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The conversion of vibrations into electrical energy for powering low-power small electronic components has been investigated by researchers from different disciplines in the last decade. Among the possible mechanisms, piezoelectricity has received particular attention. In the field of low frequency cantileverbased vibration energy harvesters, the proof mass is essential in order to reduce the resonance frequency and increase the stress along the beam to increase the output power. In this work, a manufacturing process of a micro generator is proposed to easily modify and increase the dimensions of the cantilever, and thus tune its resonance frequency. The effect of the position of the mass on the performances of this flexible piezoelectric energy harvester is also studied. For a proof mass at 8 cm from clamping, we obtain a resonance frequency of 9.9 Hz, a maximum power of 127 μW against a resonance frequency of 16 Hz and a maximum power of 72 μW with a mass at 4 cm. This shows that the maximum power extracted varies in for a constant acceleration of 1 g (9.81 m/s 2 ), as expected theoretically. These ≅ 1 ! promising results show that the prototype can be considered for a low power application as an energy harvesting-based micro-generator.

Introduction

Nowadays, connected sensors are an integral part of our daily lives, present in transport management, industrial maintenance, health, home automation, military and space. They are sometimes spread by hundreds over large distances, facing a harsh environment or simply difficult to access. In this sense, the goal is to replace or at least recharge the batteries needed to power these sensors with ambient and renewable energy sources. Vibration is one of the mechanical phenomena with high potential for energy harvesting because it is widespread and easily accessible. Walking [START_REF] Qian | Piezoelectric energy harvesting from human walking using a two-stage amplification mechanism[END_REF], dancing [START_REF] Paulides | Human-powered small-scale generation system for a sustainable dance club[END_REF] or using the vibrations produced by the road traffic or wind flow [START_REF] Hwang | Watts-level road-compatible piezoelectric energy harvester for a self-powered temperature monitoring system on an actual roadway[END_REF] are some examples of energy harvesting projects.

For vibratory energy harvesting, there are currently four basic types of mechanical-to-electrical energy conversion systems based on different transduction mechanisms: electromagnetic [START_REF] Zhang | Hybridized Electromagnetic-Triboelectric Nanogenerator for Scavenging Biomechanical Energy for Sustainably Powering Wearable Electronics[END_REF][START_REF] Fan | A nonlinear two-degree-of-freedom electromagnetic energy harvester for ultra-low frequency vibrations and human body motions[END_REF][START_REF] Ahmed | Power generation by a thermomagnetic engine by hybrid operation of an electromagnetic generator and a triboelectric nanogenerator[END_REF], electrostatic [START_REF] Miki | Large-amplitude MEMS electret generator with nonlinear spring[END_REF][START_REF] Zhang | Micro electrostatic energy harvester with both broad bandwidth and high normalized power density[END_REF], triboelectric [START_REF] Tang | A Two-Degree-of-Freedom Cantilever-Based Vibration Triboelectric Nanogenerator for Low-Frequency and Broadband Operation[END_REF][START_REF] Liu | Integrated charge excitation triboelectric nanogenerator[END_REF] and piezoelectric transducers [START_REF] Palosaari | The effects of substrate layer thickness on piezoelectric vibration energy harvesting with a bimorph type cantilever[END_REF][START_REF] Upadrashta | Nonlinear piezomagnetoelastic harvester array for broadband energy harvesting[END_REF][START_REF] Fan | A monostable piezoelectric energy harvester for broadband low-level excitations[END_REF]. Electromagnetic and electrostatic generators have a large production capacity, however they are more difficult to miniaturize. This makes their application more restricted compared to piezoelectric transducers. By their nature, piezoelectric materials effectively convert mechanical stress/strain into electricity. This is the reason why piezoelectric materials are widely studied for vibration energy harvesting.

With regard to piezoelectric thin films, several materials such as Pb(Zr,Ti)O 3 (PZT), ZnO and AlN have been widely studied [START_REF] Won | Flexible vibrational energy harvesting devices using strain-engineered perovskite piezoelectric thin films[END_REF][START_REF] Tao | Piezoelectric ZnO thin films for 2DOF MEMS vibrational energy harvesting[END_REF][START_REF] Yang | Resonant Properties of a T-sbape Aluminum Nitride Piezoelectric Structure for MEMS Device[END_REF]. However, owing to its outstanding ferroelectric and piezoelectric properties, PZT is the most attractive candidate for the energy harvesting.

Recently, researchers have focused on the development of piezoelectric thin films on flexible substrates with a low-cost manufacturing process. This way, the lightness of the micro-generator is preserved and makes it sensitive to the air flow.

