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INTRODUCTION

The use of organic materials to develop flexible microelectronic devices such as electronic paper, touch screens, solar cells, and wearable electronics is now widely described. However, new functional materials, being actuators and/or sensors, are still expected to be developed and fully integrated into flexible MEMS. Polymeric actuators, such as electroactive polymers [START_REF] Jung | Artificial annelid robot driven by soft actuators[END_REF], electrothermal actuators [START_REF] Nguyen | A polymeric microgripper with integrated thermal actuators[END_REF], and magnetic actuators [START_REF] Chong | Elastic magnetic membrane for improved mixing in microwells[END_REF] are then increasingly studied to be used and potentially integrated into flexible microstructures. The mechanical sensing components also need to be considered since they allow feedback control. Materials with dual functionality should be thus favored to simplify the fabrication and integration processes, as only one material would have to be considered.

For flexible electronic circuits, electronic conducting polymers (ECPs) like commercially available poly (3,4ethylenedioxythiophene):polystyrene sulfonate (PEDOT: PSS), deposited with various techniques are widely studied to enhance its electronic conductivity. Moreover, ECPs have been also considered for their potential dimensional changes under electrical stimulation. This actuation functionality is generated by the ion expulsion/inclusion motions during an oxidation and reduction process in the presence of an electrolyte [START_REF] Baughman | Conducting polymer artificial muscles[END_REF]. Additionally, they can operate in reverse mode as strain/force sensors, when mechanical stimulation is converted into an electrical response [START_REF] Wu | Soft Mechanical Sensors Through Reverse Actuation in Polypyrrole[END_REF]. ECPs with a bilayer structure have been first studied. The integration of an ECP-based bilayer actuators operating only in an electrolyte liquid is published in 2000s [START_REF] Jager | Microrobots for Micrometer-Size Objects in Aqueous Media: Potential Tools for Single-Cell Manipulation[END_REF]. To operate in air, trilayer structures combining two ECPs sandwiched a supporting polymer membrane are fabricated. Ions necessary for redox process were introduced to the system by swelling in ionic liquid. Among supporting polymer used layers we can find polyvinylidene fluoride PVDF membrane [START_REF] Khaldi | Bottom-up microfabrication process for individually controlled conjugated polymer actuators[END_REF], interpenetrating polymer networks (IPNs) like polytetrahydrofurane/poly(ethylene oxide) PTHF/PEO [START_REF] Plesse | Polyethylene oxidepolytetrahydrofurane-PEDOT conducting interpenetrating polymer networks for high speed actuators[END_REF] or nitrile butadiene rubber/poly(ethylene oxide) NBR/PEO [START_REF] Festin | Robust solid polymer electrolyte for conducting IPN actuators[END_REF]. For these configurations, PEO promotes the high ionic conductivity while elastomer (NBR or PTHF) improves the mechanical properties of the middle matrix. However, to our knowledge, no result has been obtained so far for a fully integrated ionic trilayer electroactive polymer proving actuation and sensing capabilities. All the previous studies concerning the integration of ECP-based microactuators operating in air have been reported with manual handling steps [START_REF] Jager | Patterning and electrical interfacing of individually controllable conducting polymer microactuators[END_REF][START_REF] Khaldi | Bottom-up microfabrication process for individually controlled conjugated polymer actuators[END_REF], without integrated remote electrical contacts [START_REF] Khaldi | Bottom-up microfabrication process for individually controlled conjugated polymer actuators[END_REF][START_REF] Maziz | Top-down Approach for the Direct Synthesis, Patterning, and Operation of Artificial Micromuscles on Flexible Substrates[END_REF], and without a complete integration process [START_REF] Zhong | Development of polypyrrole based solid-state onchip microactuators using photolithography[END_REF].

Moreover, the most important advantages of these microtransducers (MTs) are: lightness, low cost and biocompatibility. They can be designed with complex shapes and can operate at low voltage (1-2 V). Besides, they are versatile since they can operate in liquid, in air and even in low pressurized environments. Because of all these advantages, they are promising candidates to enable a broad range of applications for a new generation of flexible microsystems. Large strains and forces with sensing capabilities are indeed required in several fields such as microrobotics and biomedical applications.

In this work, we present the fabrication of PEDOT:PSS-based MTs fully integrated into soft microchip and their characterization as actuator and sensor.

