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Nowadays, wide progress is being made in the technology field of selective metallization of polymer surface, in order to manufacture compact and miniaturized electronic devices. However, most of the developed methods are expensive, require sophisticated processes and in some cases involve the use of products that are toxic for health and environment. In this study, a new process being referred to as "Rapid 3D-Plastronics" was developed, combining 3D printing and 3D plastronics, a technology allowing integration of electronic circuits on 3D polymer parts by selective metallization. The originality of this work lies in combining easy, rapid and low-cost methods and limiting hazardous effects. The stereolithography (SLA) was used to produce the 3D parts and electroless plating to metallize the electronic circuitry. The tracks for the electronic circuit were defined and implemented in the design of the 3D printed part. The metal-polymer interface adhesion strength was enhanced using sandblasting and the surface morphology and contact angle were investigated. The selectivity of the electroless plating was guaranteed by localizing a palladium-based catalyst into the implemented tracks. The high electrical conductivity of the circuitry and the high adhesion of copper (Cu) circuitry obtained with this process were suitable for a sustainable operation of an electronic device. Operating rigid and flexible prototypes were manufactured and characterized to illustrate the potential application of the process.

The Rapid 3D-Plastronics process proves satisfying for manufacturing complex 3D electronic devices, intended for use as heaters and sensors, high performance coil for Wireless Power Transfer, or flexible electronic circuits.

Introduction

The 3D printing technology has expanded rapidly over the last years thanks to its attractivity in customization, prototyping and its ability to produce complex 3D geometries [START_REF] Ngo | Additive manufacturing (3D printing): A review of materials, methods, applications and challenges[END_REF]. This advanced technique has the advantage of allowing design flexibility in the fabrication of 3D functional prototypes quickly, easily and at low cost. It has inspired many researchers to create customized devices with heterogeneous functions [START_REF] Macdonald | Multiprocess 3D printing for increasing component functionality[END_REF] and develop new processes intended for high performance polymers [START_REF] Esfahani | Light based synthesis of metallic nanoparticles on surface-modified 3D printed substrates for high performance electronic systems[END_REF] and biodegradable polymers [START_REF] Lazarus | Direct electroless plating of conductive thermoplastics for selective metallization of 3D printed parts[END_REF].

Among the different methods of 3D polymer printing, the stereolithography (SLA) process has the advantage of high printing accuracy, high temperature resistance and smooth surface finish [START_REF] Ngo | Additive manufacturing (3D printing): A review of materials, methods, applications and challenges[END_REF][START_REF] Pagac | A review of vat photopolymerization technology: Materials, applications, challenges, and future trends of 3d printing[END_REF]. SLA is a widely used technique for the fabrication of prototypes. A movable UV source is used to activate the polymerization of a photocurable resin and to build parts layers by layers from a computer aided design (CAD) file. SLA usually uses 405 nm waveband laser, and a methacrylate-based photopolymerizable resin [START_REF] Bagheri | Photopolymerization in 3D Printing[END_REF]. Such photocurable resins are used in many other fields thanks to their chemical stability and mechanical, thermal and biocompatible properties [START_REF] Melchels | A review on stereolithography and its applications in biomedical engineering[END_REF].

3D Plastronics is a new technology allowing the integration of various electronic functions in the nonconductive polymer housing of electronic devices, by selective metallization of conductive tracks connecting surface mount devices. The polymer housing can be produced by any method known in polymer processing such as injection molding or thermoforming, but also 3D printing. The combination of 3D Plastronics with 3D printing guarantees solutions to develop prototypes for devices and systems with small dimensions. This combination offers high integration of heterogeneous electrical, mechanical, thermal and optical functions. It plays an important role in different application domains such as miniaturization of electronic devices [START_REF] Acharya | Fabrication process for on-board geometries using a polymer composite-based selective metallization for next-generation electronics packaging[END_REF], thermal management [START_REF] Gerges | Investigation of 3D printed polymer-based heat dissipator for GaN transistors[END_REF], medical equipment [START_REF] Gerges | 3D Plastronics for Smartly Integrated Magnetic Resonance Imaging Coils[END_REF],

automotive [START_REF] Islam | Two-component microinjection moulding for MID fabrication[END_REF] telecommunication [START_REF] Adams | Conformal Printing of Electrically Small Antennas on Three-Dimensional Surfaces[END_REF] and energy harvesting [START_REF] Nguyen | 3D Plastronics Radio Frequency Energy Harvester on Stereolithography Parts[END_REF].

