Francisco Ambia 
  
Xavier Lereoux 
  
Abdelmounaim Harouri 
  
Elie Lefeuvre 
  
A NOVEL SILICON ON GLASS ELECTROSTATIC MEMS FOR ENERGY HARVESTING IN LEADLESS PACEMAKERS

Keywords: Leadless pacemakers, electrostatic transduction, MEMS, Energy Harvesting

In the present work we report the fabrication and characterization of a novel MEMS device intended to power leadless pacemakers. The presented device has the dimensions to fit inside a capsule implantable via cardiac catheterization. To our knowledge this is the first electrostatic MEMS energy harvester allowing such application. We show that the presented device has potential to match the average power consumption of commercial leadless pacemakers.

INTRODUCTION

Clinical tests have shown leadless pacemakers (LPM) reduce the risk of complications compared to their conventional counterparts (CPM) [START_REF] Sattar | Complications of leadless vs conventional (lead) artificial pacemakers-a retrospective review[END_REF]. LPMs are safer than CPMs because they significantly reduce the risks of leadrelated complications such as lead infection, lead failure, lead fracture, lead dislodgement and sepsis.

LPMs are implanted via arterial catheterization, which requires the implant to be thinner than the inner diameter of arteries. The small size of LPMs makes their powering an enormous challenge. Last generation of commercial leadless pacemakers have longevities from 5 up to 10 years, the longevity boundary being determined by the battery self-depletion [START_REF] Manolis | Real life' longevity of implantable cardioverter-defibrillator devices[END_REF].

To tackle the battery-related longevity limitation, researchers have looked to solutions such as wireless power transfer [START_REF] Abiri | Inductively powered wireless pacing via a miniature pacemaker and remote stimulation control system[END_REF] and vibration energy harvesting [START_REF] Ouyang | Symbiotic cardiac pacemaker[END_REF].

Electromagnetic wireless power transfer devices include magnetic parts that are not compatible with magnetic resonance imaging (MRI). MRI also excludes all forms of transduction involving varying magnetic fields, such as induction based vibration energy harvesters [START_REF] Yang | Electromagnetic energy harvesting from vibrations of multiple frequencies[END_REF].

Typically, the average power consumption LPMs is less than 10µW. Given the low power needs of LPMs, converting a small part of the heartbeat mechanical energy to power LPMs becomes possible. Piezoelectric and electrostatic transduction mechanisms are well suited for this application, although electrostatic MEMS show advantages over piezoelectric devices on the easiness high volume fabrication and integration with CMOS platforms.

The harvesting device is intended to charge the battery of LPMs, not to replace the battery completely. The objective is therefore to generate at least the same average power as the average consumption of the LPM.

In the present work, we report the fabrication and characterization of the MEMS energy harvester for LPMs designed in [START_REF] Ambia | Design and Simulation of an Electrostatic Energy Harvester for Biomedical Implants[END_REF].

DEVICE DESCRIPTION

The device consists of a single degree of freedom mechanical resonator, coupled to a variable capacitor that changes capacitance as function of the displacement of the mechanical resonator's movable part. It has been shown that one can exploit this change in capacitance to transform the kinetic energy of mechanical vibrations to electrical energy [START_REF] Galayko | Capacitive energy conversion with circuits implementing a rectangular charge-voltage cycle-part 1: Analysis of the electrical domain[END_REF].

The variable capacitor electrodes are composed of gap-overlap interdigitated combs, which engage and disengage as the mobile part of the resonator moves, as depicted in the mechanical layout in Fig. 1.

The so-called Guiding Beam structure we proposed in [START_REF] Ambia | Design and Simulation of an Electrostatic Energy Harvester for Biomedical Implants[END_REF] was designed to fit inside the LPM, i.e. the MEMS device should fit in a cylindrical cavity with 6 mmdiameter and 2 mm-length.

The device needs to be electrically polarized to harvest energy, so electrical contact between the electrodes must be adequately prevented. To avoid contact between combs, unwanted relative displacement in the lateral direction must be very limited. More precisely, the springs must have very large stiffness in the direction of lateral movement to avoid contact.