In our laboratory, thin films of lead zirconate titanate (PZT) have been prepared using a chemical deposition process on a flexible metal substrate: a commercial aluminium foil (Al) with a thickness less than 20 μm was used [START_REF] Seveno | Ultra light tunable capacitor based on PZT thin film deposited onto aluminium foil[END_REF] to create the metal-insulator-metal (MIM) structure (Fig 1-a).

To evaluate the harvested power, which corresponds to the power dissipated in the load resistor R for a frequency f, the piezoelectric micro-generator is basically modeled by a current generator delivering a piezoelectric current , in parallel with a linear capacitance C.

" 0 The power is given by the following expression:
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To obtain a higher harvested power, we use interdigitated electrodes (IDE structure), shown in [START_REF] Dufay | New process for transferring PZT thin film onto polymer substrate[END_REF].

To realize this IDE structure, PZT films must be separated from the aluminium foil acting as a ground plane. The solution is to use polymer materials as PZT substrates which present a flexibility and a natural insulation. However, the major drawback with these soft polymers is their low resistance against thermal treatment which does not allow the direct deposition of PZT. The solution used by Park and al. [START_REF] Park | Highly-Efficient, Flexible Piezoelectric PZT Thin Film Nanogenerator on Plastic Substrates[END_REF] consists in depositing PZT thin film on a sapphire for the crystallization. Then, by a laser lift-off process (LLO), they could transfer the film to a polymer sheet. However, this method may be difficult to transfer to the industry for mass production. In a previous work, we have reported another technique [START_REF] Dufay | New process for transferring PZT thin film onto polymer substrate[END_REF] which has consisted in depositing the PZT on an aluminum foil and transferring this layer to a flexible and insulating polymer. Then, the thick (~16 µm) aluminium foil must be chemically etched before finally depositing IDE electrodes on the PZT side previously in contact with Al foil by sputtering.

This article presents a simplified manufacturing procedure based on the method developed in [START_REF] Dufay | Energy Harvesting using a Lead Zirconate Titanate (PZT) Thin Film on a Polymer Substrate[END_REF], allowing to easily adapt the cantilever-shaped micro-generator to a vibration source for an energy harvesting application. For this, the PZT is transferred to a polymer only at the last step of process and the IDE electrodes are realized on the free aluminium PZT side. Besides, it allows to easily modify and increase the dimensions of the cantilever (i.e. the dimensions of the polymer sheet) and thus tune its resonance frequency. The characterizations of the piezoelectric micro-generator were carried out for a linear mass distribution. It is found that the energy harvesting performances of the developed microgenerator, associated with high flexibility and robustness yields interesting compromise for wind flow (aeroelastic) energy harvesting applications in view of establishing self-powered communicating systems.

The article is organized as follows. In the first section, the context of this study is introduced, followed by the second section which presents the general theory of an inertial system. The third part describes the realization of a micro-generator. The fourth section reviews the results obtained according to the position of the mass and the conclusions are drawn in the last section. When the rigid housing is subjected to a sinusoidal external vibration , the moving *(+) = ,sin (-+) mass m makes a relative displacement with respect to the housing. The equation of motion of the .(+) mass is given by: The relative displacement in steady state is then expressed as:

GENERAL THEORY OF INERTIAL SYSTEM
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where is the phase angle given by 4 5
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The extracted energy is maximum when the excitation frequency corresponds to the resonance frequency of the system , given by [START_REF] Williams | Analysis of a micro-electric generator for microsystems[END_REF]:
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The power dissipated by the transduction mechanism and electric is given by [START_REF] Williams | Analysis of a micro-electric generator for microsystems[END_REF]:
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with reduced total damping defined by .
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At the resonance frequency ( ), the maximum power [START_REF] Beeby | Energy harvesting vibration sources for microsystems applications[END_REF] is given by:
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where A is the amplitude of the acceleration as . , = = -2

The maximum electrical power extracted for this device is computable by separating in the reduced damping the terms of mechanical origin of the electrical terms . Equation ( 8) gives the : ' : ( : ) expression of the maximum electrical power that can be extracted from a resonant system which # ), (;< pulsation is equal to the pulsation of the input vibrations [START_REF] Beeby | Energy harvesting vibration sources for microsystems applications[END_REF]:
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The power increases by maximizing the mass. It should be noted that, generally, the more the angular frequency ω increases, the more the amplitude A of the acceleration decreases. Moreover, an excessive device amplitude can lead to nonlinear behavior and introduce difficulties in keeping the generator operating at resonance.