A number of techniques now exist to fully metallize non-conductive polymer surface, including SLA 3D printed parts. Among these techniques, silver painting [START_REF] Venanzoni | 3D printing of X band waveguide resonators and filters[END_REF][START_REF] Dionigi | Simple High-Performance Metal-Plating Procedure for Stereolithographically 3-D-Printed Waveguide Components[END_REF], sputtering [START_REF] Su | 3D printed wearable flexible SIW and microfluidics sensors for Internet of Things and smart health applications[END_REF][START_REF] Ghazali | Affordable 3D printed microwave antennas[END_REF], conductive spray coating [START_REF] Tak | A lightweight waveguide horn antenna made via 3D printing and conductive spray coating[END_REF] and electroless plating [START_REF] Bernasconi | Electroless Metallization of Stereolithographic Photocurable Resins for 3D Printing of Functional Microdevices[END_REF][START_REF] Shen | Rapid prototyping of low loss 3D printed waveguides for millimeter-wave applications[END_REF]. The main issues are the adhesion of the metallic layer on the polymer surface and its electrical conductivity. These techniques generally require a preliminary surface treatment to improve the conductor-polymer interface adhesion strength, and in some case, a posterior step of copper electroplating [START_REF] Bernasconi | Electroless Metallization of Stereolithographic Photocurable Resins for 3D Printing[END_REF] to enhance the metallic layer thickness for better electrical conductance. In this context, electroless plating, an autocatalytic chemical technique, is a metallization method of interest because, unlike the other cited techniques, it allows the full metallization of complex 3D geometry surfaces with homogeneous thickness even in inaccessible sites that are difficult to cover in depth with the other techniques [START_REF] Deckert | Electroless Copper Plating A review Part I[END_REF].

One of the major challenges of the metallization of polymer surface using any of the above-mentioned methods is the metal layer adhesion on polymer. In order to promote adhesion, strong chemical oxidizing etching processes are often used to increase both surface area and wettability of the polymer surface [START_REF] Holmberg | Coatings Tribology: Properties techniques and applications in surface engineering[END_REF]. The most common chemical etchants used are chromic acid (CrO3) [START_REF] Sheng | Effects of the chromic acid etching on propylene polymer surfaces[END_REF], sulfuric acid (H2SO4) [START_REF] Luan | Chemical surface preparation for metallization of stereolithography polymers[END_REF], potassium hydroxide (KOH) [START_REF] Bernasconi | Electroless Metallization of Stereolithographic Photocurable Resins for 3D Printing of Functional Microdevices[END_REF] and potassium permanganate (KMnO4) [START_REF] Wang | Adhesion improvement of electroless copper to a polyimide film substrate by combining surface microroughening and imide ring cleavage[END_REF] largely used in printed circuit board industry [START_REF] Ladou | Printed circuit board industry[END_REF]. However, these products are hazardous for the environment, toxic for human and can present a serious carcinogenic risk as in the case of chromic acid [START_REF] Sarto | Increased incidence of chromosomal aberrations and sister chromatid exchanges in workers exposed to chromic acid (CrO 3 ) in electroplating factories[END_REF]. Thus, there is a need to find alternatives to these chemical treatments. Literature reports the use of plasma [START_REF] Rozovskis | Plasma surface modification of polyimide for improving adhesion to electroless copper coatings[END_REF] which is a safer but not very adapted method for processing complex 3D objects, besides being expensive and requiring a specific gas installation. Another method described in the literature is sandblasting which is both low-cost and within everyone's reach [START_REF] Frank | A facile and scalable method to produce superhydrophic stainless steel surface[END_REF][START_REF] Njuhovic | Influence of the composite surface structure on the peel strength of metallized carbon fibre-reinforced epoxy[END_REF] and mostly used for surface preparation of substrates for metal [START_REF] Thompson | Sandblasting and silica-coating of dental alloys: volume loss, morphology and changes in the surface composition[END_REF] and ceramic coating [START_REF] Xu | Ka-Band Monolithic Stereolithography 3-D Printed Broadband Passive Waveguide Devices[END_REF].

