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Introduction

Piezo-resistive sensors operating in either compression or stretching mode are used in numerous practical applications such as structural health monitoring [START_REF] Zhang | Integrated damage sensing in fiber-reinforced composites with extremely low carbon nanotube loadings[END_REF][START_REF] Kirikera | A structural neural system for real-time health monitoring of composite materials[END_REF][START_REF] Nag-Chowdhury | Crossed investigation of damage in composites with embedded quantum resistive strain sensors (sQRS), acoustic emission (AE) and digital image correlation (DIC)[END_REF][START_REF] Lemartinel | Nanocomposites sprayed quantum resistive sensors (sQRS) for the structural health monitoring of composite windmill blades[END_REF][START_REF] Wichmann | Piezoresistive response of epoxy composites with carbon nanoparticles under tensile load[END_REF][START_REF] Li | Sensors and actuators based on carbon nanotubes and their composites: A review[END_REF], wearable electronic [START_REF] Tai | A highly sensitive, low-cost, wearable pressure sensor based on conductive hydrogel spheres[END_REF][START_REF] Servati | Novel flexible wearable sensor materials and signal processing for vital sign and human activity monitoring[END_REF][START_REF] Segev-Bar | Flexible sensors based on nanoparticles[END_REF][START_REF] Park | Design of conductive composite elastomers for stretchable electronics[END_REF], electronic skins [START_REF] Sokolov | Chemical and engineering approaches to enable Organic Field-Effect Transistors for electronic skin applications[END_REF][START_REF] Robert | Sensing skin for strain monitoring made of PC-CNT conductive polymer nanocomposite sprayed layer by layer[END_REF][START_REF] Chou | A chameleon-inspired stretchable electronic skin with interactive colour changing controlled by tactile sensing[END_REF][START_REF] Wang | Recent progress in electronic skin[END_REF][START_REF] Park | MoS2-based tactile sensor for electronic skin applications[END_REF], or motion monitoring [START_REF] Lee | A stretchable strain sensor based on a metal nanoparticle thin film for human motion detection[END_REF][START_REF] Wu | Three-dimensional highly conductive graphene-silver nanowire hybrid foams for flexible and stretchable conductors[END_REF][START_REF] Wang | High sensitivity, wearable, piezoresistive pressure sensors based on irregular microhump structures and Its applications in body motion sensing[END_REF][START_REF] Pang | Flexible, highly sensitive, and wearable pressure and strain sensors with graphene porous network structure[END_REF]. Many materials have been used to develop transducers such as metals, semiconductors and polymers. Among them, conductive polymer nanocomposites (CPC) are probably the most versatile candidates, especially for the design of piezo-resistive pressure sensors that require high flexibility, high sensitivity, and a wide range of response amplitude [START_REF] Kuang | A hierarchically structured graphene foam and its potential as a large-scale strain-gauge sensor[END_REF][START_REF] Pan | An ultra-sensitive resistive pressure sensor based on hollow-sphere microstructure induced elasticity in conducting polymer film[END_REF][START_REF] Choong | Highly stretchable resistive pressure sensors using a conductive elastomeric composite on a micropyramid array[END_REF][START_REF] He | Polypyrrole/silver coaxial nanowire aerosponges for temperature-independent stress sensing and stress-triggered Joule heating[END_REF][START_REF] Yeo | Triple-state liquid-based microfluidic tactile sensor with high flexibility, durability, and sensitivity[END_REF][START_REF] Zhang | Piezoresistive sensor with high elasticity based on 3D hybrid network of sponge@CNTs@Ag NPs[END_REF][START_REF] Tung | Enhancing the sensitivity of graphene/polyurethane nanocomposite flexible piezo-resistive pressure sensors with magnetite nanospacers[END_REF]. Apart from these specifications, a high durability of piezo-resistive characteristics upon cycling, a wide test scope under different applied mechanical conditions, and a simple process are necessary to make efficient and up-scalable pressure sensors. However, to satisfy the largest number of these requirements it is essential to focus on the control of the structure of the conducting architecture that will ensure an excellent stability with time.

To fabricate pressure sensors, CPC are usually synthesized by dispersing one or more electrically conductive nanofillers in a suitable insulating polymer matrix at contents above the percolation threshold. This quantity of filler at which an extrinsically conductive polymer composite system undergoes a transition from its insulating to conducting state has been formalized by MALLIARIS & TURNER [START_REF] Malliaris | Influence of Particle Size on the Electrical Resistivity of Compacted Mixtures of Polymeric and Metallic Powders[END_REF] who developped the theoretical percolation model based on the initial formation of infinite long-chain of metallic powder in the polymer matrix.

Following the power-law relationship, KIRKPATRICK [START_REF] Kirkpatrick | Percolation and conduction[END_REF] proposed the behavior of electrical conductivity above percolation threshold. Many studies have demonstrated that this theory works well with polymer composites filled with carbon nanotubes [START_REF] Grunlan | Water-based single-walled-nanotube-filled polymer composite with an exceptionally low percolation threshold[END_REF][START_REF] Feller | 25 -Polymer-carbon nanotube conductive nanocomposites for sensing BT -Polymer-Carbon Nanotube Composites[END_REF], carbon nanoparticles [START_REF] Ehrburger-Dolle | Percolation in carbon black powders[END_REF], metal particles [START_REF] Etemad | Geometry-defined electrical interconnection by a homogeneous medium[END_REF], and intrinsically conducting polymers in insulating polymer matrix [START_REF] Hotta | Conducting polymer composites of soluble polythiophenes in polystyrene[END_REF] or conducting polymer composite systems [START_REF] Bueche | Electrical resistivity of conducting particles in an insulating matrix[END_REF][START_REF] Nielsen | The thermal and electrical conductivity of two-phase systems[END_REF]. However, no such model alone predicts the percolation threshold of electrical conductivity. To overcome this challenge, RAHAMAN et al. [START_REF] Rahaman | A New Insight in Determining the Percolation Threshold of Electrical Conductivity for Extrinsically Conducting Polymer Composites through Different Sigmoidal Models[END_REF] recently investigated the percolation threshold of electrical conductivity by applying different sigmoidal models (Eq. 1). For example, conductivity data can be fitted in the sigmoidal BOLTZMANN Model:

Eq. 1 = + ( ∆ )
Where Y is the dependent parameter of electrical conductivity at the corresponding independent parameter that is the volume fraction of filler x. A1 and A2 are the initial and final values of electrical conductivity. ∆x is the slope which indicates the steepness of the curve and x0 is the x-axis value at the corresponding y-axis value equal to (Y1+Y2)/2.x0 indicates the value of percolation threshold.

The selection of the right polymer matrix with both suitable stretchability and excellent processability is also a crucial task. For this reason we have chosen in this study an elastomer such as thermoplastic poly(urethane) (TPU) that has been widely used in the fabrication of pressure sensors for its large elongation, shape memory and good affinity with carbon nanofillers [START_REF] Shang | High stretchable MWNTs/polyurethane conductive nanocomposites[END_REF][START_REF] Fan | The use of a carbon nanotube layer on a polyurethane multifilament substrate for monitoring strains as large as 400%[END_REF][START_REF]Selective localization of multi-walled carbon nanotubes in thermoplastic elastomer blends: An effective method for tunable resistivity-strain sensing behavior[END_REF] , nanoceramics [START_REF] Capsal | Piezoelectric sensing coating for real time impact detection and location on aircraft structures[END_REF] or silver nanowires (AgNW) [START_REF] Hu | Stretchable and magneto-sensitive strain sensor based on silver nanowire-polyurethane sponge enhanced magnetorheological elastomer[END_REF]. Moreover, it has been recently shown that porous conductive sponges or foams could be used as piezo-resistive sensors because of their good mechanical flexibility and conductivity [START_REF] Yao | A Flexible and Highly Pressure-Sensitive Graphene-Polyurethane Sponge Based on Fractured Microstructure Design[END_REF][START_REF] Catheline | Solutions of fully exfoliated individual graphene flakes in low boiling point solvents[END_REF][START_REF] Liu | Lightweight conductive graphene/thermoplastic polyurethane foams with ultrahigh compressibility for piezoresistive sensing[END_REF][START_REF] Trovati | Characterization of polyurethane resins by FTIR, TGA, and XRD[END_REF].

