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Development of a robotic cell for the printing of electronic circuits on free form surfaces and industrial applications
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CONTEXT OF THE PROJECT

A growing demand for prototyping processes is emerging in the fields of electronics and connected objects to simplify and automate the process of integrating electronic components into 3D objects. For this reason, plastronics is developing and is really starting to appear on the market since the 2000s. [1] This discipline, which combines plastics processing and electronics, facilitates the integration of electronics into objects in order to make them functional. To do this, certain electronic functions and links between components are no longer supported by a conventional 2D electronic board (PCB: Printed Circuit Board) but directly integrated on the 3D object.

In order to offer a versatile and easy to implement alternative for prototyping and small series, printed electronics is also widely considered. This technology consists in printing an electrically conductive ink on the surface of already formed 3D objects in order to create the electronic functions deported on the object and the links with a possible PCB board. For small series, the advantages of this technique are the following:

-No restriction of materials for the manufacturing of the object. Due to the plurality of inks (viscous, fluid, aqueous or solvent based, metallic or organic ...) and deposit systems (pressure, worm, drop ejection ...) existing, the printing of a quality circuit can be achieved on any material. -Additive technology: on the one hand, only the necessary amount of material is used, there is no waste. On the other hand, the process is direct, the conductive tracks are created in a single step.

In the same time, the industrial robotics market is in constant evolution, there are today more than two million industrial robots in the world. Since 1987, IFR (International Federation of Robotics) has been collecting worldwide sales data for industrial robots, so as illustrated in Figure 1, the market has more than tripled in 10 years.

Figure 1: Worldwide annual supply of Industrial Robots from IFR Many robot models have been developed to meet the requirements of new applications in terms of weight to be carried, range of motion, speed and precision.

In the industrial field, the most widespread robots are robot arms, in areas such as welding, painting or assembly.

An increasing number of high-tech sectors are starting to use industrial robots such as telecommunication, Internet of things (Iot) and additive manufacturing and many small and medium enterprises (SMEs) are wondering about the integration of robots in their structure.

However today no simple system of use is available on the market for 3D electronic printing. At the research level, developments are focused on the use of Cartesian X,Y,Z printers, sometimes with a 4th axis of rotation, supporting print heads to deposit the conductive tracks during the manufacture of the object [2], [3] or on 2,5D objects [4], [5].

OBJECTIVES OF THE THESIS

The subject of the first part of the thesis, collaboration between the SME Mind and the laboratory LGP2 (Laboratoire Génie des Procédés Papetiers), is the creation of a robotic cell for the prototyping and production of small series of cellulose-based connected objects functionalized on the surface by direct circuit printing. The printing of conductive tracks allows the integration of electronic functions directly on the surface of the object without the systematic transfer of one or more conventional 2D electronic boards and the replacement of electrical wires between components by printed conductive tracks. All operations will be performed by 6-axis robots on which will be mounted various working tools, including a laser scanner and one or more printing heads. The platform will be completed by a dedicated software allowing the management of the whole production process and the automatic creation of the machine code for the piloting of the manufacturing process. This software, equipped with a simplified interface and calibration protocol, will allow both the use of the prototyping line by people who are not experts in robotics and a high speed in the customization of printed circuits and product changeover.

The second part of the thesis, collaboration between Carnot Polynat and the LGP2, consist in using the developed cell for the manufacturing of multi-layers cellulose-based medical tests.

MAIN OBSTACLES AND THESIS STRUCTURE

The goal of this project is to provide an answer to the problem of the electronic functionalization of 3D objects to make them functional by an automated process, versatile, easy to implement and compatible with prototyping and small series.

The main obstacles to achieving this goal are the development and implementation of a direct writing process on 3D objects using a six-axis multi-tool industrial robot. This lock, which represents the heart of the project, covers:

-aspects concerning the sources of inaccuracies that impact the process like the object geometry, which can be a macro-geometrical default or a positioning default between the object and the robot. Thus, a trajectory designed from a theoretical geometry and position is not necessarily valid. [6], [7] -aspects concerning the identification/implementation of deposition techniques adapted to the process (e.g. extrusion, spray, jetting, ...) ; -the development of a protocol for managing the movements of the robotic arm enabling the deposition of conductive tracks

The thesis will therefore be structured as illustrate in Figure 2. After this introduction chapter, a review of the literature will be conducted (chapter 1); then two main contributions will be made:

-chapter 2 describes the integration and qualification of all the tools on the 6-axis robot as well as the creation of a demonstration cell and the dedicated control software. -chapter 3 presents applications tested with the developed cell . Two main applications are tested, the production of small series of cellulose-based multilayers medical tests and example of simple 3D connected objects. Finally, conclusions will be done and perspectives will be discussed. 
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INTRODUCTION 1

The objective of this chapter is to analyze in depth the literature dealing with the manufacturing process of 3D molded cellulose objects including surface printed electronic circuits by robotic printing, to highlight the most influential parameters and the means to control them.

The first part describes the process of printing electronic circuits on 3D parts. It highlights the main problems encountered and presents the measurement means used to control the process as well as their integration during manufacturing.

The second part deals with the parameters involved in the printing of conductive tracks and the study of research work to understand and optimize them.

The third part focuses on the printing technologies that enable the manufacture of functionalized 3D objects, the related research topics and their main industrial applications.

HIGH PRECISION FABRICATION PROCESS 2

In the literature, a lot of work exists on the analysis of robotic processes such as welding, cutting or milling [1], [2] . Robotic manufacturing processes using poly-articulated structures allow great flexibility in the design of the parts to be produced and are beginning to interest fields such as additive manufacturing and architecture. [3] Robotic arm: architecture and cinematic 2.1

The structures of the robotic arm type have a serial architecture with 6 degrees of freedom, i.e. they are composed of 6 kinematic rotational links arranged one after the other as illustrated in Figure 3.

Figure 3: Architecture 6-axis robot [4] The use of 6-axis structures is beginning to develop because they provide a real advantage for the development of complex parts. Academic and industrial work has enabled to propose ways of improving their performance [4] but their accuracy and repeatability are not yet equal to that of machine tools. [5] The ability of a structure to generate motion is directly related to its architecture. Each movement is generated by the displacement of an axis composed of a control part which controls the servo-control in position and speed of the movement and an operative part composed of the motorization and guiding systems allowing the movement. Along a trajectory, the speed variation, acceleration and jerk parameters are imposed by the manufacturer of the robotic arm in order not to overload the various elements. These parameters are implemented in the robot controller and will directly influence the speed of the trajectory. Initially, industrial robots were programmed by manual teach-in. The programming of a trajectory was done by manually teaching each crossing point. This method was therefore not sensitive to part positioning errors relative to the robot. Then, with the arrival of robotic CAD, Offline Programming methods appeared, trajectories were created digitally and the robot had to reach theoretical positions rather than taught positions. A lot of work has been done on off-line programming methods and their optimization for industrial applications. [6], [7] Manufacturing process 2.2

The part development processes, regardless of the process used, are relatively similar in approach. The objective is to manipulate a tool in relation to a part by means of a supporting structure. These processes can be broken down into four steps: [8] Design: this step consists of defining the geometry of the object and generating the CAD (Computer Aided Design) model. Generation of trajectories: this second phase allows to define the parameters related to the process and to generate a CAM (Computer Aided Manufacturing) model. Post-processing: during this step the generated trajectories are translated into the appropriate language for the production system. Execution: In this last phase of execution, the instructions are sent to the system which physically performs the manufacturing operation.

By analogy we can decompose the process studied in this thesis, of robotic printing of electronic circuits on 3D objects in several steps illustrated in Figure 4. 

Design

Step 1: Importing the part model into a CAD software. Positioning of the model in the workspace and orientation in relation to the print head according to the surfaces to be printed.

Step 2: Drawing the electronic tracks on the CAD model.

Trajectories generation

Step 3: Definition of printing parameters and generation of trajectories.

Post-processing

Step 4: Generation of files in robot language. Import of the files into the robot software and management of the I/Os of the different sensors.

Execution

Step 5: Simulation in the robot software or in manual mode Step 6: Adjustments Step 7: Printing the conductive tracks on the 3D object Step 8: Annealing of printed tracks A track of study envisaged in this thesis will then be to manufacture the 3D object with an adapted print head mounted on the robot then to come as explained previously, to print the circuits on the surface. In this case the step 1 consists in drawing the 3D object in the CAD software and during the step 3, the generated trajectories will be those of the object and those of the conductive tracks.

Generally speaking, the manufacturing process involves many parameters that increase the sources of inaccuracy, which has a direct impact on the quality of the final object, especially when the process requires a high level of precision. These parameters have been the subject of bibliographical research, presented in the following paragraphs.

Main issues causing inaccuracies 2.3

In their works, Buschhaus, Wagner et Franke, [9] decompose the total inaccuracy of a process of handling a part by a robotic arm in relation to a fixed tool into the sum of the errors related to the robot, the manipulator, the tool and the part as illustrated in Figure 5.

Figure 5 :Parameters that influence process quality [9] Thus the analysis of the manufacturing chain of the process studied in this work makes it possible to highlight the main sources of inaccuracies related to the object, the process and the static accuracy of the robot and to consider areas for improvement.

Inaccuracies related to the object 2.3.1

These may be macrogeometric defects and/or defects in the accuracy of positioning of the part in relation to the robot. Indeed, depending on the manufacturing tolerances of the part, there may be geometric differences between the CAD model of the object and the real object. Or some objects do not have a CAD model. Thus, a path drawn from a theoretical geometry and a theoretical positioning is not necessarily valid. In order to compensate for these defects, it is necessary to obtain a CAD model that is as real as possible in order to be able to draw accurate electronic tracks. One possible solution is to digitize the object, i.e. to obtain a digital representation of its surface geometry in the form of a point cloud or mesh using an external sensor. A data processing system is used to obtain the 3D coordinates of the object from the raw data provided by the sensor. [10]- [12] This implies the addition of a preliminary step more or less long depending on the level of accuracy to be achieved and the development of an additional interface to process the data retrieved by the sensor.

Inaccuracies linked to the process 2.3.2

The chosen process also imposes constraints which, if not properly controlled, can lead to defects in the manufacturing process and thus to a deficient or non-functional object. In the case of printing interconnections or passive components such as RFID circuits, it is necessary to have a high degree of process control to achieve very high accuracy of printing head positioning along the trajectory. As illustrated in Figure 6, Redinger et al. [13], [14] printed by inkjet lines with a width of 160µm with 100µm spacing for RFID system applications. Thus, the movements of the print head, its orientation and inclination with respect to the support condition the quality of the print. So it is important to control them. Figure 6: Inkjet printing of passive components [14] In addition, the CAD model does not take into account the material of the object and depending on the surface condition of the object, problems may arise depending on the print head used and the required printing distance between the head and the media. Indeed, some print heads require a printing distance of a few micrometers, which is of the same order of magnitude as the surface roughness of some substrates. [15], [16] Inaccuracies related to the static accuracy of the robot 2. 3.3 In order to reduce the errors between the trajectory from the CAD and the trajectory in the real environment, a manual adjustment of the trajectory or a calibration phase before the start of the task can be considered. Studies have been carried out on robot, workspace and tool calibration. In the field of 3D printers, calibration procedures are proposed in particular to correct defects related to the flatness of the plate. [17] The firmware Repetier or Marlin offer the G29 control for checking the flatness of the platen in 5 or 9 points. An inductive or capacitive sensor is mounted on the print head which will be placed at different points evenly distributed on the platen. The printer will make a correction relative to the flatness of the plate. Also with the aim of improving positioning accuracy, calibration methods have been developed for 6-axis systems. The objective is to identify the actual geometrical parameters of the robot, i.e. the lengths of the arms and their orientation with respect to the axes of rotation in order to improve the accuracy of the robot end device. This may involve calibration with or without sensors. In general, calibration involves four steps: modelling, measurement, identification and compensation. [18], [19] Khalil et Besnard [20], [21] propose a comparison between different autonomous calibration methods without external sensors. Calibration with multi-plane links is regularly used in research work on robotic arms [22]. This method consists in using the articular coordinates of a set of configurations in which the end of the end effector is in contact with a plane. Then, the geometrical parameters are identified using minimization algorithms. Finally, the new parameter values are integrated into the control, which compensates the precision error. As illustrated in Figure 7, calibration is carried out with a calibration block machined with small tolerances and the contact can be checked by a probe.

Figure 7: Sensor and calibration cube [22] Other more expensive calibration methods using external measurement sensors such as theodolites, camera, laser or acoustic sensor can be used. Khalil et Dombre [23] present a comparison of these systems. Buschhaus, Wagner et Franke, [9] propose a closed-loop calibration method, the principle of which is to send the robot to reference marks, measure the deviation and apply correction coefficients as illustrated in Figure 8. In conclusion, to guarantee the accuracy of the robot in its work cell, it is necessary to know and control the different sources of error. Various sensor technologies are available for measurement and control. However, in order to ensure that the control is time-efficient and allows for a high level of reactivity in correcting defects, the measurement must be integrated as far as possible into the manufacturing phase.

Measure in-situ 2.4

Position of the measuring phase in the manufacturing process 2.4.1

The measuring phase can be done post-process, after manufacturing or in situ during the manufacturing phase. [24], [25] Post-process measurement is time-consuming because it requires the object to be moved to the measuring equipment and defects can only be detected after manufacture. However, it leaves the tool available for further production.

The in-situ measurement is carried out at the same time as the manufacturing process, without moving the object. It can be done in-process without stopping the means of production during the measuring phase or on-machine when manufacturing is stopped as illustrated in Figure 9.

Figure 9: In-situ measure inspired from [25] The in-process measurement allows to be very reactive on the correction to be made during the manufacturing process. However, it is complex to implement because the manufacturing and measurement phases must communicate and operate at the same time without risk of collision. This method is used in the industry to monitor machining for example, because it allows to improve quality without impacting productivity. [26] On-machine measurement, carried out when manufacturing is stopped, takes into account the measurement phase in the manufacturing phase and thus allows good reactivity in correcting defects by making corrective actions possible directly in the manufacturing environment. However, as manufacturing is stopped, productivity is reduced.

Setting up an in-situ measurement system requires taking into account certain constraints such as : The duration of the measurement phase so that it is not limiting for the manufacturing process. The management of the communication between the manufacturing data and the measured data so that the phases exchange and work properly.

Integration of the measuring equipment in the working area 2.4.2

Various studies have been carried out on the integration of measuring equipment during production. Poulhaon et al. [27] propose a method to adjust the machining path in real time according to part defect measurement data. The measurement is performed In-process with a laser sensor. Shabadi et al. [28] simulate the surface quality of workpieces by measuring the data obtained from images of the milling tool. Ko et al. [29] integrate a laser plane on a machine tool and present comparative results between measurements made with a Coordinate Measuring Machine (CMM) and the results obtained with the developed On-machine measuring system.

In the field of additive manufacturing, the need to control print stability has also led to various studies. [30]- [32] Tapia et Elwany [33] and Everton et al. [34] present a review of tools, measurement and real-time control methods used in the specific case of additive metal fabrication. Sammons et al. [35] investigate the use of displacement sensors to control layer height during printing. Other work presents the use of IR sensors to monitor the temperature of materials during manufacturing. [36] Patents have also been filed on the development of new control methods and systems. [37], [38] The installation of measuring systems and the analysis of the resulting data allow on the one hand the improvement of the quality of the obtained parts but also the optimization and development of additive manufacturing techniques.

In conclusion, a perfect control of the stages of the manufacturing process requires the implementation of methods for measuring and controlling the manufacturing parameters. This expertise is an essential element to allow a continuous improvement of the process, to obtain high quality parts and in an industrial vision to remain competitive. The following paragraph presents the bibliographical study of the parameters influencing the printing quality of conductive tracks.

FUNCTIONAL MATERIALS PRINTING 3

Functional materials printing depend on the compatibility between four main elements: the printing technology, the ink, the substrate and the annealing method.

Direct and contactless printing process 3.1

Direct printing processes also called digital printing have been developed or have known a great evolution in the past few years because they allow to meet growing demands of flexibility, development rapidity, low cost and waste reduction. These processes are also able to reach high production volume which makes them particularly suitable for microelectronic industry.

Few definitions, very generalists have been proposed in the literature to describe direct printing process such as: Any technique able to deposit various materials type on different substrate according to a defined pattern. [39] Thereafter, Hon, Li and Hutching [40] propose a definition enabling the differentiation between direct printing processes and rapid prototyping processes : All the processes able to deposit with a high precision level functional or structural material on a substrate with a digitally defined pattern. Finally, Zhang et al. [41] present a definition combining few of the precedent definitions and define as direct printing technique any additive technique that enable the deposit of electronic components and functional pattern on various type of materials without using mask or subsequent engraving operation. The deposit of a material is followed by a sintering or drying operation in order to enable the material to reach its performances.

Direct and contactless printing processes can be classified in three main printing categories by drop ejection, energy beam or material deposition; these main categories themselves subdivided in different technologies are illustrated in Figure 10 and will be described in the following sections and compared in section 3.3.1.5. As illustrated in Figure 11, an aerosol printing system is composed by two main elements an atomizer and a deposition head. The ink in liquid form is supplied in the atomizer where it is transformed in a dense vapor of droplets that have a size from 1 to 5µm. The vapour is then conducted to the deposition head by an inert gas flow where it is concentrated in a annular gas sheath. The jet formed is printed on the substrate. Continuous Inkjet 3.1.2.1 Continuous ink-jet technology is based on the ejection of a continuous flow of ink droplets. At the nozzles exist droplets are charged by an electrode and selectively deviated by the application of an electric field. The undesirable droplets are sent in a tank and recycled. The resolutions that can be reached with this technology remain limited as well as the inks that can be compatible with the application of an electric field.

Drop on Demand

3.1.2.2

The drop of demand method is based on the generation of drop just when it is needed. The ejection of a drop by the nozzle is made by an overpressure in the ink-jet head. This overpressure is created either by a thermic element in the ink container which under an impulsion vaporizes locally the ink solvent; a gas bubble is formed that create an overpressure. Or by a piezo-electric element in a wall of the ink container chamber which is deformed under the action of an electric impulsion. The chamber volume is therefore reduced which creates the ejection of a drop.

In printed electronic, the piezo electric method is the most used because it allows to adjust the drop characteristics, size, volume and frequency by controlling the impulsion generation. This technic also allows to reach high resolution printing with minimal lines width between 10 and 50 µm. [43] Jetting 3. 1.3 As illustrated in Figure 13, the operating principle of a jetting head is a combination between a pneumatic and a mechanic system. The ink is put under pressure and injected in the chamber. A piston controlled by a piezoelectric element open and closes the nozzle according to the signal send to the piezoelectric element. The extrusion of filament printing method is different from the other methods described before because the material flows in continue instead of being ejected in droplets form. As illustrated in Figure 14, the extrusion of ink can be done by the application of a pneumatic or mechanic pressure on a container or through a syringe that sends the ink on an endless screw. One of the main difficulties of this technique is to control the extrusion stoppage. [44] Figure 14: Functional schema of extrusion printing head from [45] Comparison 3.1.5

As summarized in Table 1, each direct printing technology has its own characteristics in terms of minimal line width, minimal line thickness, maximum printing speed, ink viscosity and distance between printing head and substrate during printing. The highest printing speed can be reached with inkjet and jetting printing technology. Aerosol and inkjet allow to print very thin lines. When printing on a 3D surface maintaining a constant distance between printing head and substrate can be challenging, thus to have the possibility to print around 1 mm from the substrate enables a greater flexibility; it can be done with all these printing technology except with extrusion that requires a distance around 0,2 mm. Finally ink with a high viscosity can be printed with aerosol or jetting printing systems. Once the printing process has been defined, it is a question of choosing an ink whose characteristics are compatible with it and which corresponds to the desired functionality, in the case of this thesis the study deals with inks for printed electronics.

Printing process

Minimal

Physical and chemical properties 3.2

The type of conductive ink that can be used with contactless printing process is limited by its physical and chemical properties; a presentation of the main characteristic is made in this part. The three broad categories of ink for printed electronics are then presented: metallic inks, carbon inks and conductive polymers Physico-chemistry of the ink 3.2.1 Whatever its nature, an ink is always composed of three elements: [46] -The functional material: for traditional printing ink this is the colour substance in the form of pigments; for printed electronic ink this is conductive materials in the form of metallic salts, nanoparticles or polymers. It represents between 1 and 40% of ink mass percentage according to the application. -The vehicles: it is the ink majority phase between 60% and 95% of ink mass percentage. It is composed of solvants and/or polymers. It allows the suspension of the functional material and the adjustment of viscosity according to the printing process. It serves as a binder between functional materials and support. -The additives: these elements varied in nature, they allow to adjust the ink rheological properties and are chosen according to the application. The can represent up to 10% of the ink mass loading

The ink rheological and physico-chemical properties study is necessary to choose an ink adapted to the printing process used.

Surface tension 3.2.1.1

The surface tension is one of the main ink properties; it determines the spreading of the ink on a substrate during printing and its adhesion on the substrate. Thus, in contact with a surface, an ink drop is in an energetically unstable state. The surface tension measures the binding energy default of a drop by surface unit. It is linked to the interactions ensuring the cohesion of fluid molecules, they can be links of different types, Van der Waals, hydrogen or ionic. The stronger the attractive interactions, the greater the surface tension. [START_REF] De Gennes | Gouttes, bulles, perles et ondes[END_REF] Therefore the surface tension of a liquid (γ) is defined as being the work required (W) for an increase of surface area (A).

It is expressed by γ = 𝛿𝑊 𝑑𝐴 (1) with γ (N.m-1 ) the surface tension W (N.m) the provided work A (m²) the surface area

The measure of contact angle (θ) between a deposited drop and a substrate allows the prediction of the spread of the fluid on the substrate. As illustrated in Figure 15, several cases can be distinguished -θ = 0 : the substrate is completely wet -θ<90°C : the substrate is hydrophilic -90°C <θ<150° : the substrate is hydrophobic -150°C<θ : the substrate is super hydrophobic Inks are composed of suspensions of particles, pigments or nanoparticles and must be stable in order to be printed. Suspensions of particles smaller than one micrometre in size, which is the case for inks based on nanosilver particles for printed electronics, are known as colloidal suspensions. However because of Brownian motion between particles, a colloidal suspension is never in equilibrium, as the particles tend to aggregate or sediment. It is therefore essential to stabilize these inks to allow their use. The stabilization of nanoparticles depends on the interactions between the particles and the solvent and the attractions of the particles to each other, linked to the Van der Waals interactions. These interactions result from the presence of different electrical polarizations between the solid particles and the liquid phase. The intensity of the attraction linked to the Van der Waals interactions varies proportionally to the difference of polarity between the phases and inversely proportional to the distance between particles. [START_REF] Meglio | Colloïdes et nanosciences[END_REF] Thus Van der Waals' interaction between two colloidal spheres in solution is defined by the equation:

VVdW= - 𝐻𝑅 12𝑑 (2)
with H (J) Hamaker constant of the system R (m) particles radius D (m) distance between particles

In order to stabilize a colloidal suspension, the particles must therefore be kept at distance. There are three types of stabilization: electrostatic, steric and electrosteric.

Electrostatic stabilization

Electrostatic stabilization is based on the electrostatic repulsion of particles of same charge. In the case of suspensions based on metallic nanoparticles, ions are adsorbed on the surface of the particles and create an electric field that causes the particles to repel each other and stabilize the suspension. This stabilization requires a polar solvent in order to solvate the ions, the grater the ionic strength of the solvent, the more free charges in solution and the better the stabilization.

Steric stabilization

Steric stabilization is based on the steric hindrance of molecules adsorbed on the particles surface. This stabilization is used in the case of suspensions in which the solvent has a low ionic strength, the solvent must in this case swell the adsorbed molecules to allow total coverage of the particles.

Electrosteric stabilization

Electrosteric stabilization is a combination of the two previous types of stabilization. In this case the macromolecules surrounding the particles are themselves charged and the stabilization is done by steric and static repulsion. The solvent must have a polar character and allow the solvatation of the macromolecules.

Rheological behaviour of the ink 3.2.2

The rheological analysis of an ink consists in studying its deformation under shear stress. A fluid can be modelled as a stack of layers that slide relative to each other, which creates a shear stress at the interface between each layer. Viscosity (η) quantifies the flow resistance of a fluid. [START_REF] Barnes | An Introduction to Rheology[END_REF] It relates stress (τ) to shear rate (γ) by the equation: η = 𝜏 𝛾 (3) with η (Pa.s) viscosity γ (s-1) shear rate τ (Pa) shear stress

In the case of Newtonian fluids such as water or oil, the constraint is proportional to the shear rate, viscosity is thus constant.