Contrary to the above-mentioned processes which consist in fully metallizing the object surface for 3D Plastronics, it is necessary to selectively implement conductive tracks on the object surface in order to define an electronic circuit. Nowadays, many processes are being explored to selectively deposit conductive tracks on a 3D surface, among them: ink dispensing [START_REF] Adams | Conformal Printing of Electrically Small Antennas on Three-Dimensional Surfaces[END_REF][START_REF] Lopes | Integrating stereolithography and direct print technologies for 3D structural electronics fabrication[END_REF], wire embedding [START_REF] Kim | Resistance Temperature Detector Sensor with a Copper Pattern on the Printed Circuit Board[END_REF], twocomponent injection moulding (2k) [START_REF] Islam | Two-component microinjection moulding for MID fabrication[END_REF], aerosol jet printing [START_REF] Goth | Aerosol Jet printing on rapid prototyping materials for fine pitch electronic applications[END_REF][START_REF] Mahajan | Optimization of aerosol jet printing for high-resolution, high-aspect ratio silver lines[END_REF] and Laser Direct Structuring (LDS) [START_REF] Amend | A fast and flexible method for manufacturing 3D molded interconnect devices by the use of a rapid prototyping technology[END_REF]. LDS and 2k require specific polymers and are mostly used for Molded Interconnect Devices (MID) [START_REF] Franke | Three-Dimensional Molded Interconnect Devices (3D-MID)[END_REF]. The majority of these techniques are very expensive because they require the use of lasers or aerodynamic systems combined with multi-axis motorized system. This paper presents a new low-cost process, easy to implement and environment friendly, being referred to as "Rapid 3D-Plastronics". This new method combines 3D printing and 3D Plastronics for rapid prototyping of 3D plastronic devices. The fabrication strategy is based on the selective metallization by electroless copper (Cu) plating of 3D tracks produced in the form of grooves in the 3D printed surface. This method solves a major problem in 3D Plastronics since the use of complex multi-axis machining is not necessary. Another advantage is that of making conductive tracks with good electrical properties using Cu instead of conductive silver ink which has lower electrical properties (resistivity > 20 µΩ.cm).

Cu adhesion was improved by modifying the surface properties using sandblasting as green process instead of sulfochromic acid or any toxic chemical agent.

In this works, first the developed process is described. Next, a detailed discussion of the characterization, capabilities and limits of the process is presented. Finally, several demonstrators for investigating hightemperature and flexible printed parts in different applications such as heating and sensing, wireless power transfer, and flexible electronic circuits are reported. The functionality of different prototypes is demonstrated as proof of concept.

Materials and Process

Accurate, low-cost, eco-responsible and user-friendly methods are to be selected and combined to produce 3D-parts with integrated electronic circuit. The manufacturing process can be summarized as follow: A first step consists in designing the part with integrated grooves in the surface to define the electronic tracks, and then printing it using SLA technique (Fig. 1a). The second step involves sandblasting (Fig. 1b) to modify the wettability and the surface roughness of the polymer in order to promote the metal-polymer adhesion. A colloidal Palladium catalyst is then deposited on the entire part (Fig. 1c) and removed by hand-sanding the surface to keep the catalyst only inside the grooves (Fig. 1d). Grooves are finally metallized using Cu electroless plating (Fig. 1e) to obtain the final 3D plastronic device (Fig. 1f). 

Parts fabrication

A SLA 3D printer (Form 3 printer -Formlabs) was used to print all the parts to be later metallized following the developed process. This paper refers to two SLA compatible resin types based on their physical properties: i) High-temperature resin (FLHTAM-02) for its thermal characteristics, used to manufacture rigid devices for high temperature use; ii) Flexible resin (Flexible, FLFLGR02) used to fabricate 3D plastronic flexible devices. The model parts are designed using mechanical engineering CAD software. To create the electronic circuit, grooves defining the electrical tracks are added into the pattern of the 3D object surface. After 3D printing, the samples, are rinsed with isopropanol alcohol to remove resin residuals, before being thermally post-cured under UV for 60 minutes at 80°C for High temperature resin and for 15 minutes at 60°C for flexible resin to enhance their mechanical properties.

Surface treatment and Cu plating

After fabrication, the parts were then sandblasted using corundum 50 µm as abrasive. The sandblasting pressure and the working distance between the 1.2 mm nozzle and the samples were 4 bar and 5 cm respectively. Next, the samples were cleaned ultrasonically in deionized water for 10 minutes at room temperature, dried and cleaned with isopropanol, washed with deionized water. Metallization was performed by electroless plating which consists in immersing the samples in 1L of solution containing 5mL of palladium catalyst (Macuplex Activator-D34C, MacDermid) and 220 mL of 37% acid chloride (AnalaR® NORMAPUR®). The impregnation step was performed for 3 min at 30°C. After palladium catalyst deposition, the parts were rinsed with deionized water and plated for 2 h at 60°C in a commercially electroless Cu bath (Mid Copper 100XB, MacDermid). When completed, the parts were rinsed in water to remove the residual Cu electroless solution, and then air-dried at room temperature for 12h.