Finally, for a fixed level of acceleration, the output power is inversely proportional to the resonance frequency of a generator and hence it is generally preferable to operate at the lowest fundamental frequency within the available spectra.
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FABRICATION PROCESS

The fabrication techniques mainly involve PZT thin films preparation on commercial aluminum foil, the photolithography step and transfer onto polymers. Most of the process steps were done in a standard clean room environment. The basic fabrication process for the PZT micro-generators is described in . In this article, the PET is cut into a beam shape 11 cm long and 2.2 cm wide to have a resonance frequency of less than 20 Hz. These large dimensions could be achieved only thanks to the modified fabrication process in comparison with previous work [START_REF] Dufay | Energy Harvesting using a Lead Zirconate Titanate (PZT) Thin Film on a Polymer Substrate[END_REF]. In the latter case (Fig 5 (a)), the final size of the piezoelectric generator was limited (2.5 cm x 2.5 cm) because the IDE realization step is carried out after PZT transfer onto the polymer substrate. As a matter of fact, the surface area of the sample must be small enough to achieve homogenous deposition the photosensitive resin by spin coating under high speed rotation. In the present study, the IDE electrode pattern (steps d and e in Fig. 3) is achieved before the realization of the PET/epoxy/PZT trilayer (steps f, g and f in Fig. 3). Thus, the advantage of this process compared to [START_REF] Park | Highly-Efficient, Flexible Piezoelectric PZT Thin Film Nanogenerator on Plastic Substrates[END_REF] and [START_REF] Dufay | Energy Harvesting using a Lead Zirconate Titanate (PZT) Thin Film on a Polymer Substrate[END_REF] are the larger dimensions and the shape tunability that can be given to the generator. Finally, thin copper wires were fixed onto metal terminals by conductive paste and a poling process was performed at 100 °C onto a hot-plate under an applied DC electric field of 100 kV/cm for approximately 2 hours.

Cross-section image of the micro-generator were realized (Fig 6 ) to show the good bonding between PZT and PET and the encapsulation of the IDE. The two diagrams are nearly identical except for the substrate peaks. Indeed, the main peak of aluminum is replaced by the peak of PET, but the position of all PZT remain unchanged. Since the base surface is not perfectly flat in both cases, a slight shift in 2Θ angle is observed. These XRD diagrams confirm that the quality of the PZT layer is maintained after the transfer.

(a) (b) 

EXPERIMENTS

Experimental setup

The experimental setup used to measure the harvested electric power generated by mechanical vibrations is shown in Frequency and voltage responses were recorded for the linear mass distribution with an acceleration of 1 g (9.81 m/s 2 ) and load resistances of 1, 5, 10, 50, 100 with voltage probe and 200 and 500 MΩ with voltage divider bridge.

Experimental results

Fig [START_REF] Palosaari | The effects of substrate layer thickness on piezoelectric vibration energy harvesting with a bimorph type cantilever[END_REF] shows the frequency dependence of the output voltage of the piezoelectric generator across a fixed resistive load (R LOAD =100 MΩ) induced by sinusoidal mechanical excitation at frequencies ranging from 8 Hz to 21 Hz for linear mass distribution. As expected, the different mass positions modify the resonance frequency. For a mass at 8 cm from the clamping, the maximum peak voltage is located at 9.9 Hz, which is the resonance frequency of the system for this configuration. One can also observe that the resonance frequency increases (10.5 Hz, 11.3 Hz, 12 Hz, 12.8 Hz, 13.6 Hz, 14.6 Hz, 15.3 Hz and 16 Hz) when the distance of the mass distribution relative to the attachment point decreases (7.5 cm, 7 cm, 6.5 cm, 6 cm, 5.5 cm, 5 cm, 4.5 cm and 4 cm). In this way, the micro-generator can operate in a frequency range from 9.9 Hz to 18 Hz.

