge exchanges. In the work case, the path followed matters in presence of friction. Similarly in the electric case, when an exchange of charge is done through a resistance, the amount of energy that gets dissipated depends on how fast the charge exchange is done.

Zeroth Law: Equilibrium

The zeroth law of thermodynamics describes the thermal equilibrium, it implies the existence an important state variable that defines thermal equilibrium: temperature. Suppose bodies A and B are in thermal equilibrium, B and C are also in equilibrium, this would mean bodies A and C are also in thermal equilibrium.

In the present work we will consider the Voltage Kirchhoff Law of a voltage supply and a variable capacitor as the analogue of the zeroth law for volume of ideal gas in equilibrium in a thermal bath. The analogue to temperature T will be voltage V . The case where the voltage supply and the variable capacitor have different voltages i.e. out of equilibrium has been in studied in [START_REF] Basset | Electrostatic kinetic energy harvesting[END_REF]. It has been shown that half of total energy is lost in the energy exchange of two capacitors of the same capacitance, one at charged and the other discharged. As shown in Fig. 2.3, the initial energy of the system is 1 2 C (V 0 ) 2 and at equilibrium t → ∞ half of the energy is lost 1 4 C (V 0 ) 2 . For the present study, all energy exchanges are assumed to happen at equilibrium i.e. the transducer is at the same voltage as the voltage source or capacitor that is exchanging charge with the transducer.

Fist Law: Energy conservation

The first law of thermodynamics is the law of conservation of energy, the energy may be transformed from one form to another but energy cannot be created, it needs to come from somewhere. In the case of an ideal gas in a container that expands by ∆V thermo against a pressure P , the law of conservation of energy reads as 2.1.

∆E thermo = δQ thermo -P ∆V thermo (2.1)
Any change of internal energy ∆E thermo comes either from heat exchange δQ thermo or work done by the system δW = P ∆V thermo .

Similarly, we can write the first law for an electrostatic transducer in the following way:

∆E = δW E -δW (2.2)
Changes in internal energy can be done mainly by two means: By work δW done in adiabatic processes and process at constant voltage exchanging electrical energy δW E . Note that these two ways of changing the internal energy are compliant with the zeroth law if these exchanges are lossless i.e. no resistances in the connections. The capacitor is charged at 0 gap up to a certain voltage V , afterwards, the capacitor is isolated, is not available to exchange charge with any charge. Once isolated work is done to separate the plates and increase the internal energy of the transducer. [START_REF] Stephen | Microsystem design[END_REF] One can see the similarities of constant charge process and adiabatic thermodynamic processes. In thermodynamics, adiabatic processes are characterised by no heat exchange with the surroundings δQ thermo = 0. In the electrostatic transducer case, adiabatic process are the ones where the transducer is electrically isolated and does not exchange charge with the surroundings δW E = 0. The only way to change internal energy is with work.

Processes at constant charge

For a process constant charge in the electrostatic transducer case, the work done equals the difference in internal energy of the capacitor. To illustrate the equality ∆E = -F ∆x, we calculate the difference of internal energy between initial and final states and the work done when separating the plates. The internal energy E of a parallel plate capacitor is:

E = Q 2 2C = Q 2 g 2Sϵ 0 (2.3)
If we begin from a zero gap and separate the plates up to a g gap, the difference of internal energy is dE = q 2 g/2Aϵ 0 .

The work done to separate the plates can be calculated with electric field between the plates. F = -E(Q/2). Using Gauss law, the force reads as F = Q 2 /2Sϵ 0 , this force is applied along the gap g yielding the work done:

δW = - Q 2 g 2Aϵ 0 (2.4)
Comparing the expressions for ∆E and δW we see that the equation ∆E = -δW , the change in internal energy equals the work done to separate the plates, this is true for any reversible process at constant charge.

Processes at constant voltage

Thermodynamics deals mainly with two kinds of transformations: Adiabatic transformations and heat exchanges. In the previous section we saw processes at constant charge, the analogue process to adiabatic transformation in thermodynamics.

A special kind of heat exchange processes are isothermal processes, by expanding or compressing a gas in a thermal bath we see an exchange of heat between the bath and the gas. Similarly, by changing the capacitance of the transducer we can exchange electrical energy with a voltage source. The process illustrated in Fig. 2.5 charges a capacitor at constant voltage by increasing the capacitance. The exchange of electrical energy can be calculated using the increase of charge δW E = V ∆q analogue to δQ = T ∆S. The change of charge is ∆q = V ∆C, hence the exchange of electrical energy is δW E = V 2 ∆C, where ∆C = C f -C 0 . The work done to increase the capacitance can be calculated by integrating the force:

δW = 1 2 x f x 0 ∂C ∂x V 2 dx = 1 2 V 2 ∆C (2.5)
Note that the first law ∆E = δW E -F ∆x holds when we plug in the results ∆E = 1 2 V 2 ∆C, δW = 1 2 V 2 ∆C and δW E = V 2 ∆C.

Fridges, Heat Engines, Energy Harvesters and Oscillators

Thermodynamic processes build up thermodynamic cycles, for instance Carnot's cycle consists of two adiabatic cycles and two isothermal processes, Rankine cycle consist of two adiabatic and two isobaric processes.

In the case of electrostatic transducers, there are mainly three kinds of process: Constant Charge, Constant Voltage and Constant Capacitance. Voltage constraint triangular cycles consist of two constant charge and one constant voltage [START_REF] Meninger | Vibration-to-electric energy conversion[END_REF], charge constraint triangular cycles consist of two constant charge and one constant charge [START_REF] Paul | Electrostatic microgenerators[END_REF]. Rectangular QV cycles consist of two constant charge and two constant voltage processes.

Energy harvesting interface circuits define the cycle that the transducer will follow. The focus of this work will be rectangular QV cycles. In this section the ideal charge pump will serve as a fundamental interface circuit to build on and show examples of the circuit in different configurations.

Rectangular QV cycles

The charge vs voltage diagram (QV diagram), is often used to picture the path that a transducer follows in the electrical domain. Electrostatic energy harvesters work in cycles, these cyclic process yield QV diagrams in form of closed curves. The energy harvested per cycle is the surface enclosed inside the close curve QV trajectory. The bigger the enclosed surface, the bigger the energy the transducer harvests.

The ideal charge pump [START_REF] Basset | Electrostatic kinetic energy harvesting[END_REF] consist of two switches, two voltage sources at voltages V max and V min as shown in Fig 2 .6. Adiabatic process are performed when the two switches are OFF, process at constant voltage V min are performed when S1 is ON and S2 OFF, process at constant voltage V max are performed when S1 is OFF and S2 ON. All energy harvesting interface circuits performing rectangular cycles can be reduced to the ideal charge pump. Most of these specific energy harvesting interface circuits use diodes as switches. Under this configuration the transducer uses mechanical energy as input and the interface circuit outputs electrical energy. The input mechanical energy is used to take charges from low potential V min and put these same charges in a high potential V max . Following the analogy with thermal machines, an electrostatic energy harvester resembles to a fridge, a fridge takes heat from a cold spot and deposits the heat into a hot spot, the fridge needs mechanical work to pump heat from cold to hot as the harvester needs work to pump charges from V min to V max .

A thermal engine works the inverse way, it uses the heat going from hot to cold and transforms this heat into work. In section 2.5.2 it is shown that the ideal charge pump when it runs backwards it transforms the electrical energy running from V max to V min into mechanical work.

Transducer-Ideal Charge Pump Electro-mechanical Study

To transform mechanical energy into electrical energy with the circuit shown in Fig. 2.6, the cycle shown in Fig. 2.7 most be performed clockwise. The cycle consists of four processes:

• Process at constant charge Q min = C min V max 1 ○ → 2 ○ • Process at constant voltage V min 2 ○ → 3 ○ • Process at constant charge Q max = C max V min 3 ○ → 4 ○ • Process at constant voltage V max 4 ○ → 1 ○ Figure 2.

7: Ideal rectangular QV cycle in harvesting mode

To facilitate the study of the cycle, all process are considered lossless, meaning all differentials are exact and expressions for energy exchange δW E = ∆W E and work δW = ∆W can be defined.

As processes are assumed to be lossless, all quantities can be expressed in terms of state variables. The final state is denoted by the index j, the initial state by index i.

The change in internal energy from state i to j reads as:

∆E ij = 1 2 C j V 2 j -C i V 2 i (2.6)
In 2.6, C j and C i are final and initial capacitances respectively for process i ○ → j ○. V j and V i are final and initial voltages.

In rectangular QV cycles, all transfers of electrical energy happen at constant voltage denoted by V , that is V j = V i = V . The transducer gets charged or discharged in these process, Q j and Q i are final and initial charges in the transducer. The equation for exchanges of electrical energy is:

∆W Eij = (Q j -Q i ) V (2.7)
Mechanical work is either done by the transducer or by external forces. When the work is negative, it means that the transducer is receiving energy in form of work done by external forces. If work is positive means that the transducer is doing mechanical work by attracting the plates and losing internal energy in process. Work done in processes at constant voltage reads as:

∆W ij = 1 2 V 2 (C j -C i ) (2.8)
Work done in processes at constant charge reads as:

∆W ij = 1 2 Q 2 1 C i - 1 C j (2.9) 
Equations 2.6 to 2.9 serve us to study the energy exchanges, the work and changes in internal energy during each process. These equations are used in the rest of the section to get the changes of internal energy, exchanges of electrical energy and work for each process.

In state 1 ○, the transducer is in it's minimal capacitance state C min with charge Q min , the transducer is isolated from both voltage sources. The two switches of the charge pump are OFF, the transducer performs a constant charge process 1

○ → 2 ○. From equation 2.6 initial state i = 1, final state i = 2 and Q min = C 2 V min = C min V max (see figure 2.7
), the change of internal energy is:

∆E 12 = 1 2 Q 2 min 1 C 2 - 1 C min (2.10)
The work done in process 1 ○ → 2 ○ is obtained directly from equation 2.9:

∆W 12 = 1 2 Q 2 min 1 C min - 1 C 2 (2.11)
The change of electrical energy is zero ∆W E12 = 0 because both switches are OFF. Note that the law of conservation of energy holds ∆E 12 = -∆W 12 . The transducer losses internal energy in the process ∆E 12 < 0 because the electrostatic potential energy is used to attract the plates increasing the capacitance in the process.

In the process 2 ○ → 3 ○, switch S1 is ON. The transducer remains at constant voltage V min , charge is transferred from the voltage source to the transducer. From equation 2.6 initial state i = 2, final state i = 3, the change of internal energy is:

∆E 23 = 1 2 (C max -C 2 ) V 2 min (2.
12)

The work done in process 2 ○ → 3 ○ is obtained from equation 2.8:

∆W 23 = 1 2 (C max -C 2 ) V 2 min (2.13)
The electrical energy transferred from the voltage source to the transducer from equation 2.7,

Q 3 = C max V min and Q 2 = C 2 V min is: ∆W E23 = (C max -C 2 ) V 2 min (2.14)
Note that the conservation of energy holds ∆E 23 = ∆W E23 -∆W 23 . Half of the energy received from the voltage source is used to increase the internal energy of the transducer, the other half is used to attract the plates and increase the capacitance to the maximal value C max .

For process 3 ○ → 4 ○, the change in internal energy is obtained from equation 2.6 and

Q max = C 4 V max = C max V min : ∆E 34 = 1 2 1 C 4 - 1 C max Q 2 max (2.15)
The work done in the process is:

∆W 34 = 1 2 1 C max - 1 C 4 Q 2 max (2.16)
Both switches are OFF, there is no exchange of electrical energy with any source ∆W E34 = 0. Energy conservation holds, ∆E 34 = -∆W 34 . External force act on the transducer, energy is put into the system in form of work, this energy is used to increase the internal energy of the transducer.

Finally, switch S2 is ON during process 4 ○ → 1 ○. Electrical energy is transferred from the transducer to the voltage source V max . The change of internal energy is:

∆E 41 = 1 2 (C min -C 4 ) V 2 max (2.17)
The work done in the process is:

∆W 41 = 1 2 (C min -C 4 ) V 2 max (2.18)
The electric energy transferred in the process is:

∆W E41 = (C min -C 4 ) V 2 max (2.19)
Half of the energy transferred into the the voltage source V max comes from the work done by external forces to decrease the capacitance going against the electrostatic force. The other half of the transfered energy comes from the accumulated internal energy from process 3 ○ → 4 ○ The same amount of charge of process 2 ○ → 3 ○ is transferred, in the other hand, the energy transferred in 4 ○ → 1 ○ is higher than the energy transferred 2 

○ → 3 ○ | W E41 |>| W E23 |
W T = (Q max -Q min ) V min -(Q max -Q min ) V max (2.20)
Note that the work is negative because the way we defined conservation of energy in 2.2, the work is positive when is done by the transducer and negative when is done by external forces.

The total electric energy transfer is obtained by summing all energy transfers, W ET = ∆W E23 + ∆W E41 reads as:

W ET = (Q max -Q min ) V min -(Q max -Q min ) V max (2.21)
The total change in internal energy is zero ∆E T = 0, the transducer works in cycles and does not accumulate energy, all electric energy is transferred to voltage source V max . For a complete energy cycle, conservation of energy from equation 2.2 holds, given that ∆E T = 0:

∆E T = W ET -W T = 0 (2.22)
From equation 2.21, we see that that the work done by external forces in the transducer W T equals the amount of electrical energy W ET . The harvested energy is the energy the difference between the total electric energy received in V max and the energy taken from V min , meaning:

E h = -W ET = (Q max -Q min ) (V max -V min ) (2.23)
The total electric energy W ET is negative because it is measured with respect to the transducer, the transducer is "losing" electrical energy because is giving more electric energy that it is receiving. Note that the harvested energy equals the enclosed surface of the cycle [START_REF] Basset | Electrostatic kinetic energy harvesting[END_REF].

Arbitrary QV cycles

The rectangular QV cycle performed by the ideal charge pump can be used as the fundamental block to generalize the study of work and electric energy to arbitrary shaped QV cycles. Let's discretize the QV space in rectangular elements by steps ∆Q and ∆V as shown in figure 2.8. Unit elements of the grid are indexed by a pair of integers (a, b). Lets consider that for each grid element there is an electrostatic transducer that changes capacitance between C min (a, b) and C max (a, b) in function of the grid element. In such way, all elements in the grid represent a rectangular QV cycle with total electric energy W ET = -∆Q∆V .

C min (a, b) = b∆Q (a + 1) ∆V (2.24) C max (a, b) = (b + 1) ∆Q a∆V (2.25)
Consider an arbitrary QV cycle described by a closed curve ∂Σ oriented clockwise as shown in 2.9. Given that neighbouring cycles can be combined and the equivalent path is the outside boundary, an arbitrary path can be approximated by the boundary of a set of elements as shown in figure 2.9. The enclosed surface Σ representing the total electric energy of the cycle W ET is approximately the number of elements that can fit inside the closed curve ∂Σ.

In the limit where the cycles are infinitely small, ∆Q → 0 and ∆V → 0, the total electric energy becomes a 2D integral over the surface Σ enclosed by the close curve ∂Σ:

W ET = - Σ dQdV (2.26)

Green's Theorem

In the previous subsection, study of arbitrary QV cycles was carried out with help of a visual proof of Green's Theorem based on the study of the ideal charge pump. This approach gives a deep physical explanation to understand what happens in each process of the ideal charge pump and how these conclusions translate to nonrectangular arbitrary QV cycles.

An alternative approach to study arbitrary QV cycles is taken in [START_REF] Basset | Electrostatic kinetic energy harvesting[END_REF]. It begins by computing the work ∆W done by the transducers force F (t) exerted on mass and the mass velocity ẋ (t) in the time domain.

∆W = t 2 t 1 F (t) dx dt (t) dt (2.27)
The force of the electrostatic transducer is :

F = 1 2 dC dx V 2 (2.28)
A change of variables can be done to integrate in the capacitance domain, the chain rule reads as:

dC = dC dx dx dt dt (2.29)
From equations 2.27 to 2.29, the integral for work can be expressed in the capacitance domain as:

∆W = 1 2 C(t 2 ) C(t 1 )
V 2 dC (2.30)

A contour integral can be defined from equation 2.30 in the QV plane given that C (t 1 ) = C (t 2 ) to form a closed loop and the capacitance C (t) follows the path ∂Σ in the QV domain.

To make the change of variable in the QV domain, the chain rule is:

dC = dQ V - Q V 2 dV (2.31)
Applying the change of variables in 2.31, the integral 2.30 becomes the circulation:

∆W = 1 2 ∂Σ (V dQ -QdV ) (2.32)
The Green's Theorem relates the circulation of a vector field to a surface integral, applying the theorem, the work in terms of a surface integral reads as:

∆W = - Σ dQdV (2.33)
Note that equations 2.33 and 2.26 are equivalent under the assumption that the transducer does not accumulate energy, the internal energy of the transducer remains constant in average ∆E = 0

Lumped-Parameter model of Variable Capacitors

In the present section, two kinds of variable capacitors models are used to represent electrostatic transducers: The gap overlap and gap closing capacitor models. For both cases, the fringing field effects are neglected.

The gap closing geometry is one of the mostly used in accelerometers. It consist of a fixed electrode and a moving electrode that moves towards the fixed electrode as shown in Fig 2 .11. The capacitance as a function of this geometry reads as:

C (x) = Sϵ 0 g -x (2.34)
There is a nonlinear dependence of capacitance with respect to position C (x) ∝ 1/x , ϵ 0 is the permittivity of vacuum, g is the distance separating the plates when In the gap-overlap geometry, there is a fixed electrode and a moving electrode. The moving electrode remains at constant separation with the fixed electrode, the varying parameter in this configuration is the overlap area S. If we consider the plates have width w, the overlap surface reads as S = wx. The capacitance in the overlap configuration is:

C (x) = ϵ 0 w g x (2.35)
According to the application, one can chose one configuration over the other one. In the present work, the gap-overlap will be the main focus of study because is the geometry chosen for the devices proposed in this thesis.