The Cu layer of the parts requiring a high electrical conductivity was enhanced by electroplating; the parts were plated at 30°C into a 220 g/l copper sulfate (CuSO4) solution, with 3.1 % sulfuric acid (H2SO4), 0.2 ml/l Hydrochloric acid (HCL), and additives (0,2 ml/l Rubin T200A, 8 ml/l Rubin T200G and 2 ml/l Rubin T200E). A Cu electrode is placed at approximately 10 mm from the part. A 5 A/dm 2 current is supplied for 50 min between the electrode and the coil surface.

Characterization and Methods

Surface morphology

The surface morphology and the surface roughness of the 3D printed, sandblasted and metallized samples were investigated using optical microscopy (Hirox-RH-2000) and a nano point scanner NPS (NP3).

Contact angle

Contact angle measurements were carried out on 3D printed and sandblasted samples, using a Drop Shape Analyzer DSA30 (Kruss, Germany). The contact angle of all samples was assessed via the sessile drop technique at room temperature (23 ± 1 °C). A droplet of deionized water (9 µl) was dispensed onto the surface of the samples using a needle, and the contact angle was measured after 5s. Measurements were performed on 5 different locations of the surface of three different samples, and the average value was reported.

Electrical resistivity

For the electroless Cu resistivity measurement, the test specimen was a 3D printed 40 cm x 40 cm square of high temperature resin, sandblasted and totally metallized applying the same conditions as described above. The resistivity measurements were conducted at 20°C using four-point aligned Tungsten Carbide probes with a radius of 125 µm and a pitch of 1.27 mm attached to a sourcemeter (2450 Keithley).

Moreover, the thickness of the deposited Cu layer was measured using x-ray fluorescent (Bowman B series XRF). The bulk resistivity was obtained following the equation of infinite 2D sheet resistivity:

𝜌 = 𝜋 ln(2) . t. 𝑅 (1)
Where t is the Cu thickness and R the measured resistance. A sample size correction factor of 0.990 was applied to account for the shape of the specimen. The reported values represented the average value taken from 5 different measurements collected from 5 samples.

Adhesion testing

To evaluate the Cu plating adhesion, first of all, a standard scotch-tape-test following the ISO 2409 test procedure was conducted on a 20 x 30 mm Cu plated surface. A sharp razor blade was used to cut a grid pattern across the sample. 2525 Scotch adhesive tape was pressed against the sample and peeled off rapidly and vertically, the percentage area moved or deformed is used to reflect the adhesion and gave the corresponding adhesion quality.

The adhesion pull-off tests were evaluated on the Cu plated surface of a sandblasted samples by a bond tester (XYZTEC Condor Sigma). Test stub with a diameter of 3 mm was glued with ethyl cyanoacrylate glue (Loctite Superglue-3) on the Cu plated surface to perform this test. An increasing tensile force is applied to the stub until coating detachment from the substrate. The fracture surface area was measured using numerical microscopy (Hirox-RH-2000, Japan). The average pull-off strength from 20 different measurements was then calculated by dividing the pull-off force by the fracture surface area.

Thermal and Bending tests

For heating and sensing demonstrators, thermal images were taken with an infrared thermal camera (FLIR TG267). T-type thermocouple (testo 108-2) was used to detect the temperature of the manufactured heating resistance. The resistance as function of temperature was measured using the resistance temperature detector (RTD) sensor heated up to 150°C in an oven (Memmert UF55plus).

Bending tests were carried out using an automated compression bench at a speed of 30 mm/s. The resistance of the conductor was measured 5 times with a two-point probe using a keithley (2450 SourceMeter).