Among different carbon allotropes such as carbon nanoparticles (CNP, 0D), carbon nanotubes (CNT, 1D) and graphene (2D), have been witnessed as promising fillers to formulate CPC for pressure sensors. According to the literature, it has been reported that the morphology of conductive nanofillers, which significantly affects the architecture of the conductive network, was playing an essential role in the pressure sensing of CPC. For example, ZHAO et al. reported that the conductive network built from spherically shaped pre-aggregated carbon nanoparticles (CNP) was leading to an increase of amplitude of the piezo-resistive response during cyclic strain solicitations, while the opposite trend was obtained with a conductive network made of entangled CNT [START_REF] Zhao | A comparison between strain sensing behaviors of carbon black/polypropylene and carbon nanotubes/polypropylene electrically conductive composites[END_REF]. Compared with these nanofillers, 2D graphene nanofoils exhibit completely different morphological features, such as a very large specific surface, high flexibility, multipoint connectivity and resistive signals with attenuated noise [START_REF] Nag | Ultrasensitive QRS made by supramolecular assembly of functionalized cyclodextrins and graphene for the detection of lung cancer VOC biomarkers[END_REF]. In particular, its large specific surface could provide larger sensing area per unit volume which would enhance the sensitivity to pressure. Furthermore, highly sensitive pressure sensors with good reproducibility and low electrical noise could be produced due to its superior mechanical flexibility, high restorability and carrier mobility [START_REF] Liu | Electrically conductive thermoplastic elastomer nanocomposites at ultralow graphene loading levels for strain sensor applications[END_REF]. Recently, CPC made of stabilized dispersion of 2D graphene into a TPU matrix have demonstrated high recoverability and reproducibility even after thousands cycles of mechanical solicitations [START_REF] Tung | Enhancing the sensitivity of graphene/polyurethane nanocomposite flexible piezo-resistive pressure sensors with magnetite nanospacers[END_REF].

However, there is still a strong interest to develop flexible pressure sensors with tunable response patterns that can fit a wider range of applications. One of the most effective methods, is to use hybrid nanofillers resulting from the judicious combination of two or more nanomaterials in a polymer matrix. Though this method, distinct conductive networks which provide richer sensing behaviors than with single nanofiller-based nanocomposites can be constructed. In particular, the tunneling distance and the number of conductive pathways can be tuned by adjusting the conductive network structure and the nature of the interfacial interactions [START_REF] Lin | Towards tunable sensitivity of electrical property to strain for conductive polymer composites based on thermoplastic elastomer[END_REF][START_REF] Ponnamma | Synergistic effect of multi walled carbon nanotubes and reduced graphene oxides in natural rubber for sensing application[END_REF][START_REF] Gu | Strengthened magnetoresistive epoxy nanocomposite papers derived from synergistic nanomagnetitecarbon nanofiber nanohybrids[END_REF][START_REF] Lin | Modified resistivity-strain behavior through the incorporation of metallic particles in conductive polymer composite fibers containing carbon nanotubes[END_REF]. Apart from increasing the sensitivity to strain of nanocomposite transducers by acting on the disconnection ability of the conducting architecture resulting from the assembly of CNP and CNT, such as in poly(epoxide) [START_REF] Sumfleth | Synergistic effects in network formation and electrical properties of hybrid epoxy nanocomposites containing multi-wall carbon nanotubes and carbon black[END_REF] or TPU [START_REF] Lin | Towards Tunable Sensitivity of Electrical Property to Strain for Conductive Polymer Composites Based on Thermoplastic Elastomer[END_REF] matrices, a synergistic effect on the mechanical, electrical and thermal properties of polymer nanocomposites was also observed by several authors [START_REF] Keshri | Synthesis of aluminum oxide coating with carbon nanotube reinforcement produced by chemical vapor deposition for improved fracture and wear resistance[END_REF][START_REF]Self assembled graphene/carbon nanotube/polystyrene hybrid nanocomposite by in situ microemulsion polymerization[END_REF][START_REF] Palza | Electrical, Thermal, and Mechanical Characterization of Poly(propylene)/Carbon Nanotube/Clay Hybrid Composite Materials[END_REF][START_REF] Bilotti | Controlling the dynamic percolation of carbon nanotube based conductive polymer composites by addition of secondary nanofillers: The effect on electrical conductivity and tuneable sensing behavior[END_REF][START_REF] Zhao | Synergistic effect of carbon fibers on the conductive properties of a segregated carbon black/polypropylene composite[END_REF][START_REF] Szeluga | Synergy in hybrid polymer/nanocarbon composites. A review[END_REF][START_REF] Pradhan | Synergistic effect of three-dimensional multi-walled carbon nanotubegraphene nanofiller in enhancing the mechanical and thermal properties of high-performance silicone rubber[END_REF]. Graphene has also been found to improve the stability of a dispersion of CNT due to its large specific surface area [START_REF] Araby | Implication of multi-walled carbon nanotubes on polymer/graphene composites[END_REF] as already observed for clay nanoplatelets with CNP [START_REF] Feller | Influence of clay nanofiller on electrical and rheological properties of conductive polymer composite[END_REF]. CNT can also act as connectors between graphene nanofoils to reduce the gap between them and also act as separators to prevent their agglomeration in the silicone matrix of rubber nanocomposites [START_REF] Hu | Enhanced dispersion of carbon nanotube in silicone rubber assisted by graphene[END_REF]. As typically observed with elastomer-based CPC, hybrid conductive fillers lead to a single-peak piezo-resistive response for small strains [START_REF] Liu | Electrically conductive strain sensing polyurethane nanocomposites with synergistic carbon nanotubes and graphene bifillers[END_REF], whereas they exhibit a dual-peak response for larger strains, when changes in the direction of solicitation take place according to their POISSON's coefficient (ν). This behavior was also observed recently with TPU-based nanocomposites formulated with hybrids of branched carbon nanotubes (CNS) and graphene nanoplatelets (GNP), which exhibited a high gauge factor (GF = 144) without getting rid of the dual-peak [START_REF] Ke | Piezoresistive thermoplastic polyurethane nanocomposites with carbon nanostructures[END_REF]. The occurrence of dual-peak features in the piezo-resistive response is compromising the interpretation as there will be two different values of strain associated with the same value of relative amplitude, therefore strongly balancing the gain in gauge factor obtained. There is thus still a challenge in finding the right compromise between sensitivity and stability and processability of signals. Sensitivity can be increased by getting closer to the percolation threshold using different strategies such as volume exclusion, double phase or particle percolation [START_REF] Feller | 10 Electrically Conductive Nanocomposites[END_REF], but in this case the conducting architecture is more difficult to stabilize in a reproducible way experimentally. Moreover, an overly sensitive nanocomposite transducer could lead to noisy piezo-resistive signal which is difficult to analyze.

It was also reported that the pressure sensitivity suddenly dropped when increasing the measurement range. For example, the sensitivity of a hydrothermally compressed sponge (RGO-PU-HT-P) was 0.26 kPa -1 and 0.03 kPa -1 respectively, with pressure ranges from 0 to 2 kPa and from 2 to 10 kPa respectively [START_REF] Yao | A Flexible and Highly Pressure-Sensitive Graphene-Polyurethane Sponge Based on Fractured Microstructure Design[END_REF]. For a higher measurement range, PANG et al. presented that the sensitivity of GPN-PDMS composite was 0.9 kPa -1 and 0.007 kPa -1 respectively for the pressure ranges of 0 -1000 kPa and 1200 -1800 kPa respectively [START_REF] Pang | Flexible, highly sensitive, and wearable pressure and strain sensors with graphene porous network structure[END_REF].

In the state of the art, it seems that no systematic empirical approached has been used to adjust the synergy between nanocarbon fillers in order to optimize pressure sensing and resistance of the conducting architecture to transverse deformation in a large measurement range, such as from 0 to 8 MPa. Moreover, the development of reliable applications of graphene requires that some issues are overcome such as: 1) low cost mass-production, 2) reproducible and highquality properties, 3) easy-to-use and scalable processing.