In the case of non-Newtonian fluids, viscosity is not constant; it depends of the shear rate. If viscosity decreases when shear rate increase, the fluid is said to be rheofluidifying and if viscosity increases when shear rate increases, the fluid is said to be rheothickening. The Kreiger-Douherty model provides an estimation of viscosity according to the following equation:

ηsusp ηf = (1- 𝜙 𝜙𝑚 ) -2,5 ϕm (6) 
with ηsusp (Pa.s) suspension viscosity ηf (Pa.s) viscosity of the suspending fluid ϕ volume fraction of spherical particles ϕm theoretical maximum volume fraction of the particles Works have been conducted in the case of non-Newtonian suspensions but currently no theoretical model can predict their rheological behaviour.

Conductive property of printed tracks 3.

2.3

Resistivity and conductivity 3.2.3.1 Electrical resistivity characterizes the ability of a material to conduct an electrical current. A low resistivity means that the material allows electrical charges to pass through. Resistivity is defined as the inverse of conductivity: ρ = 1 𝑐 (7) with ρ (Ω.m) electrical resistivity c (Ω.m) -1 or (S.m -1 ) conductivity

The resistance of a straight piece of material is defined as: R = ρ 𝐿 𝑆 (8) with R (Ω) resistance ρ (Ω.m) electrical resistivity L (m) piece length S (m2) straight section area

Quality index 3.2.3.2
In the case of RFID circuits, the performance of the inductive loop is characterized by the quality index (Q) proportional to the ratio of inductance and antenna resistance such as:

𝑄 = 2𝜋. 𝑓. 𝐿 𝑅 (9) with Q (without unit) quality index f (Hz) frequency L (H) inductance R (Ω) resistance Metallic inks 3.2.4
Metallic inks are formulated from metal; the choice of metal is done according to the required electrical performances, its stability and its cost. As illustrated in Figure 17, it exists four categories of metallic inks: micro nanoparticles based ink, inks based on metal salts, catalytic inks and inks causing redox reaction. [43] Figure 17: Different types of metallic inks [43] Micro/nanoparticles inks 3.2.4.1 Micro or nanoparticles inks are composed of particles of the order of ten micrometres in size. These inks are essentially used with traditional printing process and are not compatible with ink-jet process but can be used with other direct printing technique such as filament extrusion. The works conducted by Tricot et al. [START_REF] Tricot | Fabrication of 3D conductive circuits: print quality evaluation of a direct ink writing process[END_REF] have resulted in conductivities of the order of 3.106 S.m -1 for an ink based on silver microparticles printed with a worm screw pump system on thermoplastic substrates PC and ABS. The advantages of these inks are their low cost and the ability to be printed on rough substrates. However, their main limitation is a high deposition thickness compared to the other conductive inks.

The nanoparticles based inks are the most widespread and are the object of numerous studies because they have a high potential for ink-jet printing and allow patterns with a good level of electrical conductivity. The most widely used inks are silver nanoparticles inks since they have good conductive properties. Studies have been conducted on the use of cheaper conductive metals such as coper or aluminium, but these are not usable because they oxidise quickly at ambient air. The works conducted by Cauchois et al. [START_REF] Cauchois | Impression et recuit de nanoparticules métalliques pour l'électronique imprimée[END_REF] have shown hat above a certain size the melting temperature of the metal decreases sharply, which is an advantage for this type of ink; indeed for these inks a lower annealing temperature could be used and therefore it allows the use of a wider range of substrate. Recently, Albrecht et al. [START_REF] Albrecht | Inkjet printing and photonic sintering of silver and copper oxide nanoparticles for ultralow-cost conductive patterns[END_REF] compared conductive properties of silver nanoparticles inks printed by ink-jet and pulsed light annealing on nine paper substrates and ten polymer films. Conductivity between 10 and 40.10 6 S.m -1 have been obtained. The main limitation of nanoparticles based inks is their formulation complexity due to the addition of stabilizer to prevent nanoparticle aggregation and stabilize the colloidal suspension.

Inks based on metal salts (Metallo Organic Decomposition MOD) 3.2.4.2 MOD inks are composed of metal salts in high concentration dissolved in organic or aqueous solvents. After printing, an annealing step causes the salts to decompose into conductive metal. The most commonly used salt is a silver complex, which gives conductivities close to those of mass silver. Wu et al. [53] on the formulation of metallic salts allowing annealing at a lower temperature of about 100°C. Valeton et al. [START_REF] Valeton | Room temperature preparation of conductive silver features using spin-coating and inkjet printing[END_REF] studied the room temperature UV annealing of a silver salt ink and obtained conductivities of 6,3.10 6 S.m -1 .

Studies have been carried out by

Catalytic inks 3.2.4.3

The working principle of a catalytic ink is to use a reducing agent to convert metal ions into metal. Palladium is the most commonly used catalyst because it allows a very fast reaction. Works have been done by Byeon et Roberts [START_REF] Byeon | Silver deposition on a polymer substrate catalyzed by singly charged monodisperse copper nanoparticles[END_REF] on the use of cheaper catalysts, so by using silver as catalyst they obtained a conductivity of 12,7.10 6 S.m -1 .

Inks causing a redox reaction 3.2.4.4 Jet-ink printing systems with two ink droplet generation channels have been developed to separately eject a metal ions solution and a reducing agent solution. When two drops contact the substrate, a metal film is formed as a result of a redox reaction. The works of Kao et al. [START_REF] Kao | Formation of conductive silver films via inkjet reaction system[END_REF] has shown that the reaction takes place within seconds and results in films with conductivities of 8. 10 6 S.m -1 .

Carbon based ink 3.2.5

Carbon based ink were the first conductive ink to be developed. Their conductivity is relatively low, so research is focusing on inks based on different forms of carbon particles illustrated in Figure 18, graphite, graphene, carbon nanotubes and fullerenes.

Figure 18: Carbon molecular structure [START_REF]Raman Spectroscopy of Graphene[END_REF] Carbon nanotubes (CNT) are cylindrical forms of carbon, they allow to reach theoretical conductivity value close to those of metals, but after implementation in the fabrication of a conductive ink, the maximum measured values are around 10.10 2 S.m -1 . CNTs are used in the manufacture of transparent electrodes, transistors for RFID chips and sensors. [58] The graphene discovered more recently is a hexagonal monoplanar structure and has a high potential due to its intrinsic conductivity close to the best metals. The average measured conductivity is around 30.10 2 S.m -1 but some studies have obtained conductivities of 25.10 3 S.m -1 . The applications are similar to those of CNT. [START_REF] Castro Neto | The electronic properties of graphene[END_REF], [START_REF] Geim | The rise of graphene[END_REF] Graphite is a material of lower cost composed of stack of graphene sheets. In battery anodes, it is used as active material and is added of carbon black nanoparticles to increase conductivity. [START_REF] Beneventi | Pilot-scale elaboration of graphite/microfibrillated cellulose anodes for Li-ion batteries by spray deposition on a forming paper sheet[END_REF] Conductive polymers 3.2.6 Currently some conductive polymers offer a good compromise between speed of chemical synthesis, cost and conductive properties. PEDOT:PSS is the most widely used as it has a high conductivity of up to 14.10 4 S.m -1 , polyaniline (PAni) and polypyrrole (PPy) are also used. Their chemical formulations are presented in Figure 19.

Conductive polymers are used for applications such as batteries, OLED (Organic Light-Emitting Diode) displays and organic solar cells.

Figure 19: Chemical formulations of conductive polymers from [START_REF] Faure | Controle of conducting partern formation by inkjet printing : Multiscale control of material transfert in nanometric suspensions[END_REF] In summary, a comparison of the electrical conductivities of the different types of metallic ink presented in Table 2 shows that inks based on silver micro or nanoparticles are the most efficient. 

Type of inks

Substrates used in electronic printing 3.3

The substrate is the final key element in the printing process and its properties have a major influence on the print quality. The most commonly used substrates in the field of printed electronics today are plastic substrates.

Substrates characteristics 3.3.1

Several characteristics are to be taken into account in the choice of substrate.

Roughness

3.3.1.1

The surface of a part is never perfectly smooth; it depends on the manufacturing process, the tools used to manufacture the parts and the material. The set of micro geometrical defects of the surface defines the roughness, which can be determined by measuring different parameters illustrated in Figure 20. The arithmetic mean deviation Ra is the most widely used indicator of roughness, it is defined as the arithmetic mean of the deviations from the mean line and is expressed in µm. The roughness of the substrate influences the definition of the printing and must be adapted to the printing height and therefore influences the choice of printing system. The porosity is a numerical value expressed between 0 and 1 equal to the ratio between the void volume and the total volume of the substrate. It has a direct impact on the penetration of the ink into the substrate.

Surface energy 3.3.1.3

Surface energy is the force that exists at the interface between two different substrates. In order to achieve good ink spread and adhesion between the ink and the substrate, the surface tension of the ink must be lower than the surface energy of the substrate.

Thermal stability 3.3.1.4

The thermal stability of the substrate, i.e. its resistance to temperature, is an important criterion for optimising the annealing step required after printing conductive inks to achieve optimum electrical properties.

Finally, the cost and the renewable or recyclable aspect of a support are also to be taken into account in the choice of substrate material and quality according to the desired application.

Substrates studied in literature 3.3.2 Studies are currently focusing on increasingly complex substrates and flexible media for printed electronics; in particular on plastic substrates such as Polyethylene Terephthalate (PET), Polyethylene Naphthalate (PEN) and Polyamide (PI). Plastic substrates have good surface properties with roughnesses of a few nanometres; some plastics also achieve optical properties equivalent to those of glass. [START_REF] Macdonald | Latest advances in substrates for flexible electronics[END_REF] Paper is an interesting medium with many advantages such as low cost and, depending on the type of paper, resistance to temperatures of around 200°C. However, it is still little used because of its surface properties, it is indeed a rough support with a high porosity. Recent studies have led to the development of papers suitable for electronic printing. [START_REF] Andersson | Active Matrix Displays Based on All-Organic Electrochemical Smart Pixels Printed on Paper[END_REF]- [START_REF] Thenot | Impression et recuits sélectifs d'encres métalliques sur papier-Optimisation des propriétés électriques de boucles RFID-HF en vue d'une production industrielle[END_REF] In their works Ihalainen et al. [START_REF] Ihalainen | Influence of Surface Properties of Coated Papers on Printed Electronics[END_REF] study the physical properties of different papers and analyse their effects on the print quality and electrical performance of printed patterns. They obtained conductivities equivalent to the results obtained on plastic films and printed a transistor prototype.

There are also research topics on substrates such as glass, textiles or ceramics. The characteristics of the various substrates studied in literature are summarized in Table 3. In almost all works, 2D planer substrates are used, but in this thesis the objective are both print on 3D objects based on recyclable materials, therefore the support used for this thesis is molded cellulose; it is presented in the following paragraph.

Substrate

Molded cellulose 3.3.3

Molded cellulose is made from recycled fibres, mainly from cardboard boxes, newspapers and water. Depending on the application, additives can be added in order to obtain particular characteristics in terms of strength, impermeability or colouring.

Molded cellulose manufacturing process is divided into four steps:

Pulping

Cellulose pulp is prepared by suspending recycled fibres previously washed in water, this is the pulping operation.

Molding

The cellulose pulp is then moulded, resulting in a fibrous mat with the shape of the mould. Two molding technologies exist in industry: a flat process, in which a perforated mould is dipped into the liquid paste, under the effect of suction, the fibres are deposited on the mould while the water drains out through the holes. A fibrous mat of the shape of the mould is obtained which is transferred to a conveyor. a rotary process, in this case the moulds are placed on a multi-sided drum, which is rotated in the dough. A suction system draws the dough into the moulds, and when they come out of the preparation a counter-mould comes to press the objects.

Pressing

The formed object is then pressed; this step aims to stabilize the object dimensionally in order to ensure accurate dimensions and a good surface finish.

Drying

The object is then dried. Drying can be done either directly in the mould, it is done by increasing the temperature and pressure of the mould. Either by one or more passages in a tunnel, the barely pressed objects are placed on a conveyor belt and taken to an oven.

Moulded cellulose is nowadays the subject of numerous patents and finds applications in many sectors. In the food sector, the egg carton is still the first application of moulded cellulose, but it is increasingly finding its way into the market for trays, cup holders and fruit trays as well as in the horticultural sector for plant pots and buckets. In recent years, we have seen the emergence of innovative applications such as wine bottles [START_REF]MarcelGreen[END_REF], water bottles [START_REF]Green Fiber Bottle -ecoXpac[END_REF] or beer bottles [START_REF]Newsroom » Carlsberg and Partners to Develop Biogradable Wood-Fiber Bottle « Carlsberg Group[END_REF] in molded cellulose. In the medical sector moulded cellulose is increasingly competing with plastic on products such as medical beans. Finally, the use of moulded cellulose is also progressing in the packaging and industrial cushioning sector. It is used in particular for the transport of electronic products, measuring devices, hygiene products and for shoe boxes.

Micro Fibrillated cellulose (MFC) 3.3.4 In order to print electronic circuits with a fine resolution, to obtain thin and homogeneous lines and therefor reach good conductivities, a smooth substrate surface with a low roughness is require which is often a problem with cellulosic substrates. Recently, microfibrillated cellulose have been used to obtain substrates with good surface quality, surface roughness of 300 nm have been obtained. [START_REF] Shanmugam | Engineering surface roughness of nanocellulose film via spraying to produce smooth substrates[END_REF] Microfibrillated cellulose are obtained after a fibrillation process of cellulose fibres and are made of crystalline and amorphous parts. MFC can be produced from a wide range of cellulose such as wood, annual plants and vegetables. MFC have applications in numerous fields thanks to its mechanical and barrier properties. Researches on MFC substrate for printed electronics have been conducted for the fabrication of RFID devices, electronic papers, cellulose-based batteries and substrates for biosensors. [START_REF] Salas | Nanocellulose properties and applications in colloids and interfaces[END_REF], [START_REF] Neuvo | Bit Bang Rays to the Future[END_REF] 

Annealing types 3.4

Annealing is the next step after printing and is essential to obtain good conductive properties of the printed pattern, especially in the case of printing with metallic inks. This step consists of raising the temperature of the ink to a few hundred degrees in order to lead to the coalescence of the particles between them and guarantee good conductivity, but also to eliminate encapsulants, organic molecules present in the composition of the ink to obtain good printability. In order not to deform the printing substrate, the temperature reached is limited by the glass transition temperature of the latter, however if the temperature is too low the electrical characteristics of the printed pattern will be limited. To obtain good conductivity properties, one solution is to choose a substrate resistant to high temperatures, but the choice of substrate is often guided by its price, and the cheapest substrates often have a lower glass transition temperature.

In general, the sintering temperature is between 50% and 80% of the melting temperature of the metal, but for nanoparticles it is reduced to between 20% and 30% of the melting temperature. [START_REF] Groza | Nanosintering[END_REF] A second line of study to solve the temperature limit problem caused by the carrier material may be to reduce the size of the ink particles to allow low temperature annealing. However, reducing the particle size results in an increase of the amount of organic molecules that must then be removed.

Finally, alternative annealing methods have been investigated that allow the ink to be selectively heated. [START_REF] Wünscher | Progress of alternative sintering approaches of inkjet-printed metal inks and their application for manufacturing of flexible electronic devices[END_REF] The temperature of the substrate is then limited and the annealing time reduced Thermal annealing 3.4.1 Thermal annealing is the most commonly used annealing technique. It consists of heating the printed pattern in a hot air oven or tunnel at sintering temperatures often above 200°C. These high temperatures limit the use of certain potentially interesting polymer substrates and paper supports. Polyimide is one of the few substrates resistant to these temperatures but its cost remains high. In addition, thermal annealing requires at least 1 hour to achieve good ink conductivity, which limits its use on industrial production lines.

Chemical annealing 3.4.2

Chemical annealing involves adding a substance to the ink to transform the nonconductive particles into their conductive equivalents. In the case of chemical annealing of nanoparticles, the addition of a sintering agent to the ink causes destabilization of the metal particles by dissolving the organic molecules present in the ink. Wakuda et al. [START_REF] Wakuda | Novel method for room temperature sintering of Ag nanoparticle paste in air[END_REF] have studied the dissolution of dodecyclamine molecules of a silver nanoparticle-based ink by dipping in different alcohols for up to 2 hours. They showed that dodecyclamine molecules dissolve rapidly in alcohol and obtained a conductivity 1,4.10 5 S.m -1 for a 2-hour soak in methanol.

Magdassi et al. [START_REF] Magdassi | Triggering the sintering of silver nanoparticles at room temperature[END_REF] have developed an approach that involves depositing an additional layer of cationic polymers on a silver ink composed of polyacrylic acid encapsulant to initiate coalescence. These tests resulted in conductivities of 10 6 S.m -1 for conductive patterns printed on photo paper. In the continuation of these works, Grouchko et al. [START_REF] Grouchko | Conductive inks with a "built-in" mechanism that enables sintering at room temperature[END_REF] developed an integrated chemical annealing process, starting as soon as the ink dries and obtained excellent conductivities of the order of 26.10 6 S.m -1 . Laboratory tests were carried out by Layani et al. [START_REF] Layani | Conductive patterns on plastic substrates by sequential inkjet printing of silver nanoparticles and electrolyte sintering solutions[END_REF] with this annealing for the manufacture of electroluminescent devices as a first step towards industrial applications. Finally, Allen et al. [START_REF] Allen | Substratefacilitated nanoparticle sintering and component interconnection procedure[END_REF] proposed a chemical annealing approach with silanol groups in a humid environment and obtained conductivities of 1.10 6 S.m -1 . This approach is interesting because silicate or alumina-based varnishes are often used in paper printing to accelerate drying. This method is still the subject of numerous studies in order to understand its mechanisms.

Electrical annealing 3.4.3

Electrical annealing is a fast operation that lasts only a few seconds and is called rapid electrical annealing (RES). As illustrated in Figure 21(A), it is based on the application of a direct current directly to the printed pattern and therefore causes localized heating. An initial drying in the open air or in an oven allows the solvents to evaporate and to control the initial resistance of the printed pattern which will have to remain high enough to induce heating.

Figure 21: Electrical annealing direct current (A) and alternating current (B) [START_REF] Allen | Electrical sintering of nanoparticle structures[END_REF], [START_REF] Allen | Contactless electrical sintering of silver nanoparticles on flexible substrates[END_REF] Allen et al. [START_REF] Allen | Electrical sintering of nanoparticle structures[END_REF] et Hummelgard et al. [START_REF] Hummelg\a Ard | Electrical sintering of silver nanoparticle ink studied by in-situ TEM probing[END_REF] have studied the annealing of silver nanoparticles and shown that it is carried out in two phases. The first phase, lasting a few milliseconds, corresponds to the carbonization of the encapsulant and the contacting of the nanoparticles, and is characterized by a rapid drop in resistivity. Then during the second phase, the resistivity continues to drop for several seconds, due to the improved contact between the nanoparticles. This results in a homogeneous electrical pattern.

Alstato et al. [START_REF] Alastalo | Modelling of nanoparticle sintering under electrical boundary conditions[END_REF] have shown that the activation of coalescence in the first phase enables temperatures of 250°C to be reached for silver nanoparticle inks while the photo paper supporting the pattern does not exceed 60°C. Allen et al. [START_REF] Allen | Electrical sintering of nanoparticle structures[END_REF] have compared electrical and thermal annealing for a silver nanoparticle ink and have shown that a one-minute electrical annealing allows to reach conductivities of 15 à 30.10 6 S.m -1 , whereas a 20-minute thermal annealing at 120°C allows to reach conductivities of 3.10 5 S.m -1 . Likewise Roberson et al. [START_REF] Roberson | Ohmic Curing of Printed Silver Conductive Traces[END_REF] studied microparticle-based inks and obtained conductivities twice as high with a one-minute electrical anneal than with a thermal oven anneal. However, a major disadvantage of this technique is the inhomogeneous annealing in the case of short lines, very long lines or lines with variable thicknesses. This annealing also results in poor ink adhesion to the substrate compared to standard oven annealing. Finally, one of the limitations of electrical annealing for industrial applications is that it requires contact with the pattern to be annealed.

To overcome these problems, Allen et al. [START_REF] Allen | Contactless electrical sintering of silver nanoparticles on flexible substrates[END_REF] studied the use of alternating current instead of direct current. As illustrated in Figure 21(B), this technique consists in placing at 1 mm from the pattern to be annealed a coaxial electrical module capable of creating an electromagnetic field, which thus generates an electrical current in the printed pattern and leads to heating of the ink by Joule effect. The results obtained show that a homogeneous annealing is obtained; some parameters still need to be optimised to improve the performance of this annealing but it offers an interesting industrial solution.

Plasma annealing 3.4.4

Plasma annealing consists of placing the printed pattern in the environment of an ionized gas. The interaction between the ink and the ions excited in the plasma as well as the generation of ultraviolet radiation causes the ink to be annealed. One of the criteria is to use a plasma with a low temperature to avoid deformation of the substrate.

Reinhold et al. [START_REF] Reinhold | Argon plasma sintering of inkjet printed silver tracks on polymer substrates[END_REF] studied annealing of nanoparticles silver inks in a low-pressure argon plasma and obtained conductivities of 1.10 6 S.m -1 . Wolf et al. [START_REF] Wolf | Rapid low-pressure plasma sintering of inkjet-printed silver nanoparticles for RFID antennas[END_REF] showed its application for annealing RFID antennas printed with an ink based on silver nanoparticles and obtained conductivities of 15.10 6 S.m -1 . However, annealing in low pressure argon plasma requires a few tens of minutes and modifies the surface wettability of the substrate which prevents a subsequent printing step. Moreover, at low pressure, the ions penetrate the ink only slightly, which leads to an inhomogeneous annealing.

Microwave annealing 3.4.5

Microwave annealing involves exposing the printed pattern to microwaves. This requires that the material absorbs these microwaves. Ma et al. [START_REF] Ma | Systematic study of microwave absorption, heating, and microstructure evolution of porous copper powder metal compacts[END_REF] showed that although pure materials reflect waves, small particles absorb waves well. In addition, the polymers most commonly used as substrates are transparent to microwaves, thus allowing selective annealing of inks. Microwave annealing is a fast process but the penetration of microwaves into the main conductive materials is very low, which limits the thickness of the deposited ink to 1 to 2 µm in order to have a homogeneous annealing. Subsequently Perelaer et al. [START_REF] Perelaer | Roll-to-Roll Compatible Sintering of Inkjet Printed Features by Photonic and Microwave Exposure: From Non-Conductive Ink to 40% Bulk Silver Conductivity in Less Than 15 Seconds[END_REF] proposed a two-step method with pre-treatment by pulsed light, which makes it possible to obtain conductivities of the order of 3.10 6 S.m -1 in less than 15 secondes. Microwave annealing in particular, coupled with photonic annealing, has made it possible to obtain very good results in very short times of the order of a few seconds, which makes it interesting for industrial applications. However, the non-uniformity of the annealing due to small variations in ink thickness remains a constraint and limits for the moment microwave annealing to small-scale applications.

Photonic annealing 3.4.6

Photonic annealing consists of irradiating the conductive ink with electromagnetic radiation ranging from ultraviolet to infrared. In the case of metallic inks, as the absorption characteristics of the metals used in conductive inks are far from those of the main substrates, the use of selected radiation allows selective annealing of the conductive inks. Different types of radiation can be used, such as infrared annealing, pulsed light annealing or laser annealing.