Coils simulation and measurement

To define the design of a coil for proximity Wireless Power Transfer (WPT) described in section 3.5.3, preliminary simulations on a planar coil were carried out using the finite element magnetic method (FEMM) software [START_REF] Meeker | Finite Element Method Magnetics[END_REF]. Considering a coil is equivalent to a set of concentric rings, an axisymmetric 2D quasi-magnetostatic model [START_REF] Haddad | Modeling, fabrication, and characterization of planar inductors on YIG substrates[END_REF][START_REF] Zurek | FEM modelling and experimental validation of proximity loss[END_REF] was chosen. Impedance and quality factor were calculated as function of frequency (1 kHz -10 MHz) considering the skin and proximity effects. The capacitive effect at frequencies over 1 MHz was also estimated using a coarse approach, with a simple electrostatic calculation considering the average potential of each ring. Planar coil simulation results, impedance and quality factor, were compared with experimental data obtained for a coil fabricated on a PCB, allowing us to validate our simulations. Their quality factor was calculated considering their resistivity, selfinductance and capacity using a R parallel to LC model [START_REF] Kamotesov | Transmission d'énergie par induction électromagnétique en plastronique 3D To cite this version : HAL Id : tel-02496934 Transmission d ' énergie par induction électromagnétique en plastronique 3D[END_REF].

In a second step, the model was modified for a coil on a half sphere. This allowed us to define the spiral geometry with the highest quality factor, considering the constraints due to the manufacturing process.

A quality factor as high as 250 was obtained at 6.78 MHz (typical frequency used for WPT).

The impedance of the manufactured coils was measured as a function of frequency from 1 kHz up to 10 MHz using an impedance analyzer (4294A, Keysight).

Results and discussion

Improving Surface adhesion

The main challenge in this study was to make sure that the combination of the selected methods reflects a perfectly "compact and functional device" with properties comparable to the ones of other devices fabricated using standard processes described in literature. Therefore, a particular attention was devoted to surface preparation with sandblasting, in order to improve the surface adhesion of metal, and thereby, guarantee better electrical properties and longevity of the electronic circuit. The morphology of 3D printed sample was investigated before and after sandblasting. The parallel lines relative to the layer deposit during the 3D printing process were clearly visible on the surface of the 3D printed parts (Fig. 2a), and the surface roughness was uniform and equal to 2.38 µm (Fig. 2c). The sample had a nearly hydrophobic surface with water contact angle of 79.3° (Fig. 2e). This value is typical for stereolithography methacrylate resins [START_REF] Hogt | Wettability and ζ potentials of a series of methacrylate polymers and copolymers[END_REF][START_REF] Bragaglia | Silver electroless plating on 3D printed resins via stereolithography: A sustainable solution[END_REF]. The sandblasting treatment created micro-cavities in the surface (Fig. 2b). The surface roughness was increased evenly to 3.94 µm (Fig. 2d), and printing lines were no longer visible. The water contact angle decreases to 73.64°, indicating that the hydrophilicity of the surface of the sample had increased. The increase in surface roughness and wettability improve significantly surface adhesion [START_REF] Njuhovic | Influence of the composite surface structure on the peel strength of metallized carbon fibre-reinforced epoxy[END_REF][START_REF] Magallón Cacho | Novel green process to modify ABS surface before its metallization: optophysic treatment[END_REF]. 

Selective activation of the surface

The chosen method for the activation of the surface stage did not require sophisticated equipment and that prevented the wastage of Cu. Thereby, the activation step was carried out by depositing palladium catalyst on the surface of the sample by immersion. This step was followed by surface hand sanding in order to eliminate the catalyst from all over the surface but the tracks hollowed out during printing were deeper, and thus unaffected by the surface sanding. As a result, only the grooved tracks will be metallized without any Cu waste; a considerable advantage compared to laser ablation [START_REF] Qin | Flexible Fabrication of Flexible Electronics: A General Laser Ablation Strategy for Robust Large-Area Copper-Based Electronics[END_REF] where the full surface is metallized before selectively eliminating the excess copper to keep only the electronic tracks.

Plated copper properties

After electroless Cu plating, the cross-test results confirmed the good coating adhesion on the sandblasted sample (Fig. 3b) compared to non-treated sample (Fig. 3a). Henceforth, all experimental measurements were performed on sandblasted samples. The measured pull-off strength was equal to 10.1 N/mm 2 ± 1.1.

It was noticed that the plating morphology was homogeneous and dense (Fig. 3c), and the roughness decreased down to 3.518 µm (Fig. 3d) compared to the surface roughness before plating, probably because the copper particles filled in same surface porosities hence flattening the surface therefore plating.

The electrical properties of the metallized tracks were then investigated. The measured electrical resistivity of the electroless plating Cu at 20°C was 2.25 µΩ.cm ± 0.22 for samples with a Cu thickness of 5 µm. This value corresponds to 74% of conductivity of bulk copper [START_REF] Matula | Electrical resistivity of copper, gold, palladium, and silver[END_REF]. This resistivity remains low enough to operate a low power electronic circuit. 