Normally, electrostatic transducers have a given travel range. As capacitance is function of displacement, the capacitance is bounded between a minimum and maximum value C min ≤ C (x) ≤ C max .

Example with a gap overlap

In order to illustrate the principles described above, let's consider a concrete example of a transducer that can work both as "electric refrigerator" or as a "electric engine" depending on the sense of the QV cycle.

When the QV cycle is performed clockwise as the study above, the transducer transforms mechanical work to take charges from a low potential and transfers them to a high potential to generate electrical energy as an "electric refrigerator" following the analogy with thermal machines.

When the QV cycle is performed anticlockwise, the transducer uses the flow of charges from a high potential going to a low potential to do mechanical work as a "electric engine".

In electrical engineering terms, an "electric refrigerator" is an electrostatic energy harvester and "electric engine" is a mechanical oscillator.

The proposed system consists of a mass-spring-damper resonator, a gap overlap variable capacitor and stoppers that limit the travel range between -x max < x < x max as shown in figure 2.13. Figure 2.13: Considered system consisting of a mechanical resonator, a variable capacitor and stoppers to limit the travel range of the device.

The differential equation that models the system is:

mẍ + D ẋ + kx = ma (t) + f elec + f T opStopper (x, ẋ) + f BottomStopper (x, ẋ) (2.36)
m represents the mass, D is the damping coefficient, k is the spring constant, a (t) is the acceleration that is exciting the system, f elec is the electrostatic force between the combs and f T opStopper , f BottomStopper are the forces of the stopper that limit the travel range of the system.

The capacitance as a function of displacement reads as:

C (x) = 1 2 C max -C min x max x + C max + C min (2.37)
The capacitance takes its minimal value at C (-x max ) = C min and maximal value at C (x max ) = C max and varies linearly within the travel range.

Given the capacitance dependence in position, the electrostatic force reads:

f elec = 1 2 dC dx V 2 = C max -C min 4x max V 2 (2.38)
The top stopper force f T opStopper activates when the mass reaches x max , it makes the mass bounce back to stay in the range -x max < x < x max . This is done with a very rigid spring and high Q damper :

f T opStopper (x, ẋ) = - 1 2 (sgn (x -x max ) + 1) (k stop (x -x max ) + D stop ẋ) (2.39)
The bottom stopper activates when the mass reaches -x max , the equation for the bottom stopper reads as:

f BottomStopper (x, ẋ) = - 1 2 (1 -sgn (x + x max )) (k stop (x + x max ) + D stop ẋ) (2.40)
To solve the equation 2.36, the dynamics of an equivalent circuit were solved with LTspice. The inductor represents the inertial force, the resistance the damping force, the capacitor represents the restoring force, the voltage sources B17, B3, B4 and B8 represent the forces due to the acceleration, the top stopper, the bottom stopper and the electrostatic force respectively.

This concrete example serves to test the theoretical development presented in this chapter. In table 2.1 are listed the properties of the transducer, k and D were chosen to comply with f n and Q.

m 200mg f n 50Hz Q 700 x max 300µm k stop 1000 * k D stop D/1000 C max 100pF C min 10pF
Table 2.

1: Transducer Properties

The ideal charge pump can work as "charge refrigerator" when the QV cycle is performed clockwise 2.17. To perform the cycle clockwise, the switches in Figure 2.6 are changed by diodes as illustrated in the spice diagram of Figure 2.15.

In spice, the variable capacitor is modeled as the current source B6 which current is the derivative of the transducer's change with respect to time. The charge is calculated by taking the capacitance of the transducer from Eq. 2.37 and the voltage in node V c in the spice diagram. Voltages V max and V min were set to 110V and 20V respectively.

Let's suppose the transducer starts at 1 ○ with a voltage a bit lower than V max . During process 1 ○ → 2 ○, the transducer's starts to decrease from V max to V min due to the increase of capacitance of the transducer. The transducer's voltage is lower than V max , hence the diode D2 remains OFF, at the same time, the transducer's voltage is higher than V min , hence D1 remains OFF too. As diodes D1 and D2 are OFF, no energy is exchanged between the transducer and the voltage sources.

Once the transducer's voltage reaches V min , the transducer's capacitance remains increasing which tends to decrease the transducer's voltage. As the transducer's voltage tends to decrease more than V min , D1 is ON during process 2 ○ → 3 ○. D1 is ON during process 2 ○ → 3 ○, the transducer's voltage remains constant at V min . As the capacitance continues to increase and the voltage remains constant, the transducer extracts charges from the voltage source increasing the transducer's charge from Q 2 = C min V max to Q 3 = C max V min , extracting electrical energy ∆W E23 from equation 2.14 in the process.

The transducer reaches its maximum capacitance state at 3 ○, from this moment on, the capacitance will decrease for the remaining part of the cycle. The capacitance decrease makes the transducer's voltage increase. The transducer voltage is higher than V min that makes D1 be OFF, in process 3 ○ → 4 ○, the transducer's voltage is not high enough to polarize D2 because the voltage is lower than V max . Both diodes D1 and D2 are OFF, to charge is exchanged between the transducer and the voltage sources.

When the transducer reaches V max at 4 ○, D2 is polarized because the transducer tends to increase its voltage as it decreases it's capacitance. Since the D2 is ON, the transducer's voltage remains constant during 4

○ → 1 ○, as capacitance continuous to decrease, the transducer injects charge into the voltage source V max , transferring electrical energy ∆W E41 from equation 2.19 in the process. Finally the process starts again at 1 ○ In figure 2.16 are shown the signals obtained from the simulation. The signals were separated in processes, each process is denoted by a color as shown in figure 2.16. These signals were used yo build the QV diagram in figure 2.17, following the color and state order, one sees that indeed the QV cycles is done clockwise for the case when mechanical energy is used as input and electric energy is obtained in return. In order to study the transducer in the mechanical domain, one can draw the Force vs displacement diagram, the electrostatic force exerted on the mass by the The electrostatic force depends both in the capacitance value C (x) and the state of the interface circuit. For the case of rectangular QV cycles, the force can be classified in two categories: force at constant voltage f elec V =cte and force at constant charge f elec Q=cte . They can be classified in these two categories because their dependence in position is not the same.

The force during a constant charge process reads as:

f elec Q=cte = 1 2 dC dx Q C 2 (2.41)
The force during a constant voltage process reads as:

f elec V =cte = 1 2 dC dx V 2 (2.42)
For the gap overlap case, capacitance varies linearly with respect to position x, as exemplified in equations 2.35 and 2.37. Plugging a linear equation of capacitance C (x) into equations 2.41 and 2.42, yields a non-linear dependence f elec Q=cte ∝ 1/x 2 for the constant charge case and independent of position f elec V =cte = constant for the constant voltage case.

In the other hand, for the gap closing case, a complementary case to the gap overlap is seen. When the voltage is constant a non-linear dependence f elec V =cte ∝ 1/x 2 is found due to the non-linear capacitance dependence in position C (x) ∝ 1/x. For a constant charge process, the force is constant f elec Q=cte = constant because the cancellation of the nonlinear terms of dC dx and 1/C (x) 2 . In Table 2.2 are listed the dependence on position of gap-overlap and gap-closing configuration for constant charge and constant voltage processes.

Gap Overlap

Gap Closing Constant Charge In Figure 2.17, the top diagram is the force-displacement relation of the transducer connected to the interface circuit. The force was obtained from the spice simulation circuit depicted in figure 2.14 from the voltage source B8 corresponding to the electrostatic force. The force in processes 4

f elec Q=cte ∝ 1/x 2 f elec Q=cte = constant Constant Voltage f elec V =cte = constant f elec V =cte ∝ 1/x 2
○ → 1 ○ and 2 ○ → 3 ○ are independent of position, they remain constant. Processes 1 ○ → 2 ○ and 3 ○ → 4 ○ show a non-linear dependence f elec Q=cte ∝ 1/x 2 as predicted previously. This highlights the influence the circuit interface has on the behaviour of the transducer. The gap-overlap is often regarded as a linear transducer, figure 2.17 shows that for the gap-overlap configuration the force can be non-linear with respect to position when the charge is constant. 2.17 is W T = 56.59nJ. As the Fx trajectory has a complex shape, the surface was estimated by a line integral using the Green's theorem.

The surface enclosed by the Fx diagram is the total amount of work in the cycle W T . The surface enclosed by the surface enclosed by the QV diagram is total amount of electrical energy exchanged W ET . As the cycles in the spice simulation are stationary, the transducer does not accumulate or lose internal energy, yielding the equation for conservation of energy ∆E T = W ET -W T = 0. Meaning that if we compare the surface of the Fx diagram and the QV diagram we should obtain the same values of energy per cycle.

To compare the result of the total work and check the conservation of energy, the surface enclosed by the QV cycle was calculated. Calculating the surface enclosed in the QV diagram is equivalent to the expression 2.21 calculated by W ET = ∆W E23 + ∆W E41 . The enclosed surface in the QV diagram is W ET = 56.97nJ. There is a difference of 0.38nJ between W ET and W T , being a 0.7% of W T being reasonably close to zero to compare to the equation of conservation of energy 2.22.

Charge Pump running backwards

The circuit illustrated in figure 2.6 can make the transducer work either as an energy harvester or as an oscillator. Here, the term oscillator is adopted from electronics. An electronic oscillator produces a periodic electronic signal, they convert direct current from a power supply into an alternating current signal, often needing some kind of feedback to function.

Here, a difference between mechanical resonator and mechanical oscillator is made. Taking the analogy with electronics, a RLC circuit is an electric resonator because is not able to oscillate on its own. It needs an input AC signal to oscillate. An electronic oscillator as the 555, uses a DC power source to generate an AC signal. In the same way, a mass-spring-damper system is a mechanical resonator. Here it is shown that the electrostatic transducer described in the previous subsection can be an oscillator that generates oscillating movement from the DC V max when connected to the circuit in 2.6 . The mechanical oscillator works as an electrostatic engine, taking charges from a high potential and depositing the charges in a low potential generating mechanical energy in the process.

To make the transducer behave as an oscillator, the circuit must drive the transducer in such a way to perform rectangular QV cycles anticlockwise. The same rectangular process to convert mechanical work to electrical energy presented in the previous section is used to make the transducer do the inverse. The difference in this case is that instead of using diodes, the circuit needs active switches to perform the rectangular cycle anticlockwise.

Here is presented a spice simulation to demonstrate the possibility to build an oscillator with the transducer and a modified version of the ideal charge pump circuit. In figure 2.18 it is shown the modified version of the ideal charge pump in spice. The circuit has two active switches S1 and S2 that close and open depending on the state of the transducer. Here, the transducer is also modeled by an arbitrary current source and the mechanical part of the transducer is modeled by the same circuit depicted in 2.14, this time the voltage corresponding to acceleration is set to zero (B17) to not have external mechanical excitation, the only wait to actuate the transducer is by the electrostatic force.

To see if the cycle is performed clockwise or anticlockwise Ċ can be used as a reference. In the inverse case studied in the previous section where mechanical energy is converted to electric energy and switches are diodes, the diode that connects V min turns ON when Ċ > 0 and the transducer's voltage is not higher than V min , the diode that connects V max turns ON when Ċ < 0 and the transducer's voltage is not lower than V min .

In this case for the oscillator, the QV turns in the opposite sense the harvester, the switch that connects V min with the transducer turns ON when Ċ < 0 and the switch that connects V max S2 with the transducer turns ON when Ċ > 0. This way, when then capacitor is in its lowest capacitance value, the transducer will connect to V max pulling the mass up (see Figure 2.13) with the highest electrostatic force in the cycle making the capacitance increase Ċ > 0. The S2 switch turns OFF at some point before C reaches its maximal value. When the transducer touches the top stopper, the S1 turns ON to connect V min yielding a weakest electrostatic force of the cycle, this makes the mass go down decreasing capacitance on the process. Note that between connecting V max and V min there should be a process at constant charge to respect the equilibrium condition (0th law), otherwise, connecting V min when the transducer's voltage is V max as the ones described in 2.3 [START_REF] Basset | Electrostatic kinetic energy harvesting[END_REF], when capacitors are charged at different voltages they intrinsically lose energy.

The energy study made for the energy harvesting case in section 2.3.2 holds with opposite signs. For the changes in internal energy ∆E ij , mechanical work ∆W ij and exchanges of electric energy ∆W Eij for the harvesting case are the same for the oscillator case with opposite sign: ∆E ij = -E ji , mechanical work ∆W ij = -∆W ji and exchanges of electric energy ∆W Eij = -∆W Eji . The same processes are performed but in the opposite sense, for instance process 1 ○ → 4 ○ of the oscillator is the same as 4

○ → 1 ○ in the harvesting case in the opposite sense: In the harvesting case, charges were injected to the voltage source V max transferring electrical energy ∆W Eij to V max , for the oscillator case charges are extracted from the voltage source V max extracting electrical energy -∆W Eij from V max .

In process 1 ○ → 4 ○ switch S2 is ON and S1 is OFF, this makes the mobile mass go up due to the high electrostatic force generated with the voltage V max . As the mass is going up, the capacitance increases charging the capacitor, the charge goes up until it reaches Q max = C max V min , the switch turns OFF when the transducer reaches Q max .

S2 = ON Q < Q max and Ċ > 0 OF F otherwise (2.43)
Equation 2.43 describes the behaviour of the switch. To realise this equation with electronics, the circuit depicted in figure 2.20 is used. An Op-amp comparator checks the condition Ċ > 0, another one checks Q < Q max , the output of both comparators is fed into an AND gate because both conditions must be true at the same time to trigger the switch S2. Following the analogy with thermal machines, the circuit in figure 2.20 would be the camshaft of an engine, controlling the input and output valves in function of the position of the piston. Once the transducer charge reaches Q max , process 4 ○ → 3 ○ begins switch S2 turns OFF and S1 remains OFF. The charge remains constant until the capacitor reaches its maximum displacement also reaching C max . As the maximal charge is Q max = C max V min , the value of voltage is V min . This way the next process can take place at V min avoiding the losses of charging a capacitor at a different source voltage described in figure 2.3 [START_REF] Basset | Electrostatic kinetic energy harvesting[END_REF].

In process 3 ○ → 2 ○, the transducer is connected to the voltage source V min , at this point the capacitance decreases Ċ < 0. The transducer injects charges to V min , it discharges until it reaches Q min = C min V max to allow the constant charge process to connect V max afterwards. Equation 2.44 describes the behaviour of switch S1.

S1 = ON Q > Q min and Ċ < 0 OF F otherwise (2.44)
The circuit that realises the behaviour described by equation 2.44 is depicted in figure 2.21. The two conditions Q > Q min and Ċ < 0 are done by two Op-amp comparators, the two outputs of the Op-amps are fed into an AND gate.

Finally, process 2 ○ → 1 ○ happens at constant charge to decrease the voltage from V min to V max to return the transducer to the initial configuration. The transducer has to be able to be connected to V max for next cycle without losing power due to the losses of charging capacitor at different voltages in figure 2.3 [START_REF] Basset | Electrostatic kinetic energy harvesting[END_REF].

The transducer's simulation began with initial conditions x (t = 0) = 0 and ẋ (t = 0) = 0, the mass began with zero kinetic energy and no elastic potential energy. The transducer had no external mechanical excitation a (t) = 0. In figure 2.22 is shown the trajectory the mobile mass follows at the beginning of the simulation. The mass begins from rest and start oscillating thanks to the electrostatic force controlled by the circuit in figure 2. [START_REF] Cinquin | A glucose biofuel cell implanted in rats[END_REF].

The values of V max and V min are 220V and 40V respectively. These values were chosen to make the mobile mass go all the way up to touch the top stopper. Due to the interaction with the stoppers and the strong electrostatic force, the position's signal through time is a triangular wave as illustrated in figure 2.22. The difference between the harvester and oscillator cycles depicted in 2.17 and 2.23 is the sense in which the cycles are performed. The Fx diagram of the harvester turns anticlockwise and the QV cycle turns clockwise. The Fx diagram of the oscillator turns clockwise and the QV cycle turns anticlockwise. One can note imperfections in both cycles, close to 1 ○, which come from the time lag of the control circuit implemented using LTspice.

These observations confirm the QV cycle operation described in [START_REF] Basset | Electrostatic kinetic energy harvesting[END_REF], when the QV cycle turns anticlockwise the transducer transforms mechanical energy into the electrical domain, when QV cycle turns anticlockwise the transducer transforms electrical energy into the mechanical domain.

In the present work, the study and link with the QV cycle of the Fx diagram was introduced. When the Fx cycle turns anticlockwise the transducer transforms mechanical energy into the electrical energy domain, when the Fx cycle turns clockwise the transducer transforms electrical energy into the mechanical domain. In the general case, the energy whose domain cycle turns anticlockwise, this energy is used as input energy for the transducer, the energy whose domain cycle turns clockwise, this energy is used as output energy for the transducer.

Conclusions

The study of transducers working in rectangular cycles was done, taking the analysis of thermodynamic cycles as inspiration. The exchanges of electrical energy, the changes in internal energy, and the work done during each step of the QV cycle were calculated. The detailed study of the energy analysis of the QV cycles showed to be consistent with the fact that the energy harvested per cycle is the surface enclosed by the QV cycle, whatever the QV cycle shape.

Spice simulations with a concrete example of a gap-overlap MEMS transducer illustrated the principles studied in the energy analysis of the QV cycles working clockwise to convert mechanical energy into electricity.

The force vs. displacement diagram was introduced, showing that the surface enclosed by the Fx diagram represents the total work done in the cycle W T . It was also seen that when the transducer works in cycles, by definition, no internal energy is accumulated in a complete cycle. Since no internal energy is accumulated, the total work done in the process must equal the total electric energy W T = W ET .

The total electric energy W ET is represented by the surface enclosed by the QV cycle. The surface enclosed by the QV and Fx diagrams was calculated from the spice simulation and showed the equality W T = W ET .

