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INTRODUCTION

Anisotropic hybrid materials are emerging as a very promising class of materials owing to their unique functionalities derived from their nanoscale morphology and their applications in extremely diverse research fields such as optics, electronics, health, sensing, and energy. [START_REF] Hu | In-Plane Aligned Assemblies of 1D-Nanoobjects: Recent Approaches and Applications[END_REF] This class of materials presents direction-dependent physical and chemical properties. They offer unique possibilities to create novel materials properties by synergetic combination at the nanometer scale of two or more components exhibiting diverse but complementary properties. One key prerequisite for the fabrication of materials and devices with anisotropic properties is the control of the orientation of nanoscale objects during the material construction. In this context, nanoarchitectonics [START_REF] Ariga | Nanoarchitectonics Revolution and Evolution: From Small Science to Big Technology[END_REF] -based materials and devices 3 are emerging fields in the area of composites. In such materials, several subunits with different structures and properties are combined such that the macroscopic properties of these objects exceed the combined properties of the subunits (or the combined properties of the pure components). The individual components are spatially arranged by methods that allow to control their distance and their orientation over several orders of magnitude. Different strategies have already been applied to control the orientation of 1D nanoobjects in the materials, including the Langmuir-Blodgett technique, [START_REF] Tao | Langmuir-Blodgett Silver Nanowire Monolayers for Molecular Sensing Using Surface-Enhanced Raman Spectroscopy[END_REF] heat-assisted dip-coating, [START_REF] Shin | Alignment of Silver Nanowires Using Heat-Assisted Dip-coating Method[END_REF] substrate stretching, [START_REF] Dong | Simple Assembly of Long Nanowires Through Substrate Stretching[END_REF] capillary printing, [START_REF] Kang | Capillary Printing of Highly Aligned Silver Nanowire Transparent Electrodes for High-Performance Optoelectronic Devices[END_REF] shearing using a brush, [START_REF] Zhao | Clay Nanotubes Aligned with Shear Forces for Mesenchymal Stem Cell Patterning[END_REF] or the use of an electric field. [START_REF] Cao | A Technique for Controlling the Alignment of Silver Nanowires with an Electric Field[END_REF] Nevertheless, these methods are restricted to small groups of components, fail to produce compositional control along the z-direction, are limited in their ability to yield uniformly aligned monolayers and to control the density of anisotropic nano-objects over large areas or require the use of bulky equipment. [START_REF] Hu | In-Plane Aligned Assemblies of 1D-Nanoobjects: Recent Approaches and Applications[END_REF] To overcome these limitations, a deposition technique referred to as grazing incidence spraying (GIS), based on the flow-induced alignment in the spraying direction has been developed and used in our group to efficiently orient in the substrate plane various 1D nanoparticles such as silver nanowires (AgNWs), [START_REF] Hu | Spray-Assisted Alignment of Layer-by-Layer Assembled Silver Nanowires: a General Approach for the Preparation of Highly Anisotropic Nano-Composite Films[END_REF] gold nanorods, [START_REF] Sekar | Anisotropic Optical and Conductive Properties of Oriented 1D-Nanoparticle Thin Films made by Spray-Assisted Self-Assembly[END_REF] metal oxide nanowires, [START_REF] Taner Camci | Polarization-Dependent Optical Band Gap Energy of Aligned Semiconducting Titanium Oxide Nanowire Deposits[END_REF] and nanocellulose nanofibrils [START_REF] Blell | Generating in-Plane Orientational Order in Multilayer Films Prepared by Spray-Assisted Layer-by-Layer Assembly[END_REF] to form monolayer and multilayer films on solid substrates. One important field in which an anisotropic response of a nanostructured material is crucial is mechanical sensing. Indeed, stretchable and wearable strain sensors have attracted tremendous attention in recent years due to their facile applications on the human body for different purposes including health monitoring, [START_REF] Gao | Flexible Hybrid Sensors for Health Monitoring: Materials and Mechanisms to Render Wearability[END_REF] human motion detection, [START_REF] Amjadi | Highly Stretchable and Sensitive Strain Sensor Based on Silver Nanowire-Elastomer Nanocomposite[END_REF] artificial skins, [START_REF] Chossat | Wearable Soft Artificial Skin for Hand Motion Detection with Embedded Microfluidic Strain Sensing[END_REF] and soft robotics. [START_REF] Rus | Fabrication and Control of Soft Robots[END_REF] These sensors are all based on the conversion of a mechanical deformation into a measurable signal, but they are usually unable to distinguish stimuli from different directions, despite some recent developments for the fabrication of direction-sensitive sensors based on the formation of an anisotropic conductive network. [START_REF] Zhang | Anisotropic