In this work, we have synthesized a series of conductive nanocomposites by dispersing in solution either CNT or hybrids of CNT with pristine graphene (pG) into a thermoplastic poly(urethane) (TPU) matrix to optimize the piezo-resistive properties of quantum resistive pressure sensors (pQRS) processed by 3D spraying for an integration in smart textiles.

Quantum resistive sensors (QRS) are based on conductive polymer nanocomposites (CPC) in which nanofillers are percolated to form a conducting architecture [START_REF] Feller | 10 Electrically Conductive Nanocomposites[END_REF]. Provided that the amount of conducting nanofillers is just above the percolation threshold, this scaffold can be very sensitive to external solicitations such as stretching, temperature variations, or volatile chemicals' concentration [START_REF] Feller | Polymer -carbon nanotube conductive nanocomposites for sensing[END_REF]. The origin of the sensing properties of such nanomaterial result from the mechanism of connections/disconnections of the numerous nanofillers forming conductive pathways through the insulating polymer matrix, and the average least distance between nanoparticles (s). According to Eq. 2 any evolution of this inter-particular gap at the nanoscale will lead to an exponential variation of the relative resistance at the macroscale.

Eq. 2

Where R0 is the initial resistance, g is given by Eq. 3 and s0 the initial interparticle length.

Eq. 3 γ = 4π (2mϕ) 0.5

h
Where m is the electron mass and φ the height of potential barrier between adjacent particles.

This mode of conduction by jumps of electrons through energy barriers at junctions between nanofillers, which is typical in percolated nanocomposites is named "quantum tunneling", justifying the denomination of quantum resistive sensors (QRS) used. The piezo-resistive response of sensor using this principle is simple expressed in Eq. 4 by Ar the relative amplitude of resistance:

Eq. 4 = ∆ =
Where R is the resistance at a given moment and Ro is the initial resistance, both in in Ohm.

We intended to find a synergistic effect between nanofillers of significantly different shape factors such as carbon nanotubes and nanoplatelets in order to obtain a formulation which gives a pQRS able to generate a linear resistive response up to 4000 kPa without any undesirable double peak resulting from the normal lateral extension at high compression. A mechanism is proposed to interpret the results based on the evolution of the structure of the carbon conducting architecture upon pressure, which allows to reach this goal.

Experimental 2.1 Materials & Chemicals

Carboxylic acid functionalized multiwalled carbon nanotubes (MWNT) NC3101 were kindly provided by NANOCYL S. A. (Belgium). NC3101 CNT are derived from the NC3100 grade produced via the catalytic carbon vapor deposition (CCVD) process which is pure at more than 95 % of carbon and then functionalized with the carboxylic acid groups. These carbon nanotubes (CNT) have an average mean diameter of 9.5 nm and an average length of 1.5 mm, and the extent of COOH functionalization is 4 % in NC3101. CNT were used in the same manner as received from the production source without purification. The TEM image in Fig. 1a shows CNT entangled with each other. Pristine graphene (pG) was prepared from graphite by a liquid phase exfoliation process with sonication using graphene oxide (GO) as a dispersant [START_REF] Tung | Graphene oxide-assisted liquid phase exfoliation of graphite into graphene for highly conductive film and electromechanical sensors[END_REF][START_REF] Tung | Scalable realization of conductive graphene films for highefficiency microwave antennas[END_REF]. The as-received graphene sheets, from a single layer to a few layers, showed a high quality (C/O ∼ 21.5), low defect (ID/IG ∼ 0.12), and high conductivity (6.2 × 10 4 S.m -1 ). The TEM image in Fig. 1b shows the extent of the pristine graphene sheet formation and the tendency of sheets to fold into overlapped regions.

Thermoplastic poly(urethane) TPU (IROSTIC S9815) pellets were purchased from HUNTSMAN (Germany). Tetrahydrofuran (THF, 99.9 %, OPTIMA™) was bought from FISHER Chemical.

EPOLAM 2020 epoxy resin & amine hardener were purchased from AXSON, France and Taffetas E-glass fiber (0°/90°, 165 mg.m -2 ) was purchased from GAZECHIM, France. Silver ink coating (LOCTITE EDAG 725A 6S-54) was supplied by TEKRA, a division of EIS, Inc. All materials and chemicals were used as received without further treatment.

Processing of pressures sensors

To prepare composite laminated substrates, a mixture of epoxy resin and amine hardener were produced with a ratio of 3:1. After having a homogenous mixture, this solution was casted on glass fibers to obtain epoxy/glass fiber (EP/GF) substrates. As-received substrates were later dried in the ambient for 24 h. Subsequently, silver paste coating was prepared as a bottom electrode by a screen-printing technique, followed by a quick drying at 90 °C. Typical CPC suspensions were obtained by dispersing under sonication (with a Branson 3510 for 90 min at 185 25 °C), from 2 to 8 wt% of CNT and pG with 100 mg of TPU pellets in 10 cm 3 of THF. Thin sensitive films of 1 cm × 1 cm were then structured layer-by-layer (sLbL) directly onto EP/GF substrates by a homemade 3D spraying device which allowed a precise control of the nozzle scanning speed (8 cm.s -1 ), the solution flow rate (50 mm.sec -1 ), the stream pressure (0.10 MPa), and the target to nozzle distance (8 cm). All the steps of this process of pQRS fabrication are 190 described in Fig. 2a. A slightly different fabrication process has been used to make the 2 x 2 pQRS matrix as shown in Fig. 2b. After spraying, pQRS were dried in ambient for 1 night and then annealed at 70 °C for several hours at 65 °C [START_REF] Yang | Effect of mesoscale crystalline structure on the field-effect mobility of regioregular poly(3-hexyl thiophene) in thin-film transistors[END_REF][START_REF] Catheline | Solutions of fully exfoliated individual graphene flakes in low boiling point solvents[END_REF].

Fig. 2. A scheme of a) pQRS instrumented specimen fabrication including electrodes patterning and transducer spray layer by layer, b) upgraded process to make a 2 x 2 pQRS matrix with optimized

electrodes.

Characterization techniques

Scanning electron microscopy (SEM) images were measured using a JEOL JSM-700F microscope operated at 15.0 kV. The composite films were prepared by immersing in liquid nitrogen for an hour and breaking quickly. The fracture surfaces were then coated with a thin layer of platinum to avoid charging during measurement. Transmission electron microscopy (TEM) images were obtained using a TECNAI 20 operating at 120 kV. A SHIMADZU FOURIER transform infrared spectrophotometer, was employed for recording the spectra of all the samples. The FTIR spectra of all the samples were obtained in the range of 400-4000 cm -1 . The studies were carried out with a resolution of 2 cm -1 and a total of 15 scans for each sample. The X-ray diffraction (XRD) pattern was recorded using a RIGAKU Miniflex-600 (Japan) with radiation of CuK-alpha.

a b

The piezo-resistive properties were measured using a uniaxial dynamic pressure test system which consists of a compression machine (INSTRÖN 5566A) and electrometers (FLUKE 8842A and 8846A) controlled by a LABVIEW™ program. To test the piezo-resistive behavior of hybrid TPU-CNT/pG nanocomposites, sandwich-structured QRS was clamped between two light plates of the same diameter to generate uniform pressure. The bottom and top electrode of pQRS were connected to a function generator and an acquisition device to measure its resistance. A compressive stress was then applied to the sample in the direction of resistance's measurement.

The experimental setup used to investigate the piezo-resistive properties has been previously

described [START_REF] Liu | Electrically conductive thermoplastic elastomer nanocomposites at ultralow graphene loading levels for strain sensor applications[END_REF]. The pressure applied on the specimen was provided by a compression machine and increased on the electrodes, yielding responses under the form of relative difference of resistance. Three specimens of each type were used in order to ensure the robustness of the data.

All experiments were done in controlled atmosphere, i.e., T = 23 °C and RH = 51 %. The relative difference of resistance amplitude or piezo-resistive response (Ar) of sensors was recorded and defined by Eq. 4.

Results & Discussion

Dispersion & Morphology

Direct visualization of carbon nanotubes and pristine graphene dispersion in tetrahydrofuran and thermoplastic polyurethane

Different conductive nanofiller suspensions were prepared in THF solvent for spraying: CNT 2 %, pG 2 %, pG 2 %/CNT 2 %, TPU-CNT 2 %, TPU-pG 2 % and TPU-pG 2 %/CNT 2 %. To observe the dispersion state of conductive nanofillers' suspensions, digital photos of these samples were taken at different times of sonication treatment, as shown in Fig. 3a-d.

