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Introduction

Instrumentation of the structures allows their use as sensing devices. Micro-world also requires such instrumentation, mainly for tasks automation or local accurate characterization (interesting for human robot collaborative tasks). The microstructures because of their fragility and high sensitivity to the uneven environmental variation requires special care in the development of sensing and/or actuation mechanism. In the context of micro-robotics the force/torque sensing can bolster the decision making capability during the tasks. There are varieties of tasks where single axis force sensing is not adequate enough to meet the objective, for example manipulation of the object against an unknown environment, or the rotation of the object, or the assembly of micro-components using a thick film of glue. Many things are indeed coupled thus key things happen on several axis and measuring a single one induces key limitation in the analysis. A diverse and flexible decision making capability during different task handling requires knowledge of the local states along the multi-axis, which can be fulfilled by an instrumented multi-axis force/torque sensor.

The thesis titled "Multi-Axis Instrumentation for Robotized Micro-assembly" covers the different key points in the context of micro-robotics. This thesis is part of the ANR (National Research Agency) project "Collaborative Agile Miniaturized Robotics for ultra-precise assembly (COLAMIR) [ COLAMIR 20]" and is focused for the different requirements in the industrial scenario. To start with, a general study of different robotized works in micro-world, the requirement of instrumentation (specially in the context the COLAMIR project), and conclusion from different works (from the state of the art) is presented in Chapter I. Assembly of micro-components is an important and frequent use in the industries. Gluing allows a fixed relative positioning of the two structures, but it brings additional challenges when it comes to positioning accuracy. This issue is addressed in the Chapter II of this thesis where analysis of gluing and its use for precise positioning is demonstrated. The corresponding studies were made along one axis, where the impact was maximum from the gluing. The studies made therefore suggested the requirement of multi-axis instrumentation. This thesis work then covers the instrumentation requirement for the force-sensing along multi-axis. The instrumentation of the structure may be done by instrumenting the platform used for the task, and/or instrumenting the tool used for the manipulation of the microcomponent. Both these possibilities are addressed in this thesis. Firstly, an instrumented sensing platform is proposed with a sensing capability of forces along the two planar axes, and the torque about the plane. This work is detailed and is discussed in Chapter III. Following, the instrumentation requirements in the manipulation, a piezoresistive force sensing tool was developed. This tool can sense the force along the two axes, while it can be used for different applications where tasks. The development of this sensing tool from design, analysis, fabrication and experimental validation of the performance is discussed in chapter IV. Chapter V constitutes, the use of demonstrated instrumented systems for the micro-scale tasks. In this direction, the sensing tool demonstrated in chapter IV was used to develop a microgripper by integration of the tool with piezoelectric actuator. The developed system was then demonstrated with experimental validation following the actuation modeling and tasks covering the micro-grasping and release. Also, an extension of gluing study along multi-axis is presented with a combined use of sensing platform (chapter III), and the microgripper developed. 

I.1 Introduction

The excitement and motivation to explore more in the miniaturized world made the researchers to investigate different sensing and actuation mechanisms. From the development of microscope to a very high resolution camera is one of the different advancements made towards the study of micro-world. In the recent years, microscopy development includes the work on range to resolution improvement [ Perkel 19], use of artificial intelligence for real time medical diagnosis [ Chen 19] to development of portable microscopes that can be used in freely behaving animals [ Senarathna 19]. Visualization of structures at micro/nano scale strengthen the motivation to interact with them at such scales. But, unlike the macro-world, interaction with micro/nano structures require extra attention because of their fragility and surface forces predominance at these scales. This lead to the requirement of an intermediate system between the micro-structures and the end-user. Robotic systems can bring interesting results if they are used as intermediate systems to interact with fragile micro-structures. This can be seen in these recent years, where micro-robotic systems demonstrated their usefulness in varieties of applications (detailed in section I.2). But, the performances of any micro-robotic system may be limited by the complexity of the tasks. At the micro-scale, such limitations mainly occur from the lack of local state(s) knowledge and/or their according use in analysis or decision making. Modeling could be one way to provide information of such local state(s), but it's not very obvious to model interaction forces which may differ depending on their nature (e.g. van-der-Waal's, surface tension etc.). Instrumentation, therefore appears as a key requirement. Choice of the instrumented system may vary depending on the targeted works. This thesis work is a part of an academic-industrial project [ COLAMIR 20]. The corresponding instrumented micro-robotic system development was considered in the industrial context with focus on manipulation and assembly at the micro-scale (detailed in Section I.3). Depending on the complexity of the task, multi-axis state information can enrich the system capability for decision making during the task or the post-experiment analysis. Therefore the multi-axis instrumentation development meeting the desired specifications of the task appears as a key lock. A discussion on the instrumented system development is presented in section I.4. Finally, the conclusion of this chapter is made in the section I.5.