Infrared annealing 3.4.6.1 In the case of infrared annealing of metallic inks, the most commonly used wavelength ranges are near infrared (NIR) and medium infrared (MIR). Early work using infrared lamps for annealing printed tracks was carried out by Deunnelin et al. [START_REF] Denneulin | Infra-red assisted sintering of inkjet printed silver tracks on paper substrates[END_REF]. The results showed that IR drying at wavelengths between 8 and 15 µm for 2 minutes achieved the same performance as oven drying at 200° for 5 minutes for tracks printed in inkjet with nanosilver-based inks on paper and glass substrates. This method speeds up the annealing process but does not allow selective heating of the ink as the glass and paper substrates have reached 180°C and 210°C respectively. A more selective approach put forward by Cherrington et al. [START_REF] Cherrington | Ultrafast near-infrared sintering of a slot-die coated nano-silver conducting ink[END_REF] is to work in NIR at wavelengths between 0.7 and 4 µm because plastic substrates absorb little in this wavelength range, whereas the absorption of metallic inks is very high. Tobjörk et al. [START_REF] Tobjörk | IR-sintering of ink-jet printed metal-nanoparticles on paper[END_REF] have carried out annealing tests with IR lamps with an emission peak at 4µm of gold and silver nanoparticle-based inks on paper and glass substrates. They reached conductivities of the order of 4.10 6 S.m -1 in a only a few seconds. IR annealing is a fast method, allowing to obtain good conductivities and applicable on industrial production lines. One of the main limitations of IR annealing is the choice of substrate, as it can only be used with substrates having good temperature resistance. It appears to be well suited for paper substrates. Laser annealing 3.4.6.2 Laser annealing of metallic inks consists of exposing the printed tracks to a laser beam. The wavelength is adapted to correspond to the maximum absorption of the ink. The ink particles absorb the laser radiation, the ink film heats up, which leads to annealing. The temperature rise of the ink must be controlled and kept as low as possible to avoid heat dissipation in the substrate. Argon lasers are the most commonly used lasers, they can work at wavelengths between 488 nm and 515 nm and achieve a rapid rise in ink temperature. Temperatures of 500 °C have been reached on substrates such as glass or PI. The very rapid temperature rise during annealing allows good conductivity to be achieved in very short periods of time, but too rapid evaporation of organic compounds leads to rough surfaces and inhomogeneous annealing. The use of pulsed lasers allows a high energy density to be transferred to the ink while reducing heat dissipation to the substrate [START_REF] Lesyuk | Low-energy pulsed laser treatment of silver nanoparticles for interconnects fabrication by ink-jet method[END_REF], [START_REF] Maekawa | Drop-on-Demand Laser Sintering With Silver Nanoparticles for Electronics Packaging[END_REF], [START_REF] Peng | Laser sintering of silver nanoparticle thin films: microstructure and optical properties[END_REF]. The works of Kupulainen et al. [START_REF] Kumpulainen | Low temperature nanoparticle sintering with continuous wave and pulse lasers[END_REF] focused on the optimization of conductivities as a function of annealing time. However, this technique remains complex to implement. In order to improve the understanding of laser annealing, Maekawa et al. [START_REF] Maekawa | Drop-on-Demand Laser Sintering With Silver Nanoparticles for Electronics Packaging[END_REF] studied the influence of wavelength on annealing by conducting tests at wavelengths outside the absorption maxima of silver nanoparticle-based ink. They showed that the use of lasers with high wavelengths allows fast surface annealing but leads to inhomogeneous annealing and poor ink adhesion to the substrate. Laser annealing is a fast and flexible method since it allows the wavelength to be adjusted to the substrate. However, it remains expensive and complex to implement on industrial production lines.

Intense Pulsed Light annealing (IPL) 3.4.6.3 Intense pulsed light annealing is a thermal annealing technique that uses the heat generated by the absorption of visible light in the material to raise the temperature. The most commonly used light source for IPL annealing is Xenon light, which emits radiation between 200 nm and 1200 nm, covering the entire visible spectrum. A lot of work has been done on IPL technology in order to better understand its process and better control the different parameters. Indeed, each substrate ink system has its own optimal parameters, which requires optimization work at each material change. Theoretical models have been proposed in order to predict the experimental conditions as accurately as possible. [START_REF] Kang | Sintering of Inkjet-Printed Silver Nanoparticles at Room Temperature Using Intense Pulsed Light[END_REF], [START_REF] Abbel | Photonic flash sintering of silver nanoparticle inks: a fast and convenient method for the preparation of highly conductive structures on foil[END_REF], [START_REF] Hwang | In situ monitoring of flash-light sintering of copper nanoparticle ink for printed electronics[END_REF].

Annealing by IPL has many advantages, such as good energy efficiency, high selectivity, fast annealing and the possibility to work in ambient air, and is promising for industrial production lines.

Various annealing method characteristics are summarized in Table 4. The easiest method is thermal annealing but it is not compatible with industrial application thanks to its long duration time. In conclusion, the printing quality of electronic tracks depends on the adequacy between the different parameters studied in this paragraph: the printing process, the ink, the substrate and the annealing.

Annealing

The following paragraph presents a state of the art of academic research and industrial developments on the manufacturing of connected 3D objects.

CONNECTED OR FUNCTIONAL OBJECT 4

Two 3D connected objects manufacturing technics and their applications will be presented in this paragraph: Molded Interconnected Devices (MID) and additive manufacturing of 3D functionalized objects. In the last part the development of robotic for 3D printing will be discussed.

Molded Interconnect Devices (MID) 4.1

MID manufacturing is born in the United States in the 1980's and appears as promising thanks to its technologic, economic and environmental advantages. It has been the subject of various research studies in particular in Japan and Germany in order to allow its industrial development. This technology aims to provide functionality to 3D molded thermoplastic pieces by integrating electronic circuits with a direct process.

The main Plastronic markets are automotive, telecommunication and medical. Big industries like Siemens, Volkswagen, BMW and Schneider electric have already integrated MID in their products. [START_REF] Frank | Three-Dimensional Molded Interconnect Devices (3D-MID)[END_REF] Fabrication process 4.1.1 MID fabrication is divided in several steps. In a first step the 3D piece is manufactured with a molding by injection process. Melted granules of thermoplastic are injected in a mold then cooled. It's a classic process for the manufacturing of thermoplastic parts in large series.

There then follow the steps of circuits structuration and metallization, that can be done with various process.

Laser direct structuring (LDS) 4.1.1.1

The main used process for the structuration of electronic tracks is laser direct structuring. This process has been developed at the University of Lemgo in Germany in cooperation with the society LPKF Laser & Electronics and a patent was deposited in 2002.

[102] The parts are manufactured in single layout molds and with thermoplastic specifically charged. They are then subjected to a laser beam to define the tracks layout by activating the additive directly on the part and to a selective metallization in a copper bath. The main advantages of this technic are a high flexibility in the design of parts and the possibility to use a large range of plastic material such as ABS PC (Acrylonitrile Butadiene Styrene Poly Carbonate), PBT (Poly Butilene Terephtalate) and PEEK (PolyEther Ether Ketone).

Laser subtractive structuring (LSS) 4.1.1.2 Laser subtractive structuring process is also largely used in MID manufacturing. In this process, the part is first chemically activated and covered with a metallic layer, then a laser beam defines the conductive tracks by eliminating the non useful area. This method requires several steps and is therefore more expensive but unlike LDS technology it doesn't requires plastic specifically charged. Microstamping or soft lithography is also used in specific applications where high definition is not required. Although less accurate than laser process, this technology has the advantages of being rapid and economic. It has been developed in 1993 by Whitesides and Kumar [START_REF] Kumar | Features of gold having micrometer to centimeter dimensions can be formed through a combination of stamping with an elastomeric stamp and an alkanethiol ''ink'' followed by chemical etching[END_REF] and consists in depositing ink on a substrate by mechanic contact of an inked stamp.

Bi-injection 4.1.1.4 Bi-injection is to make two successive casts of two different thermoplastic materials for the manufacturing of one part. This process is expensive and complex, mainly used in telecommunication sector for the production of large series. It allows to obtain dimensional tolerances lower than 400 µm and it is thus used for the manufacturing of complex 3D objects. Studies have been done on the development of software tools for the design of parts to be producted by bi-injection. [START_REF] Zhuo | Design and Simulation of Molded Interconnect Devices with Two Shot Molding[END_REF] Inkjet 4.1.1.5 Recently research works have been done on the use of ink-jet for the printing of circuits directly on the surface of 3D objects. Ink-jet technology presents the advantages of being simple, economic and without producing waste. One of the limits is the use of a substrate with low surface roughness in order to obtain good electronic tracks conductivity. Studies have been conducted by Van Osch at al. [START_REF] Van Osch | Inkjet printing of narrow conductive tracks on untreated polymeric substrates[END_REF] and Kao et al. [START_REF] Kao | Formation of conductive silver films via inkjet reaction system[END_REF], [START_REF] Kao | Inkjet printing RF bandpass filters on liquid crystal polymer substrates[END_REF] on tracks dimension, conductivity and on the development of surface treatment in order to allow their use on a larger variety of substrates.

Research project examples 4.1.2

Electronic field 4.1.2.1

The research works of Paulsen et al. [START_REF] Paulsen | Printing conformal electronics on 3D structures with Aerosol Jet technology[END_REF] and Hörber et al. [START_REF] Hörber | Approaches for Additive Manufacturing of 3D Electronic Applications[END_REF] have shown the potential of MID in association with direct printing technics such as aerosol. They have printed sensors and electronic tracks on a polyamide 6 (PA6) thermoplastic substrate molded in reservoir shape, with a silver ink. Sensors measure the level of water introduce in the reservoir, a LED turn on when the maximum level is reached and the pump is reversed. Another example of research works that use aerosol is the integration of a thermometer on a polyamide 10TX substrate.

Industrial application examples 4.1.3

MID have a great industrial potential in particular in the field of medical equipment's, automotive, electronics and in the telecommunications.

Medical field 4.1.3.1 Siemens Audiologishe Technik GmbH has developed a hearing aid using MID technology which allows to reduce pieces assembly time. [109]

The company 2E Mechatronic has manufactured by LDS high performance and energy efficient lighting elements by using LED in particular for the dental field.

Automotive field 4.1.3.2 MID are the subjects of numerous developments in the automotive field. Volkswagen has designed a multi-function car wheel by replacing electrical wiring by printed tracks. BMW has integrated plastronic parts in its wheel and has developed plastronic motorbike handles illustrated in Figure 22. This elements regroups numerous functionalities, klaxon, starter and flashing lights that requires the welding of a lot o wires connecting the buttons and the electronic card. The use of MID technology has allowed to integrate all the components in the plastic part and to eliminate the wires to weld. Mercedes Benz has also used this technology for the manufacturing of car keys in one piece. Bosch has developed pressure sensor in plastronic, the use of this technology has allowed to reduce significantly the parts volume. Research in microfluidic has seen a strong emulation in recent years particularly for point of care medical diagnostics for developing countries. Paper has become a widely use substrate in microfluidic in particular because it is an inexpensive material and can be easily burnt or recycled. Paper is used to realise test strip such as pregnancy test or pH for alimentary or environmental control but another field called "Lab on Paper" is growing strongly. Unlike test strip, fluid only flows between barriers that define a microfluidic channel.

[112]- [START_REF] Apilux | Lab-on-Paper with Dual Electrochemical/Colorimetric Detection for Simultaneous Determination of Gold and Iron[END_REF]. This domain characterized by the manipulation of systems with a sub-millimetric characteristic dimension and requires numerous manufacturing steps to obtain functionalities such as :

-Microfluidic circuit -Detection which may require pick and place of components -Conductive parts like resistance in order to heat the fluid to be analysed or electrodes to perform electrochemical measurements -Surface treatment to functionalize a part of a system or to selectively protect areas These steps are not trivial and require sophisticated phases, precision in manufacturing and expert operators in order to correctly integrate all the functionalities in the system. It also has an impact on the manufacturing cost, which is problematic particularly if the objective is to produce low-cost devices; hence, the need to find an optimized and automatic manufacturing process.

Only a few companies like Fluidigm have been able to build reliable fabrication processes and with huge investments. [115]

Therefor microfluidic devices produced by 3D printing have been developed since additive manufacturing allows to shorten prototyping step, to personalize devices, accelerate R&D and decrease costs. This process is still limited for small series production. [START_REF] Bhargava | Discrete elements for 3D microfluidics[END_REF] The process has been developed thanks to printing head adapted on 3D printers and manual pick and place. The start-up is currently looking to optimize process speed and precision and to industrialize the production of small series. Robotic printing solutions are being considered in order to be able to offer a PaperTouch production process in-house, so that once the printer is convinced of the market, a robotic module could be installed on the production line.

Additive manufacturing of 3D functional objects 4.3

Multimaterials objects additive manufacturing process 4.3.1

Additive manufacturing regroups all the process that allows to manufacture by adding material an object from a numerical model. First essentially dedicated to prototyping, additive manufacturing is undergoing a strong growth in particular for the manufacturing of complex parts or small series. [START_REF] Laverne | Fabrication additive -Principes généraux[END_REF] Three main additive manufacturing exist, photo-polymerisation, material deposit and powder bed.

Material deposit 4.3.1.1

This technic gathers the process that enables the manufacturing of pieces by material deposit; it can be metallic projection, liquid polymer projection or fused deposition modelling (FDM). FDM process is the most widespread in the domestic and industrial fields. Generally, this is machines with 3 translations axis, that have an horizontal plate and nozzles based above the plate. The mobility is done either by the plate or by the nozzles. One or several nozzles deposit a material strand, when the first layer is completed, the plate move away from a few tenths of millimetre from the nozzles (or counterwise) and the deposit process start again as illustrated in Figure 24(A). The material is in the form of solid wire of polymer in the case of FDM, in the form of metallic powder or ceramic in the case of CLAD process (construction laser additive direct) or in the form of liquid polymer in the case of Polyjet illustrated in Figure 24(B) These technics enable the manufacturing of a wide diversity of parts more or less complex; in the case of hollow parts it is necessary to print a support that will be removed once the piece will be printed. The main used photopolymerisation process and the first that have been used in industry is stereolithography (SLA). This process consists in the polymerization of a liquid resin under the acton of radiation. The machine is composed of a tank filled with resin inside which is an horizontal plate which move vertically. A laser source sends a beam and under radiation the resin polymerizes at the point of impact as illustrated in Figure 25. At the end of each layer the plate moves down in order to allow the polymerization of a new material layer. Once the piece is completed, a cleaning phase enables the elimination of the non-polymerized resin.

The materials that can be used are limited to the light-curing resins. Studies have been conducted by Leigh et al. [START_REF] Leigh | A simple, low-cost conductive composite material for 3D printing of electronic sensors[END_REF] and have enable the integration of metallic particles in the resin in order to make it conductive. The machines are composed with a first tank containing the material under the form of powder and a second container where the part will be manufactured. An horizontal roll allows to decant powder layers from a plate to the other one and a mobile nozzle, that move above the second plate, sends a laser beam that locally heats up the material as illustrated in Figure 26. At the end of each layer, the container with the powder moves one step up and the one containing the part moves one step down. At the end of the process the unaggregated powder is removed to recover the piece. The material is a metallic powder in the case of SLM and ceramic or polymer in the case of SLS. However all these technics are more or less compatible with the manufacturing of multimaterial parts that imposes constraints on the type of materials to print and on the distribution of materials in the piece [START_REF] Muller | Additive Manufacturing of Functionally Graded Materials (FGM) parts[END_REF], [START_REF] Gaynor | Multiple-material topology optimization of compliant mechanisms created via PolyJet threedimensional printing[END_REF]. This thematic is the object of numerous works in order to manufacture parts with different mechanic and physical properties and the possibilities continue to grow.

Industrial application examples 4.3.2

The market of functionalized 3D printing is today essentially dominated by small enterprise and start-up. The alliance of 3D printing and printed electronic has a high potential particularly in the medical field for the printing of medical equipment's smart and personalized. Voxel8 4.

3.2.1

The first 3D printer that enables the printing of electronic circuits has been commercialized by the company Voxel8 in 2015 at the cost of 9000$ [125]. The printer used a FDM technology, the parts are manufactured from PLA polymer and silver conductive ink; electronic components can be added during the printing process. Voxel8 announces to have obtained circuits conductivities are 2.10 6 S.m -1 , which is higher than the conductivity obtained with conductive filaments available on the market. The printer is sold with the Autodesk Project Wire 3D software, which allows to monitor the whole manufacturing steps, piece design creation, the deposit of components and the drawing of electronic tracks.

Some examples of realisation illustrated in Figure 27 can be cited :[126]

-a quadcopter whith a body in thermoplastic and an electronic circuit integrated inside -3D RFID antenna with complex shapes, in collaboration with a research laboratory on the antenna (MITRE) in order to develop high performance and low cost antenna -This printer is today essentially dedicated to R&D applications. The company NanoDimension, direct competitor of Voxel8, commercializes the 3D DragonFly 2020 printer. It allows to print electronic tracks with jet-ink process and boards with dielectric polymer ink. The society sold also a software dedicated to the drawing of conductive tracks and develops its own conductive inks with silver nanoparticles. The printer allows to print lines with a 100 µm width with 125 µm spaces between lines and a minimum layer thickness of 3 µm. They do also research works on conductive inks with nickel. [START_REF] Dimension | Dragonfly 2020 Pro[END_REF] Some examples of application illustrated in Figure 28 can be cited:

-a Arduino card prototype -electronic components, sensors, resistances and capacitors In 2012, the companies Optomec specialized in direct printing solutions for electronic printing and Stratasys specialised in 3D printer, have join forces to create an hybrid printing system allowing to print electronic tracks directly on 3D printed objects. The electronic printing technology used is based on an aerosol system and FDM technology for the object manufacturing. They also work on antennas, capacitors and resistors.

Robotic for 3D printing 4.4

The potential of additive manufacturing of functionalized multi-materials objects is huge, its main limits are the dimension of the objects to print, the printing of several materials and the possibility to print on curved surfaces.

Research project examples 4.4.1

To be able to find a solution for the problematic of printing on curved surfaces, the professor Chen from the California University has worked on a new concept of 3D printer on which the nozzle has 6 degrees of freedom [128].

Thereafter, studies have been conducted on the use of 6-axis robots for the additive manufacturing in particular in the architecture and aeronautic fields but few publications have been done. The objective is to build housing customizable, fast to build and with an affordable price. This technology consists to deposit with a 6-axis robot various layers of materials: two layers of expansive foam and one layer of concrete. Robot paths are guided by a laser sensor from the housing numerical model. In collaboration with Nantes Metropole Habitat, a social housing of 95 m² has been built in just a few days thanks to BatiPrint 3D technology.

The two laboratories continue their research works to develop robotic solutions for building industry and for the printing of biobased materials The start-up Drawn provides a 3D printing service for furniture and large dimensions decorative objects. The manufacturing of furniture is done with FDM technology; the designers have mounted an extrusion printing head on an industrial 6-axis robot named Galatea. The company has developed their own furniture product range and also works in collaboration with designers for the production of small series. [131] In the medical field, two companies provide robotic printing cells for the printing of tissue structures. 

CONCLUSION 5

There is a growing demand for prototyping processes in the fields of electronics and connected objects to simplify and automate the process of integrating electronic components into 3D objects. In order to offer a versatile and easy to implement alternative for prototyping and small series, printed electronics is widely considered. However, today no easy to use system is available on the market for 3D electronic printing.

The challenge of this thesis is to develop a new process for prototyping 3D electronic objects that can be adapted to paper materials and that allows :

-to integrate electronic functions directly on the surface of the object without the systematic transfer of conventional 2D electronic board.

-to replace electrical wires between components

The main lock to be studied is the adequacy between the required manufacturing process accuracy and flexibility and the tool developed and the expectations of the market. This chapter presents the different steps that have been necessary for the design and assembly of a robotic cell for the prototyping and the production of small series of 3D connected objects functionalized by electronic printing, pick and place of electronic components and post-treatment steps. It presents also an off-line programming approach for drawing conductive paths on 3D objects and automatically generating the trajectory and printing program for a 6-axis robot.
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Conductive path printing allows to integrate electronic functions directly onto the surface of a pre-existing object without systematically report 2D electronic cards and to replace connecting wires between components. All the unit operations are carried out with a 6-axis robot on which the various tools are mounted, i.e. a laser scanner and various printing heads. The robotic cell hardware is completed by a software and the associated interface for the management of the global process and the automatic creation of the robotic programs. The interface allows the use of the cell by operators without skills in robotic programming.

This chapter is divided into four parts:

-Section 1, which presents the base of robot language and the choice criteria of a 3D simulation and post-processing tool necessary to develop an off-line programming approach. -Section 2, which focuses on the reconstruction accuracy of the object in the working environment. It deals with reverse engineering and surface simplification methods. -Section 3, which discusses about the printing of the 3D electronic circuits -Section 4, which describes the full robotic cell and the dedicated software developed in this study.

3D SIMULATION AND POST-PROCESSOR SOFTWARE 2

Two approaches are currently used for developing robotic applications:

-On-line programming, which is the most used method and it consists in teaching manually robot positions point by point and, for a given trajectory, coding on the robot terminal the sequence of movements. This method allows precise positioning of the robot and is very useful for simple and cyclic movements. However, it requires frequent downtimes and skilled operators familiar with robot programming. -Off-line programming, where the sequence of movements is coded, tested in a simulation tool and loaded on the robot controller. Numerous off-line programming software have been developed by robot manufacturers such as RobotStudio by ABB , non-manufacturers such as PowerMill by Autodesk or Delmia by Dassault Systemes and also academics. [1] This programming method is often used in research and in SME for the production of small series, when robot programs require to be often changed. This method allows to test a lot of different configurations and to automate path planning. Depending on the chosen software, programming can be intuitive and rapid. However, virtual simulation tools can diverge from the real robot movement and a direct test routine on the robotic arm is necessary to validate the virtual trajectory and positioning accuracy and speed.

For this study, an off-line programming approach has been chosen in order to precisely program complex trajectory, speed set-up of prototypes and also limit the effect of programming skills gap between operators.

In order to be able to choose the right programming tools, some basic concepts of the Stäubli VAL 3 language are presented to illustrate the structure of typical robot programs and the different robot movement control modes provided by the VAL 3 language. Then, a state of the art of some simulation and off-line programming tools supporting Stäubli robots is presented and discussed in order to explain the choice of an adequate programming tool that will be used in this study.

VAL 3 language 2.1

Structure of VAL3 language: application and program.

2.1.1

A VAL3 application is standalone software which allows controlling the robot and the input-output ports associated to the controller. It consists of minimum four files:

-start.pgx file -stop.pgx file -.dtx file -.pjx file All the other programs (path generation, connection with external sensors…) are written in additional .pgx files.

A program is a sequence of VAL3 instructions to execute. It allows improving application readability.

-The start program is called when a VAL3 application is launched. This program is filled with all the needed operations to execute the application: variables initialisation, I/O configuration, tasks creation, etc. -The stop program is called when the application stops. This program is filled with all the needed operation to properly close the application: I/O reset, tasks closure, etc. -The .dtx file lists all variables, I/O, parameters and points. -The .pjx file lists all the programs of the application.

Control of movement 2.1.2

To define a robot trajectory, several elements must be indicated, i.e.:

The succession of points in a frame.

2.1.2.1

The type of point allows to define the position and the orientation of the tool center point (TCP) in a reference frame. A point is defined by a position in a cartesian reference frame and a type of configuration. As illustrated in Figure 33, different frames are automatically defined: World frame corresponding to the robot base and flange frame. The TCP position is described by 6 coordinates : 3 translations (x,y,z) and 3 rotations (rx,ry,rz). The configuration type defines the allowed configurations i.e. the different possibilities to reach a point. It is declined in three configurations: shoulder, elbow and wrist. For each one some configuration could be forbidden or imposed as shown in Figure 34 Figure 34: Robot configuration shoulder (A), elbow (B), wrist (C) from [2] The type of trajectory between points.

Three types of movement exist: point to point, straight line and curve:

-movej allows point to point movements: a point-to-point movement is a movement in which only the start and final coordinates are required. Between these points, the tool center follows a trajectory defined by the system in order to optimize the speed of the movement -movel allows straight line movements: In a straight-line movement, the tool center moves along a straight line. The orientation is linearly interpolated between the starting orientation and the final orientation of the tool. -movec allows circular movements: In a circular movement, the tool center moves alonga circular arc defined by 3 points, and the tool orientation is interpolated between start, intermediate and end orientation.

To print electric circuits/devices the trajectory of the printing tool must be accurately controlled and the straight line is the movement mode which forces the robot arm to pass as close as possible to the trajectory points. The robot TCP passes through each point and the TCP orientation is linearly interpolated between the start and end orientations.

The type of junction between trajectory points.

2.1.2.3

The sequence of the movements between adjacent points should be managed. Without trajectory smoothing the robot stops at every angle and slows down considerably, which does not allow to attain a high print precision both in terms of ink dispensing accuracy and path geometry. It is possible to reduce this phenomenon by blending the trajectory around the angles. As illustrated in Figure 35, the blend is defined by two parameters, i.e. the leave and reach points. These parameters determine the distance from which the robot leaves and reaches the defined trajectory. To sum up, for a printing application a trajectory is defined by a movel ( point, tool, mdesc) command defining a straight line movement.

In order to have an accurate trajectory start and end, the approach to the starting and ending points can also be defined with translation movements.