The Guiding Beam geometry is a compliant parallelguiding mechanism [START_REF] Howell | Compliant mechanisms[END_REF] that blocks movement in all directions except in the preferred direction of movement. The guiding beam geometry shown in Fig. 1 presents a stiffness larger by three orders of magnitude in the lateral direction than in the axial direction. Such a big ratio of rigidities between lateral and axial directions ensures that the combs will never come into contact in the considered working environment. The natural frequency of the resonator needs to be low enough to match the frequencies of heartbeat accelerations. A tungsten mass was glued on top of the device, this mass being chosen to match the frequency response of the resonator with the heartbeat spectrum of accelerations.

Ideally, the resonant frequency of the device should be located between 1-10 Hz to match the largest acceleration components in the heartbeat spectrum. However, such objective is not compatible with the limitations of smallscale devices. In particular, when the axial direction points in the same direction as gravity field, gravity induces an offset in displacement that depends in the resonant frequency, as shown in [START_REF] Ambia | Design and Simulation of an Electrostatic Energy Harvester for Biomedical Implants[END_REF], [START_REF] Vysotskyi | Nonlinear electrostatic energy harvester using compensational springs in gravity field[END_REF]. For MEMS devices, this offset becomes critical due to the small displacement allowable to the movable part. For the present device, the travel range is ±200µm center to end-side, i.e. 400µm in total. The displacement offset grows as ∆𝑢𝑢 = 𝑔𝑔/(2𝜋𝜋𝑓𝑓 𝑛𝑛 ) 2 , so for the presented device the resonant frequency cannot be lower than 35 Hz. Otherwise, the mobile part could stay in the end of the travel range without moving. Hence, we chose a higher resonant frequency to ensure at least a fraction of travel range when the axial direction is parallel to gravity field.

The asymmetrical proposed design along the lateral direction allows to get long beams to have the lowest possible stiffness along the axial direction. At the same time, the asymmetrical design allows to get the variable capacitor contact pads in the same 2D wafer level. Otherwise, in the symmetrical case, the capacitor fixed combs would be surrounded by silicon moving parts, getting the fixed comb contacts would require more complex 3D interconnexions between the MEMS and the interface electronic circuit.

DEVICE FABRICATION

The device was fabricated using a silicon on glass wafer. The wafer silicon layer is 200µm thick with 1mm glass underneath. First, the wafer was cleaned with a standard RCA SC-1 process, and the oxide layer formed during the SC-1 cleaning was removed with HF. Then, the wafer was coated with a thick layer of photoresist of 10µm, which was exposed to UV light through the mask and developed.

After development, the silicon was anisotropically etched with DRIE Bosch process until the glass was attained. Gold electrodes were then deposited by PVD through a shadow mask. The wafer was then diced and cleaved to get individual devices out from the wafer.

A single device was etched with HF to remove the glass underneath the moving part, and thus liberate the MEMS mobile parts. The supplementary tungsten mass has an inverted "u" shape, the two feet of the mass go on the pads of the mobile part as shown in Fig. 3. The mass was glued with a very viscous epoxy resin to avoid unwanted gluing of the mobile part with the glass underneath. Once the tungsten mass was in place, the whole device is placed on PCB for wire bonding as depicted in Fig 2.

DEVICE CHARACTERISATION

The device was designed to have a linear forcedisplacement characteristic. With a FEM software it was found that the spring constant of the design in Fig. 1 A force-displacement measurement was done with a FemtoTools FTMTA02. The force sensor tip was placed on the edge of the mobile part, the tip moves the mobile part a certain distance and the force sensor measures the restoring force of the spring. It was found that the measured spring constant was 40.42 N/m as depicted in Fig. 4. The graph does not start at 0 displacement because of the margin to position the tip. In Fig. 4, the tip does a travel range is 200 µm before the tip finds the MEMS end-side. The mechanical frequency response of the device was obtained by placing the device on a shaker generating a sinusoidal acceleration. For each curve in Fig. 5, the amplitude of acceleration was fixed and a sweep in frequency was performed. The variable capacitor was connected in short circuit to avoid any electrostatic effect. The frequency response for three levels of acceleration are depicted in Fig. 5. These accelerations were low enough to avoid doing the complete travel range of ±200µm.