Another characterization has been realized by measuring the output voltage U R for five different load resistances at a fixed frequency (9.9 Hz), corresponding to the resonance for the proof mass positioned at 8 cm (Fig. 12). This experiment was repeated for all the positions of the mass and the respective resonance frequency of the beams for an acceleration of 1 g (Fig. 13). From these measurements, it can be deduced the values of the voltage, and the harvested power P • through the load resistance R by the use of the equations ( 10) and ( 11), theoretical curves have been obtained by the use of equations ( 9) to [START_REF] Palosaari | The effects of substrate layer thickness on piezoelectric vibration energy harvesting with a bimorph type cantilever[END_REF].
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The theoretical curves and experimental data of output voltage, current and power for a mass at 8 cm are plotted (Fig 12) with the five experimental measurements made with load resistances of 1, 5, 10, 50, 100, 200 and 500 MΩ. A good agreement between the experiment and the theory is observed. Thus, the load resistance value yielding maximum power is consistent with the calculated value %&' = 1 2()" obtained by deriving the expression of power [Eq. [START_REF] Qian | Piezoelectric energy harvesting from human walking using a two-stage amplification mechanism[END_REF]] with respect to . The theoretical optimal resistance value is 280 MΩ at 9.9 Hz since the sample exhibits a very weak %&' = The open-circuit voltage delivered by the generator varies according to the position of the mass. It reaches about 360 V for a mass at 8 cm, to go down to 220 V with a mass at 4 cm. This causes a decrease in the maximum power of the micro-generator Fig 14. These figures highlight the influence of the mass on the beam for the energy harvesting and in particular on the excitation frequency as well as the voltage.

Fig [START_REF] Tao | Piezoelectric ZnO thin films for 2DOF MEMS vibrational energy harvesting[END_REF] shows the evolution of the resonance frequency of the beam and the maximum harvested power according to the position of the mass. Thus, the resonance frequency increases and the maximum power decreases as the mass approaches the clamp. This shows that the maximum power extracted varies in ≅ for a constant acceleration of 1 g with a damping factor of 0.014, as expected theoretically with
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equation ( 8) [START_REF] Beeby | Energy harvesting vibration sources for microsystems applications[END_REF]. In order to demonstrate the ability of a single micro-generator to harvest power from small vibration sources, the piezoelectric cantilever was subjected to a point excitation by human finger. Fig 16 shows the real time voltage response obtained following three consecutive punctual cantilever deflections. For each punctual excitation, two phases are present, the bending phase which induces a low voltage of about 10V and a release phase which gives a peak voltage rise of about 300 V.

Finally, this unique micro-generator has also been tested for powering low-energy consumption micro electronic systems such as 110 commercial LED (C503D-WAN-CCBEB151) arrays. Besides, the number of LEDs used in the study has been chosen as a function of their forward voltage V F of 2.7 V which defines the voltage threshold required for the current to flow through the diode junction. With 110

LEDs the forward voltage is around 300V which is the limit that can be supplied with a micro-generator.

These latter were connected in series and could be directly powered up without rectifier and charge circuits. The micro-generator was connected to the 110 very bright white LEDs and was then slightly In the literature there is a wide range of piezoelectric generators for different low frequency energy harvesting applications (<20 Hz). Table 1 summarizes the main characteristics of flexible piezoelectric micro-generators found in the literature (including polymer/polymer and hybrid oxide/polymer bilayered structure) and allowing a comparison with the micro-generator developed in the present study.

It should be emphasized that the output power density depends on the shape of the harvester, the type of the mechanical excitation (force, acceleration), the input frequency and amplitude. Nevertheless, the collected data between 0.3 and 10 Hz still demonstrate the energy conversion with IDE configuration is more efficient than with MIM configuration and the harvested power density with the generator presented in this work is slightly higher than those reported in the literature. 

CONCLUSIONS

In this paper, we have developed and characterized a flexible piezoelectric cantilever-basedmicrogenerator for energy harvesting purposes. The system is composed of an active PZT thin film deposited onto a polymer substrate. The novelty of the study mainly resides in the fabrication technique which has been adapted to enable i) the PZT transfer to a polymer only at the last step of process and ii) the IDE electrodes on the free aluminium PZT side. Therefore, the dimensions of the cantilever (i.e. the dimensions of the polymer sheet) may be easily modified, yielding a beneficial tuning of its mechanical resonance frequency in order to optimize the energy conversion efficiency. The maximum output power was 127 μW, when the micro-generator was excited with a sinusoidal acceleration of 1 g at 9.9 Hz and a mass at 8 cm of clamping. The position of the mass on the beam makes it possible to vary the resonance frequency of the micro-generator allowing the generator to operate over a frequency range of 9.9 to 16 Hz. In this way, we can easily adjust it for harvesting applications, such as human motion having a frequency dominant bass (< 20 Hz). However, since the output power is inversely proportional to the natural frequency of the generator for a given acceleration, it is generally preferable to operate at the lowest available fundamental frequency. At last, in the field of low frequency and flexible piezoelectric energy harvesters, the study demonstrated that the output power density places the developed piezoelectric micro-generators at the state-of-the-art level. Thus, their efficient mechanoelectrical energy conversion, combined with their robustness and flexibility make these devices very attractive for wind flow energy harvesting. A specific target application could be the self-powering of lowconsumption communicating sensors for railway monitoring implemented for instance in unlit areas like tunnels, where power cannot be supplied by solar cells.
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 1 Fig 1 : Schema of the (a) MIM and (b) IDE structure[START_REF] Dufay | New process for transferring PZT thin film onto polymer substrate[END_REF].