An analogy was shown between thermal machines and electrostatic transducers. Indeed, an electrostatic transducer, when it converts mechanical energy into electricity, is the analogy of a refrigerator for thermal machines. The transducer takes charges from a low potential. It uses external mechanical work to raise the potential of these charges and deposits them into a source of high potential. The fridge does the same, taking heat from a cold reservoir, and raising the temperature of the fluid in an adiabatic manner using mechanical work, keeping constant entropy after transferring the heat into a hot reservoir.

It was also shown that the circuit that is used to harvest energy can be used conversely to generate movement from electric energy. A control law that makes the circuit work backward was presented. In the case where electric energy is transformed in work, the QV cycle is performed anticlockwise. A concrete example with a control circuit that drives the transducer to perform QV cycle anticlockwise was presented.

The case where an electrostatic transducer performs QV cycles anticlockwise is the analogy of a thermal machine working as an engine. The engine takes heat from a hot source, part of this heat is transformed into work, and the other part is deposited in a cold source to complete the cycle. Similarly, the electrostatic transducer takes electric energy from a high-voltage source; part of this energy is transformed into work, and the rest is deposited in a low-voltage source to complete the cycle.

The study of the present chapter shows the interesting results of analyzing electrostatic transducers as thermal machines. The study gave us tools to continue the study of electrostatic transducers and insights into how fundamental the ideal charge pump circuit is. This circuit serves as a basis to analyze all electrostatic harvesting circuits performing rectangular cycles; using Green's theorem, this circuit also serves to study arbitrarily shaped QV cycles. Furthermore, when operated backward and with a well-suited control law, this circuit can make the transducer behave as an oscillator.

In the next chapter, we study in detail the practical implementation of rectan-gular QV cycles using ultra-low power consumption interface circuits. The influence of the interface circuit properties on the system performances are studied with the objective to find general optimization rules.

Chapter 3

Interface Circuits for Electrostatic Vibration Energy Harvesters

Introduction

In the previous section it was explained how a conceptual circuit (the ideal charge pump 2.6) can bias an electrostatic transducer synchronously to perform rectangular QV conversion cycles. In this chapter, a more practical approach is taken. First, a review of interface circuits that perform different kinds of QV cycles enables to compare their suitability for the application. Then, a review of physical realisations of circuits performing rectangular QV cycles is presented. Finally, an approach to choose the best suited circuit for a given transducer is revisited. Such study was already explored in [START_REF] Galayko | Capacitive energy conversion with circuits implementing a rectangular charge-voltage cycle-part 1: Analysis of the electrical domain[END_REF]. In the present work, the approach is generalized to parallelogram-shaped QV cycles that take into account the effects of the parasitic capacitance of the interface circuits.

Review of interface circuits for electrostatic transducers

In the previous chapter, it was shown how an electrostatic transducer can convert mechanical energy into electrical when connected to an interface circuit. The example explored in the previous chapter was specifically on rectangular QV cycles, there are other kinds of interface circuits that perform triangular and elliptical QV cycles.

The capacitance of an electrostatic transducer is always constrained, and varies within a specific range C min < C (x) < C max . For the study and comparison of the different circuit interfaces, an auxiliary variable is defined:

η = C max C min (3.1)
In general, for a given minimal capacitance C min , the higher the capacitance variation η, the higher the converted energy. This quantity, together with C min allows to give a quantitative characteristic for a given transducer in the electric domain. The comparison between the circuit interfaces is done by considering that the same transducer is used each time an interface circuit is being studied. That is the study is done by considering C min and η are the same for each studied circuit.

Another constraint for the study is the working voltage range of the interface circuit. The most important parameter for this criterion is the maximum voltage V max , electronic components have a rating voltage that should not be exceeded, V max is the parameter that defines the upper boundary of the overall working voltage. This parameter is also fixed for the circuit comparison, the circuits comparison is done under the assumption that all interface circuits have the same upper limit for voltage V max .

Circuits performing triangular QV cycles from

Circuits performing triangular QV cycles can be classified in two kinds: Voltage constrained and charge constrained QV cycles as depicted in figure 3.1. The voltage constrained cycle consists of two processes at constant capacitance and one process at constant voltage. The charge constrained cycle consists of two processes at constant capacitance and one process at constant charge. Following the analogy with thermodynamics, the processes at constant capacitance would be the analog of isochoric processes for thermal machines. The voltage constrained cycle is the one that performs the best of all possible circuits working under the constraint For a given V max and connected to a transducer with a given C min and η. All other circuit QV cycles working under the same conditions will be enclosed inside the QV trajectory of the voltage constrained triangular cycle, that is all other circuits working under the same condition will be less performing in terms of energy output compared to the triangular voltage constrained cycle.

In the precedent chapter, it was seen that a variable capacitor can exchange charges with a voltage source without losses under the condition they kept the same voltage during the process. This process requires a variable capacitor to extract or inject charges to the power supply.

To perform triangular cycles, the transducer needs to be charged and discharged at constant capacitance. In the previous chapter it was shown that a capacitor cannot be charged without losses simply by connecting it directly to a voltage source or capacitor [START_REF] Basset | Electrostatic kinetic energy harvesting[END_REF], as illustrated in figure 2. 3.

In order to avoid the losses when charging a capacitor, an inductor can be implemented as illustrated in figure 3.2. The purpose of the circuit in figure 3.2 is to transfer completely the charge in C1 to C2. At the beginning of the process the voltage in C1 is V 0 , at the end of the process the voltage at C2 is V 0 C1/C2.

As a simpler example, consider that C1=C2=C. The voltage of C1 at the beginning is V 0 , S1 is ON, the inductor of inductance L and capacitor C1 resonate with time period τ = 2π √ LC. The switch S1 during a fourth of the period τ = τ /4, this makes the voltage of the capacitor drop to zero, at this moment all the energy is stored in the inductor.

At the moment the time C1 reaches zero, the inductor disconnects from C1 and resonates with C2, that is S1 is OFF and S2 is ON. The inductor is connected to C2 during 3τ units of time. The S2 switch is ON during 3τ to complete a period of oscillation, note that it could also be left connected for τ units of time, this would transfer the energy completely but it would invert the polarity of the voltage at C2.

The circuit in 3.2 was simulated in spice for illustrating the lossless charge transfer. C1 and C2 had a 1nF capacitance, while the inductors inductance was 1mH, meaning the time period of the oscillations was 6.3µs and the switch S1 was ON for 1.6µs

In figure 3.3 are plotted the signals corresponding to the voltages of capacitors C1 and C2. It can be seen that the voltage of C2 at the end has the same voltage C1 had at the beginning, as both capacitors have the same capacitance, it is shown that the inductor can be used to charge capacitors without losses even if they are not at the same voltage at the begging of the charge.

To perform triangular cycles, one needs processes consisting of charging and discharging capacitors at constant capacitance efficiently. This needs inductors and active control of the switches. For the pacemaker application, having an active control to harvest energy may be problematic due to the low power generated by harvesters (typically in the order of µW ).

Besides the energy limitation problem, the synchronization of the switches would be problematic due to the non-stationary and random nature of heartbeat movement. Implementing such interface circuit would require to monitor the capacitance value to control the switches accordingly. This would require more electronic components onboard increasing the complexity and the power consumption of the system.

Circuits performing rectangular QV cycles

As studied in the previous chapter, the ideal charge pump performs rectangular QV cycles to transform mechanical energy into electricity when the cycles are performed clockwise in the QV domain.

Although the ideal charge pump depicted in figure 3.4 is of great use for the theoretical study of rectangular cycles, it is not interesting to use this topology in practice. Voltage sources V min and V max would need to be perfect batteries that could recharge and discharge arbitrarily a large number of cycles without battery degradation.

Other circuit topologies overcome the charge and discharge problem by replacing the voltage sources with capacitors. The transducer's voltage can be controlled by connecting capacitors in parallel and series in a synchronous fashion. The first implementation of this approach was reported in [START_REF] Carlos | Electrostatic vibrational energy harvesting using a variation of Bennet's doubler[END_REF]. In [START_REF] Carlos | Electrostatic vibrational energy harvesting using a variation of Bennet's doubler[END_REF], the Bennet's doubler was used for the first time in an energy harvesting application.

Lets consider the Bennet's doubler depicted in figure 3.5, it has two capacitors that connect in series an parallel depending on the state of the diodes. Lets assume that the voltage across the capacitors C1 and C2 is V min . When the transducer is exited mechanically, it generates an alternating current that transfers and extracts charges from the circuit.

The transducer extracts charges from the circuit when the capacitance increases Ċ > 0. The sense of the current makes D1 and D3 polarize and D2 remains OFF. This makes C1 and C2 to be connected in parallel with the transducer, hence the voltage across the transducer is V min . Taking the notation of the development of chapter 2, this is the process 2 ○ → 3 ○. The transducer injects charge to the circuit when the capacitance decreases Ċ > 0. The current makes D2 polarize leaving D1 and D3 OFF. Capacitors C1 and C2 are connected in series this time, their voltages sum up biasing the transducer to V max = 2V min corresponding to process 4 ○ → 1 ○. This specific circuit topology emulates the behaviour of the ideal charge pump by replacing the voltage source V min by C1 and C2 connected in parallel and replacing V max by C1 and C2 connected in series.

Here it is defined an useful parameter γ for the study of rectangular QV cycles:

γ = V max V min (3.2)
This parameter together with the capacitance variation η define the size of the QV cycle, hence defining the energy per cycle for a given transducer with capacitance variation η and a given circuit with voltage ratio γ.

In the following subsections, different circuits with different values of γ will be presented. The value of gamma for the Bennet's doubler is γ = 2, other architectures can be implemented by arranging in different ways a set of capacitors and diodes to obtain a rational number for gamma.

Interface circuits with γ < 2

The Bennet's doubler inspired other interface circuits as the one presented in [START_REF] Lefeuvre | Power and frequency bandwidth improvement of piezoelectric energy harvesting devices using phase-shifted synchronous electric charge extraction interface circuit[END_REF] depicted in figure 3.6. This circuit uses a voltage multiplier to arrive to a voltage ratio of γ = (n + 1)/n where n is the number voltage multiplying cells. According to this working principle, the transducer changes voltages between the range V (C1) < V < V (C1) + V (C2). This makes the voltage ratio be γ = (V (C1) + V (C2)) /V (C1).

The voltage across D2 oscillates between 0 Volts when D2 is ON and V (C2) when is OFF. This oscillating voltage is used as AC input for a voltage multiplier of n stages as depicted in figure 3.6. The output DC voltage of the voltage multiplier is used to bias the capacitor C1. This way, the voltage across capacitor C1 is V (C1) = nV (C2). Simplifying the voltage ratio γ = (V (C1) + V (C2)) /V (C1), the voltage ratio in terms of n reads as: The QV cycles performed by each interface circuit are illustrated in figure 3.8. The figure was done by fixing the value of V (C2), the bigger the number of multiplying cells, the bigger the average voltage in the transducer, hence the bigger the energy per cycle (bigger enclosed surface by the QV cycle). This reasoning is true for a fixed value of V (C2), but in practice the biggest constraint is the maximal value of voltage V max which will limit V (C2) according to the number of multiplying cells n.

γ = n + 1 n (3.3)

Interface circuits with γ > 2

The Bennet's doubler alternates between connecting two capacitors and connecting the same capacitors in series. This idea was generalized in [START_REF] Karami | Series-parallel charge pump conditioning circuits for electrostatic kinetic energy harvesting[END_REF], [START_REF] Karami | Study of electrical interfaces for electrostatic vibration energy harvesting[END_REF] the proposed circuit consist of n capacitors that are alternating between two states: all connected in series and all connected in parallel.

Consider the circuit depicted in 3.9, it consists on n capacitors and 3 (n -1) diodes. There are (n -1) triads of diodes where n is the number of capacitors, one of the diodes of the triad is used to connect two neighbouring capacitors in series and the other two are used two connect the same capacitors in series. Figure 3.9: Series-Parallel interface circuit from [START_REF] Karami | Series-parallel charge pump conditioning circuits for electrostatic kinetic energy harvesting[END_REF] Lets assume all capacitors in the interface circuit are at the same voltage V (C n ), when the transducer capacitance reduces Ċ < 0, all capacitors are connected in series due to the sense of the current that biases the diodes. This makes the voltage across the transducer be V = nV (C n ). This the maximal value of voltage that the transducer takes.

When the transducer increases its capacitance Ċ > 0, all capacitors are connected in parallel due to the biasing of diodes as depicted in figure 3.9. The voltage across the transducer in this stage is V = V (C n ), this is the minimal value of voltage that the transducer takes.

Given that V max = nV (C n ) and V min = V (C n ), the voltage ratio for this circuit reads as:

γ = n (3.4)
In figure 3.10 are depicted the QV cycles of the series-parallel circuit. It can be seen that for a given capacitance variation η, one cannot increase arbitrarily the number of capacitors in the interface circuit, this would make the enclosed surface thinner and eventually null. In section 3.5 the problem of choosing the best suited circuit for a given transducer will be tackled. 

Parallelogram-shaped QV cycles

The ideal charge pump performs rectangular QV cycles with perfectly right angles. In practical realisations of interface circuits as the circuits described in the precedent sections may present non-right angles between processes.

Effect of the capacitance of the interface circuit capacitors C cir

The processes at constant voltage are tilted due to the fact that capacitor change voltage when they are charged or discharged. In the other hand, for the ideal charge pump, the voltage across voltages sources remains constant by definition.

To demonstrate this effect, the Bennet's doubler circuit depicted in figure 3.5 was simulated. The value of gamma and minimum capacitance for the transducer was η = 8 and C min = 10pF . In figure 3.11 are depicted the QV diagrams of the simulated circuits, C1 and C2 are always the same for each simulation C cir = C1 = C2, the value that changes between each simulation is the capacitance of the capacitors C cir . The maximum value of voltage was fixed to V max = 20V . The values of capacitance C cir = C1 = C2 chosen for the simulation were: 100pF, 1nF and 10nF being 10x, 100x, 1000x times bigger than C min .

A tilt of processes at constant voltage is observed, processes 2 ○ → 3 ○ and 4 ○ → 1 ○ show a slope as C cir decreases. The slope of these processes is the chargedischarge diagram of the capacitors in the interface circuit. This effect is clearly visible when the capacitance of the capacitors in the interface circuit is in the same order of magnitude.

The relative voltage change in the capacitors of the interface circuit depends on how big is the capacitance of the capacitors of the interface circuit compared to the capacitance of the transducer. For C cir ≫ C (x), the transducer will take a negligible amount of charge compared to the charge in the circuit capacitors. This results in a very steep slope that approximates the ideal charge pump rectangular cycle.

In the ideal limit, C cir could be infinitely big compared to C (x), in practice this would mean that it would take an enormous amount of time for the transducer to take the capacitors from 0V to the typical working voltage of these kind of transducers, typically tens volts. In order to maintain the charging time voltage reasonably low, within a minute, the choice of capacitors C cir is three orders of magnitude bigger than the transducer's capacitance C (x).

Effect of the circuit's parasitic capacitance C para

All physical realizations of circuit's present a parasitic a capacitance, as an example, in figure 3.12 it is shown a bennet's doubler with parasitic capacitance C para .

The parasitic capacitance C para tilts the processes that are at constant charge for the ideal case 3 ○ → 4 ○ and 4 ○ → 1 ○. This effect cannot be controlled as straightforward as the slope generated by the capacitors in the circuit C cir , the parasitic capacitance is an intrinsic property of the circuit.

To quantify and study the effects of the parasitic capacitance, the dimensionless parameter β is introduced:

β = C para C min (3.5)
The circuit depicted in 3.12 was simulated in spice with C cir = C1 = C2 = 100nF being three orders of magnitude bigger of the transducer's capacitance. The same transducer parameters of the precedent subsection were used: η = 8 and In figure 5.10 are depicted the QV cycles from the spice simulation of the circuit in figure 3.12. It can be seen that C cir = 100nF makes a very steep slope that could be consider vertical compared with the slope of the minimal capacitance C min . I can be seen that the value of β has a strong impact on the enclosed surface by the QV cycle, the bigger the parasitic capacitance C para it will decrease the converted energy per cycle E h .

The effect of parasitic capacitance will be discussed in next section and experi-mentally tested in chapter 5.

Optimal circuit choice

There is a range of possible interface circuit architectures that allow to extract energy from electrostatic transducers. A choice has to be made that matches the requirements of the application. The circuit comparison is done by fixing the maximum value of voltage V max since this parameter is the main limitation of electronic components and the transducer. In section 3.2.1, circuits performing triangular QV cycles were discussed. It was shown that they require processes of charge and discharge at constant capacitance. This requires to use switches and inductors to transfer electrical energy efficiently. The implementation of such system requires to have active control of the switches, knowing the right time to open and close energy requires some kind of sensing and processing which consumes energy. Given the low level of energy harvested by the heart-beat, it is difficult to consider this as a solution for the pacemaker application.

Circuit performing rectangular QV cycles have an advantage over triangular ones since they use diodes to change between states. The fact of using diodes shows an advantage because the control becomes passive, the only power consumption of these kind of circuits are the intrinsic losses of the interface circuit.

It was also shown that there are several kinds of circuits that perform rectangular QV cycles, in the following subsections is presented an approach to chose the best suited for a given transducer.

Optimal choice for rectangular QV cycles

The optimal circuit choice is the circuit that yields the greatest energy per cycle of all the circuit options under the same conditions. In chapter 2 rectangular QV cycles were studied in detail, the converted energy per cycle E h was found:

E h = (Q max -Q min ) (V max -V min ) (3.6)
Equation 3.6 can be rewritten in terms of the capacitance change η from definition 3.1 and voltage ratio γ from definition 3.2. Given that for a rectangular QV cycle Q max = C max V min , Q min = C min V max and by fixing the value of V max , the equation reads as:

E h = (η -γ) (γ -1) γ 2 C min V 2 max (3.7)
Writing the equation this way allows us to have the energy per cycle for a given transducer and a given circuit for a fixed value of V max . The transducer is characterised by the value of η and the circuit is characterised by the value of γ.