Conductive Networks for Multidimensional Sensing[END_REF] The sensing mechanisms in strain sensors is mainly based on the measurement of resistance, capacitance, or optical properties. [START_REF] Souri | Wearable and Stretchable Strain Sensors: Materials, Sensing Mechanisms, and Applications[END_REF] Unlike resistive and capacitive strain sensors, optical ones do not need to be connected to a power supply and the measurement is nondestructive and can be operated without touching the sample. In addition, they also display high resistance to temperature [START_REF] Lang | Temperature-Insensitive Optical Fiber Strain Sensor with Ultra-Low Detection Limit Based on Capillary-Taper Temperature Compensation Structure[END_REF] and humidity as well as a low sensitivity to electromagnetic interference. [START_REF] Sabri | Toward Optical Sensors: Review and Applications[END_REF] The preparation of high-performance strain sensors requires the combination of functional nanomaterials and stretchable supporting materials. Concerning the sensing components, due to the limited strains withstandable by metal foils and semiconductors, [START_REF] Zhou | Flexible Piezotronic Strain Sensor[END_REF] discrete isotropic and anisotropic nanomaterials such as carbon nanotubes (CNTs), [START_REF] Gu | Wearable Strain Sensors Using Light Transmittance Change of Carbon Nanotube-Embedded Elastomers with Microcracks[END_REF] graphene, [START_REF] Bae | Graphene-Based Transparent Strain Sensor[END_REF] conductive polymers, [START_REF] Lu | Ultrastretchable Conductive Polymer Complex as a Strain Sensor with a Repeatable Autonomous Self-Healing Ability[END_REF] metallic nanospheres, [START_REF] Huang | Highly Sensitive Strain Sensors Based on Molecules-Gold Nanoparticles Networks for High-Resolution Human Pulse Analysis[END_REF] and nanowires [START_REF] Wang | Quasi In Situ Polymerization To Fabricate Copper Nanowire-Based Stretchable Conductor and Its Applications[END_REF][START_REF] Liu | Highly Transparent and Flexible All-Solid-State Supercapacitors Based on Ultralong Silver Nanowire Conductive Networks[END_REF] have been widely used for the development of highly flexible and stretchable strain sensors. Among them, AgNWs are very promising candidates for the preparation of direction-sensitive sensors due to their intrinsically anisotropic optical and electronic properties. Independently from the type of strain sensors, these sensing materials have been incorporated in bulk or on the surface of various stretchable supporting materials such as silicone elastomers [START_REF] Wang | Network Cracks-Based Wearable Strain Sensors for Subtle and Large Strain Detection of Human Motions[END_REF][START_REF] Xu | Highly Stretchable Strain Sensors with Reduced Graphene Oxide Sensing Liquids for Wearable Electronics[END_REF] or natural fibers. [START_REF] Cai | Large-Scale Production of Highly Stretchable CNT/Cotton/Spandex Composite Yarn for Wearable Applications[END_REF][START_REF] Wang | Carbonized Silk Fabric for Ultrastretchable, Highly Sensitive, and Wearable Strain Sensors[END_REF] The incorporation of the sensing material has been completed using various fabrication strategies such as chemical vapor deposition (CVD), [START_REF] Liu | A Highly Sensitive Graphene Woven Fabric Strain Sensor for Wearable Wireless Musical Instruments[END_REF] electrospinning, [START_REF] Ding | A Highly Stretchable Strain Sensor Based on Electrospun Carbon Nanofibers for Human Motion Monitoring[END_REF] spray-assisted layer-by-layer (LbL) assembly, [START_REF] Cai | Stretchable Ti3C2Tx MXene/Carbon Nanotube Composite Based Strain Sensor with Ultrahigh Sensitivity and Tunable Sensing Range[END_REF] laser direct writing, [START_REF] Gao | Laser Direct Writing of Ultrahigh Sensitive SiC-Based Strain Sensor Arrays on Elastomer toward Electronic Skins[END_REF] or 3D-printing. [START_REF] Wang | Full 3D Printing of Stretchable Piezoresistive Sensor with Hierarchical Porosity and Multimodulus Architecture[END_REF] Although these strategies provide strain sensors with high stretchability, high sensitivity, and with various structures, they are not sensitive to the direction of stretching. To distinguish stimuli from different directions accurately, the design and fabrication of direction-sensitive sensors possessing anisotropic structures and properties are required. In this work, we introduce a direction-sensitive strain sensor by exploiting the anisotropic optical properties of a single oriented silver nanowire monolayer and their change upon mechanical stretching. For this purpose, we use grazing incidence spraying (GIS) as a simple and versatile method to control the in-plane alignment and the density of AgNWs on a flexible and transparent poly(dimethylsiloxane) (PDMS) substrate. The optical properties of the anisotropic AgNW thin films deposited on a PDMS substrate are monitored upon stretching by polarized UV-visible-NIR spectroscopy. By using a simple model, both the magnitude and angle of the in-plane local deformation can be accurately and directly determined from the polarized optical measurements.