2 )Fig 2 :

 22 Fig 2 : Schematics diagram of the generator, developed by Williams and Yates [21].

Fig 3 .

 3 The fabrication process starts with the deposition of PZT thin film on commercial aluminum foil by a chemical Solution Deposition (CSD) process. In order to prepare the precursor solution, lead acetate trihydrate [Pb(CH 3 CO 2 ) 2 , 2H 2 O] with a molar excess of 30 % is dissolved in acetic acid. An excess of lead is used in order to compensate the PbO loss during the annealing treatment due to the formation of volatile PbO. Zirconium [Zr(O(CH 2 ) 2 CH 3 ) 4 ] and titanate [Ti((CH 3 ) 2 CHO) 4 ] n-propoxides are then added to the solution in order to obtain the optimal composition[START_REF] Dufay | Transverse piezoelectric coefficient measurement of flexible lead zirconate titanate thin films[END_REF][START_REF] Seveno | Flexible PET/Al/PZT/Al/PET multi-layered composite for low frequency energy harvesting[END_REF], namely Pb 1.3 (Zr 0.57 ,Ti 0.43 )O 3 . In addition, Ethylene glycol [HO-CH 2 -CH 2 OH] is used to reduce the appearance of cracks during the crystallization of the films. The precursor solution is then deposited on the aluminum foil at 6000 rpm for 20 seconds by spin coating process, and each layer is annealed during 2 min in a preheated open air furnace at 650 °C. The deposition and annealing steps are repeated 9 times in order to get an overall thickness of the PZT film of 3 µm (Fig 3 (a)).

Fig 3 :

 3 Fig 3 : Process of manufacturing the micro-generator. (a) deposition of a thin layer of PZT on aluminum foil, (b) deposition of a photosensitive resin, (c) insolation and development of the photoresist, (d) deposition of a layer of gold on the entire surface of the sample, (e) detachment of the resin, (f) deposition of a layer of epoxy, (g) thermo-welding of a PET sheet, (h) etching of the substrate of aluminum, (i) encapsulation in PET.

Fig 4 :

 4 Fig 4 : (a) Scheme of the IDE design and (b) Photo of IDE.To achieve this structure, the PZT film and the IDE must be transferred to an insulating and flexible film polymer. To carry out the transfer of PZT to Polyethylene Terephthalate (PET) substrate, a SU-8 2005 epoxy photoresist adhesion layer (Fig3 (f)) is added by a spin-coating technique to ensure a good bonding between the PZT and the polymer substrate. It is possible to choose the thickness of this epoxy layer by modifying the rotational speed of the spin-coater. A speed of 4000 rpm yields a layer of approximately 7.5 μm. Thanks to the technique used, a good bonding is obtained between the PZT and the resin as well as the encapsulation of the interdigitated electrodes (IDE). The adhesion between the resin and the polymer substrate (PET) is easily achieved thanks to the good compatibility of these two layers. Interestingly, the epoxy layer also isolates the electrode from ambient air, thus providing protection against electric arcs during the polarization step.Once this layer has been deposited, the PZT with the IDE is transferred to the PET sheet with a thickness of 75 μm by thermal welding (Fig3(g)). The aluminum substrate is etched with ferric chloride [FeCl 3 ] (Fig 3 (h)). A second sheet of PET 320 μm thick is thermally welded to encapsulate the PZT and thus protect it (Fig3 (i)). The dimensions and shape of the PET sheets can be modified according to the source of vibration (Fig5 (b)). In this article, the PET is cut into a beam shape 11 cm long and 2.2 cm wide to have a resonance frequency of less than 20 Hz. These large dimensions could be achieved only thanks to the modified fabrication process in comparison with previous work[START_REF] Dufay | Energy Harvesting using a Lead Zirconate Titanate (PZT) Thin Film on a Polymer Substrate[END_REF]. In the latter case (Fig5 (a)), the final size of the piezoelectric generator was limited (2.5 cm x 2.5 cm) because the IDE realization step is carried out after PZT transfer onto the polymer substrate. As a matter of fact, the surface area of the sample must be small enough to achieve homogenous deposition the photosensitive resin by spin coating under high speed rotation. In the present study, the IDE electrode pattern (steps d and e in Fig.3) is achieved before the realization of the PET/epoxy/PZT trilayer (steps f, g and f in Fig.3). Thus, the advantage of this process compared to[START_REF] Park | Highly-Efficient, Flexible Piezoelectric PZT Thin Film Nanogenerator on Plastic Substrates[END_REF] and[START_REF] Dufay | Energy Harvesting using a Lead Zirconate Titanate (PZT) Thin Film on a Polymer Substrate[END_REF] are the larger dimensions and the shape tunability that can be given to the generator.