In order to know the circuit that yields the biggest amount of energy, the voltage ratio γ opt that maximizes the energy per cycle E h can be calculated. By calculating dE h /dγ = 0 and solving for gamma, γ opt can be obtained. This approach was taken in [START_REF] Galayko | Capacitive energy conversion with circuits implementing a rectangular charge-voltage cycle-part 1: Analysis of the electrical domain[END_REF], the optimal ratio reads as:

γ opt = 2η η + 1 (3.8)
Equation 3.8 yields the optimal voltage ratio γ opt for a given transducer changing capacitance by the ratio η = C max /C min .

Figure 3.14: Optimal voltage ratio for a different values of capacitance change η

In figure 3.14 is plotted the optimal value of voltage ratio γ opt against capacitance change η. It can be seen the value of γ that maximizes E h is always below two, this can also be seen from equation 3.8 and calculating the limit: lim η→∞ γ opt = 2. Note that this result is only true when the optimal value is calculated by fixing V max .

With the constraint on V max , the optimal value of γ opt is always within the range 1 < γ opt < 2 no matter how big is the capacitance change of the transducer η.

Optimal choice for rectangular QV cycles with parasitic capacitance

In subsection 3.4.2 it was shown the effect of parasitic capacitance, in this subsection the effect of circuit parasitic capacitance will be integrated into the calculation of optimal circuit. As depicted in figure 3.15, the parasitic capacitance tilts the processes 1 ○ → 2 ○ and 3

○ → 4 ○ making the slope of these processes is C para = βC min . The energy per cycle is changed in the presence of a parasitic capacitance. The energy per cycle E h can be calculated taking into account a value of parasitic capacitance for a given capacitance change η, voltage ratio γ, parasitic capacitance C para and maximum voltage V max .

E h = (η -γ (β + 1) + β) (γ -1) γ 2 C min V 2 max (3.9)
The same approach taken for the case of no parasitic capacitance can be used in this case. By calculating the derivative dE h /dγ = 0 and solving for gamma, γ opt 

γ opt = 2 (η + β) η + 2β + 1 (3.10)
In figure 3.16 are plotted the optimal values of voltage ratio γ opt against capacitance change η for different values of parasitic capacitance. It can be seen that the value of parasitic capacitance has an influence on the value of γ opt , hence an influence on the circuit choice. Note that the limit lim η→∞ γ opt = 2 also holds in the presence of parasitic capacitance, hence the optimal ratios of voltage will be within the range 1 < γ opt < 2.

To better illustrate how expression 3.10 can help us to chose the best suited circuit, in table 3.1 are listed different combinations of capacitance change η and parasitic capacitance β with the best suited interface circuit associated for the given combination.

Let's take for instance the case where the capacitance change of the transducer is η = 7 and the parasitic capacitance of the circuit is three times bigger than C min . According to expression 3.10, the best suited circuit would have a voltage ratio of γ opt = 1.5. The circuits discussed in subsection 3.3.1 have a voltage ratio γ = (n + 1) /n where n is the number of multiplying cells, this circuit architecture can yield the optimal voltage ratio γ opt = 1.5 by using two multiplying cells n = 2. Note that the circuits that perform the best are some variation of the circuit presented in subsection 3.3.1 due to the fact that the optimal voltage relation is always between one and two 1 < γ opt < 2 regardless of the capacitance change η and the parasitic capacitance β.

In chapter 5, physical realizations of the circuits will be tested with the fabricated transducer, the validity of expressions 3.9 and 3.10 is tested experimentally.

Conclusions

Two kinds of existing interface circuits for harvesting vibration energy with electrostatic transducers were presented: circuits performing triangular cycles and circuits performing rectangular cycles. Although triangular cycles convert more energy per cycle for a given maximum voltage, it was found that the circuits that perform rectangular QV cycles are the best suited for the pacemaker application. Indeed, performing triangular cycles requires active control, which would consume too much energy regarding the very low power levels available in our application.

The review of existing circuits performing rectangular QV cycles showed the possibility to implement circuits with ultra-low power consumption using off the shelf components. An important parameter that characterizes these circuits, the voltage ratio γ = V max /V min , was introduced. The review started with Bennet's doubler, which has a voltage ratio of γ = 2. Other circuit existing families were introduced, exhibiting voltage ratios γ > 2 and γ < 2.

It was explained that the rectangular QV cycles are changed into parallelograms in the presence of a parasitic capacitance in the interface circuit. It was shown that the parasitic capacitance reduces the size of the surface enclosed by the QV cycle.

Taking into account this effect and considering a given value of the maximum voltage across the MEMS transducer, a given voltage ratio γ opt that maximizes the energy per cycle was found. It was shown that this voltage ratio is always situated between one and two 1 < γ opt < 2 regardless of the capacitance change η and the parasitic capacitance value. It was also shown that the parasitic capacitance value strongly influences the selection of the best suited circuit.

The next chapter presents the MEMS design and fabrication taking into account the specific shape constraints of the leadless pacemaker capsule, the low frequency of the cardiac heartbeat and the maximum voltage limitations.

Chapter 4 MEMS Design and Fabrication

Introduction

In this chapter, the design and fabrication of the MEMS device are presented. The chapter begins by discussing the general aspects of the design, such as the dimensions required for catheter implantation, the heartbeat spectrum, and the space available for the different components of the MEMS device.

A dynamic model of the device is then presented. The model considers the effect of electrostatic forces, which shift the frequency response towards lower frequencies (so-called softening effect). This phenomenon is exploited to match the frequency response of the device with the frequency spectrum of the heartbeat.

A supplementary tungsten mass is added to the mobile part of the device, making its resonant frequency lower (closer to the largest components of the heartbeat spectrum) and enabling more kinetic energy to be captured by the MEMS device.

In section 4.5, different spring structures are studied, and a detailed analysis is done to determine which spring design is best suited for the application.

In section 4.6 is presented the design of the variable capacitor combs. The study begins with an approach to determine the stability of the finger combs and determine the pull-in voltage that will limit the operating voltage of the device. The critical finger width is determined at the end of section 4.6. This width establishes the upper limit of capacitance, given the space available for capacitor combs.

After the design approach, a review of the fabrication of MEMS devices is presented. Techniques such as LIGA, surface micro-machining, and bulk micromachining are reviewed. Bulk micro-machining is explored in more detail since it is the selected fabrication technique of the present work. The chapter ends by describing the fabrication process chosen for the presented MEMS devices.

Design generalities

Developing an energy harvester for leadless pacemaker application requires the device to fit in a bullet-shaped capsule of 4cm of length and 6mm of diameter. The harvester should be functioning in any orientation with respect to gravity. Regardless if the implanted person is standing or laying on bed, the harvester should be able to harvest energy. The harvester should be able to work in low frequencies, the heart beat acceleration frequency components are below 80Hz as illustrated in Fig. 4.1 and reported in [START_REF] Deterre | Toward an energy harvester for leadless pacemakers[END_REF]. Half of the space available in the implant's capsule will be used for the electronics and battery of the LPM, the other half of the space is dedicated for the harvesting device as illustrated in Fig. 4.2. Given the size of commercial LPMs, the harvesting device should not be longer than 2cm and no wider than 5mm. Given the dimensions of commercial pacemakers and the SoG wafer thickness, one can place two MEMS devices per capsule as proposed in the conclusions and future works of [START_REF] Vysotskyi | Récupérateur d'énergie vibratoire MEMS électrostatique à large bande pour applications biomédicales[END_REF]. An schema of the envisioned final solution is illustrated in Fig. The space available for springs is considered for a limited travel range of ±200 for the mobile part. This travel range is chosen to limit the maximum strain on the beams, this point is treated in detail in subsection 4.5.1.

System modeling

The system consists of a micro-fabricated spring-mass-damper system coupled to capacitor combs that engage and disengage as the mobile part moves and stoppers that constraint the mobile part motion to limit the strain of the mechanical structure. An example of a MEMS structure is illustrated in Figure 4.5.

The mechanical part consists of springs that keep the mass standing and guide the mass movement in presence of external accelerations. A detailed description of the design process of the spring's structure is developed in section 4.5. The spring applies a restoring force F elastic = -kx that depends on the position of the mass, the forces grows linearly with the mass position x. In Figure 4.5, compliant elements are colored in red, mobile rigid elements are colored in blue, fixed elements are colored in black. The system is not packaged in vacuum, the damping force depends mainly in the mobile part interaction with air. In the present work this force is assumed to grow linearly with the mass velocity ẋ, F damping = -D ẋ.

The electrostatic force that the capacitor combs exert on the mass is denoted by f elec . This force mainly depends on the combs design and the interface circuit that extracts electrical energy. In equation 4.1 is written the differential equation that models the system evolution through time. Note that for this part of the development, the displacement oscillations are assumed to be small enough to avoid the mass contact with the stopper.

In general case, a constant force is acting on the mass f of f set . This force may have different origins: Gravity can play a role on the dynamics of the system, the gravity can apply a constant force on the mass assuming the orientation of the device remains constant with respect to the characteristic time scale of the dynamics of the system.

mẍ + D ẋ + kx = ma (t) + f elec + f of f set (4.1)
The capacitor combs structure defines the electrostatic force following the equation 4.2:

f elec = 1 2 dC dx V 2 (4.2)
For the present design, the capacitor combs were disposed inn a symmetrical fashion to optimise the available space for combs as depicted in figure 4.6.

The capacitor combs are disposed in a symmetrical-gap-overlap fashion, this makes capacitance grow as the absolute value of the position C (x) ∝ |x|. As seen in 4.6, there are times where the combs are completely disengaged from one side, this makes fringing field effects make a soft transition between one side to the other, whereas the absolute value makes an abrupt transition from one side to the other. In order to take into account the fringing field effects, the function of capacitance with position is assumed to be an hyperbola, these way the pointy the proportionality C (x) ∝ |x| is conserved far from the rest position. Close to the rest position, the pointy bottom of the curve |x| is replaced by a soft concave curve. The function of capacitance is an hyperbola in the form:

C (x) = C 0 + C 1 1 + x 2 x 2 f (4.3)
In equation 4.3 C 1 defines the rate at which the capacitance grows with respect to position, x f defines the region in which the fringing field effects are dominant. C 0 + C 1 is the capacitance at the rest position, this is the lowest value of capacitance C min .

From equations 4.3 and 4.2 the electrostatic force for the symmetric-gap-overlap structure can be obtained: The system is meant to be exited by a heartbeat signal, in order to know the behaviour of the device for different excitation frequencies, the frequency response is obtained. To obtain the frequency response of the system, a sinusoidal wave acceleration is applied at frequency f and phase ϕ with respect to the position:

f elec = xC 1 V 2 x 2 f 1 + x 2 /x 2 f (4.4)

Frequency Response

a (t) = asin (2πf t + ϕ) (4.5)
In steady state, the mass is assumed to move as a sinusoidal wave at the excitation frequency f and to have an offset x 0 due to the force f of f set :

x (t) = x 0 + Xsin (2πf t) (4.6)
The frequency response is obtained by applying equations 4.5 and 4.6 into 4.1 and solving numerically for X as function of the normalized frequency f /f n where f n is the natural frequency of the resonator.

The numerical values given for the calculation are typical values for these kind of devices. The used values for the calculation are listed in table 4.1. The hyperbola function for the capacitance used for the calculation is plotted in figure 4.7 

m 750mg f n 40Hz Q 700 a 0.3m/s 2 C 0 1pF C 1 10pF x f 50µF
Table 4.1: Transducer Properties for the calculation in figure 4.8

In figure 4.8 are plotted the frequency responses of the system for three constant voltages levels. It can be seen that the frequency response shifts to lower frequencies, the higher the voltage applied, it covers lower frequencies. Furthermore the bandwidth is also enhanced each time the voltage is increased.

For the pacemaker application, having a response in low frequencies is of interest due to the low frequency spectrum of the heart-beat. The softening and bandwidth phenomena can be exploited to design a MEMS device capable of exploiting the low frequency components of the heartbeat spectrum.

Tungsten Mass

Typically, the resonant frequency of MEMS devices is in the order of kHz. Gluing a tungsten mass on top of the MEMS brings down the frequency response to lower frequencies to match the heart-beat spectrum in Fig. 4.1. Given the application, the added mass must occupy the least space possible and at the same time it should be heavy enough to drastically shift the frequency response. Tungsten is one of the densest materials on earth, it has a density of 19.2g/cm 3 , only six metals are denser:

• Precious metals: Gold, Platinum.

• Radioactive: Plutonium.

• Rare elements: Iridium, Osmium, Rhenium.

Tungsten is the best choice for material compared to other denser materials, denser materials are either radioactive or rare in earth crust as Iridium, Osmium, Rhenium that make their use their use in applications very limited. Other denser materials are precious metals such as Gold and Platinum which make again their applications limited.

Tungsten is a difficult material to work with conventional machining techniques like turning or milling. It can be machined precisely by EDM (Electrical Discharge Machining).

Given the limited space inside the capsule, there is a maximum space that the tungsten mass can take, taking the schema from Fig. 4.3 as a reference of maximum volume for the tungsten mass. The volume of the conceptual mass illustrated in Fig. 4.3 is 0.04cm 3 , meaning the maximum added mass for each device is 770mg

The added mass m plays a role not only defining the natural frequency ω n of the MEMS but also on its mechanical quality factor Q as depicted in 4.7.

Q = mω n b (4.7) t damping = ω n 2Q (4.8)
A non-encapsulated MEMS i.e. MEMS surrounded by air at atmospheric pressure dissipates all kinetic energy by damping b. The added mass changes the MEMS quality factor and the characteristic damping time t damping , the mass adds more inertia than damping in the system resulting in an effective rise of quality factor.

A correct choice of damping time t damping is crucial under heart-beat excitation. If the damping time is lower than the time between two heartbeats, the kinetic energy put into the MEMS by the heartbeat will essentially be dissipated by drag damping. Equations 4.7 and 4.8 give us the first relations between the added mass and the spring design for the design.

Several design structures of transducer are studied. Given the maximum added mass for the available space is 770mg, four kinds tungsten masses of 200mg, 400mg, 600mg and 800mg that should be chosen according to the spring constant of a given design.

Spring Design

The design of the spring is the main design task because the spring couples the mass that has the kinetic energy that the MEMS takes as input and the spring. keq low so fn low

Single Beam Mechanics

The mechanics single beam are studied in detail to explore the different spring geometries. The results of the single beam study are used as a basis and to extract a lumped parameter model of the beam for the study of the different structures described in the following sections. Lets consider a beam with length L, width W and thickness H as depicted in 4.9. The length of the beam goes along the x axis, the width along the y and the thickness along the z axis. The beam is clamped on the left side and the right side is free to move with the constraint that the slope on tip of the beam is zero. Due to the boundary conditions on the right side of the beam, there are no compressing or tensile stresses on the beam along the x axis, this allows us to consider that the the beam's length L remains constant when the beam is deformed.

The function u z (x) describes the beam's displacement field due to the force F . The force is applied on the tip of the right side of the beam, and makes move the beams tip by a distance u 0 . Let L be the position of the beam's tip in the x axis. Under this definition, the boundary condition read as: u z (L) = 0, du z (L) /dx = 0 for the right side, and u z (0) = 0, du z (0) /dx = 0 for the clamped side.

The principle of virtual work is used to obtain the beam's shape for the given boundary conditions. The principle of work [START_REF] Timoshenko | Theory of elastic stability[END_REF] says that if a body that initially is in equilibrium with zero applied loads, is subjected to external forces, then it deforms and displaces due to those forces, in equilibrium, the total work done by the external forces W ext must equal the internal elastic stored energy W elas in the deformed state [START_REF] Stephen | Microsystem Design[END_REF].

U = W elas -W ext (4.9)
The principle of least action states that among all possible virtual displacements, the state that the system actually takes is the one that minimizes the difference between the external work and the internal elastic stored energy U.

Let's consider the trial function in equation 4.10 for the beam's displacement u z (x). This trial function is chosen because it complies with the boundary conditions u z (L) = 0, du z (L) /dx = 0, u z (0) = 0 and du z (0) /dx = 0.

u z (x) = u 0 2 1 -cos π L x (4.10)
The principle of least action serves to find from all possible virtual displacements u 0 which u 0 minimizes U. In order to find U, first the elastic stored energy W elas and the total work done by the external forces W ext have to be found.

As the beam is loaded only in one direction and the beam is not stretching, the axial strain ϵ x is the only one that contributes for the elastic stored energy W elas with Young modulus E.

W elas = 1 2 E W 0 H 2 -H 2 L 0 ϵ 2 x dxdzdy (4.11)
The axial strain ϵ x depends on the beam's curvature ρ (x) and the distance from the neutral axis z. The axial strain reads as ϵ x = -z/ρ (x), we consider that the beam's displacement is small compared to the beams length L ≫ u 0 , this allows us to approximate for the case of small slopes du z /dx ∼ 0 and the curvature becomes the second derivative of the beams displacement ρ (x) = d 2 u z /dx 2 . Under this considerations, the axial strain reads as:

ϵ x (x, z) = -z u 0 2 π L 2 cos πx L (4.12)
Calculating the integral 4.11 substituting the expression of axial strain 4.12 yields the elastic energy stored in the beam when deformed by a virtual displacement u 0 . The elastic energy for this beam case reads as:

W elas = π 4 192 u 2 0 W E H L 2 (4.13)
The force that deforms the beam is a point force applied on the tip of the beam. The work done W ext by the force F to deform by u 0 units of distance is W ext = F u 0 . In order to find the virtual displacement that minimizes U, one has to calculate the derivative of U with respect to u 0 and set the derivative to zero:

dU du 0 = π 4 96 EW H L 3 u 0 -F = 0 (4.14)
From equation 4.14, it can be seen that there is a linear relation between the force F and displacement u 0 . The beam can be considered as linear spring with constant k beam :

k beam = π 4 96 EW H L 3 (4.15)
To validate expression 4.15, a COMSOL simulation was performed. The geometry and mechanical properties of the beam are listed in table 4.2. These properties were chosen having in mind the application, the length of the beams for all the springs is around 3mm to have a long beam with low rigidity 0that fits inside the 5mm capsule. The widthness of the beam is the thickness of the wafer's silicon layer. The width is tuned to have a spring constant of 50N/m needed to have a resonant frequency around 50Hz with an added mass of 600mg. The actual values of the MEMS's beams are modified from design to design and are subject to changes due fabrication defaults, these values serve to give an order of magnitude of the resulting spring constant for the springs.