EXPERIMENTAL SECTION

Materials. Poly(ethylene imine) (PEI, Mn = 60 000 g•mol -1 ) was purchased from Sigma-Aldrich (Lyon, France). Silver nanowires (AgNWs) were purchased from Novarials Corporation (Woburn, MA) at a concentration of 10 mg•mL -1 in isopropanol. Silicon wafers were purchased from WaferNet, Inc. (San Jose, CA). Poly(dimethylsiloxane) (PDMS) sheets with a thickness of 0.25 mm were purchased from Specialty Manufacturing Inc. (SMI) (Saginaw, MI). The PDMS sheets were cut into rectangular shape with a length of 3 cm and a width of 1 cm using a scalpel blade. A bicomponent and highly transparent silicon-based elastomer, Bluesil RTV 141 A/B, was purchased from Elkem France. Holcosil, a red dye suited for silicon-based elastomers, was purchased from Esprit Composite. All the chemicals were used without further purification. All aqueous solutions were prepared with ultrapure water (resistivity of 18.2 MΩ•cm at 25 °C, Milli-Q Advantage A10 water purification system, Merck-Millipore, Molsheim, France). PEI solutions were prepared at a concentration of 2.5 mg•mL -1 by dissolution of the polymer in ultrapure water. PEI layers were deposited on silicon wafers and on PDMS sheets by orthogonal spraying (5 s followed by a rinsing step with ultrapure water for 10 s) using a spray can (Carl Roth GmbH). AgNW solutions were prepared at a concentration of 0.2 mg•mL -1 by diluting the commercial solution 50 times in ultrapure water. Oriented Deposition of Silver Nanowires (AgNWs). An aqueous suspension of silver nanowires (0.2 mg•mL -1 ) was sprayed for 50 s on PEI-coated substrates (either silicon wafers or PDMS sheets) using a homemade spraying system equipped with two-fluid nozzles. The angle between the central axis of the cone of the spray jet and the receiving substrate was fixed at 10°, and the distance between the nozzle and the substrate was held at a constant distance of 1 cm. The liquid flow rate was fixed at 1 mL•min -1 with the air flow rate at 30 L•min -1 (see Figure S2). After the deposition of the oriented AgNW monolayer, the substrate was rinsed by orthogonally spraying ultrapure water to remove any weakly adsorbed nanoparticles and then dried using compressed air. Preparation of the Colored PDMS Substrates. To ascertain the density change during film stretching, a bicomponent silicon-based elastomer, Bluesil RTV 141 A/B, was used to prepare a colored PDMS film. The process consists of mixing the polymer base with the curing agent (weight ratio of monomer to curing agent of 10:1), which forms a transparent solution to which a few drops of a red silicone-based dye (Holcosil) are added and thoroughly mixed. The colored solution was then slowly poured onto a clean glass Petri dish and degassed in a vacuum desiccator multiple times (3-4 times) to remove the air bubbles from the mixture. Finally, the Petri dish filled up with solution was kept in a heating oven at 80 ± 5 °C for 2 h, which led to the reticulation of the polymer and the formation of PDMS. After curing, the PDMS film was carefully peeled off from the Petri dish and cut into a rectangular shape (see Figure S10a). Stretching Device and Spectroscopic Measurements. For the acquisition of the optical properties of oriented AgNW monolayers, a homemade stretching device was built with two metallic clamps whose movement was controlled by a single screw, providing the same displacement and strain in both directions, resulting in an eucentric setup. Each PDMS film coated with oriented AgNWs was fixed using the two jaws of the device as illustrated in Figure S8. The stretching device was mounted in a double-beam Cary 5000 UV-visible-near infrared spectrophotometer (Agilent Technologies France SAS, Les Ulis, France) that was used for recording the different optical extinction spectra. The extinction of the samples was measured through a circular aperture of 5 mm diameter, and a noncoated PDMS substrate was used as a reference. A spectrum was acquired for each applied strain, and a Glan-Taylor polarizer was used for performing UV-visible-NIR spectroscopy with linearly polarized light. Nanowire Characterization. The size distribution of silver nanowires was determined from images obtained with a scanning electron microscope (SEM) SU8010 (Hitachi, Japan) with a secondary electron detector at an acceleration voltage of 1.0 kV. Eighty-four individual nanowires were measured to get a representative statistical of the nanowire dimensions (see Figure S1). In Situ Electron Microscopy Imaging during Stretching. The AgNW-coated PDMS films were imaged during stretching using a custom-built stretching device that was incorporated into a NEON 40 FIB-SEM workstation (Carl Zeiss Microscopy GmbH, Oberkochen, Germany) under an accelerating voltage of 3.0 kV. This work was carried out in collaboration with the Leibniz-Institut für Polymerforschung in Dresden. All the micrographs were captured in SE2 mode. A constant clamping torque value of 4.5 cNm was applied to avoid bending upon stretching. The fabricated sample with a length of 3 cm and a width of 1 cm was stretched in situ at a constant speed of 1 mm/min from 0% to 40% of its length, with intermediate steps of 10%.