Fig. 3. Photos of conductive nanofillers dispersions inTHF, a) ultrasonicated for 30 min, b) ultrasonicated for 60 min, c) ultrasonicated for 120 min, and TPU-conductive nanofiller suspension in THF d) TPU-2% CNT, TPU-2% pG, TPU-2% pG/2% CNT sonicated for 120 minutes, all photos taken after 24 h of free-standing. Cross-sectional images of e) TPU-CNT and f) TPU-pG/CNT nanocomposites films;

typical TEM images of g) hybrid pG/CNT, and h) TPU-pG/CNT nanocomposites used in this study.

For a short sonication period of time (30-60 min), CNT and pG are not dispersed in THF solvent as shown in Fig. 3 a&b. By increasing the sonication time up to 120 min, the dispersion of CNT and pG become better in THF solvent and TPU matrix, as illustrated in Fig. 3 c&d. As a result of the entangled structure and the strong van der WAALS force of CNT, homogenous dispersions 240 of CNT: CNT 2 % and TPU-CNT 2 % are hard to achieve, causing loosely stacked isolated aggregates of CNT. For the suspensions of pG 2 % and TPU-pG 2 %, the high dispersion state of graphene is maintained after the sonication with low aggregation. In contrast, all the CNT are observed to precipitate at the bottom of the bottles, showing obviously transparent supernatants. However, almost no precipitation is found after the addition of pG. All of these results suggest that pG enhances the dispersion effect of CNT because of the large specific area surface and space hindrance effects of graphene. Additionally, the 2D pG and the 1D CNT should benefit from the formation of a better conductive network, which results in a lower percolation threshold for hybrid systems. This suggestion will be further studied in the following section.

In order to confirm the dispersion improvement of CNT by addition of pG, the dispersion state of hybrid conductive fillers in the TPU matrix was determined by FE-SEM and TEM. Fig. 3e&f shows cross-sectional images of TPU-CNT and TPU-pG/CNT nanocomposites, respectively. As can be seen in Fig. 3e, CNT are not well dispersed in the TPU matrix and there is a formation of CNT bundle. However, CNT are distributed throughout the TPU matrix and their dispersion in the matrix are significantly improved by adding pG, as shown in Fig. 3f. However, it is not evident that the morphology of the conductive network is constructed by the synergistic effect of hybrid fillers. Hence, TEM images of the hybrid structures: pG/CNT and TPU-pG/CNT are used to observe and verify the synergy between pristine graphene and CNT, as shown in Fig. 3g&h respectively.

Microscopic analysis of pQRS film's surface morphology by SEM

To investigate the porosity of hybrid nanocomposites, different films were prepared, TPU-pG 2%/CNT 3%, TPU-pG 2%/CNT 4%, TPU-pG 2%/CNT 5% and TPU-pG 2%/CNT 6% and their surface morphologies were characterized as shown in Fig. 4. It can be clearly seen that the porosity of nanocomposites increases when the CNT content is increased from 3 wt% up to 4 wt%. However, when further increasing CNT content to more than 4 wt% suddenly decreases the porosity, suggesting that a denser structure is expected to take place in this case. In fact, the enhancement of the hybrids' piezo-resistive response is due to their porous structure. This feature will be further discussed in the following section. 

Spectroscopic analysis of nanofillers' dispersion by FTIR

The FT-IR spectra of different pQRS films were recorded to observe the dispersion of nanofiller inside the TPU matrix and to see the interaction between them. As shown in Fig. 5a, the main characteristic peaks of TPU are on the top curve, at 3326 cm -1 , 2946 cm -1 and 1717 cm -1 . The peak at 3326 cm -1 corresponds to the stretching vibrations of the N-H bond; the peaks at 2946 cm -1 is attributed to the alkene-CH stretching vibrations [START_REF] Liu | Lightweight conductive graphene/thermoplastic polyurethane foams with ultrahigh compressibility for piezoresistive sensing[END_REF]; and the peak at 1717 cm -1 is due to the free C=O stretching vibrations [START_REF] Liu | Electrically conductive thermoplastic elastomer nanocomposites at ultralow graphene loading levels for strain sensor applications[END_REF]. The intensity of these peaks is reduced when the nanofillers are added in the matrix. This marked decrease of intensity for TPU-pG 2%, TPU-pG 2%/CNT 2% and TPU-pG 2%/CNT 3% nanocomposites compared to pure TPU is a good indication that in these samples the nanofillers have been very well dispersed in the THF solvent due to favorable interactions between constituents, which results in a larger absorption of the IR beam. At the contrary for high contents the presence of aggregates can be suspected. 2° respectively [START_REF] Trovati | Characterization of polyurethane resins by FTIR, TGA, and XRD[END_REF][START_REF] Zia | XRD studies of polyurethane elastomers based on chitin/1,4-butane diol blends[END_REF]. However, in 290 TPU-CNT 2%, the polyurethane matrix exhibits only a broad peak centered at 2θ = 22°, which suggests that the ordered domains have been partially converted into a less structured phase ascribed to the [110] BRAGG's reflection plane and an interchain spacing of 0.444 nm [START_REF] Barick | Preparation, characterization and properties of acid functionalized multiwalled carbon nanotube reinforced thermoplastic polyurethane nanocomposites[END_REF][START_REF] Li | Graphene/thermoplastic polyurethane nanocomposites: Surface modification of graphene through oxidation, polyvinyl pyrrolidone coating and reduction[END_REF][START_REF] Kuan | Synthesis, thermal, mechanical and rheological properties of multiwall carbon nanotube/waterborne polyurethane nanocomposite[END_REF].

The secondary broad peak at 2θ = 43° corresponds to the [START_REF] Wang | Silk-Molded Flexible, Ultrasensitive, and Highly Stable Electronic Skin for Monitoring Human Physiological Signals[END_REF] plane of CNT having an interlayer spacing of 0.210 nm, but is sometimes also present in TPU [START_REF] Tessonnier | Analysis of the structure and chemical properties of some commercial carbon nanostructures[END_REF][START_REF] Jiang | Preparation and characterization of polyurethane/multi-walled carbon nanotubes composites with multi functional performance[END_REF][START_REF] Barick | Preparation, characterization and properties of acid functionalized multiwalled carbon nanotube reinforced thermoplastic polyurethane nanocomposites[END_REF]. This peak is attributed to the ordered regular arrangement of the concentric cylinders of the graphitic carbon atoms in nanotubes [79], but its intensity is weak compared to TPU due the atoms' low amount.

Additionally, it can be noted that in all nanocomposites XRD patterns the addition of CNT or pG tends to convert the two sharp peaks ascribed to crystalline segments of TPU matrix into a single broad peak assigned to TPU less crystalline phase [START_REF] Jiang | Preparation and characterization of polyurethane/multi-walled carbon nanotubes composites with multi functional performance[END_REF]. The XRD of pG exhibits two peaks corresponding to C (002) at 2θ = 26.6° and C (004) at 2θ = 54.7° [START_REF] Tung | Graphene oxide-assisted liquid phase exfoliation of graphite into graphene for highly conductive film and electromechanical sensors[END_REF]. In the XRD profile of TPU-pG 2%/CNT 2% and TPU-pG 2%/CNT 7% nanocomposites, the peak assigned to CNT at 2θ = 43° disappeared, showing the homogeneous dispersion of CNT in the TPU matrix [START_REF] Mcnally | Polyethylene multiwalled carbon nanotube composites[END_REF].

These results also suggest that the addition of graphene favors the dispersion of CNT.