I.2 Microrobotics and its applications

Robotic advancements lead to extend its application also for the miniaturized world. The medical domain witnessed several potential usefulness of the microrobotics. This field needs dedicated, precise and repeatable task handling capabilities. Whether it deals with the navigation of a tool inside intestine [ Wu 19], or the use of biohybrid microrobots [ Alapan 19] for in vivo imaging and cargo delivery; microrobotics is of an immense importance. The ultra sensitive tasks like perform-I.2. Microrobotics and its applications Figure I.1 -Microrobot for cancer cells microsurgery [Vyskocil 20] ing surgical operations [Vyskocil 20] (Fig. I.1) and transport of cells [Yasa 19] in a confined environment, has also been effectively carried out using microrobots. Whereas the use of microrobotics is also found relevant in the fast detection of toxin, especially in the infection such as clostridium difficile [ Yang 20]. Microrobotics demonstrated a potential interest in performing a precise and organized way for varieties of medical tasks. There are still several advancement needed in different context of medical applications, which includes the multimodal sensing and tool development to achieve complex and dexterous tasks inside the body.

The interaction capability of the microrobotic systems with varieties of microstructures can be benefited to have the characterization of the interacting structures. These structures could be biological cell/tissue, DNA or any active or passive micro-structures. The key targeted features in the characterization of any structure in general could be optical, chemical, electrical and mechanical. Because these key properties are the basis to provide important information about the targeted structure and therefore are considered in different applications. Optical characterization which is non-contact based interaction, such as of porcine tissues [ Mosca 20], or the collagen synthesis for the creation of scaffolds [ Galeano 20], brings useful information of the target. Raman spectroscopy techniques used in vivo targeted brain cancer tissue biopsy [ Desroches 18] validates the optical signature influence in the medical context. Mechanical characterization such as [ Park 18], [ Budday 17] brings interest of mechanical parameters influence on the study of structural health. Whereas the electrical properties are also useful to know the structural wellness, like the case of study of healthy and malign tissues study [ Teixeira 18], [Fornes- Leal 16]. The electrical characterization of carbon nano tubes in terms of its electrical resistance and resistivity [Clévy 19] shown in Fig. I.2 can also be realized with the help of suitable positioning (nanopositioner) and measuring system (pico-ammeter). Industrial applications, where manipulation of micro-structures and their assembly is needed, microrobotics is significantly useful in such applications. The different works, constituent complexity and according analysis in the industrial scenario (targeted work of this thesis) are discussed in section I.3. Microrobotics therefore has demonstrated its usefulness in wide range of applications and so, the trend towards miniaturization of the systems is of great importance.

I.3 Thesis Context and Targeted Works

Microrobotic systems development and/or the different tools to interact with the micro-world require their fabrication. Although different advanced processes make it possible to fabricate the micro-structure needed, but still some complexity in structure may limit a direct fabrication (depending on time, accuracy or cost limitations). To fabricate such structures, fabrication into sub-components followed by their assembly is a key interesting solution, provided the process employed able to meet the accuracy and assembly challenges.