Nowadays, VAL3 Stäubli language is integrated in some simulation and off-line programming tools; some of them are presented in the following section.

Presentation of simulation and off-line programming tools 2.2

Several simulation and off-line programming tools will be presented in this paragraph: Staubli's proprietary tool, commercial industrial tools and consumer tools. At the end of the paragraph a comparison of the different tools and the choice of the tool used in the further work will be presented.

Stäubli Robotics Suite (SRS) 2.2.1 SRS is the Stäubli brand specific software package allowing the development and simulation of robotic applications. The package is sold with the robot. It allows an easy programming of VAL3 application, helps on VAL3 language and debugging. A terminal emulator illustrated in Figure 36 enables the 3D visualisation of robot movement. The software also allows the bidirectional transfer of files between the computer and the robot controller. Delfoi is a post-processing software working with Visual Component simulation platform. The company has been acquired by Kuka in 2017 but remains compatible with the major robotic brands and offers three specific options for welding, cutting and painting.

RobotDK is a simulation and off-line programming software. It generates off-line programs for the major brands of robot. It proposes options for robot calibration and specific uses such as welding, spraying and cutting.

These types of industrial post-processor are very robust and efficient for the programming long series and standard applications. Grasshopper is a visual programming language and environment that runs within the Rhinoceros 3D application as illustrated in Figure 37 

.2.4

In order to choose the most suitable off-line programming software for the application of printing electronic circuits on 3D objects developed in these works, some functions are required. Indeed complex trajectories must be printable, which requires the ability to automatically calculate points from a 3D CAD model. In addition, it is necessary to connect various tools that require specific control modes; for example, in order to guarantee a regular deposit of material, it is necessary to be able to synchronize the linear speed of the robot's movement with the printing tool. This requires the selection of an adaptative tool. 

Choice of a simulation and off-line programming tool 2.3

The key scientific problem is to be able to print complex electronic circuit by discretising a trajectory lying on a complex surface in a huge number of points and automatically generating point's coordinates providing both the spatial position (x, y, z) and the angular orientation of the normal to the surface (ϑx, ϑy, ϑz).

The criteria for selecting the software are the ease of learning, the customizability and the cost. According to Table 5, the RhinoRobot plugin of Rhinoceros 3D fits the customizability and cost criteria. The only critical point is the fact that it requires a high level in VAL3 programming; SRS native Stäubli software will also be used to code and debug the application before to be implemented in the post processor but it will not be enough by itself, since it does not allow the automatic calculation of complex trajectories on a CAD model. Once the programming tool has been chosen, the next step is to define and implement the various steps for printing electronic circuits on any 3D objects. Each of the following sections will be organized as follows: bibliographic focus, presentation of the evaluation criteria, implementation, characterization and validation of the developed process.

Generation accuracy of the object in the working environment 3

To reach high quality printing, inaccuracies related to the object must be limited. These may include macro geometrical defaults or positioning inaccuracies of the object relative to the robot.

The objective of this first step is to position and reconstruct the 3D object with high precision in order to limit the variability between the real and reconstructed surface and to control and understand variables affecting the reconstruction precision.

The major targets of this step are to attain high points position precision, to collect high density of points and to obtain a final accurate mesh of the object surface as output data.

Mesh generation methods: bibliography focus 3.1

Recent research studies [4][5][6] focus on the development and the optimisation of 3D scanning systems in order to obtain an accurate model of 3D objects and their absolute position with respect to a reference cartesian frame/origin dictated by the scanning device. Thus, a basic scanning device has the role to capture and record data to produce the numerical model of a physical object.

To be used in RhinoRobot, the reconstructed 3D object must be a mesh i.e. a 3D representation composed of vertices, edges and surfaces as illustrated in Figure 39. Vertices are individual points defined by their x, y and z coordinates. The lines connecting two vertices are called edges and a face is defined by connecting a minimum of 3 vertices. Mesh models are easy to construct and to use, they allow to know the location and the normal of each face which is essential to define tool orientation and position.

Figure 39: Mesh vertices, edges and faces illustration

In this paragraph the various scanning tools, mesh generation and mesh simplification method are presented and analysed.

Scanning tools 3.1.1

The scanning equipment should be rapid, accurate, robust and integrated to the production tool in order to obtain a high production rate. In the literature, sensors are divided in two categories: sensors with contact and contactless sensors. The resultant measurement techniques illustrated in Figure 40 can be divided in six categories: mechanical, optical, pneumatic, ultrasonic, electrical and thermic. They are directly in contact with the object and transmit to the treatment system presence, absence and position information. This type of sensor is currently used for poly-articulated systems calibration.

Contactless sensors are widely used in the industry because they offer a good compromise between rapidity and data accuracy and also allow to scan a wide variety of objects. The most widespread are optical sensors and in particular triangulation sensors.

Laser triangulation sensors 3.1.1.2 Laser triangulation sensors include a CMOS/CCD detector and a laser light source. As illustrated in Figure 41(A), they operate on the principle that a laser beam is projected on the object to measure and a part of this beam is reflected via focusing optics onto a detector. Progressively that the target shifts, the laser beam moves on the detector. The detector sends a signal which is utilized to measure the relative distance to the object. This data is usually available in binary data through an analog or RS232 output.

As illustrated in Figure 41(B,C), these sensors can be of two types: point laser and line laser.

Figure 41: laser triangulation principle (A) point laser (B) and laser line scanner (C) from [8][9][10] In this study the sensor has been selected in order to -mount it on the robot arm to increase precision by having a single frame of reference (i.e. the world frame of the 6 axis robot). Indeed a sensor mounted on the arm and operating in the same frame of the dispensing tool can minimize position errors due to the absence of absolute calibration; position errors caused by robot kinematics are repeated during the scan and printing which minimizes the relative positioning inaccuracy of the two tools. -integrate it in the production system in order to reach shorter cycle time According to the needs and sensors characteristics sum up in Table 6, while the laser sensor is slower than the laser scanner, it fits with the precision and cost parameters. Thereafter, a microEspilon laser triangulation sensor will be used in this project.

Sensor type Mechanical probe Laser triangulation sensor

Laser Scanner (Laser line triangulation) Acquisition speed --

+ ++ Precision + + + Cost ? 2k€ 10k€ 
Ease of use

Requires complex trajectories for complex objects

Requires several points of view for complex objects

Requires few points of view for complex objects Table 6: Sensor comparison From points cloud to mesh generation 3.1.2

During the scanning phase, errors may occur in points recording and lead to an inaccurate object reconstruction. These deviations may be linked to -the type and characteristics of the scanner -the colour, texture or brightness of the object -the reflexion of the laser spot at edges -the presence of objects in the background of the scanning space -the scanning resolution Consequently, the point cloud and reconstructed mesh often show defects. The defects produced in the acquisition phase are directly linked to the chosen scanning tool and result in noisy data and too large volume of data produced by the scanning tool. These defects can compromise or increase post-treatment time.

The optimization/removal of defects produced during the acquisition step is a complex and time consuming operation. Moreover, the literature on this subject is poor and, most of the time, real-time data acquisition algorithms are necessary. In this study the choice has been made to work with scanning tool constraints and to optimize the mesh reconstruction phase.

In general, problems linked to the mesh generation phase consist in shape and details alteration introduced by the reconstruction algorithm such as breaks or step-like defaults that will introduce inhomogeneity in trajectory and in robot movement.

In order to optimize the mesh generation phase, two successive steps are required, namely: a point cloud treatment phase followed by a mesh triangulation and mesh simplification treatment applied directly on the cloud of points or if not adapted or sufficient, on the generated object.

In mesh simplification treatment, two main issues should be taken into consideration: i) the method used to simplify the mesh and ii) the indicators used to measure the simplified mesh quality.

Mesh generation method 3.1.2.1 Mesh generation algorithms consist in creating a triangulation i.e. a mesh of the surface from raw scanning data. As illustrated in Figure 42, the process is divided into two steps:

-treatment of data to extract the area of interest, in this study this treatment is not required, the area of interest is selected by choosing the scanning zone; only a Z threshold is implemented in order to remove points outside the measuring area of the laser which returns 466mm. -construction of a triangulation and meshing of the area, these steps are automatically done in Grasshopper with the Delaunay triangulation components as illustrated in Figure 42. Various triangulation algorithms exist according to the type of raw scanning data. In this study, scanning data consist in a cloud of points and the main and stronger method used in this case is the Delaunay triangulation algorithm. The algorithm is applied on the points cloud, it consists in maximizing the minimum angle in order to generate a mesh i.e. no point is inside a circumscribed sphere as illustrated in Figure 43.

The acquired data are often noisy, triangulation is complex and must therefore be treated. It is also necessary to apply a post-treatment in order to simplify the mesh created from this data in order to smooth noise, remove redundancy and speed display. The main direct methods are the following:

-Definition of limits: points in the background or foreground of the object can be eliminated by defining cut-off points. For example, all the recorded points outside a volume encompassing the object to be scanned are deleted. Aberrant points can also be eliminated by defining a maximum deviation between two consecutive or close points. -Filtering: measurement noise can also be linked to the colour, texture or brightness of the object. In this case the use of a low pass, median or moving average filter can decrease noise and smooth reconstructed elements. However filter will be applied on all the parts including edges and may warp the object.

The main local iterative methods illustrated in Figure 44 are mesh simplification algorithm:

-Faces merging: Figure 44(A): This method consists in merging into a polygon coplanar faces and then re-triangulates them in new faces. [12,13] -Vertex removal: Figure 44(B): This method removes one vertex and the faces surrounding this vertex. The resulting surface is retriangulated. At each iteration each vertex of the mesh is evaluated. It is an efficient method but the object shape and small details are not preserved. This method has been the subject of various studies to increase efficiency and decrease loss of details. [14,15] -Edge Collapse: Figure 44(C): This method consists in replacing an edge by a vertex. All the faces connected by the edge will be connected by the new vertex and the faces which shared the deleted edge will be deleted. At each iteration the location of the new vertex influences the quality of the simplified mesh. [16,17] Figure 44: simplification algorithms illustration A comparative table of the denoising methods is presented in Mesh generation quality 3.1.2.3 In literature, various works exist on reverse engineering and particularly on the analysis and accuracy of the reconstructed object shape. Indeed, object can be complex and scanned data are often noisy, thus the mesh generation accuracy should be monitored and analysed. In previous studies indicators [18][19][20][21][22][23][24][25] like the geometrical distance between vertex or normal deviation between meshes, the curvature and triangle quality are explored to characterize the entire mesh shape. Proposed methods are based on the analysis of the curvature distributions which describes the object shape. Locally curvature values can be an estimation of the surface roughness and can thus quantify the noise. Statistical representations like histograms are used to visualize and compare numerical data, for example statistics are applied on curvature distribution histograms in order to detect homogeneous curvature intervals and quantify mesh quality.

Criteria References

Geometrical distance [18] Normal deviation [18] Curvature [19][20][21] Triangle quality [22][23][24] Visual indicator [25] Table 8: Criteria in literature

Various mesh analysis tool have also been developed and are presented in the literature. Metro, developed by Cignoni et al. [26] is a tool allowing to compare two meshes, a triangulated mesh and its simplified model. It gives numerical results like surface area, mesh volume, maximum and minimum geometric distances between raw and simplified meshes. It gives also a colored view of the mesh according to the obtained results. Zhou et al. [27] presented a tool for comparing qualitatively surface meshes using surface metrics. It allows also to analyse the influence of simplification method and how the mesh is degraded according to the simplification used. Various visualisation methods are also presented like side by side viewing.

The tool MESH, developed by Aspert et al. [28] estimates the distance between two mesh models with the Hausdorff distance. It provides the minimum, maximum and mean distance values and a coloured mesh view.

Another tool named MeshDev presented by Roy at al. [18] proposes a deviation metric to compute a local difference between two meshes. Finally, Silva et al. [29] developed a tool called PolyMeCo which provides an integrated environment to compare meshes with various mesh quality measure and visualization options.

The criteria used in this study are presented in the next paragraph.

Mesh quality evaluation 3.2

Key scientific problems are linked to the difficulties to obtain a smoothed surface with the optimal number of points while remaining faithful to the object and without degrading the precision of reconstruction especially in curve and edge areas.

The aim is therefore to obtain an optimal quantity of data while maintaining the required precision. The suggested approach is divided in several steps. The first step is the construction of a mesh by triangulation. Then, a smooth mesh is generated after mesh simplification treatment taking into account the constraints linked to the precision, size, shape and treatment time. Each step should be analysed by mathematical and statistical methods and controlled by criteria. Criteria are automatically calculated in Grasshopper and numerical and visual results are used to evaluate the deviation.

The mesh quality is monitored by three exclusion criteria whose function is to select valid meshes:

-The geometrical distance between measured (red points in Figure 45) and smooth points (green points in The required standard deviation depends on the printing tool used. Generalizing, whatever the tool, the maximum deviation should be 20% of the required printing distance. The deviation is calculated in Grasshopper and the mesh is coloured according to the deviation green areas are under the set limit, yellow areas are around the limit and red areas are above the limit.

-The normal deviation index N: it measures the deviation between surface normals of the geometrical mesh and the smoothed mesh as illustrated in Figure 46. Normal deviation is directly related with mesh rendering and thus printing tool orientation; a strong deviation may results in wrong tool path orientation. -Triangle quality criterium: it consists in calculating the percentage of faces that have a minimum angle close to 60° which corresponds to the percentage of triangle that are close to equilateral triangle. The percentage of angle under 55° is monitored to evaluate the mesh.

With the different presented indicators, the differences between the raw and simplified mesh can be quantified and an estimation of the processed mesh quality can be obtained. Threshold parameters should be set by the user and a visual representation can be presented in order to highlight the area of interest, i.e. the area where it is possible to print.

Process implementation and characterisation 3.3

As illustrated in Figure 47, the constructed process consists of two main steps; scan and reverse engineering, which are themselves divided into several stages. The chosen laser was the Micro-Epsilon optoNCDT 1420-100 because of its small dimensions 46x30x20 mm and low weight (around 60 g). It's technical characteristics: a measuring range of 100 mm, repeatability of 4µm and precision fit to the project needs for an accessible cost.

Mounting and calibration

3.3.1.1

The Micro-Epsilon laser sensor is mounted on the axis 6 in y direction.

It is linked to the CS9 robot controller with a serial RS232 connection in order to send orders from the VAL3 program to the laser and exchange data. The sensor is also linked to a digital I/O port to activate the laser beam and to the computer via USB in order to configure the laser and analyse data with the dedicated software. The placement of the laser sensor on the flange and the positioning with the printing tool has to be calibrated; the calibration must be carried out each time the tools are reassembled. To ensure an accurate calibration the laser sensor is mounted on the flange with a micrometric adjustment table as illustrated in Figure 48. The calibration procedure consists in using the printing tool as reference and printing fives drops on a 2D plane in order to draw a cross. The point coordinate x,y are precisely recorded in world frame and flange tool. The laser sensor is then positioned in the center point coordinate with a z coordinate of 100 mm above 2D plane level. The position of the laser in the X direction is precise since it is fixed on a metal plate of known and constant dimensions. The laser sensor point is adjusted in Y direction with the micrometric screw in order to be superposed with the printed point. The x, y laser sensor translation accuracy along the cross lines is verified. Then laser height (z coordinate) is set to 400 mm above the 2D plane level. The points coordinate deviation in x and y is measured and tool rx, ry, rz coordinates are calculated and entered in the software in order to correct the tool angular offset. This protocol is iterated until tool translation along the z axis does not induce a shift of the laser spot. As described in Figure 49, the scan trajectory is defined according to the size (area to scan), complexity (scanning resolution) of the object to scan and the laser scanner performances (visibility height…). The choice was made to limit the scan to a map of altitudes (2D plane). This strategy has certain advantages such as the retrieval of a grid of ordered data which facilitates the analysis of the obtained mesh and the successive treatments. The choice of this strategy however limits the variety of shapes that will be possible but this limitation is acceptable for the application of this thesis. The laser sensor path is defined with a polyline in a 2D plane and laser sensor TCP orientation is defined as perpendicular to the plane. A second area can be defined in order to scan with smaller precision the flat areas or areas that will not be printed. Both areas are then combined and the scan trajectory is discretised according to the defined resolutions as illustrated in Figure 50. Others constraints in order to minimize measure noise and vibrations are added, this constraints are linked to the robot arm speed and acceleration. -Baudrate : communication speed in bauds -Bits : number of bits per byte, it should be 5, 6, 7 or 8 -Parity : parity control, it should be "none", "even" ou "odd" -Flowcontrol : the control of the flow rate, it should be "none" or "hardware" -Mode: the mode of communication, for a serial link "rs232" -Stopbits : number of stop bits per byte, it should be 1 or 2 -End of string : ASCII code for the string termination character -Time out: maximum response time for the communication channel Laser sensor movement is described with moveL ( ) function and without blend, i.e. the robot stops in each point in order to take a measure. The trajectory is programmed in such a way that the robot stops at each point. Thus, in each point the command "TRIGGERSW" is send to the laser. A signal processor in the sensor calculates the distance of the laser spot on the measured object to the sensor. The distance value is output by the RS422 connection as unsigned digital value, 16 bits per value are being transmitted. The output value is divided into three bytes with the sequence Low Byte, Medium Byte, High Byte. The instruction sioGet(siInput,l_nData) is used to read a characters table on siInput and returns the number of characters read. 

with MR the laser measuring range in mm for the optoNCDT 1420-100 MR =100 mm

The robot controller and the laser sensor work separately during a scan phase, thus to merge all data a string line is constructed with the following data: -Clock () i.e. internal robot time in second with a precision of one millisecond -getMoveId( ) i.e. the numerical value indicating the robot position on the trajectory -TCP point coordinates (x, y, z) and rotations (rx, ry, rz) -Laser sensor distance from the object calculated with equation 3

Laser scanner characterisation 3.3.1.4
The first point is to define the necessary resolution according to the sensor characteristics, the required precision result and the needed time. As illustrated in Figure 51, a calibration cube is scanned with different resolutions defined by the step between measured points. The raw points are visualized in the 3D software and the cube face length is measured and compared to the real calibrated length of 95.131 mm. The data analysis shows a loss of precision in the second sharp angle of the calibration cube. As illustrated in Figure 52 according to the scanning path, it can be caused by a loss of reception signal, thus during a few number of points the returned laser beam is hidden by the cube. Various solutions can be considered to face this "shadow "problem:

-To position the object and particularly the critical area according to the scan trajectory orientation. This solution is used but not sufficient when the object has sharp angle or critical geometries in various directions. -To do several scanning pass with different orientation. In this case, the scanning phase will be time consuming and the mesh generation may be complex. Indeed, the association of several scanning clouds of points will add noise and the final mesh quality will be altered. This solution will still be considered combined with area specific variations in the scan resolution to save scanning time. -To change the laser scanner X/Y direction by rotating around Z-axes during the scan according to the area geometry. This solution is complex and requires to know precisely the positioning error generated by the change of orientation. If the error is too significant this solution is not valid. This solution will not be envisaged. -To add other 2D scans with different orientation around the object and assemble them This solution will be implemented but the points cloud obtained is quite noisy due to measurement inaccuracies which leads to imprecision in the mesh generation. The loss of data or alteration of data due to the object geometry can occur with various geometries and is quantified for the calibration cube in Figure 53.

The impact of the scanner laser beam on the surface is an ellipse of 0.750 *1 mm and the resulting measure is an average on the ellipse. As illustrated in Figure 53, distance measurements closest to the theoretical distance are obtained at scan resolutions of less than 0.7 mm, so in order to ensure a good recovery and no loss of details, the resolution should be smaller than the ellipse smallest diameter. The measured distance with a resolution of 1 mm is similar to the distance measured with a resolution of 0.7 mm but this is due to the fact that in this case with a resolution of 1 mm the scanner point falls right on the end of the cube, so the measured distance is more accurate than with resolution values of 0.8 or 0.9 mm. This strategy required of huge quantity of point and consequently a time consuming scanning phase. To reach the optimal quantity of scanned points, i.e. enough dots to have a good resolution in the areas to be printed and an acceptable scan time, the resolution should be correctly adjust according to the area geometrical complexity. Furthermore, according to Figure 54, for a constant scanned section of 100 cm², the number of measured points is inversely proportional to the square resolution and consequently the scanning time is twelve times lower between resolutions of 0.2 mm and 0.7 mm respectively 360 000 and 30 000 points and even two times lower between resolutions of 1.5 mm and 2 mm respectively 30 000 and 15 000 points.

Consequently, in order to limit the scanning time and data deviation, the choice has been made to use a resolution of 0.7 mm when it is required to print on complex geometry areas, 1 mm for simple geometry areas and 2 mm for 2D areas. The reverse engineering steps from points cloud to mesh visualisation are illustrated in Figure 55. From the scan data .csv file, a mesh is generated in Grasshopper. The user can choose the area of interest and the required smoothing parameters in order to obtain a coloured mesh visualisation. Foreground and background are often scanned with the object, it is also necessary to set an altitude limit point to remove non-required points as illustrated in Figure 56. The scanning process generates noise which has an impact on mesh generation accuracy. Noise can be quantified with curvature analysis. The study of the local curvature of a surface S at a point P is defined as a function of a direction corresponding to the plane defined by each vector tangent to the point P and the normal vector as illustrated in Figure 57. The intersection between this plane and the surface S, allows to obtain a C curve and to calculate the associated curvature. For a point different curvatures are obtained corresponding to the different directions. The local curvature of a surface at a point is therefore defined by two main curvatures, the minimum and maximum curvature obtained; and by two main directions, the two directions corresponding to the tangent vectors for which the minimum and maximum curvatures have been reached. In the case of a mesh which does not represent a continuous surface, the discrete curvature information is defined in the same way, main directions and curvatures, for a set of vertices close to the considered point. The calculation of this discrete curvature information is obtained by the study of the angles between the triangles adjacent to the vertices. The calculation of the principal curvature on each vertex is performed in Grasshopper by the MeshCurvature component illustrated in Figure 58. The component parameters to be set are:

-Curvature type: it allows to choose the curvature to be calculated (min, max, mean or Gaussian) -Radius: it allows to adjust the radius in which the calculation is made, the smaller the radius, the more precise the calculation is around the point, the larger the radius, the more average the calculation. -Method: it allows to choose the calculation method (quadratic or cubic fitting) The two-steps approach used in this study consists first of: i)segmenting the mesh into homogeneous curvature areas and ii) removing the small areas with less than 50 faces with significant curvatures corresponding to the object corner. The segmentation and filtering of various meshes has been done and results are reported in Table 9.

Table 9 : Meshes segmentation results

When analysing the results for the semi-sphere, cone and cup, a decrease of the number of homogeneous curved areas can be noticed when increasing the scan resolution (i.e. the distance beween two adjacent sampling points), which shows that: increasing the resolution simplifies the obtained mesh and some details are lost. By comparing the results for the sphere and the cone, it can be noticed that this phenomenon is increasingly visible the more complex the object is, i.e. the more details it has.

The number of homogeneous areas after segmentation is therefore a reflection of the complexity of the mesh. As illustrated in Figure 59, after filtering the areas by size and curvature, the mesh obtained corresponds to the potentially printable areas without the edges and corners. The greater the number of areas, the more complex the object is. Thus, meshes with more than 10 homogeneous zones after filtration can be considered complex.

Figure 59 : Top grey piece meshes segmentation before and after filtering

In order not to overload the calculation time of the program and to be consistent with the scanning strategy which consists in defining a more precise resolution for the area to be printed. The choice was made to analyse only this area.

The area of interest i.e. the area on which the print will be made is selected and the standard deviation of the mean curvature (SD) is calculated and compared to threshold values defined according to the homogeneity and quality of the robot movement along a straight line drawn on the object. Depending on the quality of the area to be printed, a smoothing to a greater or lesser extent is applied. The characteristics of the smoothing are detailed in the following paragraph.

Motion tests were performed on several objects to define the threshold values and the results are presented in section 2.4.2.

Data smoothing: Surface simplification algorithm 3.3.2.2

The surface simplification chosen method is a surface relaxation method which consists in iteratively smoothing the surface by moving a Pi point surrounded by n vertices sharing faces with Pi which is moved according to the equation (4) as illustrated in Figure 60 :

𝑃 ′ 𝑖 = 𝑃 𝑖 + 1 𝑛 ∑ (𝑃 𝑗 -𝑃 𝑖 ) 𝑛-1 𝑗=0 ( 4 )
The objective is to smooth the mesh preserving the number of faces and keeping the general shape.