MATERIAL AND INNOVATIVE PROCESS

Materials

The NBR/PEO IPN has been used as supporting polymer membrane. PEDOT:PSS commercially dispersion (Clevios PH1000) was chosen as an electrode material to fabricate MTs. Polyethylene glycol methacrylate derivatives (mPEG) has been used as reactive 

f) SU-8 encapsulation for final flexible microchip and XeF2 vapor-phase etching of the Si wafer. The final prototype is the backside view of the previous step. g) Different prototypes incorporating conducting polymer-based MTs individually addressable in a flexible chip with gold remote contacts. h) Micro-grippers prototypes with three fingers and a wrist.

additive and directly incorporated into the PEDOT:PSS dispersion. mPEG has been chosen as additive because PEO based additives have been reported as an enhancement for electronic conductivity due to the morphological modifications of the conducting polymer layer. As a consequence, the electronic conductivity of the pristine PEDOT:PSS electrode is only 1 S.cm -1 and reaches a maximum value of 163 S.cm -1 for 40% PEO, both previously swollen in electrolyte. Moreover, the ionic conducting promotion of PEO phase allows for better ion transport and exchange between the electroactive PEDOT domains and the electrolyte 1-ethyl-3-methylimidazolium bis(trifluoro-methanesulfonyl)imide (EMImTFSI). Finally, the reactive nature of mPEG additives, via the methacrylate functions enhances the mechanical properties of the PEDOT:PSS electrodes and improves the adhesion between the electrodes and the ionic conducting membrane NBR/PEO due to covalent co-bonding. Final MTs are obtained after swelling the trilayers during 72 h in ionic liquid.

Microfabrication of flexible chip including polymeric transducer

To integrate ECP-based MTs into flexible chip, photolithography, gold evaporation and dry etching are used with 8 steps of mask. The prototypes are fabricated on 2 inches' double-side polished silicon substrates, with a thickness of 150 µm. A first gold electrode of 500 nm is obtained by evaporation and lift-off (Fig. 1a). The synthesis of the trilayer actuators is performed by stacking PEDOT:PSS/PEO, NBR/PEO and PEDOT:PSS/PEO layers with 8 µm and 10 µm thicknesses respectively, as described in [START_REF] Rohtlaid | PEDOT:PSS/PEO electrodes with improved electrical and electro-chemical properties for soft microactuators and microsensors[END_REF] (Fig. 1b). A hard mask of gold layer is patterned to define the shape of the transducer etched with a reactive ion etching (RIE) using O2/CF4 gas at 90/10 ratio [START_REF] Khaldi | Conducting interpenetrating polymer network sized to fabricate microactuators[END_REF] (Fig. 1c). Then SU-8 photoresists (2 µm) are used as insulator to avoid short-circuit between both layers of PEDOT:PSS/PEO (Fig. 1d), after the deposit of the bottom gold remote contact. Next, a last gold layer (500 nm) is deposited by evaporation for the bottom remote contact and patterned by ion beam etching (IBE) (Fig. 1e). To be manipulated, the microactuators are encapsulated with SU-8 layer with a thickness defined as a function of the desired flexibility. Finally, the microactuators are released by etching all the silicon wafer, using vapor phase XeF2 etching cycles (Fig. 1f). Remote contacts address each MT in the same microchip for actuation and/or sensing. MTs 2D geometry can be tuned at will.

The originality of the manufacturing process lies in different aspects. Firstly, the process needs to consider the hygroscopicity of the PEDOT:PSS, meaning that no waterbased medium can be used after manufacturing the MT.

Therefore, the negative SU-8 photoresist remains as the only usable photoresist. The wet chemical etching is avoided for the same reason. Secondly, a continuous electrical remote contact from the Si wafer to the top of the MTs, 26 μm higher, is performed. Owing to an intermediate SU-8 insulating layer, no short circuits were observed on our microchips. Finally, the flexible microchips are provided with self-standing MTs fully integrated, individually addressable, with different shapes like combs (Fig. 1g), membranes, micro-grippers (Fig. 1h) and could be easily hybridized to another flexible microsystem.

EXPERIMENTAL RESULTS

Young's modulus

Stiffness measurements of the MT beams were carried out with the microrobotic system FT-RS1002 and a microforce sensing probe FT-S1000 (Femtotools). The tip of the sensing probe was in contact with a beam at the distance of 2 mm from the encapsulated base of the MT. The displacement was applied and the resulting force was recorded. The Young's modulus is calculated following the formula below: E = 4kL 3 /(wh 3 ) (1) where k is the slope of the recorded force and the displacement curve, L is the distance between the clamped point of the beam and the tip of the force sensor, w and h are the width and thickness of the beam respectively. The Young's modulus of the integrated MT is measured to be 3 GPa. This value can be compared to a nonintegrated MT which is 1 GPa (cut by laser [START_REF] Rohtlaid | PEDOT:PSS/PEO electrodes with improved electrical and electro-chemical properties for soft microactuators and microsensors[END_REF]), meaning that the process modifies its mechanical properties.