E 170GP a W 200µm H 30µm L 3000µm Table 4.2: Beam's Properties
In figure 4.10 are plotted two curves describing the beam's shape u z (x), they are subjected to the same force. This results on a theoretical k beam = 34.5N/m and in COMSOL simulation k beam = 35.1, good accordance was found between the predictions of equation 4.15 and the spring constant obtained with COMSOL, with only a small difference of 1.7% between the analytical predictions and COMSOL. Another important aspect to take into account is the tip displacement in the x direction u x . As depicted in figure 4.9, the beam remains of constant length L, this makes the beam tip move in the x direction to L position in x moving by -u x units of length.

To calculate the displacement u x , the length of the beam U has to be calculated from the beam's shape in equation 4.10. The beams length reads as:

L = L 0 1 + du z dx 2 dx (4.16)
Since the slope of the beam's shape is a sinusoidal, equation 4.16 becomes an elliptic integral with no closed-form expression. Since the beam is the case of small slopes, the approximation for small slopes can be done to have an expression in close form for the beams length L.

Calculating the integral in 4.16 and taking the case of small slopes du z /dx ≪ 1 yields:

L = 1 2 L 2 + u 2 0 π 2 4 + L 2 (4.17) 
Since we want to know the position of the beam's tip L to get the displacement, we solve expression 4.17 for L. The beam's tip position reads as:

L = L - u 2 0 π 2 16L (4.18)
The beam's tip displacement is the final minus initial state u x = L -L yielding the parabola function:

u x = - u 2 0 π 2 16L (4.19)
To test the validity of expression 4.19, the beam's tip was tracked during the COM-SOL simulation presented previously. In figure 4.11 are plotted the expression 4.19 and the COMSOL simulation results, a very good agreement was found thanks to the small beam's slope regime L ≫ u 0 . The last aspect to consider from the single beam case is the maximum allowable strain ϵ max . This is an important design parameter since it determines weather the beam breaks of not under a certain deformation. In literature [START_REF] Qiu | A centrally-clamped parallel-beam bistable MEMS mechanism[END_REF] [84] is reported that the maximum allowable bulk micro-machined strain for silicon is around ϵ max = 0.01.

To determine how close the single beam is from this limit, equation 4.12 can be used. ϵ x (x, z) tells us the strain over all over the beam. For the beam case, the place where the strain is maximum is at the clamping ϵ max = ϵ x (0, H/2), the maximum strain reads as:

ϵ max = ϵ x 0, H 2 = 1 4 u 0 H π L 2 (4.20)
Plugging the values of table 4.2 into equation 4.20 yields a maximum strain of ϵ max = 0.002 at the clamping. That is, a maximum stress of σ max = Eϵ max = 420M P a. This shows a good accordance to the COMSOL simulations, as depicted in figure 4.12, the maximum stress found in the simulation was of σ max = 450M P a having a 6% to the theoretical predictions. The found maximum strain in the beam ϵ max = 0.002 is five times smaller than the maximum allowable strain found in the literature ϵ max = 0.01, this gives margin to have working beams that may deform without breaking in the presence of fabrication defaults. This margin can be increased even more by adding fillets in the clamping to avoid stress concentration in the clamping.

For all spring designs the travel range is limited to have a maximum displacement of 200µm for a beam's length of L ∼ 3mm and width H = 30µm, this will limit the maximum strain to be close to the envisioned ϵ max = 0.002 mentioned earlier.

In the coming subsections the results developed here are used to study different spring structures to determine the best suited spring structure for the design.

Spring design generalities

In the following sections, different spring structures are studied. A color notation is used for all spring designs: flexible elements are colored in red, rigid-mobile parts are colored in blue while fixed parts are colored in black. The beams of the all presented structures behave as linear springs when the mobile part moves in the desired direction of motion.

The equivalent compliance (spring constant) of the different springs are obtained by treating the springs as an analog of the equivalent capacitance of a circuit:

• The equivalent compliance k eq of springs with compliance k 1 and k 2 connected in series is 1/keq = 1/k1 + 1/k2.

• The equivalent compliance k eq of springs with compliance k 1 and k 2 connected in parallel is keq = k1 + k2.

For the design process, three compliances are used to quantify the rigidity in the three dimensions: k eq , k per , k out . For the case of small deformations and no buckling effect, the mobile part of the MEMS can be considered to be connected to three springs, one for each dimension as depicted in figure 4. [START_REF] Bosso | Application of low-power energy harvesting solutions in the railway field: a review[END_REF].

The goal of the design process is to make the mobile part to move exclusively in the desired direction of motion. To do this, the springs are designed to have a very low spring constant k eq in the direction of motion, and to have very high spring constants in the other two dimensions with spring constants k per and k out . k per represents the spring constant in the in-plane perpendicular direction of motion, this parameter is crucial because if the mobile part moves in this direction, the capacitor combs may come into contact and discharge the transducer.

k per is the main discriminant for the set of designs. k out is not as crucial as k per since it represents the spring constant in the out-pf place direction. In this direction the combs do not risk to come in contact, although a deformation in this direction will induce a decrease in capacitance consequently reducing the energy per cycle.

For the out of plane direction, the spring constant k out can be easily obtained from the compliance in the desired direction of motion k eq . This relation can obtained by exchanging H with W in equation 4.15 to have the case where the load is in the z direction. By doing this exchange, one obtains the relation:

k out k eq = W H 2 (4.21) 
This relation holds for all the designs presented in the following sections.

The selected structure resulting from the spring design process will be the one that maximizes the ratios k out /k eq and k per /k eq to warranty that the mobile part moves just in the desired direction of motion to avoid contact between the combs.

Folded Spring

The folded beam structure is one of the most used spring geometries for MEMS devices. The folded beam structure is the go to option when a linear spring is needed. In figure 4.14 the red elements represent flexible elements such as the beams studied in the previous subsection, blue elements are rigid elements that are The way the beams have a linear force-displacement relation is thanks to the fact that the tip at the end of each beam is free to move. This is illustrated in figure 4.15, the beams are clamped to a mobile-rigid body that allows to connected the beams is series and allows the beam's tip to move in the x direction, thus avoiding axial loads on the beams.

In figure 4.15, the red curves in the tips of the beams represent the displacement of each beam in the x direction due to a deformation in the z direction. This path is the same as the one calculated in equation 4.19. The tip of the top beam goes to the left -u x , moving the mobile clamping also by -u x to the left. The bottom beam goes to right by +u x units of distance with respect to the mobile clamping. As the mobile clamping moves -u x with respect to the fixed clamping and the tip of the bottom beam moves +u x with respect to the mobile clamping, then the tip of the bottom beam moves 0 with respect to the fixed clamping. This way the combs not come into contact when the beam spring gets deformed in the desired direction of motion.

To test the folded beam structure, the design illustrated in figure 4.14 was simulated on COMSOL. Following the analogy between equivalent compliance and equivalent capacitance, with k beam being the compliance of a single beam from equation 4.15, the overall compliance of the structure is found to be: For this case, the length of the beams is L = 1.25mm, the beams width is H = 30µm and wafer thickness W = 200µm. According to these dimensions, the theoretical compliance of the structure is k eq = 480N/m. The COMSOL simulations showed a good accordance with theory, the overall compliance in COMSOL was found to be k eq = 455N/m. The perpendicular compliance was calculated with COMSOL. It was found a spring constant of k per = 451N/m, which is very close to the compliance in the desired direction of motion k per ∼ k eq . In figure 4.16 are shown the COMSOL results of a simulation where the structure was loaded in the in-plane perpendicular direction with a force F per = k eq 20µm. This force would make the same structure to move by 20µm in the desired direction of motion, when applied in the in-plane perpendicular direction, the structure moves 21µm.

k eq = 2k beam (4.22)
As depicted in figure 4.16 b), due to the low rigidity k per , the folded spring cannot be used for this application. The heartbeat acceleration has similar amplitude components in the three dimensions, since the rigidity in the in-plane direction and the desired direction of motion are similar, there is high risk that the combs will come into contact with the folded beam structure. This drawback comes from the fact that the mobile clampings are free to move but also to rotate resulting in a very low restoring force when the spring is loaded in the in-plane perpendicular direction.

Opposing beams

The folded beam structure fails to have a high spring constant k per because the mobile clampings. The opposing beams structure overcomes this because there are no mobile clampings, the beams are directly connected to the mobile part.

As depicted in figure 4.17, the opposing beams structure consist of a couple of beams that hold the mobile part. This design allows to have long beams to achieve low rigidity in the desired direction of motion k eq and at the same time yields a high restoring force in the in-plane particular direction k per . The beams are loaded axially when the structure is loaded in the k per direction, from basic definition of the stress-strain relation of a linear material k per can be obtained: The spring constant in desired direction of motion k eq for the structure is obtained by calculating the equivalent compliance of two beams in parallel:

k per = EHW L (4.23) 
k eq = 2k beam (4.24)
Given the beam dimensions mentioned above, according to equations 4.24 and 4.15 the theoretical equivalent compliance of the structure illustrated in figure 4.17 is k eq = 59.6N/m. The COMSOL simulations showed an equivalent compliance of k eq = 59.3N/m, that being a 0.5% difference with theoretical predictions. In figure 4.18 is illustrated a simulation of the structure with a force F eq = k beam 200µm. This makes the mobile part go to touch the stopper. Equation 4.19 says that the beam's tip follows a parabolic trajectory, in the case of the folded spring, the displacement u x is nullified thanks to the mobile clamping and that the beams move by the same amount. In the present case the displacement u x induces a small rotation of the mobile part as illustrated in figure 4.18. In figure 4.18, the top beam moves to the left by -u x , the bottom beam moves to the right by +u x , this induces a counterclockwise rotation of the mobile part. Although the rotation is small, it is enough to make the capacitor combs come into contact and discharge the transducer.

This design shows a good compliance ratio k per = 5433k eq that would allow the mobile part to move in only the desired direction of motion. Although k per accomplish the requirement, the rotation induced by the tip movement u x makes this structure not suitable for the application where high capacitance and low capacitor gaps are needed.

Guiding Beam

The guiding beam structure gets inspired from the folded beam. The folded beam structure has a very low in-plane perpendicular compliance k per due to the fact that the mobile clamping are free to rotate. The guiding beam overcomes this problem by forbidding the mobile supports to rotate by linking them with a thick beam as illustrated in figure 4. [START_REF] Clementi | Biological Energy Harvesting for Autonomous Temperature Sensors[END_REF]. From now on, the supplemental guiding beam is called guiding beam. Similar structures called "compliant parallel guiding mechanisms" in [START_REF] Larry | Compliant Mechanisms. en. Google-Books[END_REF] or "Folded flexure" in [START_REF] Keith | Simulation of microelectromechanical systems[END_REF] have been proposed. The guiding beam structure is half of these "compliant parallel guiding mechanisms" to facilitate the fabrication and integration of the device. If the complete structure was used, this would present a problem to get the contact of the electrodes in the same mask level since the capacitor combs would be enclosed by the guiding beam and the mobile part. The guiding beam allows to have a high spring constant k per , and at the same time, nullify the tip beam's displacement u x in the same way the folded spring does it as explained in figure 4.15. The guiding beam gets loaded when the a force is applied in k per direction, in this case the guiding beam behaves as a supported beam with two point loads at equal distances from supports [START_REF] Timoshenko | Theory of elastic stability[END_REF]. The spring constant of such beam reads as:

k per = EW H 3 GB 2 (3a 2 L GB - 4a 3 ) (4.25) 
L GB is the guiding beam length, H GB is the guiding beam width and a is the separation between the flexible beams. To validate expression 4.25, a COMSOL simulation was performed for the beam geometry: L GB = 1.5mm, H GB = 200µm and wafer thickness W = 200µm. Equation 4.25 predicts a compliance in the inplane perpendicular direction of k per = 28454N/m, COMSOL simulations estimated a compliance of k per = 23711N/m, that being a difference of 16.6%.

The equivalent compliance in the desired direction of motion k eq is:

k eq = k beam (4.26) 
To corroborate this expression is true, a COMSOL simulation was performed. The beam dimensions of the structure depicted in figure 4.19 are: beams length L = 2.85mm, beam's width H = 30µm and wafer thickness W = 200µm. The theoretical compliance in the desired direction of motion found is k eq = 40.24N/m, the COMSOL simulation gave k eq = 40.20N/m being less than 0.1% of difference.

This design complies with requirements of having a low spring constant k eq in the desired direction of motion, it also has a high spring constant k per to avoid the contact between the capacitor combs; furthermore it maintains well aligned the combs to avoid the contact between combs. The only drawback of this structure is it's asymmetry. This asymmetry induces a high torsional stress on the fixed clampings of the structure that could potentially make the structure brittle.

Double beam

The double beam geometry is proposed to improve the non-symmetrical geometry problem of the guiding beam and to remove the guiding beam that takes precious place for capacitor combs. At the same time to keep a relatively high spring constant k per in the in-plane perpendicular direction.

The double beam gets inspiration from the folded beam structure. It uses a mobile clamping to reduce the rigidity of the structure by connecting beams in parallel, at the same time it nullifies the tip beam's displacement u x in the same way the folded spring does it as explained in figure 4.15. The double beam structure forbids rotations of the mobile clamping by adding a supplementary beam at the clampings to remove one degree of freedom from the mobile clampings.

The overall compliance of the system k eq is calculated as the analogy of the equivalent capacitance of a circuit:

k eq = 2k beam (4.27)
The beams of the double beam structure depicted in figure 4.20 have a length of L = 2.85mm, width H = 30µm and wafer thickness of 200µm. According to equation 4.27, the equivalent compliance in the desired direction of motion is k eq = 80N/m. COMSOL simulations show that the compliance of the same structure is k eq = 79.93N/m A COMSOL simulation was performed to test the compliance of the double beam structure in the in-plane perpendicular direction k per . It was found a compliance of The double beam geometry shows a good a capability to direct the mobile part in the desired direction of motion blocking the movement where the combs can come into contact. Furthermore, is has a symmetrical that distributes symmetrically the weight of the mobile part, better distributing the torsional stress on the fixed clamping in which the guiding beam fails to do.

k per = 18390N/m

Selected Spring geometry

Several geometries were studied, in table 4.3 are listed the properties to make a comparison and pick the best suited geometry for the application.

For the application, the best suited geometry is the one that achieves a low compliance in the desired direction motion k eq to achieve low resonant frequency. Another criterion is the ability of the structure to block the movement in all directions other than the desired one to avoid contact between capacitor combs, the parameter that quantities this ability is k per /k eq . The last parameter is the resilience on the structure to breakage, this will define the reliability and durability of the structure. The guiding beam is the one that performs the best in terms of low compliance k eq and in terms mobile part guiding k per /k eq . However, due to the positioning of the fixed clampings creates an asymmetry that can make the structure brittle in presence of a supplementary tungsten mass.

The structure that shows the best trade-off between mobile part guiding and resilience is the double beam structure. The double beam has more beams that distribute the weight of the supplementary mass releasing stress from the beam compared to the rest of structures. The positioning of clampings reduces the torsional stress on the beams compared to the guiding beam: one at the right, the other at the left. For these reasons the guiding beam is the selected structure to test.

Finger Combs

The finger comb design defines the change of capacitance η = C max /C min . In chapter it was seen that according to equation 3.7, the bigger η and bigger C min the more energy per cycle the transducer converts. The space available to place the capacitor combs is a rectangle of 9mm x 3.3 mm, this space should be used as best as possible to have the highest possible η and C min .

There are mainly two capacitor comb structures used in MEMS: The gap-overlap and gap-closing capacitors. In the present work, the gap-overlap is chosen over the gap-closing to ovoid the film squeezing effect.

The main limiting factor that limits the capacitance is the pull-in effect. Here, is presented a criterion to define the maximum operating voltage before the finger combs come into contact due to a electrostatic force between two capacitor fingers.

The model illustrated in figure 4.21 is used to predict the voltage at which the electrostaic force is big enough to cause the pull-in effect between the fingers.

The first assumption for the model is that the electrostatic force load is uniform taking the force at the tip of the fingers. This is the worse case scenario since the closer we are from the clamping the higher the gap and the lower the electrostatic force. The uniformly loaded cantilever is considered as a linear spring of constant [START_REF] Timoshenko | Theory of elastic stability[END_REF]: 

k f inger = 2 3 EW H L 3 (4.28) 
L is the finger's length, H it's width, W is the wafer's thickness and E is the young modulus of silicon.

The net force acting on the bottom finger reads as:

F net = ϵ 0 lW V 2 2 (g 0 -2x) 2 -k f inger x (4.29)
ϵ 0 is the permittivity of vacuum, l is the overlap distance between the fingers, W is the wafer's thickness, g 0 is the gap between the combs when no force is applied and V is the voltage between both capacitor finger.

Since there are two fingers that move by the same amount x, the gap g between the finger is g = g 0 -2x.

If dF net is positive for dx positive it means x is an unstable point x because a change of dx tends to increase F net further [START_REF] Stephen | Microsystem Design[END_REF].

To keep dF net negative for dx positive, k f inger has to be:

k f inger > 2ϵ 0 lW V 2 (g 0 -2x pi ) 3 (4.30)
The displacement at which the pull-in happens x pi can be obtained by considering that the elastic and electrostatic forces are in equilibrium F net = 0 and the compliance of the fingers is at least the value of the expression 4.30. Taking these considerations one finds that displacement at which the pull-in happens is:

x pi = 1 6 g 0 (4.31)
Equation 4.31 differs from the usual pull-in distance g 0 /3 [START_REF] Stephen | Microsystem Design[END_REF] because the usual case there is just one finger moving towards the other electrode, in this case the two fingers move by the same amount towards each other. With equations 4.31 and 4.30 one can write the voltage at which pull-in happens:

V pi = 4g 3 0 k f inger 27ϵ 0 W l (4.32)
The space available for finger combs is a rectangle of 9mm of length and 3.3mm width. The width available for The space available for finger combs is a rectangle of 9mm of length and 3.3mm width. The rectangle's width available for combs D combs is:

D combs = H (N + 2) + 2N g 0 + HN (4.33)
H is the fingers width, N is the number of fingers and g 0 is the gap between the fingers. For afinger width of H = 20µm a gap of g 0 = 2µm and N = 74 comb fingers take a space of D combs = 3.29mm out of the 3.3mm available in the rectangle's width for capacitor combs.