This thesis is a part of the ANR COLAMIR [ COLAMIR 20], which is an academic-industrial collaboration project. The collaborated industrial partners were "Percipio Robotics" and "Aurea Technology". As part of this project, this thesis targeted precise micro-assembly and according system(s) development to address the industrial requirements. The assembly of two structures are very common need in industries, where relative positioning of the two components can be significantly important. To address the fast and large productivity in industrial scenario, the robotization of the assembly process is targeted. This minimizes the requirement of human assembler (can introduce the uncertainty in the positioning of the end product) and also can insure repeatable and cost effective manufacturing. The primary requirement is to understand the complexity and challenges at micro-scale (subsection I.3.1), secondly to analyse the different existing microassembly and manipulation works (subsection I.3.2). It also becomes important to study the potential and large demanding micro-assembly techniques. In this direction, use of glue for assembly is an important requirement. Gluing can allow to definitely hold the two surfaces and is a very common need in the industries. The use of glue for micro-assembly, and its corresponding challenges are discussed in subsection I.3.3.

I.3.1 Challenges at the micro-scale

The micro-structure because of their fragility brings additional challenges, as it can be easily broken if not handled carefully. At the micro-scale, surface forces also play an important role, as the van der Waals forces may get dominated than the required interaction force normally needed. For masses less than 10 -6 kg, adhesive forces becomes more significant than the gravity. A comparison of adhesive forces at micro-level is discussed in [Neugebauer 11] from different state-of-the-art and is shown in Fig. I.3. It can be seen that the adhesive forces such as surface tension, electrostatic, van der Waal's become dominant with the reduction in the object size. Among different adhesive forces, surface tension is significantly high with respect to other forces, which therefore needs to be considered wherever there is an interaction between a micro-object with liquid.

The other challenge at micro-scale task handling is from the micro-system's dynamic. Depending on the compliance of the micro-structure, the dynamic influence may bring additional inertial influence, which sometimes may lead to breakage of the micro-systems. Such happening may get more pronounced when there is fast processing needed. The disturbances from the environment, which could be in the form such as electromechanical or optical, may also impact the targeted behavior, for instance the actuation or actuation based on the sensed state(s). Therefore the according system design and/or the approach to interact with the micro-structures needs to be compatible with the mentioned challenges.

I.3.2 Micro-assembly and the requirements

In the context of assembly, the micro-building components may be assembled manually, but it requires an adequate level of expertise depending on the targeted accuracy of the assembled product. Not only the targeted accuracy is one requirement but the safety of the fragile structure during the assembly should also be a core consideration. In order to minimize a direct interaction of human being with micro-structure (which often results uncertainty in the interaction forces, and I.3. Thesis Context and Targeted Works according resulted positioning), it becomes important to introduce an intermediate methodology to interact with such fragile systems. To go ahead in such a direction, assembly of the micro-structures using natural and/or introduced interaction forces activation (by means of dedicated functioning) can also bring interesting results. The general principle remains in such approach of the selfassembly technique is to reach a minimum energy state. The different works such as [Yao 19, Percástegui 19, Liu 19, Gao 20, Wang 20b, Chang 17] demonstrate the potential use of the self assembly. Such an approach is very useful as it minimizes direct interaction of the user with micro-structures and also it manages to provide the desired accuracy. Although such an approach has wide applications, but still the lacking factor in the approach of the self-assembly is the generalization of the concept for varieties of micro-structures in terms of their shape, size or the functional properties. Therefore, there is requirement of system(s) that can work as an intermediate driving system between human and the micro-structures which can be operated according to the need (robotized system). The robotic system can operate in two ways with the micro-structure, either embedded actuator with robot (tethered mode) or no embedded actuator with the robot (untethered mode). The untethered robotic systems such as [Youssefi 19, Wang 18,Wang 19b, Zhang 19] can be used for handling of the micro-structures but are mainly designed to work in a dedicated workspace, and therefore the performances are likely to be affected by extending the use for variable assembly requirements (changing the workspace medium, size, or the change of micro-structure of interest). Therefore to meet the varieties of assembly requirements at the micro-scale, a tethered robotics system can provide capability to handle diverse micromanipulation tasks. Tethered microrobotic systems [ Ma 19], [ Liu 17], [ Yang 18] demonstrated their wide capability to meet the manipulation for assembly. To meet the various needs for complex tasks at the micro-scale, there is requirement of the appropriate system.