Figure 60: relaxation method As illustrated in Figure 61 an excessive number of relaxations can lead to a loss of detail. Therefore, a compromise between deviation from the original shape and smoothing should be found.

To visualize the point's deviation as a function of the number of algorithm loops, colours are added. The deviation level in mm can be set according to the required precision (i.e. 0.2 mm in this study). Red areas show a deviation higher than the set level, yellow areas show a deviation equal to the set level and green areas show a deviation lower than the set level. As illustrated in Figure 61, the calibration cube mesh model is smoothed with different algorithm loops. As the number of algorithm loops increases point's deviation, especially in area with sharp angle, it tends to round the object shape up to the generation of a continuously curved surface after 500 loops).

Figure 61: evolution of the shape according to the number of algorithm loops and a precision of 0.2 mm.

Figure 62 illustrates the median deviation i.e. the value that cuts the set of values into two equal parts according to the number of smoothing algorithm loops for the calibration cube. The first observation is that the deviation increases with the number of smoothing algorithm loops. The median deviation is also higher with high resolution; for example after one algorithm loop, the median deviation for resolutions of 0.2 mm and 2 mm are respectively of 0.022 mm and 0.259 mm. A maximum median deviation is set depending on the tool used for printing. If the limit is set to 0.2 mm, until 5 loops the resolution should be smaller or equal to 0.7 mm. Accuracy and curvature threshold 3.3.2.3 In addition, to keep only the printable mesh areas, the obtained mesh is then filtered by maximum deviation from the raw values and by slope angle. The values are chosen according to the precision needed for the printing step depending on the printing head geometry and the printing tool head required distance from the object to print. The lower the distance between the printing tool head and the object is, the lower the deviation value should be set. The maximum slope angle is chosen in function of the used tool geometry and so the parts accessibility. For example, as illustrated in Figure 63, the jetting head does not allow access to certain areas of the semi-sphere, the semisphere mesh is therefore filtered with a maximum angle of 20 degree and reduced to the accessible areas. To sum up, a laser point triangulation is used to capture the 3D substrate geometry. The collected points' cloud is converted into a mesh model of the object and a smoothing procedure removes sensor's noise before the model can be used for drawing the circuit on. The defined process is divided in four phases implemented in Grasshopper:

-Scanning and Data acquisition -Mesh construction -Mesh segmentation and area of interest selection -Surface smoothing and filtering -Model creation Examples of scanned object treatment and analysis are presented in the following paragraph.

In order to define the mesh quality thresholds, the robot motion homogeneity analysis is performed by simulating the robot motion along a straight line drawn on the raw mesh and after 1, 3 and 5 smoothing algorithm loops. Qualitative indicators (Low, Medium, Good and High) are assigned to each mesh and following the analysis of several examples, threshold values are defined to determine the different categories.

As illustrated in Figure 64 : -Low quality meshes correspond to grid pattern with strong deformations in all directions. -Medium quality meshes correspond to grid pattern with small deformations in all directions. -Good quality meshes correspond to grid pattern with deformations in the edges.

-High quality meshes correspond to grid pattern without deformation. The top of semi-sphere mesh is selected as area of interest and analysed. The analysis shows that the mean curvature standard deviation decreases when the number of algorithm loops increases and distance deviation increase when the number of algorithm loops increases. Indeed, as reported in the table of Figure 67, the mean curvature standard deviation of the mesh with a resolution of 0.7 mm without smoothing is of 2.80E-02 mm and mesh quality is low whereas the mean curvature standard deviation of the mesh with a resolution of 2 mm without smoothing is of 8.20E-03 mm (3.5 times lower ) and mesh quality is high. Furthermore, as illustrated in the graph of Figure 67, the decrease of standard deviation is higher when the resolution is higher (0.7 mm) and required a higher number of algorithm loops to obtain a good smoothing. However too much algorithm loops lead to a significant distance deviation; particularly with low scan resolution meshes. Indeed, taking 0.02 mm as distance deviation threshold value, three meshes are considered to be of good or high quality.

These observations can be explained by the fact that a low scan resolution smoothes the angles and the details of the shapes. Observations can be made that when the raw mesh quality is low, five algorithm loops are required to reach a good mesh quality. When raw mesh quality is medium, one algorithm loop allows to reach a good mesh quality and three algorithm loops allow to reach a high mesh quality. Finally, when raw mesh quality is high, one algorithm loop ensures the homogenization of triangle geometry. The bottom conic part of the cone mesh is selected as area of interest and analysed. The analysis show that the mean curvature standard deviation decrease when the number of algorithm loop increases and distance deviation increase when the number of algorithm loop increases. Indeed, as reported in the table of Figure 70, the mean curvature standard deviation of the mesh with a resolution of 0.7 mm without smoothing is of 2.50E-02 and mesh quality is medium whereas the mean curvature standard deviation of the mesh with a resolution of 2 mm without smoothing is of 7.40E-03 (3.4 times lower) and mesh quality is high. Furthermore, as illustrated in the graph of Figure 70, the decrease of standard deviation is higher when the resolution is higher (0.7 mm) and required a higher number of algorithm loops to obtain a good smoothing. However too much algorithm loops lead to a significant distance deviation; particularly with low scan resolution meshes. Indeed, taking 0.02 mm as distance deviation threshold value, five meshes are considered to be of good or high quality.

Cone

These observations can be explained by the fact that a low scan resolution smoothes the angles and the details of the shapes. Observations can be made that when the raw mesh quality is medium, three algorithm loops are required to reach a good mesh quality and five loops to reach a high mesh quality. When raw mesh quality is good, one algorithm loop allows to reach a high mesh quality. Finally, when raw mesh quality is high, one algorithm loop ensures the homogenization of triangle geometry. The top cylindric part of the cone mesh is selected as area of interest and analysed. The analysis show that the mean curvature standard deviation decrease when the number of algorithm loop increases and distance deviation increase when the number of algorithm loop increases. Indeed, as reported in the table of Figure 70, the mean curvature standard deviation of the mesh with a resolution of 0.7 mm without smoothing is of 2.40E-02 and mesh quality is medium whereas the mean curvature standard deviation of the mesh with a resolution of 2 mm without smoothing is of 8.00E-03 (3 times lower) and mesh quality is high. Furthermore, as illustrated in the graph of Figure 73, the decrease of standard deviation is higher when the resolution is higher (0.7 mm) and required a higher number of algorithm loops to obtain a good smoothing. However too much algorithm loops lead to a significant distance deviation; particularly with low scan resolution meshes. Indeed, taking 0.02 mm as distance deviation threshold value, six meshes are considered to be of good or high quality.

Cup

These observations can be explained by the fact that a low scan resolution smoothes the angles and the details of the shapes. Observations can be made that when the raw mesh quality is medium, three algorithm loops are required to reach a good mesh quality and five loops to reach a high mesh quality. When raw mesh quality is good, one algorithm loop allows to reach a high mesh quality. Finally, when raw mesh quality is high, one algorithm loop ensures the homogenization of triangle geometry.

Criteria validation 3.5

The parameters that reached the criteria i.e. meshes which, after smoothing, give a standard deviation of less than 0.01 mm (high quality meshes) and a distance deviation as small as possible, are computed in Table 10. In summary, the developed mesh reverse engineering process developed shows good results in terms of point's deviation and mesh mean curvature standard deviation with a scan resolution of 0.7 mm. If the mesh does not contain sharp areas which can cause scan inaccuracies due to "shadow" problem (c.f. paragraph 3.3.1.4 ), 1 mm scan resolution also gives good results whereas a resolution of 2 mm smoothes the angles regardless of the shape of the object. After analysis of the results obtained, mean curvature standard deviation thresholds were defined to determine the quality of the meshes. In addition, in order to automate the smoothing process, a number of algorithm loops have been defined according to the quality of the raw mesh in order to obtain a good or high quality working mesh.

Resolution

Thus, a mesh is defined as being of:

-Low quality if the mean curvature standard deviation is higher than 0.025 mm -Medium quality if the mean curvature standard deviation is between 0.015 mm and 0.025 mm -Good quality if the mean curvature standard deviation is between 0.010 mm and 0.015 mm -High quality if the mean curvature standard deviation is lower than 0.010 mm Furthermore, to obtain a mesh with a high or at least a good reconstruction quality, the number of smoothing algorithm loops required is :

-Five loops if the raw mesh is of Law quality -Three loops if the raw mesh is of medium quality -One loop if the raw mesh is of good quality -One loop if the raw mesh is of already high quality, only to ensure the homogenization of triangle geometry

In any case the number of algorithm loops required is reasonable and requires only a few seconds of processing time; the time consuming process remains the scanning phase. It is therefore necessary to optimize the choice of resolution according to the areas of interest for printing and to define a lower resolution for the other areas of the object in order to reduce the time required for this step.

Once the reconstructed mesh has been obtained, the next challenge is to print 3D electronic circuits matching the targeted design and conductivity. Indeed, in the field of electronic printing, it is important to control the fidelity between the model circuit design and the printed circuit. The performance of printed electronic circuits and components is highly dependent on the geometrical and morphological characteristics of the printed pattern. Thus, the printed lines must be narrow, smooth, even, straight, and as close as possible to attain a high specific line density and circuit integration. Hence, a good understanding and accurate control of the robot speed, line morphology, minimum width, spacing, and notch are required for the successful printing of 3D circuits.

3D ELECTRONIC CIRCUITS PRINTING 4 Electronic circuit printing on 3D objects: bibliography focus 4.1

Publications on electronic printing with 6-axis robot are rare but tool path planning with uniform material deposition is an important research topic especially in spray painting, fused deposition modelling and welding processes. [30,31] but also in manufacturing process like milling, cutting and grinding. The main goal is to move a tool along a generated path above the workpiece in order to obtain the desired effect on this piece. In this study, the objective is not to work on robot constraints, collision and kinematics but to adapt printing parameters in order to reach high quality printing. The bibliography will focus on the parameters that influence robot path planning with uniform material deposition and automated path planning methods. The main parameters that influence material distribution path are discussed below.

The CAD model of the part on which the material will be deposited 4.1.1

The object reconstruction formats, quality and smoothing have been detailed in the previous paragraph. Material surface roughness, mesh quality and smoothness are monitored by indicators. Indeed, according to the reconstruction quality deviations in tool position or orientation may be observed.

The chosen tool 4.1.2 Among the available direct writing technologies, the conventional ink jet and paste piezo jetting allow a high precision for dispensing of a wide variety of functional inks, i.e. from conductive, photoelectric, and dielectric inks to the solder pastes necessary for the manufacturing of printed electronic boards [32,33].

Despite their high performance, most of the time these contactless deposition processes are implemented on 3-or 3+1-axis Cartesian robots, which limits their use for 2D or 2.5D substrates [34][35][36]. Over the years, poly articulated 6-axis robots have been intensively used in the automotive and pharmaceutical industries for localised fluid dispensing. Nevertheless, their use in high-precision freeform printing is still marginal. The reason is that the intrinsic low accuracy in the predictive control of smoothness and tool head speed in 3D trajectories requires the development of a multivariable process control approach based on 6-axis robot kinematics, printing head parameters, and targeted electronic properties [37].

The path pattern 4. 1.3 In this study the 3D circuit patterns can be obtained both by drawing the circuit directly on the 3D part model or by projecting a 2D circuit pattern on the 3D mesh model. The mapping of 2D texture onto curved surfaces has been studied a lot in computer graphics domain. Various methods have been developed and the main problems are the introduction of deformation and the need of computational complexity. Environment mapping methods consist in mapping the 2D design to a simple object, a sphere or a cube surrounding the surface. Intersection between the surface normal at each point and the surrounding simple object are done; the design at that point is assigned to the corresponding surface point [38,39]. The main defaults of these methods are the introduction of local deformation and distortion. Some approaches try to preserve the size of the mapped design onto the surface. For each point, two curvatures in defined directions are calculated and they are used to continuously vary the scale of the mapped design [40]. These methods are limited to smooth surface with continuity. Other methods propose to flatten the surface and then map the design onto the flattened surface [41]. The flattening is controlled by a distortion metric set with a defined threshold. This method allows discontinuities on the mapped design to minimize distortion. The challenge in this study is to preserve circuit dimension, tracks width and tracks separation distances, after projection in order to maintain circuit conductivity and global electronic behaviour of the printed circuit.

The process requirements and parameters 4.1.4

To generate a tool path the tool position, orientation, velocity and deposition parameters have to be adjusted. In spray painting various studies are focused on the optimisation of trajectory planning. The main parameters that are studied are paint coverage, paint thickness, surface quality and trajectory smoothness. [42] In robotized cutting process the main parameter to monitor is the cutting force in order to adjust cutting condition according to the tool trajectory. Cutting force simulation models have been developed in order to anticipate cutting errors. [43] In welding, the orientation of the tool, welding work angle and the application force are crucial to obtain good process results. [44] And in fused deposition modelling studies has been done on deposition temperature, thickness and width to control the deposition process. [45] It is therefore essential to understand, simulate and monitor the influence of the main tools parameters.

Required printing quality 4.2

The key scientific problem of this study was to develop a simple model to print 3D electronic circuits matching the targeted design and conductivity adapt the printing parameters of the printing head to the robot trajectory speed

The aim is to obtain printed circuits with an optimal quality in terms of geometry and continuity.

The complexity of the circuit to print is monitored by one exclusion criteria:

-the circuit complexity index : it takes into consideration robot TCP speed fluctuation on the circuit path, average speed and speed standard deviation are calculated and compared to targeted speed. The further the average speed is from the target speed and the greater the standard deviation, the more complex the circuit is and the more speed changes are required by the robot to follow the trajectory.

In order to preserve the circuit characteristics in terms of conductivity and performance, the quality of printed circuits should be monitored by two selection criteria: -the circuit deformation index: it corresponds to the length deviation between the 2D circuit segments and the projected circuit segments, it is expressed in percentage.

-the printed lines width preservation index, expressed in percentage. Lines width should be monitored in terms of width deviation and homogeneity calculated with the standard deviation

Projection process 4.3

To project 2D circuits while minimizing deformation a process has been coded as illustrated in Figure 74 The 2D circuit is then projected on the flattened mesh and divided in multiple lines part according to the triangles area. It is finally mapped on the 3D mesh maintaining each circuit part dimension for each mesh triangle. The differences in area of the faces are measured and the mesh is coloured according to these differences in area.

On the mesh shown in Figure 76, the average area difference is 0.08 mm 2 , the white faces have almost no area difference, the blue faces have an area difference around 0.08 and the pink faces have an area difference around 0.2 mm 2 .

Figure 76 : Mesh face area deviation

The circuit illustrated in Figure 77 has been projected onto three meshes: a semi-sphere, a cone and a cup. For each mesh, deformation average, cumulated deformation in mm and percentage are calculated.

Figure 77: Circuit projection

As shown in Table 11, all the deviation are below the criteria of 10%. The maximum deviation of 9.6% has been obtained for the projection on the semi-sphere for the longest circuit line (421 mm). Globally, the developed process shows good results with cumulated deviation between 2.5 % and 8.1% according to the mesh complexity and circuit position on the mesh.

Table 11 : Projection deviation analysis

Printing process 4.4

In the field of electronic printing, it is important to control the fidelity between the model circuit design and the printed circuit. The performance of printed electronic circuits and components is highly dependent on the geometrical and morphological characteristics of the printed pattern. Thus, the printed lines must be narrow, smooth, even, straight, and as close as possible to attain a high specific line density and circuit integration. Hence, the need for a good understanding and accurate control of the robot speed, line morphology, minimum width, spacing, and notch. A printing methodology to select and tune printing parameters in order to print 3D electronic circuits matching the targeted design and conductivity will be detailed in chapter 3. 

PRINTING ROBOTIC CELL 5

Cell requirement 5.1

The developed robotic cell needs to respond to the needs of a research laboratory or generally small enterprises i.e. it should be easy to be operated by people without robotic skills, adapt to the manufacturing of prototypes with a set-up time as low as possible. The cell should also be designed, installed and maintained at lower costs. In order to respect these requirements, three general criteria have been fixed:

-a cell cost of maximum 150 k€ -a set-up time of 30-60 minutes -easiness of learning i.e. a formation time around ½ day

Schematic diagram and description 5.2

The robotic cell is composed of a STAUBLI TX2 60 6 axis robot (670 mm range and 20 µm repeatability) and a CS9 controller associated with a manual SP2 control box. The controller includes different connections, 2 bus slaves RT Ethernet, 1 master EtherCAT, 2 ports Ethernet TCP/IP and 1 serial port RS232. Other modular connections (digital I/O, analog I/O) have been added to connect all the tools and sensors.

Figure 78: Robotic cell and tools

As illustrated in Figure 78 and Figure 79, the robot is equipped with:

-a Micro-Epsilon laser optoNCDT 1420-100 linked to the CS9 controller with a serial RS232 connection in order to send orders from the VAL3 program to the laser and to exchange data. It is also linked to the computer via USB in order to configure the laser and analyse data with the dedicated software and to a digital I/O to activate the laser beam.

-a Vermes Micro Dispensing Valve MDV 3200A is linked to the CS9 controller with a serial RS232 connection in order to send orders from the VAL3 code to the valve and exchange data.

-a Keyence Camera and a Juki nozzle use for picking system have been installed for the further development of the project -a Fisnar SV1000SS Spray linked to the CS9 controller via a digital I/O in order to control spray activation and stop. The mounting and use of this tool is described in chapter 3 paragraph 1.3.1.

-a DV 5425 needle valve connected to the pneumatic connections located on the front arm of the robot. The mounting and use of this tool is described in chapter 3 pararaph 1.3.2.

The robotic cell is also composed of a computer working station and a socket is created between the CS9 controller and the computer to retrieve data from the sensors. The safety of the user is assured by an automatic stop installed on the door of the cell. Thus, when the robot works in automatic mode, the opening of the door causes the immediate shut down of the 6 axis robot.

The defect caused should be cleared by a specific blue button in order to allow the 6 axis robot to power-up.

In addition, the red emergency stop also cause the robot immediate shut down.

3D Simulation environment and interface description 5.3

The first step to customize the RhinoRobot simulation environment is the creation of each tool 3D model and their implementation in the 3D environment as shown in Figure 80.

-Stäubli TX2 60 robot is available in RhinoRobot 3 library.

-Micro-Epsilon laser is positioned on axis 6 in y direction.

-Vermes Jetting 3D model is positioned on axis 6 in x direction.

-Preeflow Ecopen and Fisnar spray are positioned alternatively on axis 6 in -y direction. -Picking system and camera are positioned in z direction As illustrated in Figure 82, the interface is completely integrated in Rhinoceros 3D like the previous RhinoRobot interface. The first window allows to load the required Rhino file. When the file is loaded, the second window opens. In the second window two main tabs are available:

-the process tab, where all the process is listed in four subtabs corresponding to the process steps: Scan, Mesh, Projection and jetting. -the spray tab allows to add an additional post-process treatment to protect circuits. In the first tab Scan, the scan trajectory can be defined by assigning the required coordinates. Scan resolution is defined in the step parameter. When all the data are set up the next step button allows to continue the process. It selects the scanner tool, creates all the robot programs, sends it to the robot controller and opens the socket and the .csv file to record scan data. The scanning recording step is illustrated in Figure 83 in window 3, when the scan is finished, the .csv file is automatically introduced in the grasshopper file and windows 4 is opened. In windows 4, the parameters required for the mesh generation step can be set:

-repeat: this parameters allows to set the number of algorithm loops -tolerance: this threshold expressed in mm*10 corresponds to the maximum deviation points permitted. The mesh will be coloured according to this threshold.

-max angle: this threshold is expressed in degree and corresponds to the maximum mesh surface curvature required to print. The area over this threshold will be hidden. When all the parameters are set, the next button enable to continue the process, all the data are send in grasshopper file and the smoothed mesh is generated. The next step is the projection step illustrated in Figure 84 in window 5. The threshold parameter sets the accuracy of the mesh flattening process. The apply button sends the threshold value to grasshopper and starts the flattening. The select curve button enables the selection of the circuit to print and its insertion in grasshopper. When the parameters are set, the next step button enables the selection of the jetting tool, the projection of the circuit and the creation of the path programs to record TCP speed. A window like window 3 opens during the speed record process; when it is finished window 6 opens. Window 6, allows to select the variables required to automatically calculate jetting parameters: drop equivalent diameter and line width can be set. The TCP offset i.e. the distance between the support and the TCP can be adjusted depending on the tool. Finally, the numbers of points on which to average speed can be adjusted according to the surface to print, this averaging enables a diminution of the calculation time and

Cell criteria validation 5.4

After several trial prints, the average set-up time is about 10 minutes plus the scanning time, which varies greatly depending on the size of the object and the accuracy required. This phase, which can range from 10 minutes to 1 hour or more, is the limiting step in the process and is not in line with the objective of a fast print start-up. The replacement of the point laser scanner by a line laser scanner should be considered even though it increases the total cost of the cell.

The first version of the developed interface allows the use of the cell by external persons not expert in robotics since it does not require the writing of any program in robot language. The only interventions required by the user are the choice of design and printing parameters. This interface seems to be suitable for Plug&Play use of the robot cell. Finally, the cell developed is within the initial budget foreseen.

CONCLUSION 6

The work carried out in this first part led to the development of a robotic cell equipped to scan objects and print electronic circuits on the surface. Each step has been developed independently in order to achieve the accuracy and quality criteria necessary for high-precision printing. The limiting step is the scanning step which, due to the use of a single point laser scanner, requires several tens of minutes to one hour, depending on the size of the object. In future developments, for industrial applications, a laser beam may be considered to overcome this point. For the first printing tests, speeds of 15 mm/s, 30 mm/s and 50 mm/s were tested. The limit being the ejection frequency of the jetting valve used. Other valves may be considered later but for the developments of this study these speeds are sufficient and require only a few seconds to minutes of printing depending on the size of the circuit. A dedicated software, which allow the robotic programs automatic generation, has also been developed to allow the cell to be use by people without robotic skills.

It is now a question of testing this cell on different applications in order to verify the quality of printing and to carry out the necessary optimizations to obtain printed circuits with the required geometrical characteristics and electronic functions. This is the subject of the following chapter. The multipurpose robotic cell and control protocol developed in this study can be potentially used for a broad spectrum of applications. Nevertheless, depending on the target appliance, the cell, on board tools, and the process control protocols must be further modified/optimized in order to match with the constrains dictated by the geometry, composition and physical characteristics of the final product.
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Two target applications were selected in order to evaluate the reliability of the developed robotic cell, i.e.: i) Printed electronics, namely printing conductive circuits on 2D and3D objects.

The major constrain of this application is the ability to deposit arrays of continuous-conductive paths with regular section and controlled thickness/width. A fine control of geometric positioning (env 50 µm) and of conductive inks dispensing (robot speed-dispensing tool synchronisation) must be therefore attained in order to use the robotic cell for this application. ii)

The automated production of paper devices for medical diagnostic. Fluidic biomedical devices on paper are composed by the assembly several functional materials. The major constrain of this application are the identification/formulation of adequate functional inks, their corresponding dispensing tools and the definition of a fabrication protocol.

PRINTING ON 3D OBJECTS 2

After preliminary operations detailed in Chapter 2 (i.e. object scan/positioning in the robot work space and circuit projection), conductive paths printing requires the fine tuning of printing parameters of the 6-axis robot arm equipped with a piezo jetting print head in order to print 3D electronic circuits matching the targeted design and conductivity. One of the main issues is to synchronize the drops ejection speed with the speed of the tool displacement.

Printed lines characterisation 2.1

Printing tool implementation 2.1.1

The robot is equipped with a piezo jetting dispensing valve (Vermes MDV 3200A). The valve is compatible with aqueous fluid, organic solvent and weak acid and base and it is particularly suited for medium to high viscous fluid up to 2.10 6 mPas. The dispensable quantity varies between 0.3 nL up to 200 µL per cycle for high viscous fluids. The maximum dispensing frequency is 3 kHz which can allow to reach high speed. Figure 86 illustrates the behaviour of the valve and the parameters that could be adjusted. In this study Rising (RI), Open Time (OT) and Falling (FA) are used with the recommended factory values, i.e. RI = 0.5 ms, OT= 2 ms and FA= 0.2 ms. Whereas, the delay time (DL) was varied between 0.1 and 1000 ms in order to tune the dispensing frequency between 1 and 350 Hz. Robot speed analysis 2.1.2

Speed data 2.1.2.1

The control of the robot speed to move the printing head with a constant speed over a 3D substrate struggles with the typical speed fluctuations of 6-axis robots which are affected by the trajectory design, target speed, and smoothing trajectory corners with circular arcs defined by blend parameters in the Staubli VAL3 code presented in chapter 2 in paragraph 1.1.2.3. This parameters defined in VAL3 code are automatically applied to each point of the trajectory to smooth the angle between two consecutive points.