RESULTS AND DISCUSSION

Oriented Silver Nanowire Monolayers. The oriented deposition of AgNWs (length of 3.3 ± 1.5 μm and diameter of 47 ± 7 nm, Figure S1) was carried out by spraying the nanowire suspension at an angle of 10° on a receiving substrate from a distance of about 1 cm from the nozzle using GIS (see Figure S2 for more details). AgNW monolayers were deposited either on silicon wafers or on PDMS sheets that were precoated with a layer of poly(ethylene imine) (PEI) (Figure S3). As already reported, [START_REF] Hu | Spray-Assisted Alignment of Layer-by-Layer Assembled Silver Nanowires: a General Approach for the Preparation of Highly Anisotropic Nano-Composite Films[END_REF] AgNWs only adsorb on the PEI-coated areas and do not form an adlayer on top of already adsorbed AgNWs. The AgNW density in the monolayer can be easily controlled by varying the spraying time. A spraying time of 50 s allowed for the formation of monolayers presenting an extinction high enough to be easily measured by optical spectroscopy. The metallic monolayers deposited on PDMS and silicon wafers were imaged by SEM (Figure 1a and Figure S3) and the degree of orientation of AgNWs was characterized using OrientationJ,38 an ImageJ39 plug-in that determines the local orientation of nano-objects in the plane. A 2D nematic order parameter S2D was then calculated and used to compare quantitatively the degree of orientation of various samples (Figure S4). For all samples analyzed by SEM, an order parameter of about 0.8 was obtained (a value of 1 corresponding to perfectly aligned nanowires), showing the efficient in-plane alignment of the AgNWs by GIS. Optical Properties of Anisotropic AgNW Monolayers. The optical properties of the oriented AgNW monolayers on PDMS substrates were investigated by polarized UV-visible-near infrared spectroscopy. As for oriented AgNW monolayers deposited on quartz slides, 10 the extinction spectra of oriented AgNW monolayers on PDMS measured with unpolarized light display three characteristic peaks due to the localized surface plasmon resonances (LSPR) (Figure S7). While the two peaks in the UV-visible region (350 and 380 nm) are assigned to the transverse LSPR mode, the broadband starting at around 650 nm and extending toward the near infrared region is attributed to the longitudinal LSPR mode. The use of linearly polarized UV-visible-NIR light allows for the selective excitation of the transverse and longitudinal LSPR modes. [START_REF] Hu | Spray-Assisted Alignment of Layer-by-Layer Assembled Silver Nanowires: a General Approach for the Preparation of Highly Anisotropic Nano-Composite Films[END_REF] When the light polarization is parallel to the nanowire alignment direction, the longitudinal plasmon band is preferentially excited and is associated with a high extinction in the near-infrared region. On the other hand, the transverse mode is preferentially excited when the polarization is perpendicular to the AgNW orientation (Figure 1b) and leads to extinction in the UV-visible range (Figure S7). These anisotropic optical properties of oriented AgNW monolayers are used in this work for developing a directionsensitive sensor.