It was found the characteristic Lorentzian function of a linear harmonic oscillator. By curve fitting the resonant frequency 𝑓𝑓 𝑛𝑛 = 57.22𝐻𝐻𝐻𝐻 and quality factor Q=128 were deduced.

The variable capacitor having a gap-overlap interdigitated comb structure, the capacitance is expected to vary in a linear fashion for a given axial displacement sense. As depicted in Fig. 6, measured capacitance varies linearly, symetrically around the rest position. As expected, the change in capacitance is the same wether the mobile part moves towards the positive or negative axial direction.

The change in capacitance was measured by connecting a series resistance to the capacitor and applying a high frequency sinusoidal voltage. The device was placed in a shaker vibrating at the resonator natural frequency ensuring that the moving part was doing the whole traveling range. The voltage amplitude across the resistance is modulated by the varying capacitance. With the modulated sinosoidal signal and knowing the displacement, one can calculate the capacitancedisplacement relation shown in Fig. 6. From these measurements, it was found that the minimal and maximal capacitances were 16 pF and 71.8 pF respectively. The change in capacitance, together with the interface circuit define the harvested energy per cycle.

QV HARVESTING CYCLE

In electrostatic vibration energy harvesting devices, mechanical vibrations do work to change the capacitance of the transducer. These changes in capacitance can be exploited to convert energy by charging and discharging the variable capacitance in a synchronous fashion [START_REF] Basset | Electrostatic kinetic energy harvesting[END_REF]. The synchronous charging and discharging is performed by the electronic interface circuit.

The harvested electrical energy actually depends on the capacitance variation and the interface circuit. In this work, a Bennet's Doubler circuit was used [START_REF] De Queiroz | Electrostatic vibrational energy harvesting using a variation of Bennet's doubler[END_REF]. This circuit alternates between three states: A maximum voltage state where two capacitors in the interface circuit are connected in series, a minimum voltage state where the same two capacitors are connected in parallel, finally an adiabatic state where the variable capacitance is isolated from the two capacitors of the interface circuit.

The control is done passively by switching between states using simple diodes, that bias according to the capacitance change. The self-synchronization of the Bennet's Doubler makes it an interesting interface circuit for energy harvesting given that there is no energy cost in control.

Due to the parallel-series switching of capacitors in the interface circuit, the maximum voltage is two times larger than the minimum voltage. The output voltage of the circuit was fixed to have a stationary Charge-Voltage cycle (QV cycle). The voltage across the capacitor in the interface circuit was fixed to 33V, this voltage being the minimal voltage 𝑉𝑉 𝑚𝑚𝑚𝑚𝑛𝑛 of the cycle. The device was excited at its natural frequency with an acceleration big enough to make the mobile part do the complete travel range of ±200µm. The obtained QV cycle was depicted in Fig. 7.

Quasi-adiabatic processes going from states ① → ② and ③ → ④ are not ideal adiabatic processes due to parasitic capacitances in the interface circuit. An ideal adiabatic processes would keep the variable capacitor charge constant.

During the quasi-isopotential processes between states ② → ③ and ④ → ① the variable capacitor exchanges charge with the capacitors in the interface circuit. In the process ④ → ① the variable capacitor extracts charge 𝛥𝛥𝛥𝛥 from the interface circuit at the minimal voltage 𝑉𝑉 𝑚𝑚𝑚𝑚𝑛𝑛 when the interface capacitors are in parallel. From ② → ③ the variable capacitor injects charge 𝛥𝛥𝛥𝛥 to the interface circuit at the maximal voltage 𝑉𝑉 𝑚𝑚𝑚𝑚𝑚𝑚 .