The method chosen in this study is based on the preliminary analysis of robot speed data and the subsequent adjustment of printing parameters. A VAL3 program was written based on the Motion add-on to retrieve robot speed data. The function used was $getSpeedFbk(tTool), which returns the cartesian speed of the TCP updated every 4 ms with each new feedback from the drives. This speed was measured on the arm with a feedback delay of 4 ms. The speed and position data collected along a step-shaped planar trajectory with increasing distances (from 1 to 5 mm) between lines were retrieved in a csv file, and the trajectory was reconstructed in Rhinoceros 3D with a colour variation corresponding to the speed variation, as shown in Figure 87.

Speed analysis

In order to avoid to stop the robot trajectory at each point, it is possible to blend the trajectory close to the points.

In the VAL 3 program, 3 speeds and 3 blends (0.01, 0.1, and 1 mm) were tested and two printed patterns were used. Model patterns were composed by four adjacent step shape segments with different bending radius with the angle 0 and 1 mm radius.

For each targeted speed, measurements were taken on the 4 trajectories. An analysis was made on 2D patterns to compare the speed fluctuations with the targeted speed. Hence, for each configuration, according to norm 9238 [2], the exactitude, repeatability, and fluctuation were calculated using equations (1,2,3).

The exactitude of a trajectory speed is the error between the average and the target (controlled) speed obtained during n repetitions along the full trajectory. It is expressed as a percentage of the controlled speed and calculated as follows:

𝐸 = 𝑣-𝑣 𝑐 𝑣 𝑐 * 100 ( 1 ) 
where

𝑣 = 1 𝑛
∑ 𝑣 𝑗 is the arithmetic average speed over the full trajectory,

𝑣 𝑗 = 1 𝑚
∑ 𝑣 𝑖𝑗 is the arithmetic average speed calculated on a trajectory, 𝑣 𝑐 is the controlled speed, 𝑣 𝑖𝑗 is the speed achieved for the i measure and j trajectories and m is the number of measures along the trajectory.

The repeatability of the trajectory speed is the closeness of agreement between the speeds achieved for the same controlled speed. It is expressed as a percentage of the controlled speed and calculated as follows:

𝑅 = ∓ ( 3 𝑆 𝑣 𝑣 𝑐 * 100) ( 2 ) 
with

𝑆 𝑣 = √ ∑(𝑣 𝑗 -𝑣) 2 𝑛 -1
The fluctuation of the trajectory speed is the maximum speed deviation during a cycle for a controlled speed. Fluctuation of trajectory speed is defined as the maximum deviation of the speed fluctuation for each cycle.

𝐹 = [ 𝑚𝑎𝑥(𝑣 𝑖𝑗 ) -𝑚𝑖𝑛(𝑣 𝑖𝑗 ) ]

( 3 )

Analysis and results

2.1.2.3

The results of the analysis of speed variation on two 2D patterns (Angle Radius = 0 mm and Angle Radius = 1 mm) reported in Figure 88 and Figure 89 show that speed exactitude and fluctuation over the test step-shape line are strongly affected by the target speed and the presence of sharp angles. The speed fluctuations heterogeneously distributed along the printing path and attaining 25 mm/s for a target speed of 50 mm/s clearly indicate that the speed control dictated by the 6-axis robot kinematics can represent a bottleneck for high-speed precision ink dispensing and drop overlapping control along complex trajectories. The repeatability values are constant and low, around 0.01 %, regardless of the set of parameters. Consequently, the repeatability is independent of the targeted speed and blend. Thus, in order to limit strong speed fluctuations, circuit designs with circular angles are to be preferred. The conductive ink used is the Henkel Loctite Edag 418SS. It is a 66.6 wt% silver microparticles ink with a density of 1.98 g/cm 3 . After printing, the ink was dried in an air circulation oven for 30 min at a temperature of 90 °C Five sheets with different surface properties were selected and used as model printing substrates:

-Two commercial sheets for flexible printed electronics: a 100 µm thickness PET sheet supplied by Lyreco (PET) and a coated paper, PowerCoat® (PC), supplied by Arjowiggins. -An 80 g/m² and 113 µm thickness commercial printing-writing paper, supplied by Inapa (PW). -A non-oriented paper sheet, 120 g/m² (SF), produced using softwood fibres and a Rapidt Khoten hand sheet former. -A non-oriented and calendered paper sheet (CSF), obtained by compressing SF sheets under a soft nip roll press using a linear load of 980 kN/m.

Printed line morphology 2.1.3.2 Printed lines were characterised using a binocular magnifier Zeiss Stereo Discovery v20 equipped with a lens Zeiss Plan s 1.0x fwd 81 mm. The images were taken with a magnification factor x10. For the printing-writing paper and hand sheets, observations were made in bright field, whereas for the glossy PET and PowerCoat, observations were made in darkfields. The images were then processed with a Python script using the OpenCV library. The drop diameter was obtained by approximating the drop with a circle and calculating its diameters. The equivalent diameter (D0) is obtained by averaging the diameters over ten drops. The equivalent radius (R0) is also deducted. The width (W) of the printed lines was obtained by calculating the distance between the upper edge and the lower edge pixel by pixel, and an average value was calculated for segments with a cumulative length of 5 cm. The thickness of the printed drops and lines and the substrates roughness were measured with an Alicona Infinite Focus optical profilmeter. This optical profilmeter is based on focal variation technology. The sample is placed under a microscope objective and is illuminated by modulated light. After defining a range of altitude to be analysed, the system records the light reflected at each point of the analysed area while varying the distance between the objective and the sample to cover the defined range. The analysis of the contrast differences between the records at different altitudes at each point allow the construction of the 3D image of the analysed area.

Line conductivity 2.1.3.3

The resistivity ρ (Ωm) of the lines was calculated from the measured width w (m), thickness e (m), length L (m), and resistance R (Ω) according to the following equation:

𝜌 = 𝑅 * 𝑤 * 𝑒 𝐿 ( 4 )
The conductivity σ (S/m) can be deduced by the equation

𝜎 = 1 𝜌 ( 5 )

Predictive model creation 2.2

Model theory 2.2.1

To obtain a dimensionless model to predict the printed line geometry independently of the substrate material/morphology and the conditions of the valve (e.g. progressive clogging), the morphological characteristics of single droplets can be used. The size of a single droplet depends on the drop volume, which is linked to the jetting set parameters, nozzle diameter, and interaction between the droplet and the support.

Soltman et al. [3], who studied inkjet printing, defined five basic line morphologies illustrated in Figure 90: individual drops (a), scalloped (b) , uniform (c) , bulging (d) , and stacked coins (e) and developed a model determining the line width as the inverse square of spacing. Similar observations can be presented for piezo-jetting printing, except for the stacked coins behaviour. If the drops are too far apart to interact, the line is composed of a succession of individual drops. The lower limit is achieved when the drop frequency is too low because the ink has sufficient time to form a skin on the nozzle. As drop spacing decreases, isolated drops overlap but maintain rounded contact lines and the line appears as scalloped. Further decrease of the drop spacing leads to a uniform line. Further reduction of the drop spacing leads to an increase in overlapping and line width. To obtain a simple mathematic model to describe the lines obtained by piezo jetting, different combinations of the following printing parameters were used:

-drop frequency, by adjusting the delay in ms between drops; -space between drops, by adjusting the print-head translation speed.

Analysis and results

2.2.2

The aspect ratio of the deposed drop orthogonal section determined by the image analysis is close to one for every substrate; therefore, the ink/substrate contact area was approximated by a circle. The effects of substrate type and droplet spreading upon deposition were assumed as the dominant parameters affecting the geometry of full lines obtained by drop overlapping. Thus, the unit drop diameter was used considering the effect of the printing substrate on drop deposition in a dimensionless model. Figure 91 illustrates drops and lines on PW paper, PC, and PET and shows that the geometry of drops depends on the substrate on which they are printed and particularly on the substrate porosity and roughness. As illustrated in Figure 7, the paper substrates have a high roughness of approximately 10000 nm, whereas the PET and PowerCoat substrates have a lower roughness, of approximately 1 and 10 nm, respectively. Drop diameter depends on the interaction between the support and the ink. In line with the typical slip-stick behaviour of fluid droplets spreading over rough substrates and the general trend that, for similar materials, the more porous the substrate is, the lower the diameter, drops printed on PW, SF, and CSF materials have the lowest diameter and on PC and PET the highest. Because of the drop diameter decrease when increasing the substrate roughness, the drop thickness progressively decreased from 42 µm on the PW substrate to 14 µm on PET, as shown in Figure 92. The spreading behaviour of unit drops is representative of the behaviour of overlapping drop trains, i.e. lines; thus, the drop diameter can be used to take into account the effect of substrate properties, i.e. roughness and surface energy, and of the printing head operating conditions, i.e. nozzle diameter and drop volume and ejection speed in a dimensionless model.

The line average width divided by the drop equivalent diameter is traced in the y-axis and drop spacing (DL* speed) divided by drop equivalent radius in the x-axis. The resulting graphic leads to a model similar to that obtained by Soltman et al. [3] for inkjet on smooth substrates. Erreur ! Source du renvoi introuvable. shows that experimental data can be interpolated with reasonable accuracy by the equation y = 1,0451 x -0,51 , with R² of 0.80. All the data, regardless of the substrates, are in the tolerance of +/-2σ (40 µm), except some data corresponding to a speed of 50 mm/s. 

Printed line conductivity 2.2.3

To find a simple model that describes the printed lines, two geometrical models, a rectangular and a semi-elliptical section model, were evaluated and compared, as illustrated in Figure 94. The dry ink density was experimentally calculated by ejecting 500 drops, measuring the dry weight, and calculating the drop volume for each substrate. Thus, an average dry density of 4.7 g/cm 3 was obtained and the dry volume of one drop was calculated.

Then, for each substrate and each set of parameters, the number of drops for a distance equal to a drop diameter was calculated, and the dry volume of the segment section of one diameter length was deducted. The theoretical thickness of the line was calculated for the two models, according to the following equations:

𝑒 𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑙𝑒 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 = 𝑉 𝑑𝑟𝑦 𝑤×𝐷 (6) 𝑒 𝑠𝑒𝑚𝑖 𝑒𝑙𝑙𝑖𝑝𝑠𝑒 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 = 4𝑉 𝑑𝑟𝑦 𝜋×𝑤×𝐷 (7)
Thus, the thickness obtained for the ellipse section model is higher than the one for the rectangle section.

The lines printed on the PW substrate are analysed with an optical profilmeter and the obtained thickness values and image section validate the elliptical section geometry of the lines, as illustrated in Figure 95. For each support and set of parameters, the electrical resistance R of 35 mm length lines was measured. The corresponding resistivity and conductivity are calculated according to equations 6 and 7.

For each substrate, the conductivity as a function of the ratio of drop spacing by drop equivalent radius is plotted in Figure 96. The conductivities of lines printed on substrates with the lowest roughness, i.e. PET and PC, are quite similar and 1.4 to 3 times higher than the conductivities of lines printed on PW and SF, respectively. The conductivity of lines printed on SF is the lowest, as its rough surface induces the generation of lines with irregular edges and high resistance. 

Predictive model and quality validation 2.3

Process description 2.3.1

To print circuits with the required quality an automated process which includes the different algorithms previously developed has been coded as illustrated in Figure 97. In the diagrams, the arrows correspond to an action carried out by the actor from which the arrow starts on the actor on which the arrow arrives. The actions are described in the text boxes to the right of the actor performing them. As a representative case study, a 3D circuit is printed on a paper cup according to the developed methodology. After scanning the printing substrate with the laser sensor to position with exactitude the cellulose object in the robot working volume, the 3D mesh of the printing surface is generated. A 2D circuit is projected on the 3D model as shown in Figure 98. The black lines correspond to the tracks to be printed and the blue lines correspond to the linking movements between two tracks. From a first run made without printing, speed data are retrieved, and the trajectory followed by the printing head is reconstructed in colour according to the speed, as shown in Figure 99. The target speed was 15 mm/s, whereas the recorded translation speed along the trajectory is subjected to large fluctuations and ranges from 7 to 16 mm/s. In this example, yellow lines correspond to an average speed of 7,5 mm/s and red lines corresponds to an average speed of 14,5 mm/s. Blue lines correspond to the linking movements between two tracks. Printing with constant jetting parameters 2.3.2.1 Without adjusting the printing parameters (i.e. the drop ejection frequency and drop number) the speed fluctuations lead to a heterogeneous circuit with irregular lines, as shown in Figure 100. In Table 12, the measured line width is compared to the data predicted with the developed predictive model, and it is within the tolerance of 10 µm. The speed fluctuations generated by the robot kinematics induce large variations in the line width when the printing head works with a constant drop ejection frequency. For a targeted coverage of 50%, the observed 70% width variation is not compatible with the tolerance required to print electronic circuits. Therefore, synchronisation of the drop ejection frequency to the translation speed is necessary to reduce line width fluctuations. Given that real time synchronisation is not supported by the piezo jetting valve used in this study and many other commercial jetting print heads, circuit segmentation was used to lower the line width variations, i.e. the division of the circuit in discrete segments with low speed fluctuation and where the average segment speed is used to synchronise the printing head. The segmentation can be done as precisely as desired. As a function of the targeted coverage ratio, the line width is defined, and the developed predictive model is used to calculate the jetting delay (DL) corresponding to each segment speed. In addition, as a function of the chosen substrate and defined width, a conductivity value or line resistance can be estimated. The various printing parameters are presented in Figure 101. Thus, as presented in Table 13, to have a circuit with constant line width, the delay DL must vary from 32.5 ms for a tool speed of 7.1 mm/s to 14.0 ms for a tool speed of 15 mm/s. The printed circuit lines are homogeneous, as shown in figure 31. The line width was measured for two different DLs and compared to the width predicted with the developed predictive model, and they were within the tolerance.

In addition, the paper cup can be assimilated to a paper substrate; hence, using the conductivity curve of SF, the conductivity of the circuit can be estimated.

Table 13: Comparison between measured and predicted line width with adjusted DL

Criteria validation 2.4

As shown in Figure 102 and Figure 103, the printed circuit on a paper cup after speed analysis steps and printing parameters adjustments is:

-Compliant with the 2D design with a projection deviation of 3% -Compliant with the circuit lines target geometry with a line width deviation of 40 µm -Homogeneous to ensure a stable electric conductivity with a line width homogeneity of 5 µm A first printing test with a simple circuit model allows to validate the projection method, indeed we obtain a very low deformation between the 2D circuit and the projected circuit.

In the same way the algorithm developed to synchronize the speed of ejection of the drops according to the speed of the TCP to obtain a homogeneous circuit achieves good results in terms of deviation and homogeneity of the width of the printed tracks.

Precise control of the number of drops deposited 2.5

During the different printing processes, a difficulty appeared on trajectories with many short speed variations, due to the reaction time of the jetting valve when sending a VALVE:OPEN command. This command required a time of 50 ms for a baud rate of 115 200 bits/s to be set. This reaction time means that the controller has difficulty in sequencing frequent commands with a small number of drops to eject. In this case the communication between the robot and the jetting valve controller overloads and fails.

To face this problem different solutions can be considered: (i) find another way of communication between the robot controller and the jet valve controller or (ii) process trajectories to smooth out small and frequent speed changes.

In this study the second solution was considered and an algorithm was developed to control the length and frequency of the speed change segments.

The main steps of the algorithm are as follows:

-division of the speed range into three categories defined according to the standard deviation σ of the speed range. This algorithm allows a very precise control and understanding of the trajectory to be printed, number of drops deposited, and drop ejection frequency per segment. However, it is time-consuming and would need to be coded in a more powerful language and integrated into Grasshopper to reduce calculation time.

Conclusion 2.6

This paragraph describes an off-line programming approach for automatic generation of printing parameters and programs for 6-axis robotic printing of conductive paths on 3D objects. The analyses of 2D printing on various substrates lead to the construction of a dimensionless model. The proposed predictive model guarantees a good precision in the prediction of line width and conductivity, thus assuring the functionality of the circuit and the fitting between the designed pattern and the printed circuit. The adjustment of printings parameters according to robot speed is essential to ensure the homogeneity of 3D printed circuits. The proposed methodology from design to printing with the scanning, mesh reconstruction, circuit projection, and speed analysis steps is very useful for prototype and short series applications when it is necessary to change frequently the substrate and dimensions of the 3D object. This paragraph finally presents an example of the functionalisation of a paper cup by printing on his surface a conductive capacitor. Thus, this study provides new insights into high precision printing on 3D substrates with a 6-axis robot for applications in various domains.

2D MULTI-MATERIAL APPLICATIONS: USE FOR THE 3 MANUFACTURING OF ENCAPSULATED MICROFLUIDIC DEVICES

The second application selected to test the reliability of the robotic cell and of the associated control protocol in multi material dispensing processes was the development of a cellulose-based micro-fluidic platform for bio-medical analysis devices.

In order to make medical test devices more autonomous and portable, capillary phenomena are increasingly used to manage and distribute in the device detection microreactors to assay fluids. [4,5] This section is devoted to the presentation of some elements of the theory of capillary flows. In this study, the fluids used are water-based and the gas present is air.

Spontaneous capillary flow 3.1

Capillary force 3.1.1

Spontaneous capillary flows are due to the presence of capillary forces in a system. This is the case, for example, with the phenomenon of capillary rise of a liquid in a tube. The capillary force is due to the surface tension forces between the different phases in presence. This force represents the energy gain due to the replacement of a solid-gas (SG) surface by a solid-liquid (SL) surface. [6,7] It can be expressed as a linear force in N/m according to the equation:

𝐹 𝑐𝑎𝑝 = -(𝛾 𝑆𝐿 -𝛾 𝑆𝐺 ) = 𝛾 × cos 𝜃 (8) 
with γ (N.m -1 ) the surface tension θ the contact angle defined in chapter 1

In the case of a tube, the equation becomes:

𝐹 𝑐𝑎𝑝 = 2 × 𝜋 × 𝑅 × 𝛾 × cos 𝜃 (9) 
with R (m) the tube radius γ (N.m -1 ) the surface tension θ the contact angle For a liquid wetting a surface, the capillary force is positive, the liquid rises. For a nonwetting liquid, the capillary force is negative, the liquid goes down. When the capillary force that pulls the liquid upwards is compensated by the weight of the liquid column, the rise of the liquid reaches a maximum height h defined by: ℎ = 2 × 𝛾 × cos 𝜃 𝜌 ×𝑅 ×𝑔 (10) with R (m) the tube radius γ (N.m -1 ) the surface tension θ the contact angle ρ (kg. m -3 ) the liquid density g (m.s -2 ) the acceleration of gravity The importance of gravity in relation to capillarity can be evaluated by the number of Bond (Bo), a dimensionless quantity which is expressed according to the equation: (11) with γ (N.m -1 ) the surface tension Δρ (kg. m -3 ) the difference of density between the liquid and the surrounding fluid g (m.s -2 ) the acceleration of gravity L (m) characteristic length of the system

𝐵𝑜 = ∆𝜌 ×𝑔 × 𝐿 2 𝛾
The characteristic length at which gravity becomes negligible (i.e. Bo = 1) is called capillary length (Lc) and is expressed according to the equation:

𝐿 𝑐 = √ 𝛾 ∆𝜌 ×𝑔 ( 12 ) 
In the case of a water/air system, Lc is equal to 2.7 mm. This length is significant compared to the characteristic dimensions in microfluidics, therefore gravity can be omitted in microfluidics systems.

Dynamic of spontaneous capillary flow 3.1.2

The dynamics of a spontaneous capillary flow is the result of a balance between capillary force and wall friction force and depends on several parameters. The capillary force depends on the channel geometry, the contact angle of the liquid and its surface tension. The frictional force depends on the channel geometry, the rheology of the fluid and the flow velocity.

In the case of uniform cross-section channel through which a Newtonian fluid flows, the capillary force and the friction force are expressed according to the following equations.

𝐹 𝑐𝑎𝑝 = 𝛾 × ∑ 𝑝 𝑖 × cos 𝜃 𝑖 𝑖 ( 13 ) 
𝐹 𝑓𝑟𝑖𝑐 = -𝜇 × 𝑉 × 𝑥(𝑡) × 𝛤 𝜆 ( 14 ) 
with γ (N.m -1 ) the surface tension μ (Pa.s) the fluid viscosity θ the contact angle λ (m) the average friction length V (m 3 ) the volume of fluid Γ(m) perimeter length of the channel section In microfluidic systems the inertia is marginal in relation to viscosity forces, the filling length of the channel and the filling speed are therefore expressed according to the equations:

𝑥(𝑡) = √ 𝛾 𝜇 × cos 𝜃 × 2 × 𝜆 × 𝑡 ( 15 ) 
𝑉(𝑡) = √ 𝛾 𝜇 × cos 𝜃 × 𝜆 2 ×𝑡 ( 16 ) 
with γ (N.m -1 ) the surface tension μ (Pa.s) the fluid viscosity θ the contact angle λ (m) the average friction length

In the case of a cylindrical channel the filling law called Lucas-Washburn's law is expressed according to the equation:

𝑥(𝑡) = √ 𝛾 𝜇 × cos 𝜃 × 2 × 𝑅 2 × 𝑡 ( 17 ) 

Manufacturing of paper microfluidic medical diagnostic devices 3.2

Prerequisite for a medical diagnostic tool 3.2.1

In 2003 the World Health Organization (WHO) introduced under the name ASSURED a list of pre-requisites that a Point-of-Care diagnostic instrument must satisfy, listed below: [8,9] -Affordable: fair price -Sensitive: faux-negatives must be avoided -Specific: faux-positives must be avoided -User-friendly: easy to use without training -Rapid and Robust: fast result and easy storage -Equipment free: functioning without external equipment -Delivered: available for countries in need There are different types of diagnoses. Some, such as strip tests, allow very easy detection by a reaction that causes a change in colour, allowing the detection of certain molecules. Strip tests are easy to use, portable, but their targets are limited. [10] Immunoassays are tests that rely on the interaction of antibodies and antigens and the detection is done by a marker specific to the antibody or antigen. These markers can be of different types: electroluminescent, fluorescent, colorimetric etc. Immunoassay tests are also easy to use and portable but their sensitivity is quite low. [11] Finally, DNA amplification tests are more difficult to set up because they require complex sample preparation. This technique requires temperature cycles to amplify the DNA before detection. The LAMP (loop mediated isothermal amplification) amplification method is the fastest and most robust and is done by colorimetric detection. [12] Microfluidics has been largely inspired by developments in microelectronics. Indeed, silicon was one of the first supports used in microfluidics but its cost means that it is less and less used in favour of other materials. Nevertheless, it is still used for applications requiring high resolution or integrating electronics. [13] Glass is also used since its transparency and compatibility with microelectronic processes make it interesting. However, like silicon it is quite expensive. As a result, the use of polymeric materials has been widely developed. They have many advantages such as their great diversity, the transparency of some of them and their low cost, which means that they can be used to manufacture non-reusable point-of-care diagnostic devices. The polymers most commonly used in microfluidics are polymethyl methacrylate (PMMA) and polymethylsiloxane (PDMS). [14] The increasing use of polymers has led to the development of micro-fabrication processes on polymers. Work has been carried out on the development of photolithography on polymers but this process often remains complex to implement. Micromachining is one of the simplest techniques to use, a tool cuts the support according to a CAD-drawn pattern, which makes the process very flexible. The manufacturing costs related to this process are quite important because the parts are manufactured one by one, so it remains dedicated to the manufacturing of prototypes and r&d. Processes based on mould replication such as casting, injection moulding and thermoforming are widely used as they allow the manufacture of a large number of devices at the same time. However, they require substantial initial investment, particularly for the manufacture of quality moulds. In recent years, microfluidic devices have begun to be made by additive manufacturing, particularly in stereolithography. The advantages of this technique are a good resolution and the realization of complex and closed microfluidic circuits in a single step. Many studies are in progress on material development but the manufacturing time remains quite long and this process is for the moment mainly used for prototyping and R&D. [15,16] In order to obtain a complete device many steps are then necessary such as the addition of conductive elements or surface treatments. These steps are often expensive and often complex to integrate in a low cost industrial process. [17] State of the art of the manufacturing of paper microfluidic devices 3.2.2 Due to its low cost, the paper material appears to be promising for the production of point-of-care diagnostic systems. Paper has some other advantages such as its light weight and biodegradability, the transport of fluids in its hydrophilic fibrous network by capillary action without external power supply and the possibility of storing reactive in inactive form in its fibre network. The first paper based microfluidic devices was introduced by Whitesides et al. in 2007 [18] and then numerous studies [19][20][21] have focused on the creation of microfluidic channels within sheets of paper, resulting in complex microfluidic circuits with small, well-defined channels. These channels are manufactured by making their contours hydrophobic; the different techniques used to make areas hydrophobic are:

-wax or polystyrene screen printing [22] -inkjet printing of functional materials [23] -laser direct writing (LDW) techniques to polymerize impregnate paper [24] -Corona treatment with masks to modify surface [25] -Paper thermoforming [26] However, flow in fibrous structures is more complex than spontaneous capillary flow; it depends on many factors such as ambient humidity, paper density and porosity. Studies have shown that capillary upwelling time in fibrous structures varies greatly. [27] In addition, the fibrous structure of the paper can have a filtering effect on some fluids such as blood, which is often used in medical diagnostic tests. This can be an advantage because the fibre matrix becomes an integral part of the system with a filtering function; but it can also have disadvantages because particles in some fluids can obstruct the fibre structure and interfere with the capillary path. [28][29][30] In this study, an automated multimaterials process for the manufacturing of paper based point of care devices has been developed and is presented in the following paragraph.