Development of a Direction-Sensitive Sensor.

Let us consider an oriented AgNW monolayer deposited on a PDMS sheet, having an initial length L0 and an initial width l0, which is stretched at an arbitrary angle α between the stretching direction and the nanowire orientation (Figures 1b and2c). The purpose of the proposed direction-sensitive strain sensor is to measure the stretching ratio !

!" " ! " # (also known as engineering strain, and referred to as strain in following) and its direction α from the extinction change
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measured by spectroscopy (Figure 1c) (see Section S4 for more details). Therefore, it is necessary to first measure the extinction changes arising from deformations applied parallel ! "#$ "#$ ! " ∥ and perpendicular ! "#$ "#$ ! " % to the AgNW alignment direction. The experimental determination of the angle α between the AgNW orientation and the stretching direction is also required. Both stretching (S) and light polarization (P) are defined with respect to the average direction of the nanowire long axis (parallel (∥) or perpendicular (⊥)) and can be described by four main configurations: S⊥P∥, S⊥P⊥, S∥P∥, and S∥P⊥. The spectra measured upon stretching for these four configurations are given in Figure S9. Parts a and b of Figure 2 show the extinction spectra as a function of the applied strain for a strain applied parallel and perpendicular to the nanowire orientation and for a light polarization perpendicular to the AgNW orientation (corresponding to S∥P⊥ and S⊥P⊥ configurations, respectively, at 380 nm). The extinction decrease observed for all measured samples (Figure 2c) could be attributed at first sight to the decrease in the surface density of nanowires during stretching. Indeed, it is known that during uniaxial deformation PDMS stretches two times more in the stretching direction than it contracts in the perpendicular direction, as defined by its Poisson's ratio close to 0.5. [START_REF] Mihai | How to Characterize a Nonlinear Elastic Material? A Review on Nonlinear Constitutive Parameters in Isotropic Finite Elasticity[END_REF] This induces an increase in the PDMS area and a decrease in the surface density of AgNWs upon stretching as the number of AgNWs deposited on PDMS remains constant. The expected relative change of area 
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(see Section S6 for more details). The relative extinction change, expressed as a function of the extinction prior to (Ext0) and during stretching (Ext), scales with the density of nano-objects or molecules and is thus inversely proportional to the area change (eq S11). Optical Properties of a Colored PDMS upon Stretching. In order to verify whether the decrease in extinction upon stretching is due solely to a decrease in the surface density of nanowires, the extinction change of a model sample, PDMS colored with a red dye, was monitored as a function of the applied strain and was compared to the extinction change of PDMS films coated with oriented AgNWs measured using the four configurations with respect to stretching direction and light polarization (Figure 2c). The experimental points measured for the colored PDMS are in good agreement with the theoretical variation obtained with eq S11 (Figure S11). If the extinction decrease of AgNW samples was only induced by a nanowire density change, we should get a similar decrease to the one observed for colored PDMS. As the extinction decrease is larger for all PDMS films coated with oriented AgNWs than for the colored PDMS (Figure 2c), the optical properties of AgNW monolayers upon deformation are not exclusively due to a density change. This decrease could be attributed to a reflectance change of the metallic network as its structure changes during the film stretching (see Figures S5 andS6). More importantly, the extinction change is proven to be dependent on both the stretching direction and light polarization with respect to NWs as four different variations of the optical properties are observed (Figure S9 and Figure 2c). If needed, the reader shall find the results of the Figure 2c in the finite strain formalism in Figure S12, which relates the extinction change to the true strain in the sample.

Direction-Sensitive Strain Determination from Polarized Extinction.

The different optical changes upon stretching depending on light polarization and direction of stretching is the basis for the design of an anisotropic strain sensor sensitive to the intensity and direction of the applied strain. The determination of these parameters from the optical measurements is based on the development of a model considering the geometry of the sample (length (L0, L) and width (l0, l) before and after deformation, respectively), the angle α between the nanowire orientation and the stretching direction, the measured extinctions before Ext0 and after stretching Ext, and the applied strain !" " ! .