The process ② → ③ and ④ → ① are not ideal isopotential processes due to the fact that the interface circuit uses capacitors to bias the variable capacitor. As the variable capacitor exchanges charge with the interface circuit, it changes the voltages in the interface circuit capacitor too. This change in voltage is the reason there is a slope in processes ② → ③ and ④ → ①.

Each QV cycle, the variable capacitor gets 𝑉𝑉 𝑚𝑚𝑚𝑚𝑛𝑛 𝛥𝛥𝛥𝛥 energy from the interface circuit and injects back a higher energy 𝑉𝑉 𝑚𝑚𝑚𝑚𝑚𝑚 𝛥𝛥𝛥𝛥 into the circuit. The difference in energy comes from the work done by the mobile part during ① → ② to decrease the MEMS capacitance.

The harvested power can be estimated by averaging the instantaneous power going out of the variable capacitor. Instantaneous power is obtained by computing the product of the voltage and current across the variable. The instantaneous power positive peak corresponds to the injection of charge into the interface circuit at 𝑉𝑉 𝑚𝑚𝑚𝑚𝑚𝑚 , the negative peaks correspond to energy exchanges at 𝑉𝑉 𝑚𝑚𝑚𝑚𝑚𝑚 .

We get the average power by averaging through time the instantaneous power, as depicted in Fig. 8 the energy harvester injects a net positive power to the interface circuit. The average harvested power is 7.43 µW working at 𝑉𝑉 𝑚𝑚𝑚𝑚𝑚𝑚 = 33 𝑉𝑉 and full displacement travel range. 

CONCLUSIONS AND DISCUSSION

The fabrication and characterization of the device designed in [START_REF] Ambia | Design and Simulation of an Electrostatic Energy Harvester for Biomedical Implants[END_REF] was presented. The device harvested an average power of 7.43 µW for 0.03 m/s 2 RMS sinusoidal external excitation at 57,22 Hz.

The device has not been yet tested in final application conditions, in which the heartbeat acceleration is not sinusoidal nor stationary. The orientation with respect gravity field might also decrease the change of capacitance.

All considerations described above might decrease the harvested power for the LPM. Nevertheless, the harvested power can be increased by using a better suited interface circuit with optimal ratio 𝑉𝑉 𝑚𝑚𝑚𝑚𝑚𝑚 /𝑉𝑉 𝑚𝑚𝑚𝑚𝑚𝑚 related to the 𝐶𝐶 𝑚𝑚𝑚𝑚𝑚𝑚 /𝐶𝐶 𝑚𝑚𝑚𝑚𝑚𝑚 ratio obtained in the considered use case [START_REF] Galayko | Capacitive energy conversion with circuits implementing a rectangular charge-voltage cycle-part 1: Analysis of the electrical domain[END_REF].

For this purpose, the generalized series-parallel family of circuits introduced in [START_REF] Karami | Series-parallel charge pump conditioning circuits for electrostatic kinetic energy harvesting[END_REF] allow voltage ratios 𝑉𝑉 𝑚𝑚𝑚𝑚𝑚𝑚 /𝑉𝑉 𝑚𝑚𝑚𝑚𝑚𝑚 bigger than two. For the presented device, the best suited circuit would be a series-parallel switching circuit of four capacitors.

The size of the device allows to place two harvesters in the implant, making thus possible to increase the harvested power by a factor of two.

The harvester actually meets the average power consumption of LPMs under excitation conditions that are not the same as in the final application. There is still room for improvement of the presented device by optimizing the available space for the variable capacitor combs.

Ongoing works aim at implementing the improvements mentioned above. The improved device will be then tested in ex-vivo in conditions that will emulate the real LPM environment.
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 3 Figure 3: MEMS device after gluing the tungsten mass.
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 4 Figure 4: Experimental and FEM Force-Displacement relations.
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 5 Figure 5: Measured frequency mechanical response for different acceleration amplitudes.
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 6 Figure 6: Capacitance as a function of the mobile part displacement.
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 7 Figure 7: Charge-Voltage cycle (QV cycle).
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 8 Figure 8: Instantaneous and average power in the variable capacitor.
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