Developed manufacturing process 3.2.3

Interest of using a 6-axis robot 3.2.3.1 The objective of this study is to manufacture a paper-based point of care diagnostic device with a process that enables to do all the required steps without manual operations.

Thus, in the developed robot cell, the robot arm is equipped with 6 different tools, a scanner laser, a jetting valve, a spray, a pneumatic valve, a picking system and a camera, which are calibrated in relation to each other and can be used successively in the same manufacturing operation. In addition, circuit printing with a jetting valve mounted on a 6-axis robot is more accurate than with a jetting valve mounted on a 3D printer. As shown in Figure 105 the case of a 3D printer, printing errors occur when the print head changes direction from Y to X due to vibrations when the print head decelerates. As illustrated in Figure 106 (A), thicker conductive lines can also be seen at the corners because the drop ejection speed during printing is constant. While as illustrated in Figure 106 (B), when printing with a 6-axis robot, the printing is blended in the angles and homogeneous on the trajectory, this is due to the robustness of the robot, to the fact that the speed is more homogeneous on the trajectory and that the printing (the speed of ejection of the drops) is synchronized with the speed of the printing tool fixed on the robot arm. -To be composed of a maximum of cellulosic materials for easy recycling -To be light -To have water barrier properties -To be able to heat a fluid -To be able to analyse a fluid according to its microfluidic characteristics

In this perspective, in order to meet the different criteria, various materials have been considered: -A 12,4 g/m² and 35 µm thickness commercial tea filter paper, supplied by PDM Industries (FP) used as matrix. This paper is light and resistant and provides mechanical resistance to the whole device. [31] -A commercial microfibrillated cellulose (MFC) from bleached Kraft pulp at 3% consistency supplied by Weidmann Fiber Technology used for paper substrate coating. Previous studies have shown that a MFC coating provide strength and barrier properties to paper. [32-34] -The previously used Henkel silver ink to print the heating element. Its resistivity allows to print resistance that heat with an applied voltage of 5V.

[35] -SiO2 nanopowder with particle size of -325 mesh supplied by Sigma-Aldrich and cellulose microcrystalline (CµC) with particle size of +60 to +200 mesh supplied by Sigma-Aldrich were prepared. Previous studies have used SiO2 particles with MFC to produced porous papers. [36] Thus; these particles are mixed with MFC to obtain porous mixture in order to provide a capillary property. The manufacturing process proposed to obtain a paper microfluidic device as illustrated in Figure 107, is divided into several steps: -The wetted filter paper is placed on a vacuum table.

-The filter paper is spray coated with MFC.

-The needed electronic components are printed.

-The printed components are covered by spray coating of MFC.

-The capillary path is printed.

-Protection masks and detection components are deposited with pick & place.

-The deposited elements are covered by spray coating of MFC.

-The device is encapsulated with a 2 nd layer of filter paper.

-The obtained device is oven-dried at 120°C during 30 min. All the steps will be described in the following paragraph.

Development of the required functionalities 3.3

Paper spray coating 3.3.1

Coated substrate formation 3.3.1.1 As illustrated in Figure 108, MFC was spray coated onto wetted filter paper substrate using a Fisnar SV1000SS Spray mounted on the robot and linked to the CS9 controller via a digital I/O in order to control spray activation and stop. The spray deposition of MFC is done using a grid-like trajectory set in Grasshopper. After deposition water is removed by vacuum suction in order to obtain an homogeneous coating. the distance between the spray nozzle and the substrate θ (°) the spray jet angle V (mm. s -1 ) the robot speed First the spray mass flow is measured according to the adjusted spray opening. Then the robot speed is defined between 15 mm. s -1 and 60 mm. s -1 in order to deposit a MFC layer with a basis weight between 5 g.m -1 and 30 g.m -2 . After spray coating on the wetted filter paper, the excess of water is removed by vacuum suction by waiting 3 to 5 minutes depending on the MFC quantity deposited. The coated substrate is then dried 30 minutes at 90°C in a vacuum dryer.

Coated substrate analysis 3.3.1.2 In order to characterize the MFC coating various analyses have been made. The sheet topology was examined by taking images of the coated papers with a 500X magnification optical microscope. The sheet surface roughness was evaluated using an Alicona Infinite Focus optical profilmeter; the surface roughness is calculated as the root mean square of the vertical distance to the mean profile height and calculated as the average of 10 measures per sample. The sheet thickness was measured with a Adamel Lhogarmy MI20 mechanical Caliper; the average thickness is calculated as the average of 10 measures per sample. Finally, the sheet air permeability was measured with a Bendtsen and is defined as the average air flow rate through an area unit under a unit of pressure difference in a unit of time. It is expressed in cm3/(m2⋅Pa⋅s).

Results

3.3.1.3

As show in Table 14, coated papers have a measured basis weight close to the weight calculated theoretically by adding the weight of the filter paper and the basis weight of the MFC layer calculated with equation 1. This observation allows to conclude that the MFC layer deposited by spraying is homogeneous and that the MFC is retained by the filter paper during water vacuum suction. Considering that the MFC film is homogeneous and that the MFC slurry penetrates weakly into the substrate, the thickness of the coated paper can be calculated according to the equation: (19) with es (µm) the thickness of the filter paper bwMFC (g.m -2 ) the basis weight of the MFC coating ρMFC (g.m -3 ) the apparent density of the MFC film As shown in Figure 109, coated papers have a measured thickness close to the thickness calculated theoretically with equation (19). In addition thickness increase linearly with the quantity of MFC deposited. Both observations confirm that the MFC film is formed on the surface of the filter paper. Slurries of MFC that allow to have a cohesive structure, mixed with SiO2 nanopowder with particle size of -325 mesh (44 µm) supplied by Sigma-Aldrich and cellulose microcrystalline (CµC) with particle size of +60 (250 µm) to +200 mesh (74 µm) supplied by Sigma-Aldrich were prepared. The slurries were produced with SiO2 / CµC weight fraction between 50% and 90 % by adding 0,15g to 1,35g of SiO2 / CµC to 5g of MFC hydrogel at 3%. In order to define the right formulation, samples are molded and dried in oven at 90°C during 30 minutes. As illustrated in Figure 113, molded capillary path were first produced to analyse it independently of the substrate. Then the various slurries were printed on the previously 30 g/m² coated paper using a needle valve mounted on the robot and linked to the robot pneumatic valves in order to control needle opening and closing. In order to analyze the particle distribution in the composite samples, section images were taken using a scanning electronic microscope. Images were taken on sample after drying and on rewetted dried at ambient air sample after water capillary rise tests. The geometric density was calculated of the samples is calculated from sample mass and volume measure with an electronic calliper.

𝑒 = 𝑒 𝑠 + 𝑏𝑤 𝑀𝐹𝐶 𝜌 𝑀𝐹𝐶
The samples gravimetric density was determined using the function powder wettability measurement of a Biolin Scientific tensiometer and the equation: (20) with ma (g) the sample weight in air ml (g) the sample weight in the test liquid (water) ρa (g.m -3 ) the density of air ρl (g.m -3 ) the density of test liquid (water)

𝜌 𝑔𝑟𝑎𝑣 = 𝑚 𝑎 𝑚 𝑎 -𝑚 𝑙 × (𝜌 𝑙 -𝜌 𝑎 ) + 𝜌 𝑎
Then the volume fraction of air, MFC, SiO2 and CµC were calculated according to the equations:

ɸ 𝑎𝑖𝑟 = 𝑊 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 × (1 - 𝜌 𝑎𝑝𝑝 𝜌 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 ) + 𝑊 𝑀𝐹𝐶 × (1 - 𝜌 𝑎𝑝𝑝 𝜌 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 ) (21) 
ɸ 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 = 𝑊 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 × ( 𝜌 𝑎𝑝𝑝 𝜌 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 ) (22) 
ɸ 𝑀𝐹𝐶 = 𝑊 𝑀𝐹𝐶 × ( 𝜌 𝑎𝑝𝑝 𝜌 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 ) (23) 
with ρapp (g.m -3 ) the apparent density ρparticles (g.m -3 ) the particles (SiO2 or CµC) density ρcellulose (g.m -3 ) the cellulose density Wparticles the particles weight fraction WMFC the MFC weight fraction

Finally the samples open porosity is obtained doing the difference between air volume fractions obtained by the geometric and the gravimetric method. The printability of the various blends is tested by printing and assess its ability to be accurately printed.

Results

3.3.2.3

After drying only samples with at least 70% particles are usable for testing. Samples with 50% and 60% particles are very deformed and brittle and cannot be cut properly for measuring and testing. The tested sample composition is reported in Table 15 Table 15 : Formulation composition As illustrated in Figure 114, with both SiO2 and CµC, the addition of particles leads to the formation of aggregates in the MFC matrix. Particularly with CµC particles, with a mass fraction of 90% the sample has a stratified structure and is no longer homogeneous. In addition, the sample thickness and consequently the geometrical apparent density increase with the addition of particles. Sample geometric and gravimetric densities are presented in Figure 115 and for all the samples, the apparent gravimetric density is higher than the apparent geometric density which can be explained by the presence of open and closed pores in the samples. Indeed the total porosity is taken in consideration in the calculation of geometric density, whereas in the measure of gravimetric density closed pores are not accessible by the test liquid. 

The curve of the height in function of time are plotted for each sample and compared with as reference the capillary rise in a blotting paper sticked on different layers of MFC: raw (0P), one pass (1P) and three passes (3P) MFC. As illustrated in Figure 116, the shape of the curves shows Lucas-Washburn's law such as the height of capillary rise is equal to a function of the square root of time (h=f(√t)).

In a porous structure Lucas-Washburn's law is expressed according to the equation:

ℎ(𝑡) = √ 𝛾 ×𝑟 ×cos ɸ×t 2 ×µ (25) 
According to equation (25), the height of capillary rise is influenced by the characteristics of the liquid (dynamic viscosity µ and surface tension γ) and by the pores radius r of the capillary path.

Figure 116 : Capillary rise height according to time Among the reference samples, the best capillary rise of 14 mm after 30 s was obtained for the blotting paper on a layer of 3-pass MFC. The capillary upwelling results obtained with the samples prepared in this study are generally lower than the values obtained on the reference samples. Except for sample 4 for which the capillary rise is higher (20 mm after 30 seconds) and sample 5 for which the capillary rise is equivalent (11 mm after 30 seconds) to the MFC 0 and 1-pass reference sample. These results can be explained by the fact that the size of the particles influences the capillary upwelling speed, in fact samples 1, 2 and 3 with the lowest capillary upwelling are composed of silica particles whose size is smaller than the CµC particles. In addition, the increase in the mass fraction of silica leads to an increase in the speed and maximum capillary rise, whereas for CµC particles the opposite effect is observed, the increase in the mass fraction of CµC leads to a decrease in the speed and maximum capillary rise. This can be explained by the larger size of the CµC particles, which introduced in too large quantity destructure the mixture and limit capillary rise. This observation is related to the conclusions made on the images of the samples with the electronic microscope.

Following these conclusions and in order to increase the height of capillary rise, new samples were prepared by mixing SiO2 and CµC particles with the MFC gel according to the proportions reported in Table 16. The objective was to use the CµC particles to provide the required capillary high and the Si02 particles to avoid the destructuration of the composite due to too much CµC particles.

Table 16 : Formulation composition

The capillary rise measures have been done on these samples and as illustrated in Figure 117, curves have been plotted. Printability is qualified as:

-"-" when printing was difficult or impossible -"+" when a line is obtained The optimal compromise between capillary rise height and ease of printing is obtained for formulations 7 and 8. After drying, formulation 7 has better mechanical characteristics as it is less brittle, therefore it will be kept for printing capillary paths in this study.

Heating system 3.3.3

As illustrated in Figure 118, heating element are printed on a MFC layer sprayed on tea filter paper and encapsulated under an identical layer (MFC + tea filter paper). The heating method use in this study is Joule heating, which is a simple heating method regularly used in medical test devices that require heating [37,38]. The principle of this type of heating consists of the application of a current through a resistive material to produce a release of heat. The power dissipated in the form of heat is calculated by the equation:

𝑃 𝐽 = 𝑈 × 𝑖 = 𝑈 2 𝑅 = 𝑅 × 𝑖 2 (26) 
With PJ dissipated power (W) U applied voltage (V) i intensity of flow current (A) R electric resistance (Ω)

The printing of the heating systems is done by silver ink jetting printing on a tea filter paper support covered with a 30 g/m² layer of spray-on MFC. As shown in Figure 119, the heating elements consist of two conductive connections connected to a central resistive part in the form of a serpentine coil. The entire element is printed with conductive silver ink 18 . In order to keep the test as far as possible equipment free, it is necessary to be able to work with supply voltages less than or equal to 5 V in order to be able to imagine being powered by the battery of a cell phone or a PC. The temperature of the samples is measured with a supply voltage ranging from 0 to 5V and the curves of temperature in function of power were plotted. The objective is to find a relation in order to predict the heating temperature in function of the substrate and the applied voltage.

Results

3.3.3.3

Studies have been on the prediction of the heating temperature [39][40][41], the authors have obtained with experimental data expressions that allow an accurate prediction of the heating temperature. The temperature measurements carried out on printing and writing paper allowed the Figure 123 to be drawn. All the points can be assimilated to a linear trend curve with a directing coefficient of 34 °C/W. The same measurements were made on the other supports. Table 19 summarizes the different directing coefficients of the curves obtained. A relationship between the diffusivity of the material and the temperature obtained has been attempted to be established. A simple model illustrated in Figure 124 seems to be able to be drafted such that the directing coefficient and consequently the temperature reached with the same power applied decrease when the diffusivity increases. This result should be validated by printing on additional supports. The heating elements are able to provide a fast heating, the stabilized temperature is obtained in 40 to 50 second. Furthermore after this time, the temperature distribution on the heating element is relatively homogeneous in the center. A difference of 1 or 2°C can be measured between the temperature read on the printed line and between them and a difference of about 20°C between the ends and the center of the sample can be observed. The various functions required for the manufacturing of point of care diagnostic medical devices on cellulose substrates have been developed, implemented in the robotic cell and are functional. In this study they have been tested independently and a whole automatic manufacturing process sequence has been proposed. The next step would be to print complete devices with a dedicated application and to test the manufacturing of mini-series of tests carried out with the robotic cell.

CONCLUSION 4

In conclusion, it has been shown in this chapter that the developed robotic cell allows to print electronic circuits on 3D objects according to an accurate process in order to precisely define the printing parameters. The first paragraph presents an off-line programming approach for printing conductive paths on 3D objects and automatically generating the trajectory and printing program for a 6-axis robot. The aim of this study was to develop a simple model to -adapt the printing parameters of a 6-axis robot arm equipped with a piezo jetting print head -print 3D electronic circuits matching the targeted design and conductivity. For the jetting printing process, the analysis of different sets of parameters on 2D patterns leads to a simple dimensionless predictive model for line width and conductivity. The model is based on the assumption that the behaviour of a single drop impacting the printing substrate is close to that of a train of drops (i.e. lines). Thus, the diameter of individual drops on a specific substrate can be used to consider the support properties and jetting conditions in a dimensionless model. The study also proposes a methodology to predict the circuit morphology by adapting the jetting parameters as a function of the trajectory and the speed of the 6-axis robot. The user can graphically design and modify the circuit in the 3D environment to match it with the target line geometry and the expected conductivity of the conductive path. Thus, the methodology guarantees a high flexibility and good precision in prediction. The approach has been implemented and tested. As a representative case study, a 3D circuit is printed on a disposable paper cup according to the proposed methodology.

In addition, the cell has been tested for 2D multi-material applications. The manufacturing of 2D multimaterials medical devices is studied in paragraph 2. The developed robotic cell has been used for this application because it offers the advantage of being able to integrate different tools and thus be able to carry out successively several steps in the same manufacturing operation. Several functionalities have been tested and implemented in the robotic cell:

-the deposition by spray of an MFC layer to provide barrier to fluid and air properties to the device -the formulation and printing of a capillary path allowing, for medical applications, the analysis or recognition of a fluid according to its microfluidic properties -the printing of resistive element allowing to heat the fluid to be tested or a reactive if required. The various functionalities have been developed and tested independently and a whole automatic manufacturing process sequence has been proposed. This opens perspectives for the manufacturing of mini-series of point of care diagnostic medical devices using this cell. The work carried out within the framework of the thesis allowed the development of a 6-axis robotized cell allowing the printing of electronic circuits on the surface of free form objects. The cell is mainly composed of a STAUBLI TX2 60 6-axis robot and equipped with a piezo jetting dispensing valve (Vermes MDV 3200A), a laser distance sensor (Micro-Epsilon optoNCDT 1420-100) and other printing tools which have been added according to the application. This cell is suitable for prototyping and small series production of 3D objects integrating surface electronics. Actually, conductive tracks and electronic functions can be printed on the surface of 3D objects with speeds ranging from 15mm/s to 50 mm/s. The proposed methodology from design to printing with a scanning phase, mesh construction, circuit projection, and speed analysis steps is very useful for prototype and short series applications when it is necessary to change frequently the substrate and dimensions of the 3D object. Indeed, the limiting step is the scanning phase which can last several tens of minutes to an hour; without considering this step which can be improved by using a laser beam scanner, the process only takes a few minutes. An off-line programming approach for printing conductive paths on 3D objects and automatically generating the trajectory and printing program for a 6-axis robot has been developed and a methodology to predict the circuit morphology by adapting the jetting parameters as a function of the trajectory and the speed of the 6-axis robot has been proposed. The proposed predictive model guarantees a good precision in the prediction of line width and conductivity with a tolerance of 40µm, thus assuring the functionality of the circuit and the fitting between the designed pattern and the printed circuit. A dedicated interface that allows to manage the complete process has also been developed. The programming environment used to develop the interface was composed of Rhinoceros 3D and two additional plugins, i.e. Grasshopper and RhinoRobot from Kinematic which has been customised and adapted for the developed process. The interface developed to manage the printing process allows the use of the cell by people who are not experts in robotics because its use does not require programming, as the programs are generated automatically.
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Finally, an example of the functionalisation of a paper cup by printing on its surface a conductive capacitor has been presented. This case of study allows to validate the projection method, indeed we obtain a very low deformation between the 2D circuit and the projected circuit.

In the same way the algorithm developed to synchronize the speed of ejection of the drops according to the speed of the TCP to obtain a homogeneous circuit achieves good results in terms of deviation and homogeneity of the width of the printed tracks. Thus, this study provides new insights into high precision printing on 3D substrates with a 6-axis robot for applications in various domains.

In addition, the developed robotic cell has been tested for 2D multi-material devices for medical tests applications because it offers the advantage of being able to integrate different tools and thus be able to carry out successively several steps in the same manufacturing operation. Various functionalities such as barrier properties, microfluidic properties and heating capacity have been developed and tested independently and a whole automatic manufacturing process sequence has been proposed. This opens perspectives for the manufacturing of mini-series of point of care diagnostic medical devices using this cell.

To conclude, the goal of this project, to provide an answer to the problem of the electronic functionalization of 3D objects to make them functional by an automated process, versatile, easy to implement and compatible with prototyping and small series has been achieved. The developed robotic cell allows to propose a Plug and Play solution to prototype 3D electronic objects and multimaterials objects. It also opens new development opportunities in the domain of electronic printing on freeform objects.

PERSPECTIVES 2

In order to validate the robot cell developed, the tools and the software for 3D electronic circuit printing that can be used by people without expertise in robotic programming and compatible with industrial environments, various elements must be worked and improved.

The following improvements will be the subject of a R&D booster project in collaboration with two manufacturers, an integrator and a design office specialized in connected objects and financed by the Rhone Alpes region.

1.

The quality of the obtained functionalized objects and the comparison with existing manufacturing processes The electronic functions developed with robotic printing must be of sufficient quality to be integrated into a connected object. For this, the qualification of the electrical performances and the robustness of the printed functions must be carried out and the results obtained are to be compared with functions realized from existing manufacturing processes. Depending on the results, a study on the choice of inks used, the adhesion surface interactions between the ink and the substrates and the dispensing system used could be conducted to improve the functions realized with the robotic platform.

2.

Mechanical and electrical robustness The platform must be sufficiently powerful to be implemented in small series production. This requires:

-Optimized communication times between the different tools -Robust cell to avoid any vibration. The operation of the robot generates vibrations that must be absorbed by the frame to which it is attached therefor a welded or solid profile frame is preferred. -Stable and fast communication between the elements and an automatic reset. In order to achieve these objectives, a study is to be carried out on the links used to link the different tools of the platform together as well as on the architecture of the platform itself and the materials used to build it.

3.

The addition of functionalities necessary for use in an industrial environment (pick&place, vision). The proposed platform must be adapted to be used for the electronic functionalization of objects required by the market. To this end, all the tools necessary for the development of an electronic circuit must be integrated. This includes the incorporation of an automated system for placing electronic components on the printed tracks.

4.

Testing of different deposition head geometries adapted to 3D printing One of the objectives of robotic printing is to be able to print electronic functions on 3D objects of any shape in order to be a versatile tool. To meet this requirement, a study will be conducted on the size of the different print heads versus their dispensing precision in order to find the best solutions to print on various objects while maintaining the print quality necessary for the electronic circuits to function. This may lead to the choice of a head ensuring the best compromise.

5.

The optimization of the process management software Finally, the platform must be able to be used as a "Plug and Play" tool by people without robotics skills. The currently available version must therefore be improved to make it more complete and intuitive and some code parts should be written with another language to improve algorithms speed calculation. 

RE SUME E TENDU EN FRANÇAIS

Développement du processus d'impression 2.2

Dans le domaine de l'électronique imprimée, il est important de contrôler la fidélité entre le modèle du circuit à imprimer et le circuit imprimé. Les performances des circuits électroniques imprimés et des composants dépendent fortement des caractéristiques géométriques et morphologiques du modèle imprimé. Ceci nécessite une grande précision et une parfaite maîtrise du processus d'impression. Ainsi afin d'être indépendant des défauts géométriques et de la précision du positionnement des pièces dans l'espace de travail, une méthode de scan, construction d'un maillage de l'objet et projection du circuit à imprimer a été développée. Le processus est schématisé dans la Figure 133. Pour obtenir un modèle sans dimension permettant de prédire la géométrie de la ligne imprimée indépendamment du substrat et des conditions de la valve, les caractéristiques morphologiques des gouttelettes individuelles peuvent être utilisées. En effet, la taille d'une gouttelette unique dépend du volume de la goutte, qui est lui-même lié aux paramètres de la valve jetting, au diamètre de la buse et à l'interaction entre la gouttelette et le support.