With these dimensions, according to equations 4.32 and 4.30, the pull-in voltage is V pi = 314V . This voltage is well above the maximum voltage of the electronic components of the interface circuit ∼ 100V . This leaves a margin of error for fabrication defects that may decrease the finger's rigidity.

The travel range of the mobile part is limited to ±200µm, this plays a role defining the finger's length. Due to fabrication constraints, the fingers are a bit shorter than the travel range, this leaves a gap of 20µm from the rest position to the distance combs where the combs start to overlap. The fingers length of the design is L = 190µm, this leads to an overlap distance between the finger of l = 180µm when the mobile part does the complete travel range of 200µm.

The length of the rectangle dedicated for capacitors is 9mm. The finger supports are 116µm width, these dimensions allow to have nine combs with fingers of L = 190µm to occupy the complete 9mm of the rectangle. Each comb has 75 fingers that form 150 capacitors, there are 9 combs meaning the total number of capacitors is N t = 1350.

The theoretical maximal capacitance of the device reads as: In order to verify the theoretical value of the maximal capacitance of C max = 215pF , the capacitor combs were simulated on COMSOL. However, due to computational complications, the complete device was not simulated. A set of combs forming nine capacitors was simulated in COMSOL using the dimensions mentioned earlier, they form a symmetrical gap-overlap comb that engages and disengages from side to side as depicted in 4.23.

C max = N t ϵ 0 W l g 0 (4.34)
To scale up the simulation illustrated in figure 4.23 to the actual number of fingers in the device, a factor of N t /9 was multiplied to the capacitance calculation of the simulation. The results of the scaled-up simulation are depicted in figure 4. [START_REF] Deterre | Energy harvesting system for cardiac implant applications[END_REF].

The maximal capacitance of the devices predicted by COMSOL is C max = 223pF , that is 3.7% difference between the theoretical prediction of equation 4.34 and COM-SOL.

Another parameter that can be extracted from the simulation results depicted in figure 4.24 is the minimal capacitance. According to the simulation results in figure 4.24, the minimal capacitance of the device is C min = 5.23pF . To corroborate these results, the complete device was simulated at its rest position as depicted in figure 4. [START_REF] Deterre | Micro blood pressure energy harvester for intracardiac pacemaker[END_REF]. COMSOL was able to perform the simulation only at the rest position due to the processing power needed to recompute the mesh for big displacements where the fingers have an overlap. The result of the simulation a the rest position depicted in 4.25 was C min = 4.67pF . This result is not so far from the first simulation leading to the conclusion that the theoretical minimal capacitance for the device is around 5pF. 

Limit of finger width reduction

The width of the fingers was chosen to be pf H = 20µm from known working devices [START_REF] Vysotskyi | Electrostatic vibration energy harvester using multimodalshaped springs for pacemaker application[END_REF]. Given that the pull-in voltage of the current design is V pi = 314V . This voltage can be reduced to get closer to the maximum voltage of electronic components ∼ 100V .

By fixing the pull-in voltage, one can calculate the critical width of fingers. The thinner the finger, the more capacitors can feet in the 9mm x 3.3mm rectangle space dedicated for combs. From equations 4.28 and 4.30, the critical finger width reads as:

H critical = 3 81ϵ 0 lV 2 pi 8Eg 3 0 (4.35)
We get that the critical length for fingers is H critical = 9.4µm by fixing the pull-in voltage to V pi = 100V and keeping the rest of parameters the same: l = 180µm, g 0 = 2µm.

The maximum number of fingers per comb is N = 144 based on equation 4.33, the 3.3mm width of the space dedicated for capacitors and the critical length of H critical = 9.4µm. Keeping the same finger supports, same finger length and gap between fingers we get that the maximal number of capacitors is N max = 2605 yielding a maximal capacitance of C max = 415pF . There exist several fabrication techniques to obtain structures with feature sizes in the order of micrometers. The three main techniques methods to fabricate MEMS devices are: Surface micromaching, bulk micromaching and the LIGA process. In the following sections each of the fabrication is going to be described to finally chose the best adapted for the application.

LIGA processes

The LIGA process is a method to fabricate micro-structures by combining lithography, electroforming and molding. The name of the process comes from the german acronym for lithography (LIthographie), electroforming (Galvanoformung), and molding (Abformung) [START_REF] Chollet | A (not so) short introduction to Micro Electro Mechanical Systems[END_REF].

The process begins by deposing a thick layer of resist sensitive to X-rays such as PMMA. Thanks to the small wavelength of X-rays, feature sizes under a micrometer can be achieved. After lithography, the resist is used as mold to grow a metallic structure by electroforming.

Surface micro-machining

Similarly to LIGA, surface micro-machining adds material to fabricate micro-structures. Surface micromachining adds material by depositing thin layers on a substrate . First, a sacrificial layer is deposited in the whole surface of the substrate (PSG phosphosilicate glass in figure 4.27) by LPCVD (Low pressure chemical vapor deposition). After dry etching techniques are used to define the shape of the structure Figure 4.26: Gear patterned into PMMA by x-ray lithography [START_REF] Goettert | The LIGA process: a fabrication process for high-aspect-ratio microstructures in polymers, metals, and ceramics[END_REF] layer, adter defining the space, a layer of polysilicon is added all over the surface. Another patterning step is done on silicon to define the shape of the structure. Finally, the sacrificial layer is removed by HF etching leaving a free standing polysilicon structure. 

Bulk micro-machining

Unlike surface micromachining and the the LIGA process, bulk micro machining removes material from the substrate. There are two ways to remove material from the substrate, either wet etching done by an acid or a base, either dry etching done by plasma. Wet etching can be either isotropic or anisotropic. Isotropic etching removes material at the same rate in all directions, while anisotropic etching removes more material in a particular direction. The way to quantify the etching rate is to measure the amount of material removed in the in-plane direction of the substrate w, and to measure the depth of the cavity left by the etchant d, the etching ratio is defined as the ratio between the amount of mater etched in the in-plane direction and the depth w/d [START_REF] Chollet | A (not so) short introduction to Micro Electro Mechanical Systems[END_REF].

For isotropic wet etching, the etching rate is always close to one, this is typical for non-crystalline materials. All wet etching processes are chemical, the reactants are the acid or base used to etch and the substrate material being etched. The products of the reaction may stop the etching process because they block the way for reactants to come into contact as illustrated in the top-right example in figure 4. [START_REF] Epstein | Macro power from micro machinery[END_REF]. In order to keep the reaction going, agitation can be done to remove the products of the reaction from the substrate as seen in the top-left picture in figure 4.29. Anisotropic wet etching is usually done with a crystalline materials in which etchant removes faster material in a preferred crystalline direction. For instance, the base KOH etches crystalline silicon, by etching a (100) silicon wafer with KOH, the plane (111) will be revealed leading pyramidal-shaped cavities in silicon as shown in the bottom of figure 4.29.

Dry etching makes use of plasma to remove matter from the substrate. One way to create plasma is by capacitive coupling where the plasma is created in a low pressure chamber with a gas between two electrodes: the cathode and the anode. A strong voltage is applied between the anode and the cathode, this creates an electric field that pulls electrons from the cathode to the anode, due to the low pressure in the chamber, electron's mean free path is high enough for them to travel across the chamber. The accelerated electrons hit neutral atoms that knock electrons and become ions as depicted in figure 4.30. [START_REF] Chollet | A (not so) short introduction to Micro Electro Mechanical Systems[END_REF] The ions accelerate due to the electric field traveling in the opposite direction of electrons, they go towards the cathode knocking more electrons. Knocking more electrons from the cathode helps to maintain the process, since these electrons will ionize more neutral atoms to sustain the plasma. The glow resulting from the process is due to the recombination of electrons and ions that gives place to photon emission.

Due to the species present in the plasma there are three ways an incoming ion can etch the substrate:

• Physical: Depending on the acceleration of ions, atoms from the surface can be knocked out by ion bombardment (anisotropic and non-selective process).

• Chemical: By making ions react chemically with the atoms at the substrate surface (isotropic and selective process).

• Physical + Chemical: Combining both chemical and physical mechanisms (anisotropic and selective process).

In general, the process is more anisotropic when is more physical (high energy ions that bombard the surface) and is more is isotropic when is more chemical (low energy ions that arrive to the surface without knocking out atoms).

Reactive ion etching (RIE) is an example of a process that uses physical + chemical mechanisms to etch. RIE uses low energy ions to mildly bombard the substrate to tremendously increase the reaction rate while keeping the selectivity. An example of a RIE setup is illustrated in figure 4.31, whereas the setup illustrated 4.30 RIE uses polarizes the electrodes by an RF source instead of a DC source. The RF source working frequency is in the order of MHz to pull only the electrons with the highest mobility, these electrons accelerate due to the alternating electric field in the chamber ionizing neutral atoms to create plasma. The top electrode and the chamber are connected to ground, this evacuates all electrons arriving to the chamber and the top electrode. The bottom electrode is not grounded, this makes electrons accumulate in the bottom electrode negatively charged, this electrode is where the substrate is located. The evacuation of electrons leaves the plasma positively charged. As the electrode where is the substrate is negatively charged, the ions in the plasma are accelerated towards the substrate bombarding it as illustrated in figure 4.31.

DRIE etching and the Bosch process

The major drawback of RIE is that it is difficult to decouple the density of ions (ionization) and their energy (acceleration) [START_REF] Chollet | A (not so) short introduction to Micro Electro Mechanical Systems[END_REF]. DRIE (Deep Reactive Ion Etching) overcomes this problem by generating the plasma separately by ICP (induced coupled plasma) to control the ionization. Separately, there is an RF source connected to the electrode where the substrate is located to control separately the acceleration of ions. This way the ionization and acceleration are decoupled and can be controlled separately.

The plasma is generated by a fast changing magnetic field. A coil is connected to an RF source, the fast changing magnetic creates a strong circulating electric field ∇ × E = -∂B/∂t. The strong electric field creates a plasma with high ion density.

In a similar way as RIE, for DRIE the chamber is grounded making the substrate electrode to accumulate electrons, the RF between the substrate electrode and the chamber is tuned to control the acceleration of ions generated by the ICP.

Often in DRIE etching, the Bosch process is used. The Bosch consists of repeating two processes: passivation and etching. In the passivation process, a polymer is [START_REF] Chollet | A (not so) short introduction to Micro Electro Mechanical Systems[END_REF] deposited in a conformal fashion all over the surface of the wafer including the cavities walls made by the etching as illustrated in figure 4.33. During the etching step, the vertical bombardment of ions removes the passivation layer in bottom of the cavity leaving the walls untouched. This process is repeated several times, thanks to the etching-passivation process aspects ratios up to 1:100 can be obtained (depth 100x bigger than the hole opening).

On issue of the Bosch process is a phenomenon called scalloping, this leaves a rippled surface on the walls of the cavities formed as depicted in figure 4.34. This is caused by the alternation of passivation and etching, the peak of each ripple corresponds to the moment where the switch between passivation to etching is done.

Other issue of the Bosch process is related to the size of the opening, the etching rate depends on how many ions arrive to the bottom of the etched cavity, the smaller the opening, the lower the etching rate. This phenomenon is called DRIE lag illustrated in the right part of figure 4.34. It can be seen the narrower the opening the smaller the depth of the etched cavity.

One of the mayor issues of the Bosch process is a phenomenon called notching. Silicon on insulator (SOI) and silicon on glass (SOG) wafers are used for the fabrication of MEMS, these kind of wafers have an insulating layer under the silicon to have moving silicon parts and silicon parts clamped to the insulating layer. When the 

Fabrication method

Surface micro-machining, bulk micro-machining and the LIGA process were decribed, the best suited process for the application is bulk micro-machining specifically the Bosch process is the best suited fabrication method thanks to its simplicity, given that it only needs one mask to obtain working devices. Furthermore, the Bosch process allows to etch cavities of very high aspect ratios.

Very high aspect ratios are needed for the pacemaker energy harvester application. The energy recuperated per cycle is proportional to the capacitance of the device. The capacitance of MEMS devices is proportional to the aspect ratio of the etched cavity. A parallel plate capacitor capacitance is: C = ϵ 0 LW/g where L is the length of each plate, W is the with and g is the gap separating the plates. Consider an etched cavity of aspect ratio r = d/w where w is the opening size of the cavity and d is the depth of the cavity. Considering that the etched cavity is the space separating the capacitor plates, d is the width of the plates and w is the gap separating the plates, capacitance rewrites as: C = ϵ 0 Lr. The fabrication process is summarized in figure 4.35, each step is developed in more detail in coming subsections.

From all MEMS fabrication techniques, the the Bosch process is the one that yields the highest aspect ratio r, hence with this technique on can fabricate devices that will convert more energy compared to other techniques.

The fabrication process of the MEMS of this work is described in the next subsections. The presented MEMS devices were fabricated with silicon on glass wafers of 200µm thick silicon and 1mm of borosilicate glass. The SOG is privileged over SOI to get rid of the parasitic capacitance between the bulk silicon under the oxide layer and the silicon of the working device. The silicon layer is doped to increase it's conductivity in order to extract small amounts of current from the MEMS. The first step of all fabrication processes is the wafer cleaning. Inorganic and organic contaminants may be present on the wafer's surface, these contaminants need to removed from the wafer. The cleaning process of SOG wafers was done in two steps: Piranha and HF cleaning.

The piranha solution is a mixture of hydrogen peroxide H 2 O 2 and sulfuric acid H 2 SO 4 . Concentration of reactives to make piranha varies from application to application, for this work the piranha was made of four volumes of sulfuric acid and one volume of hydrogen peroxide. The was is left three minutes in the piranha solution, this removes organic and inorganic contaminants from the surface.

The piranha solution creates a thin layer of oxide that makes the wafer hydrophilic. This layer must be removed to carry on the fabrication process, hydrofluoric acid (HF) is used to remove the oxide layer and leave pure silicon on wafer's surface. The wafer is left also three minutes in HF for this cleaning step.

Spin-coating

Spin coating is a simple technique that allows to deposit thin films of polymer. The polymer is present in a solvent that allows the solution to be in liquid form. The liquid is poured on the wafer, after the wafer spins making the liquid spread evenly all over the wafer's surface as illustrated in 4.36.

Figure 4.36: Spin coating process [START_REF] Chollet | A (not so) short introduction to Micro Electro Mechanical Systems[END_REF] Photoresist is deposited on the wafer to make photolithography and transfer the pattern to silicon by DRIE. Before depositng anything on the wafer, the wafer is baked at 110°C for 6 minutes, the bake desorbs strange substances present on the wafer's wafer to prepare it for spin-coating. To have a better adherence between the resist and the wafer HMDS is used, spin coating parameters are listed in table 4 After coating, the wafer is baked for a second time to cure the photoresist. The wafer is baked for 6 minutes at 110°C. After baking the wafer is left one hour rehydrate from the clean-room atmosphere.

Photolithography Exposure+Development

After the resist is cured, the wafer is exposed to UV light with the mask aligner. In this step the patterns from the photomask gets transferred to the photoresist. Transferring the pattern of the photomask to the resist needs a certain dose of light depending on the resist and the thickness. For a 13µm thick layer of AZ10xT 520cP the needed dose is dose = 900mJ/cm 2 according to the datasheet [57].

The time of exposition depends on the power of the aligner's UV lamp. The exposure time is calculated as t = dose/power. The aligner's lamp is 300mW/cm 2 meaning that the wafer needs to be exposed during 300 seconds to correctly expose the 13µm of AZ10xT 520cP resist.

After exposure the resist is developed. AZ10xT 520cP is a positive resist meaning that in the development step the parts of resist that were exposed to the light are removed from the wafer. The solution to develop the resist is made of one volume of AZ400K and two volumes of deionized water. The wafer is left in the developer solution for five minutes with mild agitation.

DRIE etching

Once the resist is patterned, the wafer is ready for the DRIE process. In order to test the limits of the DRIE machine and recipies in C2N cleanroom, a test wafer with combs separated by a 4µm gap were etched 200µm all the way through silicon to arrive to the glass beneath. The results of the test are depicted in figure 4.37.

According to the results of figure 4.37, the walls of the plates have an angle of 89.64°and an aspect ratio of about 1:42. This was set as upper limit aspect ratio for the MEMS designs presented in this work. The design of the mask was done trying to reduce as much as possible the DRIE lag. Notching and DRIE are tightly related for our application case and in general for SOI and SOG MEMS fabrication. Surfaces with big openings will arrive first to the insulating layer, this will make the big surfaces have important notching effects that will damage the device.

In order to have more or less the same opening width all over the MEMS, dummy silicon blocks were added between the beams to protect them. These dummy blocks are colored in red in figure 4.38, if these blocks were not present in the design, the openings between the beams would be to wide, they would have a higher etching rate causing notching in the bottom of the beams. Having beams without defects is critical for having a resilient device, specially because a tungsten mass is added on top of the MEMS. The opening between the dummy structures and the beams was chosen so that these parts finish etching the last. This compromise migrates the notching problem to the combs, the combs finish etching before the beams, this leaves the combs with notching. This decision decreases the capacitance of the device but warranties that the beams are protected.

Another issue is that the etching rate is not the same all over the wafer. The etching rate is higher on the side of the wafer closer to the pump, this makes that some devices are either not finished or all finished with notching in some of the devices. In order to maximize the number of devices to test, the number of Bosch cycles was chosen so that all the wafer is completely etched with some devices with notching. The devices with minor notching effects are prioritized to make working devices, the devices with notching were used for testing further fabrication steps, specially testing back-end steps such mass gluing the mass and wire bonding.