Analysis of dispersion by electrical measurement on TPU based pQRS

Fig. 6a shows the resistance change of nanocomposites with different CNT wt% content after spraying, drying and annealing at 70 °C. The resistance of pQRS is shown to decrease when a higher CNT content is introduced. The resistance reduction is mainly due to the drying and annealing process where in THF solvent is partly or completely evaporated. The nanocomposite's percolation is a function of the nanofiller content and the resulting pQRS transducer's conductivity can fitted with Eq. 1, as shown in Fig. 6b. As it can be seen, TPU-CNT and TPU-pG 2%/CNT nanocomposites have a percolation threshold of x0 # 4.76 wt% and 4.56 wt% CNT respectively. These results suggest that the introduction of 2 wt% pG only slightly decreases the percolation threshold from 4.76 wt% to 4.56 wt% of CNT filler and that the spatial distribution of graphene platelets at this concentration does not significantly affect the CNT network. Thus it is assumed that the adsorption of CNT onto pG (at least at the chosen proportions of CNT/pG) does not favor conductivity. This is much like what was noticed in clay (MT) / carbon nanoparticles (CNP) systems by FELLER et al. who had shown that CNP aggregates could adsorb on montmorillonite nanofiller (MT) platelets to modify both the level of CNP dispersion, the conductivity and the flow properties [START_REF] Feller | Influence of clay nanofiller on electrical and rheological properties of conductive polymer composite[END_REF]. The current-voltage curves of 320 TPU-CNT and TPU-pG 2%/CNT nanocomposites without any applied pressure are shown in Erreur ! Source du renvoi introuvable.(c&d). In order to i) have information on the full macroscale organization of the percolated network and, ii) to characterize how carriers can flow into the 3D architecture in quiescent conditions, we can vary the input tension and observe the intensity evolution of the pQRS. Electrical conduction in pQRS can thus be described by the 325 simple formula of Eq. 5 [START_REF] Bouvree | Conductive Polymer nano-bioComposites (CPC): Chitosan-carbon nanoparticle a good candidate to design polar vapor sensors[END_REF]:

Eq. 5

=

where I is the intensity, V is the applied voltage, and A and n are constants. A and n coefficients in Eq. 5 are obtained by fitting the relationship between the intensity and input tension in Fig. 6c&d), as shown in Table 1.

Fig. 6. a) Resistance evolution with different nanofiller contents after spraying, drying and annealing at 70 °C; b) Relationship between resistance and nanofiller content of TPU-CNT and TPU-pG 2%/CNT composites fitted with Eq. 1; I-V curves fitted with Eq. 5 without applied pressure for c) TPU-CNT and d) TPU-pG 2%/CNT composites, and I-V curves with different applied pressures for e) TPU-CNT 6% and f)

TPU-pG 2%/CNT 4% composites.
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It can be seen that at higher CNT filler content (higher or equal 4 wt%), n values are close to 1, suggesting an Ohmic conduction. In contrast, when a lower CNT content is introduced, tunneling conduction is predominant [START_REF] Feller | 25 -Polymer-carbon nanotube conductive nanocomposites for sensing BT -Polymer-Carbon Nanotube Composites[END_REF]. show that all I-V curves are linear, indicating an Ohmic conduction. The Ohmic conduction indicates that the active conductive pathways inside the TPU matrix are made of nanofillers in contact mode. As can be observed from Fig. 6e, a higher applied stress leads to a higher conductivity (the slopes of curves are 1/R). For the I-V curve of TPU-CNT 6% pQRS, its slope instantaneously increases when the applied pressure rises from 0.5 to 10 N. However, the figure does not show any significantly change with applied pressure ranging from 10 to 800 N. In contrast, for TPU-pG 2%/CNT 4% nanocomposites the slope of I-V curve is gradually increased when the applied pressure ranges from 0.5 to 800 N. This difference in behavior towards pressure is also well-evidenced when plotting current versus applied forces for different nanofillers content for TPU-CNT 6% and TPU-pG 2%/CNT 4% nanocomposites within voltages ranging from 1 to 5 V as shown in Fig S1 . These results suggest that pG plays an important role in the distribution of pressure throughout the sensing nanocomposite materials, preventing the saturation of the piezo-resistive response of the pQRS at high pressures. This finding will be further discussed in the next section.

Effect of the formulation on the piezo-resistive behavior

The pQRS resistance variation has been monitored under cyclic loadings increasing from 0 to 8

MPa. The upper value of 8 MPa is higher than the threshold pressures for resistance change of Ps = 7 MPa reported by LU et al. [START_REF] Lu | Piezoresistive materials from directed shear-induced assembly of graphite nanosheets in polyethylene[END_REF]. Four cycles were performed for each loading condition to check the reproducibility of the specimen. Fig. 7a shows the piezo-resistive responses of TPU-CNT pQRS with different CNT filler contents. As shown, dual-peaks patterns are observed in the case of TPU-CNT nanocomposites, for different concentration of CNT (wt%) [START_REF] Liu | Electrically conductive thermoplastic elastomer nanocomposites at ultralow graphene loading levels for strain sensor applications[END_REF]. The piezo-resistive response Ar (%) of the nanocomposites are 3%, 7%, 14%, 22% and 9%, corresponding to 2%, 3%, 4%, 6% and 8% of CNT (wt%), respectively in these nanocomposites. When increasing filler concentration in the pQRS transducer, Ar is observed to increase in a first step to reach the maximum of 22% for 6 wt% of CNT before decreasing.

A dual-peaks pattern in the piezo-resistive response of nanocomposite sensors is often observed in compression mode [START_REF] Zhang | Strain sensing behavior of elastomeric composite films containing carbon nanotubes under cyclic loading[END_REF][START_REF] Zhang | Carbon nanotube polymer coatings for textile yarns with good strain sensing capability[END_REF][START_REF] Yamaguchi | Electrical and mechanical behavior of filled elastomers. I. The effect of strain[END_REF]. It is explained by the competition between network breakdown and reformation respectively during loading and unloading of samples [START_REF] Aneli | Effects of mechanical deformations on the structurization and electric conductivity of electric conducting polymer composites[END_REF][START_REF] Busfield | Electrical and mechanical behavior of filled rubber. III. Dynamic loading and the rate of recovery[END_REF][START_REF] Das | Effect of axial stretching on electrical resistivity of short carbon fiber and carbon black filled conductive rubber composites[END_REF][START_REF] Flandin | Effect of strain on the properties of an ethyleneoctene elastomer with conductive carbon fillers[END_REF].

Fig. 7. a) Comparison of nanocomposites' piezo-resistive responses (after baseline corrections) and b) their potential mechanism with various fillers contents of TPU-CNT systems, c) the piezo-resistive responses and the drift in resistance of different hybrid nanocomposites with constant CNT 4 wt% and d) TPU-CNT 6% and TPU-pG 2%/CNT 4% nanocomposite piezo-resistive response the pressure ranges of 0 to 8 MPa.

For pressure sensing, the dual-peaks pattern can be explained by the POISSON's coefficient expressing the compensation of the volume fraction lost by the compression of the nanocomposite in the z axis, by the volume gained in the transverse xy plane in elongation according to Eq. 6, as shown in the scheme of Fig. 7b.

Eq. 6

= =

where ε is the deformation, ν is the POISSON's coefficient, z is the direction of solicitation and xy is the perpendicular plane (for isotropic materials).

The POISSON's coefficient of TPU-CNT nanocomposite has recently been evaluated to 0.5 at small compression between 0.29 at 100 % of compression by SLOBODIAN et al. [START_REF] Slobodian | Poisson effect enhances compression force sensing with oxidized carbon nanotube network/polyurethane sensor[END_REF]. This means that the volume of the transducer is preserved during the deformation, and progressively elongated perpendicularly to the direction of compression. When a compressive stress is applied to the pQRS the CNT-CNT distance narrows and creates new conductive paths, resulting in a decrease in the resistance [START_REF] Suzuki | Rapid-Response, Widely Stretchable Sensor of Aligned MWCNT/Elastomer Composites for Human Motion Detection[END_REF]. CHRIST et al. also confirmed that the decrease of the compressive stresses, exerted by the POISSON's effect within the TPU, allowed a relaxation within the CNT network, further increasing the zero-strain resistance [START_REF] Christ | 3D printing of highly elastic strain sensors using polyurethane/multiwall carbon nanotube composites[END_REF]. In contrast, an increase in stress will block the relaxation within the conductive network, further decreasing the zero-strain resistance.