Fig 5 :

 5 Fig 5 : IDE micro-generator developed (a) by Dufay and al [20]. (b) in the present work.

Fig 6 :

 6 Fig 6 : Optical microscopy photograph of complete cross-section of micro-generator. The red line indicates the PET/PZT interface. The photos presented in Fig 7 show the PZT surface after transfer onto the PET substrate with and without the use of an adhesive layer of SU-8 epoxy. In Fig 7-a, no adhesive layer was used, we can see that the PZT exhibits several cracks. Conversely, in Fig 7-b, the PZT layer is intact. Indeed, the layer of SU-8 epoxy allowed to maintain the PZT layer and the electrode during the transfer, thus limiting the appearance of cracking. On these two images, the observed vertical bands are due to the rolling of the aluminum substrate and transferred onto the PZT.

Fig 7 :

 7 Fig 7 : Images of PZT layer after transfer onto polymer substrate (a) without SU-8 layer and (b) with SU-8 layer.

Fig 8 :

 8 Fig 8 : XRD patterns of PZT before and after transfer from aluminium substrate to PET substrate.

Fig 9 .

 9 The beam is clamped (Fig10 (a)) at one end in contact with the shaker (TMS K2007E01) controlled by a function generator, and free at the other end. The acceleration measurement is performed with a PCB Piezotronics 352C22 accelerometer with a sensitivity of 10 mV/g. The voltage across the micro-generator as well as the accelerometer is recorded using a Tektronix TBS 1052B-EDU oscilloscope. The length, width and height of the cantilever beam are 8.2 cm, 2.2 cm, 400 μm respectively.For this experiment, two magnetic proof masses (1 cm x 0.4 cm x 0.1 cm) of 0.3 g were arranged on each side of the beam at different distances from the clamp (8 cm, 7.5 cm, 7 cm, 6.5 cm, 6 cm, 5.5 cm, 5 cm, 4.5 cm and 4 cm) (Fig10 (b)), thus allowing to vary the resonance frequency of the device.
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 910 Fig 9 : Schematic of experimental setup.

Fig 11 :

 11 Fig 11 : Typical piezoelectric generator response for at frequencies ranging from 8 Hz to 21 Hz and linear mass distribution.

Fig 12 :

 12 Fig 12 : Voltage, current and power delivered by the micro-generator with a linear mass positioned at 8 cm and corresponding theoretical curves.
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 21314 Fig 13 : (a) Current and (b) voltage delivered by the micro-generator with a linear mass distribution.

Fig 15 :

 15 Fig 15 : Evolution of the maximum power delivered by the micro-generator according to the resonance frequency.

Fig 16 :

 16 Fig 16 : Voltage delivered by the micro-generator for punctual deformation at 100 MΩ.

Fig 17 :

 17 Fig 17 : (a) Photograph of the 110 commercial white LEDs arrayed in series (b) A snapshot showing the instantaneous lighting up when the micro-generator was released after slight bending by human finger.

  

  

  

  

Table 1 :

 1 Characteristics of flexible piezoelectric generators.

		Piezoelectric material [substrate]	Electrode	Active area	Excitation frequency	Power density
	Han and al. [26]	Polyvinylidene fluoride (PVDF) [ PET]	MIM	8 cm 2	10 Hz	3,84 µW/ cm 2
		PVDF				
	Chen [27]	[Polyimide	MIM	0.8 cm 2	1 Hz	375 nW/cm 2
		Kapton®]				
	Ma and al. [28]	PVDF [Mylar]	MIM	3.6 cm 2	5.13 Hz	4.33 µW/cm 2
	Do and al. [29]	PZT[PET]	MIM	1 cm 2	1.2 Hz	4.2 nW/cm 2
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