Stripping

Once DRIE etching step is finished, the photoresist has to be removed in order to continue the folowing steps. To remove the resist the Remover PG is used. The wafer is left in the remover for three hours at 85°C. Finally the wafer is rinsed with DI water to carry on the fabrication process.

Metal Deposition

To facilitate the integration of MEMS with a PCB, two of metal electrodes where fabricated on the surface of the xafer. The technique to fabricate these electrodes is PVD (physical vapor deposition). The PVD process consists on heating a crucible of the metal that is going to be deposited in a vacuum chamber, an electron beam strikes the metal in the crucible heating up the metal. The beam heats up the metal at a very high temperature. Due to the high temperature, some atoms on the metal surface have enough kinetic energy to leave the material and be in vapor for inside the vacuum chamber. The metal in vapor form condenses on cold surfaces such as the walls of the chamber and on the wafer. The deposition time will depend on the desired thin layer thickness. There are several approaches to delimit the space where the metal is deposed, the most common one is the lift-off process. The lift-off consist on deposing metal on top of a resist previously patterned by photolithography, the metal is deposited all over the surface of the wafer. After, the resist is removed with a remover, this leaves only the deposited metal that was in direct contact with the wafer's surface.

A shadow mask was fabricated on a silicon wafer, by DRIE holes were made on the wafer. In figure 4.39 the holes are colored in blue and the surface of the shadow mask is colored in red. The shadow mask does the same job as the resist in the lift-off, it delimits the space where the metal is deposed. Using a shadow mask is more practical than the liftoff since the mask can be reused and no lithography is needed each time the metal is deposed. The shadow mask has less precision for alignment with the device compared to the alignment achieved with lithography, although the electrodes paths are big enough (1mmx4mm) to have high tolerances enabling to do the alignment by hand.

Before placing the shadow mask on the wafer, the wafer is cleaned with HF to be sure that there is no oxide on the top layer of the wafer. The shadow mask is then glued on top of the device with two droplets of photoresist. First 20nm of chrome are deposed to allow gold stick on the wafer, after chrome 300nm of gold are deposed, this allows to make contacts via wire-bonding. Finally, the shadow mask is detached from the SOG by stripping the resist used to glue.

Dicing

On a single SOG wafer there are 40 devices, to separate them, the wafer is diced with a saw. A carrier wafer is glued with resist on top of the SOG to hold the SOG during the dicing step.

The glass beneath the silicon is diced with a saw. The saw leaves trenches of 200µm width and 800µm depth as shown in figure 4.40. This leaves 200µm of glass remaining that serve to hold the devices together during the stripping of the resist that glues the carrier wafer and the SOG. 

HF release

The HF release step is a wet etching process were the material beneath the silicon is etched. This step allows to have free standing structures. The wholes on the mobile part the MEMS are used to let HF go through silicon and etch the glass beneath.

An important issue in this step is stiction. According to Young's equation, the capillary forces depend on the surface tension that define the wettability of a surface with a given liquid. If the capillary forces are higher than the elastic forces of the MEMS, a phenomenon called stiction will happen. During the HF wet etching of the process, each device is left 30 min in HF to etch 130µm of glass as shown in figure 4.41. The elastic forces of the presented MEMS device are way higher than the capillary forces due to the low weattabilty between HF and silicon. Also, the mass of the dummy blocks is to high for them to stick to the silicon, they fall in the HF during this step with mild agitation.

After the 30 minutes, the device is rinsed with IPA, IPA is chosen over water due to the low weattabilty between IPA and silicon. The devices are heated at 85°C to evaporate the remaining IPA. This leaves free standing mobile structures without stiction. 

Tungsten mass gluing

The tungsten mass is the only part that was not fabricated at C2N. The mass slots were fabricated by EDM (Electrical discharge machining) with a company specialised in micro-metric mechanical parts. The mass has an inverted U shape, this allows the two feet of the U to be in direct contact with silicon and in the middle a free standing part to leave space for the combs to move. Once the glass under the silicon was removed, a tungsten mass is glued on top of the device. This process is done with a pick and place robot as shown in figure 4.42. Figure 4.43 illustrates a picture of the completed device mounted on its PCB ready to be connected and tested.

Conclusions

The chapter began by defining the constraints of the device. The first constraint is the low-frequency response needed to match the heartbeat spectrum, in which the main components of acceleration are situated under 80Hz. The second constraint was the size needed to be implanted via catheter; given these constraints, the device footprint was set to 22mm x 5.6mm. Based on the MEMS electromechanical dynamic model, it was shown that the higher the applied voltage between the combs, the higher the shift to lower frequencies is. In principle, this is convenient because the higher the voltage, the higher the energy per cycle. At the same time, the higher the voltage, the closer the frequency response gets to the heartbeat spectrum.

After the model explanation, an upper limit for the tungsten mass was established based on the room available. It was found that given the space in the capsule, a maximum of 770mg added tungsten mass is possible.

Several spring designs were proposed. The best suited for the application is the double beam structure. This design does not have the highest ratio k per /k eq needed to ensure the mobile part motion in the preferred axis. However, it exhibits higher robustness since the weight of moving mas is better distributed, reducing the risk of beam breakage due to stress concentration.

Chapter 5 Harvested Energy and System demonstration

In this chapter, the characterization results of the fabricated MEMS devices are presented. The characterization begins in section 5.1 by determining the device's mechanical quality factor Q and its natural frequency f n . Section 5.2 details the technique used for determining the MEMS capacitance value as a function of the mobile part displacement C (x). A comparison is done between the actual measured parameters and the theoretical predictions of the design process.

Section 5.4 shows the test results under sinusoidal excitation. Five diffferent interface circuits are tested on the device. A fair comparison is made by making the transducer's mobile part travel the complete travel range and fixing the same maximum working voltage across the MEMS for all measurements. From voltage and current measurements, the experimental QV cycles are obtained and used to calculate the converted energy per cycle.

The energy calculated from the experimental QV cycles is compared with the expression of the energy per cycle E h introduced in chapter 3. The parasitic capacitance of each circuit is determined from the actual parallelogram shape of the QV cycle. The circuit that yields the highest energy is then compared with the predicted optimal circuit choice introduced in chapter 3. The net output power of the interface circuits is determined in the same section 5.4. This enables to determine the energy consumed by each interface circuit.

Tests results under heartbeat excitation are presented in section 5.5, making the comparison with the predictions made in chapter 3.

Harmonic motion characterization

The transducer is a mechanical resonator coupled to a variable capacitor. In this section, the setup and characterization procedure to obtain the mechanical resonator properties are explained. The setup used to characterise the transducer consist on a shaker a couple of laser heads as depicted in 5.1.

The shaker imposes an external acceleration on the device, the shaker acceleration makes the mobile part of the device move, this movement is measured with a couple of laser heads. One laser head measures the displacement of the mass, while the other measures the displacement of the shaker's moving base. At the same time, there is an accelerometer on the shaker's moving base, this serves to have a feedback on the input acceleration to control the shaker. The mechanical frequency response of the device is obtained by doing a discontinuous frequency sweep at 0V volts between the combs. With 0V of polarization the system behaves a linear second order system with a sinusoidal input:

ẍ + ω n ẋ Q + ω 2 n x = a sin(ωt) (5.1)
The angular velocity can be written in terms of frequency as ω = 2πf , ω n = 2πf n . Under this definition, the Lorentzian characteristic frequency response of the linear system reads as:

X (f ) = a 4π 2 fnf Q 2 + (f 2 n -f 2 ) 2 (5.2) 
In equation 5.2 X represents the amplitude of the mobile part displacement, a is the amplitude of acceleration, f n the resonant frequency, f the excitation frequency and Q the mechanical quality factor. The equation 5.2 is only true once the system is in stationary regime, in order to characterise the system a discontinuous sweep was done: a set of excitation frequencies f i was chosen around the resonant frequency. To obtain the true stationary state for each f i , a waiting time had to be imposed between f i and f i+1 , this waiting time has to be larger than the dynamics characteristic settling time Q/ω n .

Figure 5.2 depicts the results of a frequency sweep made with the set up described in figure 5.1 by fixing the acceleration a = 0.01m/s 2 . By curve fitting the expression 5.2 on the data points, mechanical parameters were obtained: f n = 40.8Hz and Q = 820. In section 5.3, these values are compared to the ones expected from the design and simulation process.

Capacitance measurement

Capacitance change η is the most important parameter of the transducer, with the voltage, it couples the mechanical and electrical domains: It contributes on defining the magnitude of the electrostatic force between the combs and it tells us how much charge the transducer can extract or inject at a given voltage. In this section, it is explained the setup used to obtain the capacitance change η of a transducer. The set-up described in figure 5.1 was also used to obtain the capacitance C as function of displacement x. The device was excited at with a sinusoidal wave at it's resonant frequency. The amplitude of acceleration a was chosen so that the mobile part does the complete travel range to touch the stoppers. The transducer's mobile part moves within the range -x max < x < x max , this movement is limited by the stoppers. When the mobile part touches a stopper, the mobile combs engage completely with the fixed combs as illustrated in figure 5.3, at this point the transducer's capacitance is C (x max ) = C max . The input voltage of the circuit V in was a sinusoidal wave with 5V of amplitude and frequency f in = 10kHz. The voltage across the resistance V R was demodulated, the demodulated signal of V R is represented by the signal V E .

The capacitance signal C (t) can be obtained from the demodulated signal V E , the frequency f in , the amplitude of V in and R with expression 5.3:

C (t) = V E (t) 2πf in R V 2 in -V 2 E (t) (5.
3)

The result of correlating C (t) and x (t) is depicted in figure 5.6. The minimal value of capacitance was C min = 8pF , C max = 67.5pF meaning a capacitance ratio of η = 8.4. Indeed, it can be seen that the capacitance C (x) is a pair function with respect to displacement x due to the symmetrical arrangement of combs depicted in figure 5.3.

Comparison of measured and design characteristic parameters

Fabrication defects change the parameters between the design and the actual device. Defects during pattern transfer such as photo-lithography and DRIE may cause dramatic changes on the device geometry. In this section a comparison is done between design the parameters and the measured parameters of the design.

During the design process it was found that the theoretical maximal capacitance of the device was C max = 215pF and the minimal capacitance was C min = 5pF . The measurements show that the actual capacitance of the devices varies from C min = 8pF to C max = 67.5pF .

The capacitance of the actual device is three times lower than the designed device. The main factor affecting this change is the gap between the combs. During The other parameter that must be compared is the spring constant of the structure. The designed double beam structure had a theoretical spring constant of k eq = 80N/m. The actual spring constant k eq can be obtained from the measured resonant frequency of the device f n = 40.8Hz and the added mass m = 750mg. The spring constant in terms of these parameters reads as k eq = m (2πf n ) 2 , doing the calculation, the actual spring constant of the device is k eq = 49N/m. The main factor that changes this parameter is the beam's width H, the effective width of the beams can be calculated H ef f = H 3 k measured /k design . The effective width of the beams is H ef f = 26µm based on the designed width H = 30µm, measured spring constant k measured = 49N/m and the designed spring constant k design = 80N/m.

Energy Harvesting under sinusoidal excitation

In this section, the system operation is demonstrated for the case of sinusoidal external accelerations. The transducer is connected to some of the interface circuits studied in chapter 3, the selected circuits to make the tests are listed in 5.1. The circuits were chosen to have a wide range of values of γ given the existing circuit architectures yielding rectangular QV cycles in the literature. The value of the capacitors of the interface circuits was chosen to have steep slopes for the processes at constant voltage as studied in 3.4.1, the capacitors of all interface 5.1: Selected interface circuits circuits are C cir = 10nF SMD capacitors. Given that the maximum capacitance of the transducer is C max = 67.5pF , the capacitors in the interface circuit have negligible changes of voltage in a single energy conversion cycle.

To avoid discharging the transducer, low leakage diodes where used to build the circuits. BAS116H diodes were used, they have a typical reverse current of 3pA. The transducer's minimal capacitance is 8pF , meaning that if it is charged to 10V , it would store 80pC of charge, it would take 27 seconds to completely discharge the transducer at 3pA leakage rate. The transducer will not get discharged when connected to this diodes since the working frequency of the device is around 40Hz, this means that the characteristic time of a cycle is 25ms. Given the difference of three orders of magnitude between the time to discharge the capacitor and the working time period, we can safely consider negligible this leakage rate.

The set-up illustrated in figure 5.1 was used for the energy harvesting measures, the shaker imposes an acceleration that makes the mobile part move to engage and disengage the capacitor combs. The circuit interface exploits the variations of capacitance to generate electric energy, each one of the circuits listed in table 5.1 was connected to the transducer to do separate tests.

By fixing V max and η, a fair comparison of circuits can be done. For each energy harvesting measurement the amplitude and frequency of the external acceleration were set so that the transducer mobile part did the complete travel range from -x max to x max yielding the maximum capacitance ratio of η = 8.4. In table 5.2 are listed the amplitudes and frequencies that made the mobile part do the complete travel range. The amplitude and frequency of the acceleration are not the same for all the connected circuits due to the changes that the circuits induce on the transducer in terms of frequency response. The maximum voltage for the transducer was set to V max = 50V for all the measurements. The electrical set-up to measure the converted power is illustrated in 5.7, the black box represents all the circuits listed in table 5.1. At the input, there is the transducer connected in series to an oscilloscope probe with resistance R in to measure the current flowing through the transducer. At the output there is a voltage source V bias that bounds the maximum voltage and receives the converted electric power from the interface circuit, connected in series to the voltage source. The value of V bias was tuned for each experiment to always have V max = 50V . The QV cycles generated by the system can be obtained by integrating the current signal I Rin (t) with respect to time to obtain the charge time signal Q (t): The measurements were done when the system reached the stationary regime, meaning that I Rin (t) is periodic. The stationary state is reached thanks to the voltage source V bias that sets V min for the circuits described in 3.3.1. For the circuits described in 3.3.2, the maximum voltage is set with a diode, when the voltage in the transducer is bigger than V bias , the diode turns ON and transfers charge to V bias limiting the maximum voltage, for this case of circuits V bias = V max . This way, all QV cycles are the same for a given circuit in stationary regime and the converted energy goes to V bias .

Q (t) =
Another consideration is the offset of the current signal I Rin (t), this offset must be zero at steady state, otherwise the transducer would be accumulating charge through time which is not true at stationary state, the charge should be the same at the beginning and at the end of the cycle. In a real measurement there is always a small offset in the measure, this offset is removed by numerical treatment calculating the average current over a whole number of signal periods and setting the average to zero ⟨I Rin ⟩ = 0. In figure 5.9 are plotted the QV cycles generated by the transducer connected to the different circuit interfaces. One cycle of the time signal of charge Q (t) was plotted against the transducer's voltage V c (t) signal in the same period of time.

All experiments where performed setting V bias so that V max = 50V . It can be seen from the QV cycles that indeed, the slope of the processes at constant voltage are almost vertical thanks to the choice of capacitance in the interface circuits. The processes at constant charge show an important slope that reduces the enclosed surface of the cycles, this is discussed in detail in subsection 5.4.1. As studied in chapter 2, the converted energy can be determined by calculating the enclosed surface in the QV cycle. To facilitate the calculation of the surface, the Green's theorem was applied. Each QV measured cycle consists of a set of N points (V i , Q i ) where i ∈ {1, 2, 3 . . . N }, each set of points builds up a single cycle, as the QV cycle is a closed curve, the last and first points should be the same (V 0 , Q 0 ) = (V N , Q N ). The line integral in 2.32 introduced in chapter 2 can be used to calculate easily the enclosed surface from the set of points (V i , Q i ), equation 5.5 is the same integral as in 2.32 with a minus sign, this minus sign is added so that the converted energy E h has a positive sign for convention as in equation 2.23.

E h = 1 2 ∂Σ (QdV -V dQ)
(5.5) Equation 5.5 can be rewritten as 5.6 in its discrete form given that the set of points (V i , Q i ) form a closed curve and the separation between points i and i + 1 is small enough.

E h = 1 2 N -1 i=1 (Q i (V i+1 -V i ) -V i (Q i+1 -Q i )) (5.6)
The surface enclosed by the QV cycles calculated from equation 5. 

Parasitic Capacitance

Besides determining the enclosed surface by the QV cycles, the parasitic capacitance of the circuit can be determined from its corresponding QV cycle. As illustrated in figure 5.10, the parasitic capacitance can be determined by calculating the slope of the processes at constant charge. The value of the parasitic capacitance varies from circuit to circuit, Although it is difficult to determine the exact origin and predict the value of the parasitic capacitance, it was found experimentally that the parasitic capacitance increases with the number of diodes soldered on the PCB board as depicted in figure 5.11.

Diodes are electronic devices that rely on a single p-n junction to allow current flow in only one direction. The p-n junction consist of a p-type semiconductor and a n-type semiconductor. When the n and p type are brought into contact, diffusion of charge carriers will occur since p-type semiconductors have an excess of holes and n-type have an excess of electrons. Electrons will go from the n-type to the p-type semiconductors and holes do the inverse. The diffusion continues due to the concentration gradient of charge gradients until the process is stopped due to the electric field created by the charge distribution of the carriers.

In the interface of the n and p-type semiconductor, there is a region called the depletion region where all charge carriers have migrated. Since there are no charge carriers left in the depletion region, this region behaves as a dielectric layer which stops charge carriers to go through. The depletion layers does not cover the whole device, there are parts of semiconductor out of the depletion layer that still conduct.

The diode behaves as a parallel plate capacitor since there are two plates (non depleted regions of the semiconductor) and in the middle there is the non-conducting depleted region. The parasitic capacitance of each circuit is due mainly by the diodes capacitance of the p-n junctions when the diodes are OFF. Looking at the data-sheet of the diodes used (BAS116H), the typical capacitance of these diodes is around 2pF which may explain the orders of magnitude of the parasitic capacitances listed in table 5.4.