As shown in Fig. 7a, conductive paths are more likely to be formed with a high CNT content (from 2 wt% to 6 wt%) in the TPU matrix, under the same applied pressure range, followed by a rise in piezo-resistive response Ar (%) from 3 % to 22 %. However, Ar strongly decreases for larger CNT content (8 wt%) introduced in the TPU matrix, from 22 % to 9 %. This phenomenon can be explained by the fact that when increasing CNT fillers content, a denser structure of CNT clusters in TPU-CNT nanocomposites is obtained. This structure is supposed to decrease the mobility of entangled CNT, and therefore, less conductive paths can be broken or formed under pressure. It can also be speculated that this phenomenon is due to a time-dependent mechanical response upon loading/unloading, which depends on the previous "loading history" [START_REF] Yazdani | Strain-sensitive conductivity of carbon blackfilled PVC composites subjected to cyclic loading[END_REF]. If this latter hypothesis is true, the phenomenon should be dependent on the testing conditions as well as the materials properties. Important parameters should be tested such as pressure acceleration, pre-loading and previous "cycles history", all of which will be further investigated in the following section.

For the hybrid systems, the networks will be relatively loose due to the overlapping and sliding between different fillers under deformation which is also facilitated also by the enhancedelasticity system, followed by a higher sensitivity to tensile strain [START_REF] Liu | Electrically conductive strain sensing polyurethane nanocomposites with synergistic carbon nanotubes and graphene bifillers[END_REF][START_REF] Ke | Piezoresistive thermoplastic polyurethane nanocomposites with carbon nanostructures[END_REF]. For further studying the synergistic effect of hybrid fillers, various nanocomposites with constant CNT content of 4 wt % and different pG concentration (wt%) were prepared and their piezo-resistive behaviors are characterized in Fig. 7c. During the recovery process, a residual resistance was observed due to the existence of some permanently modified conductive paths. The drift in resistance of the nanocomposite can be determined by Eq. 7:

Eq. 7

( !) (%) = # $ % ! # $
where Rbefore and Rafter are the resistance of the nanocomposite before and after four cycles testing.

Actually, a weak drift in piezo-resistive response Ar (drift) is expected for practical applications.

The presence of higher pG content does not significantly improve the electrical conductivity of pQRS, but it exceptionally helps to reduce the resistance drift, from 27 to 7 % with 1 and 2 wt% of pG, respectively. The incorporation of chemically reduced graphene oxide (CRGO) into poly(styrene) PS and few layer graphene (FLG) nanoplatelets in poly(acrylonitrile-cobutadiene) (NBR) was found to significantly improve the creep resistance and recovery properties, reported by TANG et al. [START_REF] Tang | Creep and recovery of polystyrene composites filled with graphene additives[END_REF] and VARGHESE et al. respectively [START_REF] Varghese | Reinforcement of acrylonitrile butadiene rubber using pristine few layer graphene and its hybrid fillers[END_REF].

Practically, a single-peak response pattern is better for establishing a linear relationship between resistance and strain than its dual-peak counterpart which is non-linear by nature. Therefore, TPU-pG/CNT pQRS is beneficial for reliable applications of pressure sensors. For further experiments, TPU-pG 2%/CNT 4% pQRS has been selected because of its second ranking in piezoresistive response and an it's extremely low resistance-drift, as illustrated in Fig. 7c. Fig. 7d which present a comparison of the nanocomposites' piezo-resistive behaviors between TPU-CNT 6 % and TPU-pG 2%/CNT 4%. It can be observed that the presence of pG not only increases the relative amplitude (Ar) but also reshapes the piezo-resistive response.

Fig. 8. a) Comparison of the TPU-pG 2%/CNT nanocomposite's piezo-resistive responses (after baseline corrections), b) comparison of nanocomposites' piezo-resistive responses of TPU-CNT systems and TPU-pG 2%/CNT with different concentration of CNT, c) effect of different applied pressure on TPU-CNT and TPU-pG 2%/CNT nanocomposites and d) sketch of the change of the graphene and CNT conductive

network under different applied pressure for explaining dual-peaks and single peak pattern.

To further investigate this behavior, different pQRS containing 2 wt% of pG and various concentrations of CNT filler were prepared and their piezo-resistive responses are shown in Fig. 8a. As it can be seen, the dual-peaks are progressively converted into single peaks for TPU-pG 2 % with 4 and 5 wt % of CNT. For the hybrid pQRS with lower CNT content (1, 2 and 3 wt%), the number of conductive pathways is insufficient to make the dual peaks disappear as a result of the competition between destruction (transverse stretching) and formation (compression) of new conductive paths. In this case, interlocked structures are formed within the nanohybrids where 1D CNT act as bridges to connect individualized 2D pG. These structures do not only prevent the aggregation of pG but also promote the formation of 3D hybrids with interconnected nanostructure. LIU et al. have demonstrated this phenomenon by preparing a hybrid of reduced graphene nanoribbon-carbon nanotube (i.e., R-GNR/CNT hybrid) with unique 3D nanostructures via a facile unzipping and reducing method [START_REF] Liu | One-step hybridization of graphene nanoribbons with carbon nanotubes and its strong-yet-ductile thermoplastic polyurethane composites[END_REF]. Compared with TPU-CNT nanocomposites which have the same amount of CNT fillers, a higher-pressure sensitivity is obtained for TPU-pG 2%/CNT pQRS. In addition, its piezo-resistive response is enhanced when higher CNT fillers are added in TPU-pG 2%/CNT nanocomposites (from 1 wt% to 3 wt%). The piezo-resistive response Ar (%) of TPU-pG 2%/CNT 1%, TPU-pG 2%/CNT 2%, and TPU-pG 2%/CNT 3% pQRS are 1%, 4% and 9% respectively. Interestingly, if hybrid nanocomposite reaches a critical state by introducing a sufficient amount of CNT fillers (4 and 5 wt%), a singlepeak pattern is observed under the certain applied pressure range (from 0 to 8 MPa). The response Ar (%) of TPU-pG 2%/CNT 4% and TPU-pG 2%/CNT 5% pQRS are 60 % and 23 % respectively. This finding suggests that this conductive architecture is less sensitive to transverse stretching and preserves its interconnectivity well, while becoming more sensitive to compression. According to the common literature the entangled structure of CNT should lead to a competition between the destruction and reconstruction of conductive paths, but in this proportion, CNT and graphene make a robust conductive architecture that keeps connections due to a synergistic effect. Nevertheless, the dual-peaks pattern reappears when the CNT concentration is increased up to 6 or 7 wt% showing that the optimum composition of carbon nanofillers has been exceeded. Moreover, it can be seen in Fig. 8a that recovering dual-peaks also leads to a lower piezo-resistive sensitivity and lower values of Ar respectively 15 % and 9

% for TPU-pG 2%/CNT 6% and TPU-pG 2%/CNT 7% nanocomposites, respectivelly.

Fig. 8b shows the evolution of the amplitude of the response against applied pressures ranging from 0 to 8 MPa, and the critical value at which the single peak is transformed into a double peak. For TPU-CNT nanocomposites, the maximum applied pressure to get a single-peak response, noted Pmax,s = 6 MPa is obtained for 3 wt% CNT, even though the largest Ar is obtained for 6 wt% CNT. For TPU-pG 2%/CNT nanocomposites, Pmax, gradually increases with CNT content from 1 wt% to 3 wt%. Pmax, reaches its maximum when the CNT level is at 4 wt% and 5 wt% and then decreases as the level increases to 6 wt% and 7 wt%. The results suggest that the introduction of pG helps to distribute pressure more uniformly in nanocomposites. Although it is logical that a larger response results from a higher applied pressure or a larger strain, this singular sensitivity can be attributed to the peculiar hybrid conducting architecture built under ratios of nanofiller close to % CNT = 2 x % pG. This morphology optimizes the interparticular reconnections in the conductive network up to high levels of strain, preserving for longer a capacity to decrease the electrical resistance of CPC. In fact, the very good 2D conductivity of graphene platelets when bridged in 3D by the 1D CNT connectors, makes the assembly highly sensitive to compressive loading [START_REF] Yazdani | Strain-sensitive conductivity of carbon blackfilled PVC composites subjected to cyclic loading[END_REF][START_REF] Du | Comparison of electrical properties between multiwalled carbon nanotube and graphene nanosheet/high density polyethylene composites with a segregated network structure[END_REF]. LIU et al. [START_REF] Liu | Electrically conductive thermoplastic elastomer nanocomposites at ultralow graphene loading levels for strain sensor applications[END_REF] had already noticed that TPU-G nanocomposites possessed a lower sensitivity to strain than TPU-CNT composites to strain, especially for large amplitudes [START_REF] Liu | Electrically conductive strain sensing polyurethane nanocomposites with synergistic carbon nanotubes and graphene bifillers[END_REF], but in this study, the TPU-pG/CNT pQRS, exhibit an even larger drop of electrical resistance than TPU-CNT pQRS, which leads to a higher sensitivity to pressure through the synergistic effect of pG and CNT.