Industrial works such as [ Zyvex 20] employed tethered robotic system, where gear assembly was done on 100 µm tungsten wire using a defined pick-and-place function. The driving of the assembled gear was from stepping rack meshing below the gear which moved by the thermally actuated fingers. Robotic system should be able to address the different challenges along with meeting the defined task objective(s). Especially when there is requirement of multi-states knowledge for the decision making. In [ Shang 20], a feed-forward compensation control based strategy is proposed to make rotation of 90 µm diameter sphere, the approach used estimation of the contact force, identification of different kinematic and dynamic parameters and the feedback from camera in decision making. The approach considered no deformation of microsphere (metalic), and a symmetrical structure to be sure about the uniform pixelic measurement into consideration of decision making. While [Liu 20] demonstrated 3-D orientation and releasing capability (shown in Fig. I.5) with a Dual-Probe-Based Micrograsping system. The force information was estimated by measuring pixelic deformation of the probe at contact point. In practice, dealing with a non-symmetrical micro-object such an approach may not be applicable in the form it is used, because the rotation measurement then would need 3D pixelic information. Especially in the case where the In such an approach a virtual micro-assembly system was generated using a CAD model (calibrated with real time system), which then used an online error correction with the information from camera (real system) and the virtual system. Such a method requires 3D model generation for a defined workspace, and a dedicated systems like gripper, micropeg and hole is used with the use of 3D reconstruction from 2D image features. The technique used may not be adequate enough to meet the challenges from the environmental uncertainties (shadows, contact forces etc). The use of vision for the localization of the hole is indeed a valid need, but there is requirement of an online interaction data of peg with the hole. In [ Shen 19], multi-dimensional forces and torques information was used to make an automated peg in the hole with control strategy. Such an approach provides the capability to perform various insertion tasks, not limited by a dedicated workspace or choice of the peg or hole. The used force/torque sensor was commercially available ATI Nano-43, which has a force and torque resolution respectively of 7.8 mN and 0.050 N mm, for respective range of ± 18 N and ± 250 N mm. The respective diameter and height of peg and hole were, 8.012 mm × 10.085 mm and 5.002 mm × 9.013 mm. The matching gap between the outer diameter of the peg and the inner diameter of the hole was 50 µm, which is still a large value in context of the micro-insertion task, where the typical accu- , where insertion of multiple-pegs were made using demonstration learning and reinforcement learning. The force/torque information facilitates the decision making capability for such complex tasks, but for micro-insertion, a dedicated force/torque precise sensing is needed. The instrumentation which can meet the micro-scale challenges in order to handle the fragile structure effectively and throughout the phase of the task handling, is required to be considered. The objective is to have the necessary and precise information of state(s) needed to implement the desired task. Then, the according adequate control strategy would be required to implement the action by using the information of the state(s) and the constraints.