Energy per cycle model taking into account parasitic capacitance

In chapter 3, it was found that the energy per cycle E h taking into account the effects of parasitic parasitic capacitance reads as:

E h = (η -γ (β + 1) + β) (γ -1) γ 2 C min V 2 max (5.7)
To compare the five circuits listed in table 5.1 and validate equations 5.7 and 3.9 with the experimental data, we assume the parasitic capacitance of the five circuits is the average of all of them. The average parasitic capacitance of all circuits is ⟨C para ⟩ = 19.09pF translating to a normalized value of β = 2.39.

The solid black line in figure 5.12 is the result of plugging into equation 5.7 the values of β = 2.39, η = 8.4, C min = 8pF and V max = 50V . In the same figure, the dotted line represents the energy per cycle supposing the effect of parasitic capacitance was negligible. The red dots represent the measured value of energy per cycle in table 5.3. The experimental data point for γ = 2 is over the theoretical line because this is the circuit with the lowest parasitic capacitance, as reported in table 5.4. Figure 5.12: Theoretical energy converted per cycle without parasitic capacitance (dotted line), considering the average parasitic capacitance of the interface circuits (solid line), and experimental results (diamond dots) Figure 5.12 shows a comparison of theoretical converted energy per cycle for the case when parasitic capacitance ratio β = 2.38 and for the case where β = 0, and experimental values. The theoretical model taking into account the average parasitic capacitance exhibits clearly a better agreement with experimental results. This analysis shows the importance of taking into account the effects of the parasitic capacitance on circuit design. Not taking into consideration this effect will lead to significant overestimation of converted energy.

Power Consumption of the interface circuits

Due to the symmetrical structure of the combs, one mechanical vibration cycle induces two QV electrical cycles. This doubling frequency effect is reflected in the expression used to compute the average electrical input power P in of the interface circuit: P in = 2f mecha E h , where f mecha is the mechanical excitation frequency. The interface circuit output power P out was computed from measurements of the voltage across the resistance R out in figure 5.7 to calculate the current injected into the energy storage component V bias using the following equation:

P out = 1 R out (V Rout (t) (V Rout (t) + V bias )) t
(5.8)

Figure 5.13 shows the experimental input and output power of the considered interface circuits. The difference between P in and P out is the power consumed by the circuits. One can notice that the difference is almost the same for all interface circuits. In average, the power consumption of the interface circuits operating at the maximum voltage of 50V and maximum capacitance variation of the MEMS is nearly 250nW .

Optimal circuit

Retaking the expression for the optimal circuit choice from chapter 3, the optimal voltage ratio γ opt taking into account the effects of parasitic capacitance reads as:

γ opt = 2 (η + β) η + 2β + 1
(5.9)

Given the results in figures 5.12 and 5.13, the circuit that performs the best is the one of two cells from subsection 3.3.1, which has a voltage ratio is γ = 1.5. This is well predicted by equation 5.9: plugging the values of η = 8.4, β = 2.38 into this equation yields a theoretical optimal voltage ratio of γ opt = 1.52.

Energy Harvesting under heart beat excitation

In the sinusoidal case studied in the previous section, the change of the MEMS capacitance η remains constant though time, which corresponds mechanically to displacement oscillations with constant amplitude.

In the case of heart beat excitation, the amplitude of displacement changes due the pulse-like shape of heart beat accelerations as depicted in figure 5.14. The used acceleration signal was obtained from the recording the heart wall acceleration of a pig's heart in the right atrium. The acceleration signal was then reproduced using an electromagnetic shaker to emulate the heart environment to excite the MEMS.

Power extracted from the transducer by the interface circuit was measured by averaging the product of the voltage V c with the current I Rin in the transducer.

The transducer was tested under four different heart-beat rates: 130bpm, 110bpm, 85bpm and 65bpm. The amplitude of these signals was 10m/s 2 peak to peak. All the combinations of interface circuits and heart-beat rates were tested by fixing V max = 60V for all the cases. The experimental measures of power are depicted in figure 5.15. In order to better understand the system's behavior, another set of experiments was done to explore the dependence of the harvested power in the amplitude of the heartbeat acceleration signal. The best performing circuit γ = 1.5 was taken for this study.

In figure 5.16, the harvested power was plotted for different amplitudes of heartbeat acceleration. Below 2m/s 2 acceleration, the mobile mass motion remains negligible and no power can be extracted. Then, one can observe quasi-linear increase of the power versus acceleration until a saturation occurs, corresponding to the maximum displacement of the MEMS mobile part.

Figure 5.17 shows the complex QV cycles recorded over a heartbeat period. This spiral-like trajectory comes from the modulated oscillation amplitude of the MEMS mobile part. This makes that the capacitance changes are changing through time, with different local C max values.

In order to translate this phenomenon to the simple model previously used for predicting the energy converted per cycle in the case of a constant displacement amplitude, we define η ef f which is the effective change of capacitance for a given acceleration signal and a given interface circuit over several heartbeats time.

Eq. 10 describes a very coarse-grained approximation we define to roughly describe the change of capacitance The idea behind this approximation comes from the fact that the capacitance varies proportionally to displacement. Then, one can suppose η ef f /x ef f = η max /x max , where x ef f = √ 2x RM S and η max = 8.4 is the MEMS maximum capacitance variation.

Based on the values of η ef f listed in table 5.5, extracted energy values were computed using equation 5.11 (adapted from equation 5.7), enabling to determine the circuit γ th opt which extracts the maximum of energy for a given heartbeat rate

E h = (γ -1) (η ef f -γ (β + 1) + β) γ 2 C min V 2 max (5.11)
Similarly, the best circuit from experiments is represented by γ exp opt . In table 5.6 are listed the best performing circuits predicted by equation 5.11 γ th opt and the circuits best ones experimentally γ exp opt . The obtained values for γ exp opt and γ th opt show a good accordance, the best performing circuits being the same in both cases exempting the case of a heart rate of 65 bpm.

Overall, the best performing is the 2-cell circuit from 3.3.1 again. The converted power per MEMS device goes from 0.4 to 1.1µW depending on the heart-beat rate. Therefore with two MEMS devices inside a leadless pacemaker, one can expect the converted power to go from 0.8 to 2.2µW

Conclusions

According to the mechanical characterization results, the MEMS device has a resonant frequency of f n = 40.8Hz and a quality factor of Q = 820. Electrical characterization showed that the transducer has a minimal capacitance C min = 8pF and a maximal capacitance of C max = 67.5pF , leading to a capacitance change of η = 8.4.

Converted energy measurements under sinusoidal excitation agreed with the expressions developed in chapter 3. The parasitic capacitance of the tested circuits is comprised between 15pF and 24pF . Considering an average parasitic capacitance of 19pF , the theoretical curve of energy per cycle E h vs voltage ratio γ shows a good agreement with experiments. The circuit that maximized E h experimentally is the circuit with voltage ratio γ = 1.5. Using this circuit with a maximum voltage of 50V , the maximum power was 2µW at 37.7Hz and 0.15g acceleration amplitude. Given the output power measured, it was found that the average power consumption of the interface circuits was around 250nW

It was also found that the more diodes the circuit has, the higher the parasitic capacitance is. This fact leads to the conclusion that the circuit that maximizes the converted energy is the one that gets as close to the optimal theoretical voltage ratio γ opt and at the same time uses the least number of diodes as possible.

Actually, the best performing for heart-beat excitation, with γ = 1.5, is the 2-cell circuit from 3.3.1. Depending on the heart-beat rate, the converted power ranges from 0.4 to 1.1 µW. For the application, two MEMS devices can fit inside a leadless pacemaker. In such configuration, the converted power would go from 0.8 to 2.2 µW usable power for the implant.

The average power consumption of a commercial lead less pacemaker goes from 2.4µW for 0% pacing rate to 7.5µW for 100% pacing rate [START_REF] Medical | Aveir™ Leadless Pacemaker Aveir™ Leadless Pacemaker Model LSP112V Aveir™ Delivery Catheter Model LSCD111 Instructions for Use[END_REF]. A battery of 234mAh capacity allows a battery projected lifetime of 29.7 years for 0% pacing rate and 10.8 years for 100% pacing rate.

The working voltage of battery is 3V. It provides 0.8µA of current for the case of 0% pacing (self-discharge) and 2.5µA for 100% pacing. Neglecting the energy lost in DC-DC power conversion from the 60V output voltage of the interface circuit to the 3V battery, the presented energy harvester would cover a part of the pacemaker current consumption, going from 0.26µA to 0.73µA depending on the heartbeat rate.

Therefore, if the proposed energy harvester was integrated in the lead less pacemaker described above the current provided by the battery would drop from 2.5µA to the range of [2. 24-1.77µA]. The current supplied by the energy harvester would extend the battery's lifetime from 10.8 years to [12.4-15.6 years], resulting to an increase of the battery lifetime up to 44% thanks to the additional energy provided by the two MEMS energy harvesters. These statements are based on the assumption that pig's heart motion is close to human's heart motion. In addition, only one axis of vibration was reproduced by out test bench. Actually, the MEMS was designed to be insensitive to excitation motion of vibration in other directions. Therefore, the other motion complex components of actual heart are not expected to affect the MEMS movement and system performances.

• Thermodynamic theoretical approach that allows to see how the ideal charge pump can make an oscillator out of the transducer.

• An approach for choosing the best suited circuit taking into account the parasitic capacitance.

The work presented a novel MEMS device with correct dimensions for catheter implantation. The proposed solution may potentially increase the lifetime of the last generation of pacemakers by up to 44%. Other MEMS energy harvesters have been developed in precedent works aiming to power biomedical implants, but these devices had a footprint incompatible with the leadless pacemaker dimensions.

Electrostatic transducers were studied from a thermodynamic point of view. An analogue between the study of thermal machines and electrostatic transducers. It was established that energy harvesters are the analogue of refrigerators in the case of thermal machines. The thermodynamic point of view motivated the search for the analogue of a thermal engine. It was demonstrated that the ideal charge pump when operated backwards can make the transducer behave as an oscillator which is the analogue of a thermal engine in the case of thermal machines.

A novel approach for choosing the best suited interface circuit was introduced. Although, studies have been already done aiming to find the optimal voltage ratio γ for given transducer. These studies did not take into consideration the effects of the parasitic capacitance. It has been shown that the effects of the parasitic capacitance may radically change the circuit choice when the parasitic capacitance is the same order of magnitude of the transducers capacitance. Transducers with a gap overlap comb arrangement are regarded as linear transducers due to the linear relationship between the capacitance and the mobile part displacement C (x). This relationship yields a constant electrostatic force for a constant voltage.

Future works and perspectives

For the case of symmetric gap overlap arrangement, ignoring the fringe field effects, the electrostatic force has the following form:

F ele = sgn (x) C max -C min 2x max V 2 (6.1)
Due to the symmetric gap overlap arrangement, the electrostatic force has a sign function. When the mobile part is located in a positive position, the combs will attract it in the same direction. If the mobile part is in the negative position, the complementary combs will attract it in the negative direction. The bistability of the system can be exploited to have a large bandwidth in the frequency of the device. Ongoing studies related to the dynamics of this configura-
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 23 Figure 2.3: Energy between two capacitors from[START_REF] Basset | Electrostatic kinetic energy harvesting[END_REF] 

  These process are the ones in which the transducer exchanges no charge with the voltage sources, the only way the internal energy may change is by doing mechanical work to change the capacitance of the transducer.
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Figure 6 . 3 :

 63 Figure 6.3: Net force acting on the mobile part consisting of the electrostatic and elastic forces at constant forces
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  because the energy transfers happen at different voltages and V max > V min . The total work done in a cycle can be calculated summing equations 2.11, 2.13,2.16,2.18. The total work per cycle W T = ∆W 12 + ∆W 23 + ∆W 34 + ∆W 41 after simplification reads as:

Table 2 .

 2 2: Force dependence with position for gap overlap and gap closing variable capacitors for processes at constant charge and constant voltage.

Table 4 .

 4 Spring Structure k eq [N/m] k per [N/m] k per /k eq [-] Comments 3: Studied spring structure listing their guiding properties

	Folded Beam	455	455	1	-
	Opposing Beams	59.6	23810	400	Mobile Part Rotates
	Guiding Beam	40.24	28454	707	Asymmetry provoking
					high torsional stress
					on clampings
	Double Beam	80	18390	230	Better distribution of
					weight thanks to the
					clamping postioning

Table 4 .

 4 .4. 4: Transducer Properties for the calculation in figure 4.8 Photoresist AZ10xT 520cP was used [57]. AZ10xT 520cP resist allows to have a thick layer of resist that when is developed has very straight walls. Having a thick resist allows to go deep into the wafer with DRIE, the vertical walls allows us to transfer the pattern correctly from the resist to the wafer. The parameters for the resist coating are listed in table 4.4, this parameters correspond to a resist thickness of 13µm.

	Layer	Time Speed Acceleration
	HMDS	30s	4000rpm	2000rpm
	AZ10xT 520cP	30s	1370rpm	1000rpm

Table 5 .

 5 2: Amplitude and frequency of the external acceleration excitation

	γ	Acceleration [g] Frequency [Hz]
	1.25	0.19	36.5
	1.33	0.148	37.7
	1.5	0.148	37.7
	2.0	0.148	38.1
	3.0	0.148	38.3

Table 5 .

 5 3: Converted energy per cycle E h for each interface circuit

	6 are listed in

Table 5 .

 5 

		24.08	3.01
	1.33	20.81	2.60
	1.5	18.23	2.28
	2.0	15.19	1.89
	3.0	17.15	2.14

4: Parasitic capacitance of each interface circuit

Table 5 .

 5 5: η ef f for each interface circuit and different heartbeat rate

		3.36		3.40	5.18	5.59	7.12
	110	4.13		4.05	4.55	5.59	6.16
	85	3.81		3.83	3.91	4.85	6.53
	65	3.94		3.19	3.47	4.11	4.06
		η ef f =	√	2η max	x RM S x max		(5.10)

Table 5 .

 5 6: Comparison of theoretical and experimental best performing circuits
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The comb design ensures the finger stability for a maximum voltage of V pi = 314V . It has a theoretical maximal capacitance of C max = 215pF and minimal capacitance C min = 5.23pF . It corresponds to the comb design that was used for final version of the MEMS fabrication.

In order to evaluate more precisely the performance boundaries, considering the space available for the MEMS variable capacitor and the critical finger width, the maximum possible capacitance was determined. The critical finger width was determined by fixing the maximum voltage to 100V . It was found that the critical finger width for the design is H critical = 9.4µm. This finger width would theoretically yield a maximum capacitance of C max = 415pF .

Finally, the detailed steps of the fabrication process of Silicon-on-Glass MEMS the device was presented. Thanks to DRIE micro-machining process, silicon etching aspect ratios about 1:42 could be obtained in average.

The next chapter presents the MEMS characterization and the system performance evaluation using the interface circuits presented in chapter 3. The system is tested both in harmonic and heartbeat excitation regimes.

Chapter 6

Summary and Conclusions

Summary

A MEMS electrostatic energy harvester with dimensions compliant with leadless pacemaker catheter implantation requirements was presented, along with simple and efficient interface circuit performing rectangular QV cycles.

MEMS design: The design process resulted in a device with a footprint respecting the dimensions required for catheter implantation. Among several spring designs which were studied, the double beam design showed the best robustness and a good mobile part guidance to avoid comb contact.

Optimal circuit choice: The studied effect of the parasitic capacitance of the interface circuits on the energy conversion cycle showed that this parameter may significantly modify the shape of the QV cycles, and therefore the amount of converted energy.

A novel approach was proposed to determine the optimal interface circuit based on the MEMS device and the interface circuit actual properties and limitations, such as the system's maximum working voltage and the circuit's parasitic capacitance. For this purpose, a simple analytical model was developed to predict the converted energy per cycle in the case of a harmonic mechanical excitation.

Harvested energy: In the case of heartbeat mechanical excitation, the system behavior is much more complex and exact analytical modelling could not be developed. To overcome this limitation, a coarse-grained approximation was proposed, enabling to transpose the model for the harmonic excitation to heartbeat excitation.

For both harmonic and heartbeat mechanical excitation, a good agreement was found between theory and experimental data.

Ex-vivo experimental results showed that the proposed solution including two MEMS energy harvesting devices with optimal interface circuits could increase the battery lifetime of commercial leadless pacemakers up to 44%.

Contributions and innovations

The innovations and contributions of the present work are summarized in the following list:

• First electrostatic MEMS transducer adapted for LPM application in terms of dimensions.

Device for lateral movement

The heartbeat movement is a complex combination of rotations and translations, meaning energy can be harvested in multiple directions. The mobile part of the device presented in this work moves along the axial direction of the implant's capsule. Motions in the implant's lateral can also exploited to convert energy. The design depicted in figure 6.1a) was designed to exploit the lateral motions of the implant. The device is currently in fabrication; future works will test the viability of using the implant's lateral movement instead of axial motion or a combination of both to generate power.

3D stoppers

Silicon can stand a maximum strain; silicon beams break if this limit is exceeded. Stoppers prevent the beams from reaching the strain that the material can stand. The presented design limits the in-plane axial displacements with stoppers, and the spring design limits the strain on the beams for in-plane lateral movements. Although in-plane movements are correctly bounded, the out-of-plane movements are blocked in only one direction: the negative out-of-plane direction.

The glass beneath the mobile part prevents the beams from reaching the maximum strain when the mass moves in the negative out plane direction. But nothing limits the displacement when the mobile part moves in the positive out-of-plane direction. This unbounded displacement is the primary cause of beam breakage in the presented device.

Two additional stoppers can be added to the design to limit the deformation in the positive out-plane direction, as depicted in figure 6.2. Two rectangles of silicon can serve as stoppers in the out-of-plane direction. One part of the stopper is glued on the fixed frame of the device. The rest of the stopper is a free-standing structure that will prevent the mobile part from exceeding the maximal allowed displacement in the out-of-plane direction, limiting the train on the beams. tion will lead to a better understanding of these effects and tune them to extract more energy from large bandwidth acceleration excitations.