To better understand the evolution mechanism of CPC behavior under different applied compressions, a schematic representation of the change of the graphene and CNT conductive network is proposed in Fig. 8d where all fillers are well-dispersed in the TPU matrix. There are two different regimes in this scheme: 1) Regime I can be seen at low CNT level (from 1 to 3 wt%) where pG is dominant and 2) Regime II takes place for medium CNT content (from 4 to 5 wt%).

In the initial state, primary conductive paths are formed by the interconnection of graphene and CNT (label ). In Regime I, when a low pressure or equivalently a small strain is applied to the pQRS, the distance between conductive fillers decreases and new conductive paths (label ) are formed, resulting in a lower resistance. Based on the tunneling junction gap width modulation described by the fluctuation-induced tunneling (FIT) model [START_REF] Zhang | Universal resistivity-strain dependence of carbon nanotube/polymer composites[END_REF], the decreased tunneling distance induced by the external strain accounts for the decreased resistance under a small strain [START_REF] Lin | Modified resistivity-strain behavior through the incorporation of metallic particles in conductive polymer composite fibers containing carbon nanotubes[END_REF][START_REF] Yazdani | Strain-sensitive conductivity of carbon blackfilled PVC composites subjected to cyclic loading[END_REF][START_REF] Bilotti | Fabrication and property prediction of conductive and strain sensing TPU/CNT nanocomposite fibers[END_REF]. At a higher pressure, some of these new conductive paths are broken and fewer CNT are kept intertwined with each other or pG again (label ) due to the transverse solicitation resulting from POISSON's effect. Thus, the competition between compression and transverse stretching is leading to dual-peaks. In Regime II, more CNT are present in the hybrid nanocomposites; when pressure rises, and the transverse stretching appears, even though the distance between entangled CNT is increasing, they keep in contact by sliding on pG platelets already orientated perpendicularly to the pression direction. In this context, TPU-pG 2%/CNT 4% nanocomposites, represents the best compromise between interconnectivity preservation and sensitivity enhancement. Thanks to a synergistic effect between pG and CNT nanofillers, providing the conductive network with a morphology that remains robust during compression, and consequently to a more reversible and reproducible sensing behavior. At CNT contents larger than the optimum (from 6 to 7 CNT wt%) a Regime III can also take place, characterized by a weakening of the effect of graphene. More conductive pathways are formed at low pressure, resulting in a lower initial resistance known to decrease the response amplitude. At higher compression levels, new conductive paths are created before being broken by transverse elongation similarly to Regime I, which leads to dual-peaks.

It is also interesting to note in Fig S2, that the nanocomposite with optimized formulation, TPU-pG 2%/CNT 4%, has a much larger variation of relative resistance versus pressure, and also a much more linear piezo-resistive behavior in the low and high pressure ranges compared to all TPU-CNT. Table 2 compares these performances to those found in the literature, although the dimensions, pressure ranges and applied loadings can differ, which makes direct comparisons difficult [START_REF] Wang | Silk-Molded Flexible, Ultrasensitive, and Highly Stable Electronic Skin for Monitoring Human Physiological Signals[END_REF][START_REF] Schwartz | Flexible polymer transistors with high pressure sensitivity for application in electronic skin and health monitoring[END_REF]. Therefore, a new parameter, "Sensitivity per volume unit" at the highest pressure has been introduced in Table 2, to make the comparison more reliable. The values of this parameter for TPU-pG/CNT nanocomposites are 56 kPa -1 .cm -3 and 18 kPa -1 .cm -3 in the two pressure ranges [0 -4 MPa] and [4 -6 MPa] respectively, which makes them much more sensitive than TPU-CNT nanocomposite-based sensors. Other remarkable facts about optimized pQRS can be noted : a) They exhibit to our knowledge, the largest measurement range ever in which the piezo-resistive response is purely linear, i.e., from 0 to 4 MPa, b) They are the most sensitive and operational pressure sensors of the table in the range of 4 to 8 MPa. 

Effect of speed and mechanical history on the piezo-resistive response

To get closer to practical applications of pQRS, the effect of experimental conditions such as speed of solicitation, and mechanical history on their piezo-resistive response have been investigated. Firstly, the piezo-resistive responses of TPU-CNT and TPU-pG 2%/CNT 535 nanocomposites sensors to compressions at different speeds ranging from 3 to 15 mm.h -1 (0.05-0,25 mm.min -1 ) have been plotted in Fig. 9a and Fig. 9b respectively. Comparing these results reveals that the optima of sensitivity observed for 6%CNT in TPU-CNT and 4%CNT in TPU-pG 2%/CNT are not changed much by the speed of compression. Additionally, although a fluctuation of up to +/-5 % of the piezo-resistive response of TPU-CNT pQRS with speed can 540 be observed at the highest sensitivity (TPU-6% CNT), the introduction of only 2% pG in TPU-4%CNT nanocomposites remarkably neutralizes this fluctuation and even multiplies by 3 the amplitude of the response to pressure.

Fig. 9. Effect of the speed of solicitation on the piezo-resistive response of a) TPU-CNT & b) TPU-pG

2%/CNT nanocomposites. The insets show the piezo-resistive response of TPU-CNT 6% and TPU-pG 2%/CNT 4% at 30 mm.h -1 speed rate. Effect of different pre-compressions on c) TPU-CNT & d) TPU-pG 2%/CNT nanocomposites. Effect of a different history on the piezo-resistive response of e) TPU-CNT and f) TPU-pG 2%/CNT nanocomposites

The insets recall the piezo-resistive responses of TPU-CNT 6% and TPU-pG 2%/CNT 4 % at 550 the intermediate speed of 30 mm.h -1 . Thus, it can be concluded that at least in the studied range, the speed of compression has few effects on the piezo-resistive response of the set of pQRS developed, suggesting no strong viscoelastic behavior of the nanocarbon filled TPU nanocomposites. However, further experiments have been led to confirm this finding, by studying the effect of mechanical history (or memory), such as the precompression load and the maximum compression value on the piezo-resistive response. In fact, it is sometimes observed that after the first compression cycle, the average distance between nanofillers can decrease due to non-recoverable macromolecular movements (creep of hard segments of TPU), resulting in a decrease in resistance and response amplitude. For instance YAZDANI et al. have reported that the dependence of electrical resistance on strain could be modified through pre-loading [START_REF] Yazdani | Strain-sensitive conductivity of carbon blackfilled PVC composites subjected to cyclic loading[END_REF].