We have focused so far our study on two idealized configurations (S∥ and S⊥) where α is equal to 0 or 90°, respectively. We generalize our approach by developing a model for any value of α comprised between 0° and 90°. The sample deformation transforms l0 in l, L0 in L, and α0 in α with α < α0 (Figure 3a). Based on geometrical considerations, the expected change of the tan(α)/tan(α0) ratio can be expressed in terms of film dimensions before (l0, L0) and after stretching (l, L) and the Poisson's ratio 𝜈 ()*+ (see Section S7, eq S15).

The variation of the angle thus depends on the applied deformation and the Poisson's ratio of PDMS, relating the contraction of the material in the direction perpendicular to the stretching direction.

Experimentally, it is possible to determine the angle f between the stretching direction and the polarization direction of the transverse mode of nanowires, reported as the polarizer angle, by monitoring the extinction change at 380 nm as a function of the polarizer angle. Indeed, the extinction at this wavelength is maximal when the AgNW orientation and the polarization direction are perpendicular. This extinction as a function of polarizer angle was completed for oriented AgNW monolayers with three different initial orientation angles (α0 close to 25°, 50°, or 75°) (Figure S13). The optical properties for α0 ∼ 25° are given as an example in Figure 3b. It is thus possible to determine the strain-dependent orientation angle as a function of the film stretching based solely on the measurement of the polarized extinction at a single wavelength without using any microscopy imaging of the sample (Figure 3c and Figure S14). As discussed previously, the strain applied at an angle α with respect to the AgNW alignment direction can be decomposed into a strain applied along the nanowire orientation and a strain applied across the nanowire orientation (eq S4). For both stretching directions, the extinction changes
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as a function of the applied strain (Figure 2c) could be fitted to second order polynomials (see Section S8). The extinction change
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can finally be expressed as a function of a fourth-order polynomial equation (see Section S9 and Table S1 for further details):
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An Excel VBA Macro was then used to numerically solve the fourth-order polynomial equation for each extinction change measured by spectroscopy. Using this approach, the direction of the local strain α and the magnitude of the strain applied parallel and perpendicular to the nanowire orientation (and thus the effective strain applied at the angle α) can be determined solely from polarized spectroscopic measurements for any angle α.

To summarize, the proposed approach can be decomposedinto three steps, with all measurements being made at a single wavelength (380 nm):

• Step 1: The measurement of the extinction variation for a stretch applied parallel and perpendicular to the orientation direction of the AgNWs on a sample with known nanowire orientation (which can be seen as a calibration, Figure 4b).

• Step 2: The determination of the orientation of the nanowires with respect to the direction of stretching on a sample whose direction is a priori unknown through the measurement of the variation of the extinction as a function of the polarizer angle (Figure 3b). 
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. The magnitude of the applied strain at angle α is then calculated from eq 1. The same procedure was repeated for different stretchings on the same sample, leading to the five green points in Figure 4c.

In order to probe the reproducibility and robustness of our approach, it was also applied to oriented AgNW monolayers with different initial orientation angles α0 close to 25°, 50°, and 70°, each one in triplicate (see Figure 4c and Figures S14 andS15). The strains measured using the procedure described above were compared with the strains applied experimentally with the stretching device (Figure 4c) to verify the accuracy of our approach. A good agreement was observed between the measured and applied strains, validating the proof of concept of this approach toward the development of a direction-sensitive sensor using the anisotropic optical properties of a silver nanowire monolayer. The differences observed between the applied and measured strains (see Figure 4c) can first be explained by the nonperfect alignment of the AgNWs on the PDMS substrate. In addition, uncertainties related to the determination of the applied strain using the stretching device can lead to discrepancies. Uncertainties on the extinction changes can finally also be responsible for the observed differences. The proposed approach allows for measuring directional strains over a wide range and with commendable sensitivity. Indeed, we have stretched several samples up to 130% strain, which caused the failure of the PDMS sheet, but the polarized optical properties were still measurable at the maximum strain, and thus, the sensors should, in theory, work beyond this range. As the extinction change can be measured easily with excellent accuracy, strain values of only a few percent can be detected, which demonstrates the very high sensitivity of the sensor. Finally, a single thin film has been stretched at 100% strain and released several times, and the optical properties are only slightly modified after a few cycles, which shows that the sensor can be reused several times (Figure S16). The presented model considers the variation of the optical properties at a single wavelength. This model could be modified in order to improve the performances of this sensor by considering the optical properties at different wavelengths for instance. Furthermore, the strain measurements determination is based on polarized transmittance measurements using a commercial spectrometer in which the measurement was made in the dark. However, it must be noted that such a measurement could also be performed in reflection and in an environment exposed to ambient light (Figure S17).