Capability and limits of the process

In order to evaluate the performance of this technique and its limits, a cube shaped vehicle test (40 mm side) with different types of tracks patterns was designed and 3D printed (Supplementary Information SI1) and treated following the process described above. Metallized tracks with widths ranging from 100 µm to 1.5 mm were studied (Fig. 4a,b). Figure 3b shows that minimum width of 200 µm enables welldefined metallized tracks with a homogeneous Cu deposit. The profile and 3D surface scanning (Fig. 4c) showed that the 200 µm width groove was still guaranteed after metallization. It was noticed that an initial depth of 100 µm has been reduced to 90 µm, due to two main reasons: (1) 3D printing, which created a rounded shape in the hollows (Fig. 4c), especially noticeable for the small dimensioned tracks (<200 µm) that approach the layer thickness; (2) the sanding of the surface, before and after the catalyst deposition, which removed a thin layer from the surface. This minimum width depends on the resolution of the 3D printer and could be further reduced for parts printed with very high-accuracy printer as microstereolithography [START_REF] Bertsch | Stereolithography[END_REF]. The profile and 3D surface scanning for wider tracks for example of 500 µm (Fig. 4f) showed that the edges were well defined for a 600 µm depth.

To ensure the connection between multiple surfaces, the fabrication of vias with very high aspect ratio was investigated by adding holes into the design of the cube with diameters varying from 1 mm to 3 mm and a depth of up to 52 mm (Fig. 4a). The electrical continuity of the metallized vias was checked with a multimeter. For a diameter of 1 mm, the continuity of the via was ensured with a full hole metallization for holes up to 12 mm depth. For wider vias with a diameter of 1.5 mm, the full hole metallization can be executed for a depth up to 36 mm. The electrical continuity was limited at 12 mm and 36 mm depths mainly due to the difficulty of the sandblasting as well as to the non-circulation of the catalyst and electroless plating solutions, what affects the homogeneity of the Cu deposit. For diameters of 2 mm and above, no electrical discontinuity was detected.

Figure 4d shows that non-planar conductive channels can be made on the same 3D printed surface, allowing the increase in the density of the circuit by exploiting the volume of the 3D part.

The metallization of spherical, square and spiral shapes has also been investigated (Fig. 4e), showing the ability of manufacturing complex shapes and patterns with this process. In supplementary information (SI2), the optical microscopy images show high magnification image of each pattern. The recommendations for the design for manufacturing (DFM) with the Rapid 3D-Plastronics are presented in supplementary information (SI3). 

Demonstrators obtained by Rapid 3D-Plastronics

Microcontroller based circuit

After the investigation of the feasibility and effectiveness of the developed process, its ability to make a functional plastronic device was evaluated. A 40 mm side dice shaped prototype was designed (Fig. 5a) and fabricated (Fig. 5b). The electronic circuit is based on an 8-bit microcontroller (ATtiny85), which has the role of controlling RGB LEDs (WS2812b). The dice is powered by two CR2032 type batteries placed inside the structure. The electronic circuit and its components are described in supplementary information (SI4). The microcontroller was programmed in two modes: play mode which randomly chooses a side of the dice and turns on the corresponding LEDs when pushing the button, demonstrator mode where the sides of the dice are turned on at random and (Fig. 5c). 3-axis accelerometer could be added to allow the microcontroller to detect the manipulated side of the dice and obtain a typical gaming dice [START_REF] Macdonald | 3D printing for the rapid prototyping structural electronics[END_REF].

The video 1 in supplementary information shows the dice operation in demonstrator mode. The choice was made to place the components into the 3D substrate to obtain flat facets. Vias and curvatures were used to ensure the connection between the different sides. Figure 4b shows that the manufacturing of the device by AM technology had fairly reproduced the design of the device. The components were soldered manually, and no deformation of the polymer nor Cu tracks detachment were observed, confirming the ability of soldering at high temperatures on SLA compatible resins. 

Heating and sensing

The high temperature resin has thermal properties allowing its use in high thermal conditions and was tested towards thermal applications. A heating resistance in a form of a 5 cm diameter coil was manufactured following the proposed process (Fig. 6a). The resistance was connected to a current source.