In [Wang 19a], a displacement/force switching controller is used to meet the requirement of grasping of a 80 µm diameter copper wire. For the force sensing along the gripping axis, strain gauges were used and to have the position information, an external laser sensor was used. The task validation was done along a single axis, but the force/position state information is needed to perform such tasks. The force information along with precise positioning is significant in making interaction of the gripper with the micro-structure. In [ Das 20] a piezoelectric actuated microgripper is proposed capable of a actuation with ± 10 nm resolution Chapter I. Instrumentation and Robotics at the Micro-scale but to perform grasping of 540 µm wire, an external strain gauge was attached to the microgripper stationary jaw in order to have the grasping force information. In [Komati 16a], piezoelectric actuation was used but both the fingers were instrumented to sense the force (piezoresistive sensing), which allowed the grasping of multi-stiffness object without need of any external sensor. Safe manipulation of a fragile micro-object with unknown compliance requires the force and/or deformation information during the phase of manipulation. The sensing capability then needs to be extended in order to tackle the complex tasks like rotation, insertion without dependency on modeling alone.

I.3.3 Micro-assembly with glue

Assembly of the two surfaces can be made in several ways, like a dedicated insertion mechanism leading to fixation of the two surfaces or by using a bonding adhesive in between. Micro-assembly has a strong industrial interest, and in most of the needs there is requirement of a precise positioning (accuracy below 1 µm). In majority of the cases the aim is to hold the two surfaces with a desired relative distance over a long period of time. There were several approaches used and proposed for micro-assembly, depending upon the modes of operation required. In [ Cui 18], a rapid aqueous process based self-assembly of nanoparticles has been presented, whereas the assembly of modular and polymer-based microfluidic devices has been investigated in [ Lee 18]. Micro-assembly with very high accuracy has been demonstrated in several works, such as for optical components positioning [ Bettahar 17] and assembly of flexible structures [Komati 16b],[ Xing 18], but gluing tasks for a micro-assembly have been little investigated, despite being very widespread [ Chang 10]. The gluing in itself has many challenges, which depends on its intended use. Glue in the liquid phase introduces the capillary force on the structures to glue which may be considerable depending on the size (as shown in Fig. I.3 for surface tension). The extent to which the micro-structure can be affected is dependent on the glue quantity, its shape, and also on the shape and size of the structures. The capillary action alone can significantly influence the final positioning of the structures in contact. This can be seen, where the capillary force was used for the assembly, especially in the context of self-assembly. In the self-assembly scheme (Fig. I.8), the behavior can be forecast depending on the fluid quantity, meniscus and the surface geometry in contact. In such an approach the choice of fluid, its viscosity is indeed additional factor to consider, especially in terms of the intended positioning from the capillary action.

Therefore the two points in the gluing context need to be considered, first the behavior in its liquid phase (capillary effect), secondly consequence from the curing of the glue. There could be several possibilities in the use of glue, either the glue quantity and its shape need to be controlled and/or the glue impact on the structures need to be controlled by some direct means. Majority of the gluing tasks (at micro-scale) in industries are done manually, where the obtained final positioning is based on the expertise of the assembler. Other than the glue quantity and its shape control (which are indeed difficult to do manually), the final Chapter I. Instrumentation and Robotics at the Micro-scale positioning of the glued product is also dependent on the choice of the glue (the material properties), and the curing process. Therefore, it appears that there are multiple potential parameters which can affect the positioning of the glued product, therefore an intermediate system is needed for a precise gluing. In [ Xie 18], a micro-assembly system was used which included two cantilevered micropipette probe (CMP), each of them can be controlled to generate necessary vacuum. One of the CMP, named CMP I was used for adhesive deposition, while other (CMP II) was used for pick-and-place (schematic is shown in Fig. I.9). Also, to measure the interaction force, an optical lever consisting of position sensitive detector (PSD) and a laser was used. Meaning which, the force measurement is external to the interacting tool, and in such cases the two frames (of sensing and tool) must need to be relatively known and sometimes fixed (to be in the sensing range of the position detector). The glue (adhesive) quantity was controlled with the help of vacuum pressure control and typically the quantity of glue was much less (a thin layer) compared to the micro-object used. Therefore positioning was not affected considerably by the curing. The gluing quantity may affect the required holding pressure of the micro-object during the curing, and this side can affect the final relative positioning of the structures.