CONCLUSION

Oriented AgNW monolayers were successfully deposited on PEI-modified PDMS and silicon substrates by GIS. Their high degree of orientation was characterized by a 2D nematic order parameter close to 0.80. The resulting AgNW monolayers display highly anisotropic optical properties that were used to prepare a direction-sensitive strain sensor. The anisotropic contribution of AgNWs to extinction decrease upon deformation was confirmed by UV-visible-NIR spectroscopy in comparison to a colored PDMS. Spectroscopic studies performed with linearly polarized light upon sample stretching show that the optical properties of AgNW-coated PDMS films are highly dependent on the stretching direction and the light polarization. A simple model integrating all the required parameters (angle, extinction, strain, Poisson's ratio) was employed for determining both the magnitude and the direction of the deformation directly from the optical measurements. This anisotropic sensor, capable of detecting an induced strain and its direction, could be used in various applications where the measurement of multidirectional in-plane strains is required. Note that the spray-assisted deposition of AgNW films allows to modify existing objects and devices with a directional strain detector after their preparation. This could especially be interesting for turning thin foils into directional strain sensors. It must also be noted that the approach we introduce in this study could be used in theory with nano-objects that have anisotropic optical properties and that are oriented on a surface, with such a structure being reachable with several oriented deposition approaches. [START_REF] Hu | In-Plane Aligned Assemblies of 1D-Nanoobjects: Recent Approaches and Applications[END_REF] Finally, the proposed approach has the advantage of being nondestructive and allowing for contactless monitoring of strains in situ. Even if all optical measurements were carried out in transmission mode on a transparent substrate during that work, this approach could also be conducted in reflection mode with a nontransparent material.

Figure 1 .

 1 Figure 1. (a) SEM image of a AgNW monolayer deposited on PDMS obtained after 50 s of spraying using GIS (no stretching applied). (b) Schematic illustration of the experiment with the orange double arrow corresponding to the perpendicular polarization direction of the light (P⊥) used for the determination of the stretching direction α and strain ! !" " ! "

Figure 2 .

 2 Figure 2. UV-visible-NIR spectra upon film stretching for the configurations (a) S∥P⊥ and (b) S⊥P⊥ with the stretching directions (S) represented by the blue and red arrows and the polarization direction (P) by the orange double arrows. (c) Extinction change at 380 nm as a function of the applied strain for a colored PDMS film and oriented AgNW monolayers with different stretching directions and light polarizations: S∥P⊥, S⊥P⊥, S∥P∥, and S⊥P∥. The black line corresponds to the theoretical variation obtained with eq S11 while colored dashed lines are only guides to the eye.

Figure 3 .

 3 Figure 3. (a) Schematic drawing of a rectangular PDMS substrate before (l0, L0) and after a uniaxial stretching (l, L) showing the transformation of the angle between the stretching direction (blue arrows) and the AgNWs alignment direction (gray lines) from α0 to α. (b) Extinction change at 380 nm as a function of the polarizer angle upon stretching from 0 to 29% for an oriented AgNW monolayer with an initial orientation angle α0 ∼ 25°. (c) Variation of the orientation angle for an aligned AgNW monolayer with an initial orientation angle α0 ∼ 25° set during GIS deposition as a function of the applied strain.

• Step 3 :

 3 The determination of the stretching amplitude by measuring the polarized extinction before and after stretching. The numerical resolution of eq S10 is equivalent to finding the value of the magnitude of the deformation ! sample (blue and red dashed lines in Figure4b, respectively) and from the measured value! (&) (&) ! " #, in such a way that eqs S4 and S9 are simultaneously verified. This is exemplified for one measurement (green dot) in Figure4b: the local orientation of the AgNWs is first measured as being equal to 19.6° using extinction as a function of the polarizer angle (see Figure4a), and the values of ! red dots, respectively) are determined from the from the measured value !

Figure 4 .

 4 Figure 4. (a) Extinction change as a function of the polarizer angle for an oriented AgNW monolayer during its stretching with an initial orientation angle of 25.1°. (b) Extinction changes for strains applied across and along the AgNW alignment direction (these curves are the same as in Figure2c). (c) Strain applied on the stretching device as a function of the strain measured from the optical spectroscopy for initial orientation angles of 25°, 50°, and 70°.
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