The surface temperature as a function of electrical input power shows a typical curve (Fig. 6e). An electric power of 7.3 W was needed to heat the surface to 150°C. The thermal image taken at 100°C shows a homogeneous distribution of heat over the entire surface of the substrate (Fig. 6b). Moreover, the resistivity of Cu is known to change as function of temperature, which makes it an interesting material to obtain an RTD sensor [START_REF] Kim | Resistance Temperature Detector Sensor with a Copper Pattern on the Printed Circuit Board[END_REF][START_REF] Li | Printable Copper Sensor Electronics for High Temperature[END_REF]. Indeed, this idea was tested by fabricating a 3D sensor with electrodes (Fig. 6c,d) and normalized Cu resistance was measured from ambient temperature to 150°C (Fig. 6f). The linear resistance temperature coefficient (equal to 0.00327/°C) obtained between 25°C and 150°C shows that this sensor is suitable for temperature sensing. 

Wireless power transfer

Another interesting application that could benefit from this process in the context of function integration is the coil fabrication on curved surface for Wireless Power Transfer (WPT). WPT was already demonstrated with plastronic devices made by LDS technology which is complex and expensive [START_REF] Sergkei | Omni-Directional Inductive Wireless Power Transfer with 3D MID inductors[END_REF].

Therefore, it was interesting to use the Rapid 3D-Plastronics process to check the performance of a coil created on the curved surface of a 3D printed polymer part. In order to make a comparison with conventional manufacturing of printed board, the geometry parameters of the coil obtained by simulation using FEMM software were used to manufacture a planar spiral coil on a FR4 substrate (Fig. 7a), and a spiral coil on the surface of a 3D printed half sphere (Fig. 7b) using a 2D model (Fig. 7c) with ten turns, a track width of 950 µm and an inter-track distance of 550 µm. In the case of the FR4 substrate, the Cu thickness was 35 µm. In the case of the 3D printed part, the Cu tracks thickness initially of 5 µm made by electroless plating, was increased up to 50 µm by electrodeposition of Cu to enhance electrical conductance.

An excellent agreement between the experimental and the simulation values was noted for the impedance and also for the quality factor (Fig. 7d). At 6.78 MHz, this one was about 100 for the FR4 device and 250 for the 3D printed half sphere. The impedance values in a function of frequency are reported in supplementary information (SI5). Compared to the planar spiral coil, the spherical shape allows to increase the self-inductance and obtain a higher quality factor due to a higher length of each turn of the coil compared to the planar shape.

The results show a better electrical conductivity and higher quality factor compared to the coils fabricated with conductive inks [START_REF] Wu | Conformal padprinting electrically conductive composites onto thermoplastic hemispheres: Toward sustainable fabrication of 3-cents volumetric electrically small antennas[END_REF][START_REF] Hou | 3D wireless power transfer based on 3D printed electronics[END_REF] allowing a better efficiency of the power transfer [START_REF] Zhang | Frequency decrease analysis of resonant wireless power transfer[END_REF].

Moreover, the geometry of the fabricated prototype had fairly reproduced the design with high precision in opposite to a manual fabrication process used for Cu tracks [START_REF] Gwon | Enhancement of Wireless Power Transmission Efficiency and Flexibility via an Optimized Three-Dimensional Coupled Magnetic Resonance System with Double Transmitter Coil[END_REF]. Altogether, this demonstrates that the coil on a sphere is a very good candidate for WPT. 

Flexible electronic circuit

SLA resins have a great range of different mechanical properties from rigid to flexible materials.

Another choice of resin tested here was the flexible resin. The ability to produce flexible tracks on 3D flexible printed substrate was explored using the Rapid 3D-Plastronics process (Fig. 8a). A 3D printed substrate with straight tracks was fabricated to study the compressive behavior (Fig. 8b). The electrical normalized resistance R/R0 as a function of the number of bending cycles and bend radius was measured and reported for three samples (figure 8c-d). The resistance increase was only by 1.08 times after 50,000cycle of bending test under 10 mm bending radius (Fig. 8c). After 20,000-cycles of bending under bend radius of 7.5 mm, the substrate undergoes cracking. The Cu tracks were then broken without having the possibility of measuring the resistance. This failure is due to the limit of the compression properties of the polymer and not of the deposited Cu. Furthermore, the Cu tracks were mechanically stable under 7.5 mm bend radius and R/R0 increased only of 6% even after 10,000 bending cycles (Fig. 8d). In addition, the Cu tracks also exhibited strong adhesion to polymer substrates, what results in high flexibility during bending, an important property for the fabrication of flexible electronic devices. To demonstrate the flexible device fabrication capabilities, an 8-bit microcontroller-based circuit with 3 capacitive buttons and LEDs was designed (Fig. 9a). The circuit was powered with an external 5 V power source. Figures 9b and9c 