This was attributed to damage mechanisms in the conducting network with different strain amplitudes. Thus, to investigate the effect of pre-compression load on pressure sensing, forces ranging from 0 to 20 N, have been applied to pQRS before cyclic compressions test. The results obtained for TPU-CNT and TPU-pG 2%/CNT pQRS at different CNT filler contents are displayed in Fig. 9c&d respectively. As previously observed for the effect of speed, comparing the plots of Fig. 9c, and Fig. 9d confirms that precompression does not have much influence on the responses of pQRS although it seems that here again the introduction of graphene in the nanocomposites' formulation tends to stabilize the sensors' signals. The same effect was also observed during extension cycling but only after some cycles [START_REF] Liu | Electrically conductive strain sensing polyurethane nanocomposites with synergistic carbon nanotubes and graphene bifillers[END_REF], which suggests that the first extensions have stabilized the CNT conductive networks. To check if such an effect could occur with TPU-CNT and TPU-pG 2%/CNT pQRS, they were submitted to four cycles of compression with pressures ranging from 1 to 8 MPa, before launching the cyclic compression tests. The results plotted in Fig. 9e&f illustrate that there is almost no effect of this mechanical pre-treatment on the amplitude of the sensors signals' amplitude. However similarly, the presence of pG in TPU-CNT nanocomposites is leading to a positive effect on the stability of their piezo-resistive response. These results confirm the high stability after several cycles of TPU-based pQRS synthesized towards both speed of compression and precompression history. 6% and TPU-pG 2%/CNT 5% pQRS, respectively. Although the scale is small, a dual-peak pattern can be seen for TPU-CNT 6% pQRS in Fig S3a . This observation was explained above as resulting from the competition between the connections and disconnections in the conductive paths [START_REF] Zhang | Strain sensing behavior of elastomeric composite films containing carbon nanotubes under cyclic loading[END_REF][START_REF] Zhang | Carbon nanotube polymer coatings for textile yarns with good strain sensing capability[END_REF]. This time, the initial resistance of TPU-CNT 6% pQRS upon is slightly continuously decreasing with cycles, although its amplitude remains almost constant. This could be a result of a permanent change in the structure of the conductive network resulting from the progressive creep of TPU macromolecules. In contrast, it is clear from Fig S3b that for TPU-pG 2%/CNT 5% pQRS, only a single-peak pattern with good reproductivity is visible and that no resistance reduction is observed with the increases of cycles number, showing a better long term stability in the pressure range from 0 to 8 MPa, due to the positive synergy between nanofillers. This feature of the TPU-pG 2%/CNT 5% pQRS is of course very interesting for a pressure sensor, since a single peak response can be used more easily to establish a relationship between resistance and applied pressure. As such, the TPU-pG 2%/CNT pQRS have a great potential for practical application for pressure monitoring.

Real time pressure mapping with a 2 x 2 pQRS array

To make the proof of concept that pQRS can be used to map the pressure gradient of a specific area, four piezo-resistive sensors have been assembled into an array of 2 × 2 pixels. Each pQRS pixel was made of TPU-pG 2%/CNT 4% and had a surface of 1 cm 2 . The design of the array and the procedure of mapping are described in Fig. 10a and Fig. 10b&c respectively. The test has been performed by applying various weights from 200 to 1600 g, or the pressure of a finger on the pQRS matrix. Subsequently, the electrical resistances of the pQRS were recorded by the microcontroller of an ARDUINO board and converted into a color scale in a 2D map as shown in Fig. 10b. The sensing matrix proved to be able to identify not only the different weights of pieces but also the corresponding position according to the different colors in the 2D map when applied forces were placed on the sensing array. 

Conclusion

Nanocomposites quantum resistive pressure sensors (pQRS) with enhanced sensitivity and stability have been developed by structuring a hybrid conducting architecture of pG/CNT in a thermoplastic polyurethane (TPU) matrix. These pressure sensors have demonstrated their ability to give piezo-resistive response in compression, in a very large measurement range from 0 to 8 MPa. Although the introduction of pG into nanocomposite's formulation was found to reduce the percolation threshold and increase the piezo-resistive response amplitude, its most striking input is suppressing the double-peak pattern classically observed in signals due to POISSON's effect, when the direction of deformation is switching from longitudinal to transverse. This particular feature obtained with such hybrid nanocomposites, is expected to come from the ability of graphene platelets to keep contact with CNT by orientating and sliding even when the compression becomes high. The TPU-pG 2%/CNT 4% pQRS was found to be the best formulation, combining the highest Ar = 60 %, with a single peak pattern, and a linear behavior in the largest pressure range from 0 to 4 MPa. Some additional benefits, such as lower fluctuations in the piezo-resistive responses, regardless of the speed of solicitation and the mechanical history, were also established. Finally, four pQRS assembled in a 2 x 2 matrix were used to make the proof of concept of a real time pressure mapping and monitoring with a flexible multi-layered film. This study paves the way for the fabrication of high tenability pQRS integrable into smart textiles, robotics and many other applications requiring pressure mapping and monitoring.

Fig. 1 .

 1 Fig. 1. Typical TEM images of (a) CNT and (b) pG used in this study.

Fig. 4 .

 4 Fig. 4. Surface morphologies of a) TPU-2% pG/3% CNT, b) TPU-2% pG/4% CNT, c) TPU-2% pG /5% CNT and d) TPU-2% pG /6% CNT.

Fig. 5 .

 5 Fig. 5. a) FT-IR spectra of the TPU film and its nanocomposites with different fillers contents and b) XRD

Fig

  Fig. 5b displays the XRD pattern of pG, TPU, TPU-CNT 2%, TPU-CNT 7%, TPU-pG2%/CNT 2% and TPU-pG 2%/CNT 7%. It can be seen in this figure that pristine thermoplastic polyurethane shows two peaks which are characteristic of the ordered crystalline structure of

Fig. 8c compares

  Fig. 8c compares nanocomposites' piezo-resistive responses of TPU-CNT and TPU-pG 2%/CNT nanocomposites at different concentration of CNT. As discussed above, single-peaks behaviors are only observed for TPU-pG 2%/CNT 4% and TPU-pG 2%/CNT 5% pQRS; the highest piezo-resistive response is obtained with the composite of TPU-pG 2%/CNT 4%.

  Fig S3a&b display the pressure sensing behavior over 50 cycles of compression of TPU-CNT

Fig. 10 :

 10 Fig. 10: a) Design of the 2 x 2 pQRS array, b) 2D colour pressure mapping corresponding to different weight and c) pressure mapping demonstrations of applied pressure at different positions (2,3 or 4) in real time.

Fig. 10c illustrates

  Fig.10cillustrates that applied forces presented at different positions are efficiently followed by a color map in real-time, in which the response time is about 20 ms. Obviously, the sensitivity of this type of device can easily be improved by multiplying the number of pQRS pixels in the array, and upgrading the capacity of the acquisition card. Therefore, pQRS arrays are expected to find many applications in the design of human/machine interfaces or pressure monitoring devices.

  

  

  

  

  

Table 1 . A and n parameters from fitting with equation 1 for TPU-CNT and TPU-pG 2%/CNT nanocomposites.
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	CNT wt%	A	TPU-CNT	n	TPU-pG 2%/CNT A n
	1	-		-	5.38	0.115
	2	7.87E-04	0.05	4.86	0.09
	3	9.80E-04	0.165	0.00135	0.32766
	4	0.07		0.96	0.027	0.99
	5	-		-	0.091	1.004
	6	0.037	0.99	0.044	0.993
	7	-		-	0.085	0.998
	8	0.029	0.99	-	-
	Fig. 6e&f describes typical I-V relationships of TPU-CNT 6% and TPU-pG 2%/CNT 4%
	pQRS, respectively, with different applied pressures, ranging from 0.5 N to 800 N. These results

Table 2 . Major sensor's parameters reported in literature compared to this work.
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	Materials	Sensing area (cm 2 ) & Thickness (cm)	Initial resistance (kΩ)	Pressure range (kPa)	Sensitivity (kPa -1 )	Sensitivity (kPa -1 .cm -3 ) per volume unit	Ref.
	PPy film	0.01 0.05	~ 40	> 1	0.4	800	[21]
	PPy-Ag NWs aerogel-sponges	~ 0.79 ~ 1	~ 20	< 10	0.33	440	[23]
	Sponge@CNTs@ Ag NPs	16 0.4	~ 10	2.24 -11 11 -61.81	2.12 9.08	0.33 14.2	[25]
	PEDOT:PSS						
	irregular hemisphere	0.25 0.2	Not mentioned	< 3	851	17 x 10 3	[18]
	micropattern						
	GPN-PDMS foam	~ 4 1.5	7 x 10 4	< 103 1200 -1800	0.09 0.007	0.015	[19]
	MWNT-PDMS interlocked microdome	1.5 0.05	8 x 10 6	< 0.5	15.1	20	[102]
	RGO-PU sponge	4	Not mentioned	< 3 3 -10	0.26 0.03	0.065 0.0075	[64]
	Au NWs -PDMS	0.64 0.01	~ 91	< 5	1.14	178	[103]
	Au patterned -PDMS	0.09 0.2	1	< 6.7	0.23	13	[104]
	TPU-CNT film	1 ~ 2 x 10 -4					
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