Soltman et al. [9], qui ont étudié l'impression jet d'encre, ont défini cinq morphologies de base des lignes illustrées dans la Dans la cellule robotisée développée, le bras du robot est équipé de 6 outils différents, un scanner laser, une valve de jetting, un spray, une valve pneumatique, un système de dépôt des composants électroniques et une caméra, qui sont calibrés les uns par rapport aux autres et peuvent donc être utilisés successivement dans la même opération de fabrication. De plus, l'impression de circuits avec une valve de jetting montée sur un robot à 6 axes est plus précise qu'avec une valve de jetting montée sur une imprimante 3D. Dans cette perspective, afin de répondre aux différents critères, divers matériaux ont été pris en compte :

-Un papier filtre à thé commercial de 12,4 g/m² et de 35 µm d'épaisseur, fourni par PDM Industries (FP), utilisé comme support. Ce papier est léger et résistant à l'état humide et offre une résistance mécanique à l'ensemble du dispositif [10]. -Des microfibrilles de cellulose commerciale (MFC) provenant de pâte Kraft blanchie à 3 % de consistance fournie par Weidmann Fiber Technology et utilisée pour le revêtement du papier filtre thé. Des études antérieures ont montré qu'un revêtement MFC confère au papier une résistance et des propriétés barrières [11][12][13]. -L'encre argent Henkel utilisée précédemment pour imprimer l'élément chauffant. Sa résistivité permet d'imprimer la résistance de chauffe avec une tension appliquée de 5V [14].

-Des particules de SiO2 d'une taille de -325 mesh fournies par Sigma-Aldrich et de la cellulose microcristalline (CµC) d'une taille de particules de +60 à +200 mesh fournie par Sigma-Aldrich. Des études antérieures ont utilisé des particules de SiO2 avec MFC pour produire des papiers poreux. Ainsi, ces particules sont mélangées avec des MFC pour obtenir un mélange poreux afin de développer les propriétés de capillarité [15]. -Le dispositif obtenu est séché à 120°C pendant 30 minutes.

-Toutes les étapes seront décrites dans les paragraphes suivants. Obtention de propriétés barrières par dépôt d'une couche de MFC par spray 3.2.2 Une couche de MFC est déposée par spray sur le papier filtre thé humidifié à l'aide du spray Fisnar SV1000SS monté sur le robot et relié au contrôleur CS9 par une entrée/sortie numérique afin de contrôler l'activation et l'arrêt de la pulvérisation. Le dépôt par pulvérisation de MFC se fait à l'aide d'une trajectoire en forme de grille définie dans Grasshopper. Après le dépôt, l'eau est éliminée par aspiration sous vide afin d'obtenir une couche de MFC homogène. Un calibrage du spray doit être effectué afin de déterminer les conditions de fonctionnement et, par conséquent, d'ajuster la vitesse du robot en fonction du grammage que l'on souhaite obtenir pour la couche de MFC. Afin de caractériser le revêtement MFC, diverses analyses ont été effectuées. La morphologie de la couche a été examinée en prenant des images des couches avec un microscope optique avec un grossissement de 500X. La rugosité de la surface des couches a été évaluée à l'aide d'un profilomètre optique Alicona Infinite Focus. L'épaisseur de la feuille a été mesurée à l'aide d'un calibre mécanique Adamel Lhogarmy MI20. Enfin, la perméabilité à l'air de la feuille a été mesurée avec un appareil Bendtsen et est définie comme le débit d'air moyen à travers une unité de surface sous une unité de différence de pression dans une unité de temps. Elle est exprimée en cm3/(m2⋅Pa⋅s).

Les résultats des mesures permettent de dire que, les échantillons de papier filtre thé recouverts de couches de MFC ont un grammage mesuré proche du grammage calculé théoriquement en additionnant le grammage du papier filtre et grammage de la couche MFC calculé. Cette observation permet de conclure que la couche de MFC déposée par spray est homogène et que les MFC sont retenues par le papier filtre lors de l'aspiration de l'eau sous vide. De plus, les papiers couchés ont une épaisseur mesurée proche de l'épaisseur calculée théoriquement et l'épaisseur augmente linéairement avec la quantité de MFC déposée. Ces deux observations confirment donc que le film de MFC se forme à la surface du papier filtre. Les images obtenues au microscope optique montrent que les pores du papier filtre sont du liquide (viscosité et tension de surface) et par la taille des pores du chemin capillaire. Les résultats obtenus sont en concordance avec ces paramètres, en effet une hauteur de remontée capillaire plus importante est observée pour les échantillons à base de CµC dont la dimension des particules est plus importante que celle des particules de SiO2. Cependant l'ajout d'une grande quantité de CµC (80 à 90 %) semble venir déstructurer le mélange et dégrade alors la capacité de remontée capillaire. Suite à ses conclusions, des échantillons composés à la fois de CµC et de SiO2 ont été produits afin d'utiliser les propriétés des deux composants et améliorer la hauteur de remontée capillaire. Les hauteurs de remontée capillaire les plus hautes ont été obtenues pour les échantillons composés de 20% de MFC, 20% de SiO2 et 60% de CµC et de 20% de MFC, 40% de SiO2 et 40% de CµC. Les tests d'impression ont permis de sélectionner l'échantillon composé de 20% de MFC, 20% de SiO2 et 60% de CµC qui présente une bonne capacité d'imprimabilité et une bonne tenue après séchage.

Résistances chauffantes imprimées 3.2.4

La méthode de chauffage utilisée dans cette étude est le chauffage par effet Joule, c'est une méthode de chauffage simple régulièrement utilisée dans les dispositifs de tests médicaux qui nécessitent un chauffage. Le principe de ce type de chauffage consiste à appliquer un courant à travers un matériau résistif pour produire un dégagement de chaleur. Pour que le test puisse être autant que possible réalisé sans d'équipements, il est nécessaire de pouvoir travailler avec des tensions d'alimentation inférieures ou égales à 5 V afin de pouvoir être alimenté par la batterie d'un téléphone portable ou d'un PC par exemple. La température des échantillons est donc mesurée avec une caméra thermique pour une tension d'alimentation allant de 0 à 5V et les courbes de température en fonction de la puissance ont été tracées. L'objectif est de trouver une relation afin de prédire la température de chauffage en fonction du substrat défini et de la tension appliquée pour l'application envisagée. Ainsi les courbes de la température en fonction de la puissance appliquée ont été tracées pour chaque support d'impression testé (Verre, PET, MFC, papier impression-écriture). Pour chaque support une courbe directrice linéaire peut être tracé dont le coefficient dépend du support. Ces coefficients ont été reliés aux coefficients de diffusivité des supports et une relation simple semble pouvoir être décrite tel que le coefficient directeur et donc la température atteinte pour une tension appliquée diminue avec l'augmentation du coefficient de diffusivité. Ces résultats obtenus sur quatre matériaux différents doivent être validés par des tests sur d'autres supports.

Enfin, l'augmentation de la température et la répartition de la température sur l'élément chauffant ont également été analysés. Les éléments chauffants sont capables de fournir un chauffage rapide, une température stabilisée entre 40°C et 100°C est obtenue en 40 à 50 secondes. De plus, après ce temps, la répartition de la température sur l'élément chauffant est relativement homogène au centre. Une différence de 1 ou 2°C peut être mesurée entre la température lue sur la ligne imprimée et entre elles et une différence d'environ 20°C entre les extrémités et le centre de l'échantillon peut être observé.

En conclusion, les différentes fonctions requises pour la fabrication de dispositifs médicaux microfluidiques sur des substrats cellulosiques ont été développées, mises en oeuvre grâce à la cellule robotisée et sont fonctionnelles. Il faut préciser que dans cette étude, les différentes fonctions ont été testées de manière indépendante et une séquence de processus de fabrication entièrement automatique a été proposée. L'étape suivante consisterait à imprimer des dispositifs complets avec une application dédiée et à tester la fabrication de mini-séries de tests effectués avec la cellule robotisée.

CONCLUSION 4

Les travaux réalisés dans le cadre de cette thèse ont permis le développement d'une cellule robotisée 6 axes permettant l'impression de circuits électroniques à la surface d'objets de forme quelconque. La cellule est principalement composée d'un robot 6 axes STAUBLI TX2 60 et équipée d'une valve de jetting (Vermes MDV 3200A), d'un scanner laser (Micro-Epsilon optoNCDT 1420-100) et d'autres outils d'impression qui ont été ajoutés en fonction des applications testées.

Cette cellule est adaptée au prototypage et à la production en petite série d'objets 3D intégrant de l'électronique de surface. En effet, la cellule permet l'impression des pistes conductrices et des fonctions électroniques sur la surface d'objets 3D. La méthodologie proposée, de la conception à l'impression avec une phase de numérisation, de construction du maillage, de projection de circuits et d'analyse de la vitesse, est très utile pour les applications de prototypage et de petites séries pour lesquelles il est nécessaire de changer fréquemment le substrat et les dimensions de l'objet 3D. Une approche de programmation hors ligne permettant l'impression de trajectoires conductrices sur des objets 3D et la génération automatique de la trajectoire et du programme robot d'impression a été développée. Une méthodologie pour prédire la morphologie du circuit en adaptant les paramètres de projection en fonction de la trajectoire et de la vitesse du robot 6 axes a été proposée. Le modèle prédictif proposé garantit une bonne précision dans la prédiction de la largeur et de la conductivité des lignes, assurant ainsi la fonctionnalité du circuit et l'ajustement entre le modèle conçu et le circuit imprimé. Une interface dédiée qui permet de gérer le processus complet a également été développée pour gérer le processus d'impression rendant ainsi possible l'utilisation de la cellule par des personnes qui ne sont pas des experts en robotique car son utilisation ne nécessite pas de programmation, les programmes étant générés automatiquement.

Enfin, un exemple de la fonctionnalisation d'un gobelet en papier par l'impression sur sa surface d'un condensateur conducteur a été présenté. Ainsi, cette étude apporte de nouvelles connaissances sur l'impression sur des substrats en 3D avec un robot à 6 axes pour des applications dans divers domaines. En outre, la cellule robotique développée a été testée pour la fabrication de dispositifs multi-matériaux 2D pour des applications de tests médicaux car elle offre l'avantage de pouvoir intégrer différents outils et donc de pouvoir réaliser successivement plusieurs étapes dans une même opération de fabrication.

Diverses fonctionnalités telles que les propriétés barrières, les propriétés microfluidiques et la capacité de chauffage ont été développées et testées indépendamment et toute une séquence de processus de fabrication automatique a été proposée. Cela ouvre des perspectives pour la fabrication de mini-séries de dispositifs médicaux de diagnostic au point de service à l'aide de cette cellule. 
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  Finally some fluids are said to be threshold fluids, in this case the flow only takes place if a sufficiently high stress is applied. The most commonly observed law of behaviour for threshold fluids is the Hershel-Bulkley law: τ = τ0 + Kγ n (4) with τ (Pa) shear stress τ0 (Pa) threshold constraint K fluid constant γ (s -1 ) shear rate n flow index As illustrated in Figure 16when n=1 this law becomes the Bingham law and K plastic viscosity.
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  +Lab -Milan Polytechnic University 4.4.1.1 In 2014, the laboratories of 3D printing and chemistry from the Milan Polytechnic University have started to develop a new continuous manufacturing process inspired from the silk worms' behaviour for the manufacturing of objects in composite with glass fibbers. To this end, they use a Kuka 6-axis robot called Atropos illustrated in Figure29. These works results in 2016 in a patent. The printing process is divided in several steps, the first step consists to draw the object in the Rhinoceros 3D software, in a second step the robot printing path is generated in the algorithm editor Grasshopper and KUKA lprc. Atropos is then able to print the composite along the toolpath, in the same time a UV source induces the photocuring of the composite. Atropos has won in 2017 the JEC Composite Innovation award for 3D printing. Works are in progress to optimise process, increase printing speed and to develop new resins and annealing methods.
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  Stratasys has presented the Infinite-Build 3D Demonstrator, developed in collaboration with Boeing. This 3D printing system illustrated in Figure30, is adapted for the manufacturing of large piece in particular for aeronautic and aerospatial fields. The printing technology used is based on FDM technology and the printing head is mounted on a KUKA 6-axis robot. Optimisations have been made to increase performance and improve repeatability.[START_REF] Vurpillat | 3D Demonstrators Designed for Bigger, Lighter Auto and Aerospace Parts[END_REF] 
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  a commercial 3D computer-aided design (CAD) application software developed by Robert McNeel & Associates. Rhinoceros is used in the field of architecture, industrial design, and engineering for applications such as computer-aided design (CAD), computer-aided manufacturing (CAM), rapid prototyping, 3D printing, and reverse engineering.
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  steps of the developed code are schematized in the sequence diagram in Figure49, in the diagrams, the arrows correspond to an action carried out by the actor from which the arrow starts on the actor on which the arrow arrives. The actions are described in the text boxes to the right of the actor performing them.
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INTRODUCTION 1

 1 Il existe une demande croissante de procédés de prototypage dans les domaines de l'électronique et des objets connectés afin de simplifier et d'automatiser le processus d'intégration de composants électroniques sur des objets 3D. Pour cette raison, la plastronique se développe et commence réellement à apparaître sur le marché depuis les années 2000[1][2][3]. De grands groupes comme Schneider Electric, BMW, Siemens, Harting Electronic, Festo y voient un intérêt croissant. Cette discipline, alliant plasturgie et électronique, facilite l'intégration de composants électroniques dans les objets afin de les rendre fonctionnels. Pour ce faire, certaines fonctions électroniques et liaisons entre composants ne sont plus supportées par une carte électronique 2D conventionnelle (PCB) mais directement intégrées sur l'objet 3D comme illustré sur la Figure127. De nouveaux procédés ont été mis en place et sont en développement pour permettre cette nouvelle méthode d'intégration d'électronique sur des objets 3D.
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 127 Figure 127: Poignée de moto plastronique et volant BMW
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 128 Figure 128: Imprimante Voxel8 et impression de pistes conductrices
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 129 Figure 129: Robot Atropos développé à l'école Polytechnique de Milan
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 130 Figure 130 : Cellule robotisée
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 131 Figure 131: Schéma des connections des différents outils dans la cellule robotisée
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 133 Figure 133: Processus d'impression

Figure 134 : 3 Impression de pistes conductrices sur des objets 3D 3. 1

 13431 Figure 134: Sommets, arêtes et surfaces d'un maillage
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 135 Figure 135 : Cycle d'éjection des gouttes[8] 

  Figure 136: gouttes individuelles (a), dentelées (b), uniformes (c), bombées (d) et empilées (e) et ont développé un modèle permettant de déterminer la largeur des lignes comme étant l'inverse du carré de l'espacement entre les gouttes.

Figure 136 :

 136 Figure136: Principales morphologies des gouttes[9] 

Figure 137 :

 137 Figure 137 : Représentation graphique du modèle adimensionnel proposé

Figure 138 :

 138 Figure 138 : Projection du circuit (A) et Segmentation en gamme de vitesse (B)

Figure 139 :Impression 2D de dispositifs médicaux multimatériaux 3. 2

 1392 Figure 139 : Circuit imprimé sur un gobelet en carton avec les paramètres d'impression issus du modèle prédictif développé

  Le dispositif microfluidique à développer doit présenter les caractéristiques suivantes : -Être composé d'un maximum de matériaux cellulosiques afin de favoriser le recyclage. -Être léger. -Avoir des propriétés barrières à l'eau et à l'air. -Pouvoir chauffer un fluide. -Pouvoir analyser un fluide en fonction de ses caractéristiques microfluidiques.
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Table 1 :

 1 Direct printing process comparison

Table 2 :

 2 Characteristics of various types of inks

Roughness (nm) Sintering Temp (°C) Surface energy (mJ.m -2 ) Transparent References Glass

  

		1	600	50-70	Yes	Chou et al 2009
	Ceramic	200	1500	30-60	No	Faddoul 2012
	PET PEN PI	3 5 1,5	70 120 270	44 40 47	Yes Yes Yes	MacDonald et al. 2014
	PW Paper	10 000	140		No	Harting et al. 2009
	PowerCoat	30	200	36	No	Thenot et al. 2014
	Photo Paper	10	150	40	No	Kawahara et al. 2013
	Filter Paper	20 000	140		No	Anderson et al. 2012

Table 3 :

 3 Substrate characteristics

Table 4 :

 4 Annealing method characteristics

	method	Implementation Duration Homogeneity	Selecti vity	Substrate
						not compatible with
	Thermal	Easy	30-60 min good	no	plastic not resistant to high substrates
						temperatures
	Chemical	Phenomenon still poorly understood	variable	variable	no	Plastic substrates
		Medium				
	Electrical	Requires contact Requires poorly	few ms	medium	yes	Plastic substrates
		conductive print				
	Plasma	Difficult	few s	good	no	Plastic substrate
	Microwave Easy	few ms	poor	yes	All substrates
	Photonic	Easy	few ms	poor	yes	All substrates
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	CHAPTER 2: ROBOTIC CELL AND OFF-LINE
	PROGRAMMING SOFTWARE DEVELOPMENT

Table 5 :

 5 Post-processor software comparison

	The required criteria are evaluated in this table :
	-Robot compatibility :
	Define if the software supports Stäubli TX260 robot model : Yes (Y) / No (N)
	-VAL3 knowledge :
	Characterize the level of knowledge in VAL3 language required to program
	0 : no knowledge required
	1 : knowledge required but software propose VAL3 code help
	2 : high level of knowledge required
	-Simulation : Specify if the software proposes a simulation environment
	-Automated programming : Specify if the points coordinates can be automatically
	calculated from a toolpath design.
	-Customization: Characterise the possibility to add specific tools, I/O…
	-Cost : range of purchase price

Table 7

 7 Treatment time : evaluate the time required by the various processes

		Definition of limits	Filtering	Surface
				simplification
	Denoising	-	+	++
	robustness			
	Preservation of	+	-	-/+
	details			Depends of iteration
				number
	Smoothing quality	-	-	+
	Treatment time	++	-	+

. The criteria evaluated in this table are:

-Denoising robustness: specify the method accuracy and reliability.

-Preservation of details: characterize the quality of details' preservation -Smoothing quality: characterize the quality of the obtained mesh in terms of smoothness and homogeneity to ensure regular robot movement -

Table 7 :

 7 Denoising methods comparisonAccording to Table7and the need of details quality and quick treatment time, surface simplification methods appear as the most suitable solution.

Table 10 :

 10 Meshes criteria

			AoI raw mesh quality	Loop number	Deviation (mm)	Mean curvature standard deviation
						(mm)
	Semi-sphere	AoI : 1 mm Edges : 2 mm	M	3	3.40E-02	9.00E-03
	Cone	AoI : 1 mm Edges : 2 mm	G	1	1.00E-02	1.00E-02
	Cup	AoI: 1 mm Edges : 2 mm	G	1	8.50E-03	9.20E-03
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 5 Post-processor software comparison ................................................................................. 99

Table 6 :

 6 Sensor comparison ...................................................................................................................104

Table 7 :

 7 Denoising methods comparison ..........................................................................................108

Table 8 :

 8 Criteria in literature .

Table 12 :

 12 Comparison between the measured and predicted line width with constant DL

	2.3.2.2	Printing parameter optimisation

Table 14 :

 14 MFC spray layer characteristics

	V	bw MFC th	bw MFC	σ	eth	e	σ
	mm/s	g/m²	g/m²	g/m²	µm	µm	µm
	15	32	34	3,2	60,4	67,4	1,5
	30	16	19	1,3	47,7	52,8	0,8
	60	8	7	0,8	41,3	43,4	0,9

Table 17

 17 which summarize all the results.

	Formulation Number	MFC%	MFC quantity	SiO2% (-325mesh)	SiO2 quantity	CµC%	CµC quantity
		%	g	%	g	%	g
	7	20	5	20	0,16	60	0,44
	8	20	5	40	0,3	40	0,3
	9	20	5	60	0,44	20	0,16

Table 17 :

 17 Formulations analysis

Table 18 :

 18 Heating elements geometrical dimensions

	Element	1	2	3	4	5	6
	Lenght (mm)	20	20	20	40	40	40
	Width (mm)	40	50	60	20	30	40
	Lc (mm)	460	590	680	440	690	860

Table 19 :

 19 Directing coefficient and diffusivity of various substrates.

	substrate	coeff	diffusivity
		(°C.W -1 ) (10 -6 m².s -1 )
	PW	34	0,14
	MFC	34	0,14
	PET	33	0,17
	Glass	11	0,5
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	GENERAL CONCLUSION

  L'environnement de programmation utilisé est composé de Rhinoceros 3D et de deux plugins supplémentaires, Grasshopper et RhinoRobot. Rhinoceros 3D est un logiciel commercial de conception assistée par ordinateur (CAO) en 3D développé par Robert McNeel & Associates. Rhinoceros 3D est utilisé dans le domaine de l'architecture, du design industriel et de l'ingénierie pour des applications telles que la conception assistée par ordinateur (CAO), la fabrication assistée par ordinateur (FAO), le prototypage rapide, l'impression 3D et la rétro-ingénierie. Grasshopper est un langage de programmation visuel et un environnement qui fonctionne dans l'application 3D de Rhinoceros. RhinoRobot de Kinematic est un plugin de simulation robotique et de programmation hors ligne pour Rhinoceros 3D. Il s'agit d'un logiciel ouvert qui fonctionne avec Grasshopper et qui peut être librement personnalisé et adapté par l'utilisateur en fonction de ses besoins.La première étape pour personnaliser l'environnement de simulation de RhinoRobot est la création d'un modèle 3D de chaque outil et sa mise en oeuvre dans l'environnement 3D comme le montre la Figure132. Le robot Stäubli TX2 60 est disponible dans la bibliothèque RhinoRobot. Figure 132: Intégration des outils dans RhinoRobot La deuxième étape est la programmation hors ligne, c'est-à-dire le développement des programmes en langage Val3 Stäubli afin de créer automatiquement des programmes d'impression robotique à partir de la trajectoire 3D. Les coordonnées des points sont obtenues grâce à la cinématique de Rhinorobot et intégrées dans les programmes.Enfin, une interface dédiée, complétement intégrée dans Rhinocéros 3D a été développée pour faire le lien avec Grasshopper, automatiser tout le processus, la création et le transfert des programmes vers le contrôleur du robot et rendre la cellule utilisable par des personnes non expertes en robotique.

	2.1.2	Développement du post-processeur
	Les codes des différentes actions sont implémentés afin de s'intégrer automatiquement
	dans le programme :
	-l'initialisation des connexions série / socket / numériques
	-outils On/Off
	-le réglage des paramètres d'impression, c'est-à-dire le nombre de gouttes et le
		délai.

resources.

The terminate button create the printing programs and sends it to the robot controller. When the printing process is finished, a post process treatment can be added with a spray in order to protect circuit printed in surface. The Spray tab is illustrated in Figure 85, Spray path can be defined by setting coordinates. 

BIBLIOGRAPHIE 5 ABSTRACT

The objective of this thesis is the development of a 6-axis robotic cell allowing the printing of electronic circuits on the surface of freeform objects and adapted to the prototyping and small series production of 3D objects integrating surface electronics. The manufacturing method proposed, from design to printing with a phase of scanning, mesh construction, circuit projection and speed analysis, is very useful for prototyping and small series applications where it is necessary to frequently change the substrate and the dimensions of the 3D object. An off-line programming approach allowing the printing of conductive trajectories on 3D objects and the automatic generation of the trajectory and the printing robot program has been developed. And a methodology to predict the circuit morphology by adapting the projection parameters according to the trajectory and the speed of the 6-axis robot has been proposed. A dedicated interface to manage the complete process has also been developed to control the printing process making it possible for people who are not experts in robotics to use the cell because its use does not require programming, the programs being generated automatically. Finally, prototypes were presented. Key-words: 6-axis robot, electronic printing, jetting valve, freeform objects.

RESUMÉ

L'objectif de cette thèse est le développement d'une cellule robotisée 6 axes permettant l'impression de circuits électroniques à la surface d'objets de forme quelconque et adaptée au prototypage et à la production en petite série d'objets 3D intégrant de l'électronique de surface. La méthode de fabrication proposée se divise en plusieurs phases : une phase de numérisation, une phase de construction du maillage, une phase de projection de circuits, une phase d'analyse de la vitesse et une phase d'impression. Ce processus est flexible et très utile pour les applications de prototypage et de petites séries pour lesquelles il est nécessaire de changer fréquemment le substrat et les dimensions de l'objet 3D. Une approche de programmation hors ligne permettant l'impression de trajectoires conductrices sur des objets 3D et la génération automatique de la trajectoire et du programme robot d'impression a été développée. Et une méthodologie pour prédire la morphologie du circuit en adaptant les paramètres de projection en fonction de la trajectoire et de la vitesse du robot 6 axes a été proposée. Une interface dédiée qui permet de gérer le processus complet a également été développée pour gérer le processus d'impression rendant ainsi possible l'utilisation de la cellule par des personnes qui ne sont pas des experts en robotique car son utilisation ne nécessite pas de programmation, les programmes étant générés automatiquement. Enfin, des prototypes ont été présentés. Mots clés : robot 6 axes, électronique imprimée, valve jetting, objets 3D.