Conclusion

This paper presented an original process, the "Rapid 3D-Plastronics" combining 3D printing and Plastronics for rapid prototyping of highly electronic devices. The use of sandblasting instead of chemical products for surface treatment before electroless plating makes this process cleaner. It also allows to reduce the contact angle and obtain a higher and regularized surface roughness, thus optimizing the Cu adhesion. Cu plated tracks with a minimum width of 100 µm and vias up to 36 mm depth were shown to be highly conductive and functional, allowing functions densification and non-planar circuit fabrication. This process has proved its ability to fabricate RTD sensors, devices that can operate at high temperature, wireless power transfer coil, flexible circuits, and 8-bit microcontroller-based circuitry.

The process is not limited to the High-Temperature and Flexible resin used in this study. The ease of manufacturing and the diversity of compatible materials offered by this process, makes it possible to obtain devices intended to operate at high temperature, chemical or biological environments. It brings an opportunity to use other resins with different properties that will be of interest for several field of applications; biomedical and mass wearable technologies. Future work is in progress to test this "Rapid 3D-Plastronics" on 3D printed high performance polymers and 3D printed ceramics intended in aeronautic and aerospace applications.

Figure 1 :

 1 Figure 1: Process steps (a) 3D part with grooves printed using SLA technique. (b) Surface physical modification by sandblasting. (c) Colloidal Palladium deposit on the entire surface. (d) Colloidal Palladium localized only into the grooves after hand-sanding. (e) Electroless Cu plating. (f) final prototype.

Figure 2 :

 2 Figure 2 : 3D printed parts characteristics before and after sandblasting: (a) Optical microscope images of surface. (b) 3D presentation of surface roughness. (c) Images of water contact angle.

Figure 3 :

 3 Figure 3: Electroless Cu plating samples: adhesion tape test for sample (a) without sandblasting and (b) with sandblasting. (c) optical microscopy image of Cu plating on sandblasted sample. (d) 3D presentation of surface roughness of the sandblasted Cu plated sample.

Figure 4 :

 4 Figure 4: Cube shaped vehicle (a) metallized tracks and vias by Rapid 3D-Plastronics process, (b) optical microscopy image showing close-up of the metallized tracks, (c) profile and 3D surface scanning of the 200 µm width track framed in (b), (d) metallized channel vias, (e) metallized geometrical shape, (f) profile and 3D surface scanning of the 500 µm width track framed in (e).

Figure 5 :

 5 Figure 5: Gaming dice prototype: (a) electronic circuit designed into the substrate, (b) the manufactured dice after 3D printing, metallization and components soldering, (c) the functioning dice.

Figure 6 :

 6 Figure 6: Heating resistance and RTD sensor: (a) picture of the fabricated 50 mm diameter heating resistance, (b) Thermal image at 100°C. (c) picture of the manufactured 3D RTD sensor, (d) thermal image of the heated RTD sensor, (e) heating resistance temperature as function of electrical input power, (f) average resistance response of RTD sensor.

Figure 7 :

 7 Figure 7: a) Planar spiral coil on a FR4 substrate, b) spiral coil on a 3D printed half sphere using high temperature resin, c) axisymmetric 2D model of the coil on a half sphere with the calculated field intensity distribution (A/m) using FEMM, d) Measured and simulated quality factor for the planar spiral coil on FR4 substrate and the 3D printed spiral coil using HT resin.

Figure 8 :

 8 Figure 8: Flexible 3D printed electronics. (a) LEDs circuit on a 1 mm thick substrate. (b) Flexible support during bending fatigue tests (c) Bending fatigue test of Cu tracks on flexible support after 50,000-cycle of 10 mm bend radius. (d) Static bending tests of the flexible support under different bending radius.

9 :

 9 show that the circuit is operating even under bending in two different directions, which is consistent with the results obtained in bending tests. The video 2 in supplementary information shows the device in operation during bending and the operation of the capacitive buttons which have the role of changing the color of the LEDs. The success of this device paves the way for flexible plastronics Flexible 3D plastronic device: (a) Photo of the device, (b,c) operating device in two bending positions.
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