Strain difference, blocking force and sensing

The actuation characterizations were performed as a function of positive voltage (Vin) step during the required time to obtain the maximum of the displacement or the blocking force. At 1.5 V the rise time of the strain difference is more than 18 min (1131 s). This value is explained by the very slow migration of ions. In comparison, for the same Vin, the rise time in blocking force is only of 108 s. The ion migration continues beyond this time but the speed is so slow that it produces variations of forces lower than the sensitivity of our microforce sensing probe (<µN). The figure 3 shows that rise time increases when the Vin decreases as expected. Beyond 1.75 V, the degradation of the performances is observed in particular when Vin is applied during a long time. The measurements are made from the highest Vin to the lowest because of the memory effect of these materials. The performances depend on the previous state of the material.

The strain difference ε was calculated according to Sugino et al equation [START_REF] Sugino | Actuator properties of the complexes composed by carbon nanotube and ionic liquid: The effects of additives[END_REF] and reaches, linearly with Vin, the value of 1.1 % at 1.75 V (Fig. 2a) for an integrated MT. For laser patterned microactuators (1374 µm of width), a value of 1.8 % is reached for the same thickness, without integration step or integrated electrical connections. Moreover, the variations of the blocking force as function of Vin is linear from 0.5 V to 1.5 V. The PEDOT:PSS-based MT beam demonstrated a maximum output force of 215 µN (Fig. 2b). These results prove that the microfabrication process does not extensively damage the resulting microbeams in comparison with MTs obtained by laser cutting without integration. Moreover, sensing capabilities were evaluated by measuring the potential difference between the two ECPs of a microbeam after applying a strain. A high-precision three-axis piezoelectric manipulation unit with integrated optical encoders (FT-RS1002) is used to measure simultaneously the displacement and the force applied with the microforce sensing probe (Fig. 4a). A maximum output voltage of 0.4 mV when a mechanical strain of 0.58 % was applied (corresponding to a force of 400 µN applied at 2 mm of the clamping point) (Fig. 4b). Such performance has never been achieved on so small and fully integrated MTs.

CONCLUSION

This paper proposes a successful microfabrication process to integrate small air operating PEDOT:PSS-based MTs for a flexible microchip. Integrated gold connections are in contact with the MT top and bottom electrodes to individually control each addressable MT. An innovative based on conventional techniques has demonstrated the integration of freestanding polymeric MTs with different shapes like combs, bridges, membranes. Microbeam actuation was successfully evaluated by a strain difference of 1 % and a blocking force of 215 µN at 1.5 V demonstrating the best achieved performance at this size. Moreover, sensing measurements were performed on the same microbeams, resulting in a maximum output voltage of 0.4 mV with a mechanical strain of 0.58 %. These are the first measurements performed on such small microbeams. The flexibility of the microchips can be tuned by changing the thickness of the last SU-8 photoresist used during encapsulation. These microchips could be easily hybridized with other flexible or non-flexible microsystems such as microfluidic channels, parts of a micro and nanorobots or in optoelectronic components. 

Figure 1 :

 1 Figure 1: Schematic representation of the main steps process for the integration of PEDOT:PSS-based actuator in soft structure. a) Au top electrode on Si wafer. b) Trilayer fabrication and Au evaporation. c) IBE of Au for hard mask. d) RIE for trilayer pattern, then IBE of hard mask and SU-8 used as insulator. e) Au bottom electrode. f) SU-8 encapsulation for final flexible microchip and XeF2 vapor-phase etching of the Si wafer. The final prototype is the backside view of the previous step. g) Different prototypes incorporating conducting polymer-based MTs individually addressable in a flexible chip with gold remote contacts. h) Micro-grippers prototypes with three fingers and a wrist.

Figure 2 :

 2 Figure 2: Measurements on one microbeam (width 728 µm, thickness 24.5 µm) of an integrated PEDOT:PSS-based microtransducer. a) % strain difference and b) blocking force as a function of DC applied voltage from 1.5 to 0.25 V (error bars are smaller than the point size). In insert: microbeam embedded in SU-8 actuated with a Vin of 1.75 V applied on the remote gold contacts.

Figure 3 :

 3 Figure 3: Blocking force rise time as function of the applied Vin measured on a microbeam (w=728 µm, h=24.5 µm) after full integration.

Figure 4

 4 Figure 4: a) Force applied on a microbeam for a mechanical displacement of 500 µm and the measured sensing voltage response. b) Sensing voltage (∆V) as function of strain difference (%) or applied force (µN). Measurement at 2 mm from the SU-8 encapsulation.
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