In order to have a precise, flexible and robust micro-assembly capability, the different key requirements can be listed as:

• Multi-axis and precise knowledge of assembly system's state(s)

• Long range state(s) information for flexible tasks handling • Compatibility over a high bandwidth • Precise and multi-axis actuation • Adequate control strategy to meet the desired speed and accuracy • A compatible interaction tool/gripper for the desired task Precision, range, and choice of control, need to be considered in the design based on the requirement of task of interest and therefore is not quantified. At the micro-scale, it can be said that the ideal situation would be when instrumentation of the robotic system allows the lowest change detection over a highest range possible. These lowest and highest limits, need to be considered based on the targeted task. The different possibilities of instrumentation, their merits, limitations, the targeted specifications from the state-of-the-art works discussed is presented in section I.4.

I.4 Instrumented system development

As defined objectives in section I.3, the multi-axis instrumentation is an important concern in the micro-assembly context, and therefore different possibilities need to be studied for an adequate instrumented system development. Talking about the possibilities of instrumentation, there are several feasible principles possible. A comparative study of different widely used sensing approach is listed in Table I.1, with their corresponding key advantages and disadvantages. All listed principles allow to have a sub µN resolution, and therefore the according system design and signal processing feature needs to be analyzed to have adequate system for the desired task. In the context of force sensing, when an external load is applied to the structure of interest (where force needs to be measured) undergoes strain. This strain can be mapped to a force measurement, which can be done by use of a reference force sensor.

f ref = s cal × m state (I.1)
Eq. I.1, defines a general equation of force sensing, where f ref is the force sensed by a reference force sensor (calibrated), m state is a measured state that needs to be used for force measurement and s cal is a calculated scaling factor (called sensitivity) for mapping of m state to f ref . In this equation, there are two key assumptions included, first in the linear dependency of m state on f ref , while second in the single state m state dependency over force measurement along a given axis. It is possible to have a non-linear relation between f ref and m state , and also to have a dependency of f ref on multiple states (case of coupling). A simplified version is used here to address the sensing principle, and therefore according changes can be included if its relevant. An elastic beam when subjected to an external load (using a reference force sensor) at its tip end will undergo deformation, the extent will be dependent on the intensity of the load. If displacement of the tip is measured by an external position sensor, then displacement sensed (m state here) can be transformed to measured force f ref from the reference force sensor, which results into calculation s cal , which is the stiffness of the beam (need to be calculated from the equivalent stiffness of beam and reference force sensor). The sensor development depends mainly on two factors, first on the choice of m state , second the principle used for measurement of m state . If displacement of the beam's tip is m state , then this could be done by use of an optical sensor or by use of vision based sensing. Elastic behavior of structure allows to have calculated scaling factor s cal unchanged, and therefore the structure can be used as a force sensor with measurement of m state alone. Indeed, depending on the material and geometrical parameters, there will be a life-cycle of any structure to withstand a constant elasticity and so the s cal . Displacement is m state also in case of vision based sensing [ Adam 19]. It allows easier experimental implementation with a reliable measurement over a long range sensing capability. Use of an adequate camera makes the system expensive, and with magnifying objectives the overall system may get bulkier. The limitation in vision based sensing also is in its focus depth. But, indeed this approach is very useful for a precise and long range planar sensing.

Optical based sensing is not limited with its use of displacement as m state but it can use some of the dedicated approaches such as Fabry-Perot Interferometers (FPI), Fiber-Bragg Gratings (FBG) or Light Intensity Modulation (LIM). Starting with LIM [ Noh 16], this approach is based on the light intensity detection A rotating mirror (or a modulator in general) can be fixed at the end of an optical fiber which leads to the intensity variation detection under the presence of external load. This optical method is costly and corresponding performance are likely to be affected in the presence of bending of fiber. Whereas FBG [Shi 19,Li 19,Li 20a], uses a diffraction grating formed in the optical fiber. This grating selectively modulates the reflected light where the constituent spectrum changes with external load. The other very prominent approach in optical force sensing is FPI [Dash 19, Wei 19], where a dedicated MEMS is attached at the end of optical fiber, such system allows the detection of introduced load in terms of optical spectrum change where m state is wavelength change measured. As a whole, optical sensors can provide high spatial resolution with high repeatability.

The key advantage remains in its immunity against the electrical noise. Depending on several possibilities of optical sensing, cost in general is still high with the employment of suitable fiber. Electrical circuitry are often used in the sensors development, the main approach used is the voltage change detection as function of the application of external load, which means m state as voltage. From the material side, the question comes is about the choice of material which can allow a voltage change detection against the applied load. One very common electrical circuitry used for voltage change detection is "Wheatstone Bridge" based circuitry, where the electrical resistance change can be transformed to voltage change detection.

To go ahead in such direction the resistance property of structure need to be considered. This resistance feature should not solely be dependent on the electrical resistance alone, but can be reflected in terms of the reactance. Also it is possible to use directly, the resistance/reactance change as m state against the force applied. It depends on which choice suits the specific signal processing requirements. Charge storage capacity of the material, which can allow the measurement of capacitive reactance or capacitance, can be mapped to force. The corresponding structure which exhibits the change of capacitance [Na 19] under the applied load, can therefore be used as a force sensor. The capacitive sensor design therefore need to consider the dependent parameters on capacitance, such as electrode area, size, or dielectric medium. Capacitive sensors can allow a high sensitivity over a large bandwidth, but the according circuitry might need special design in order to minimize the noise influence on the performance which may result into complexity in the circuitry. Under the external load application a piezoelectric device undergoes change in the electric charge and so do the capacitance which then can be measured to map to the force. Piezoelectric device [Morales 18, Lee 20, Liseli 17] can be used as a force sensor, but the performance of device would be limited by the minimum capacitive change detection. Depending on the choice of the material and geometry, the extent of change in capacitance against the external load applied, may limits its use for micro-scale applications. The other features which can be used for the reactance change can be inductive. An inductive reactance or inductance change can also be used to measure the force. This requires, the change of inductance [Yeh 19,Wang 20a] of the structure against the external load. This choice is very limited because of additional complexity in the device Chapter I. Instrumentation and Robotics at the Micro-scale fabrication and large influence of noise in the signal processing. A piezoresistive device exhibits a direct change in electrical resistance under the applied external force, and this therefore can be used for force sensing. The resistance change can be directly used as m state or as said, it can be used to make voltage change as m state using a dedicated wheatstone circuitry. Such devices are relatively easy to implement as a force sensing device, also it can allow a high resolution measurement over a long range. Indeed, the sensitivity and according performances would be dependent on the choice of the piezoresistive material, geometry and according signal processing. The limitation of such a sensing approach is in environmental constraints, as resistance change is dependent on the temperature and humidity, therefore the environmental conditions must need to be in accordance with the material properties of the device. A state-of-the art survey is included in [Wei 15], which compared different force sensing techniques for micro-scale applications. Every sensing principle has some pros. and cons., the choices then need to be made based on the candidate which closely meets the targeted performances under the defined constraints. The targeted instrumented system must exhibit a repeatable behavior, but in terms of its range and resolution, it needs to be defined based on the targeted work. From different discussions in section I.3, the minimum and maximum force range measured in different works can be used to define the targeted specifications. Surface forces such as van der Waal's and surface tension are also useful for handling of task. The range of force needed to be sensed dependent on the size of the object (interaction area) and the stiffness. Different tasks such as [Wang 19a] and [ Das 20], considered a non deforming object (in the corresponding force range) but works such as [ Xing 18] and [Komati 16b] 

I.5 Conclusions

Microrobotics systems have demonstrated their potential application in almost every domain. With their capability to interact effectively with micro-fragile structure, they can be used for handling of complex micro-assembly tasks. Gluing for the assembly, being an important assembly approach need to be studied and especially in terms of requirements towards precise gluing (discussed in Chapter II). To facilitate handling of complex tasks including gluing; multi-axis instrumentation of the microrobotics system is needed. This instrumentation can be done to the platform and/or the system used for manipulation of the micro-component. Studies from the different state-of-the-art works suggest that instrumentation of the system with sensing capability in 1 µN to 100 mN would be of great interest. In this thesis work, instrumented systems development is therefore targeted. This would aim to cover instrumentation of the platform (Chapter III) and also a tool (Chapter IV) which can then be used for gripper development (Chapter V), all of these should be capable of multi-axis sensing. Moreover, micro-scale task handling capacity with the developed systems need to be demonstrated (Chapter V).

Chapter II Analysis and robotics based precise gluing 

II.1 Introduction

Gluing appears to be a key task of a micro-assembly process because it enables to definitely hold the relative position between two components. For most applications, the quality/positioning accuracy of the assembly directly impacts the performances of the final product. Most of the existing gluing tasks require very dedicated approaches, especially to use thin films using surface referencing and conditioning [ Tennico 10],[ Xiong 14]. For gluing two objects, even using a conditioned glue layer of ∼ 20 µm can introduce significant error towards desired assembly (the typical needs to reach a positioning accuracy below 1 µm). Depending on the requirements, the thick glue layer can provide a wide range of desired distances between the two surfaces to be glued. In [ Gakkestad 10], a 30 µm thick layer of conductive glue was used to connect a MEMS structure directly to a printed circuit board. Different applications of packaging, such as fiber fixation with a chip, might be made using a thick glue instead of using fusion splicing based dedicated approach, as used in [Nauriyal 18], but positioning accuracy then needs to be insured by some other flexible means.

Surfaces in contact with adhesive make huge contributions towards the behavior during gluing, especially their influence towards spreading coefficient and rate of spreading for the equilibrium stabilization [da Silva 11]. Moreover, the choice and quantity of glue also play an important role in final positioning [R.D. 84, Cognard. 10]. Glue curing induces stress around the surfaces under glue-contact, which would introduce positional shrinkage (between the two gluing surfaces). As a whole, use of thick film of glue can introduce significant positional drifts, primarily from capillary effects (surface-liquid glue interaction), followed by positional drift because of stress development during glue curing. The procedures needed to reach high positioning accuracy (below 1 µm) must account for these mentioned happenings. In order to have desired and repeatable behavior, there is requirement to have similar choice, quantity, size and shape of glue, along with similar surfaces to be glued (in terms of the size, roughness, shape). A small change in one or more of the mentioned parameters may result into different results than the targeted version. Therefore, there is a strong requirement of a flexible and versatile approach that could solve the complexity with sub-micrometer accuracy. To address this, we aim to use an active robot control strategy which could allow online track of gluing state and to make the necessary corrections so as to insure the desired positioning of the glued product. Indeed, this approach appears particularly generic, versatile, and flexible because it intends to adapt to all of the mentioned-above parameters change. In order to meet this challenges, force-position sensing and its accordingly use in development of control strategy may bring an important role in the decision making. Discussions in this chapter are focused on 3 studies, first the main effect of gluing on the surfaces in contact without any external load (applied force at the gluing end), second the impact of external load on the relative distance between the two surfaces during the process of gluing and finally to extend the studies to control the external load so as to reach a desired gluing of the two surfaces. The behavior resulted from gluing in absence of external load was primarily discussed (section II.2), then the limitation in analysis and the requirement to have an external load based analysis is discussed (section II.3). The gluing behavior with its dependency over the external load was analyzed followed by its use to estimate a control scenario in order to have a precise relative positioning of the gluing surfaces is also discussed (section II.4 and II.5). The continuation of the arguments presented is further experimentally demonstrated with an active control strategy for a precise gluing (section II.6). The entire analysis and the work discussed in this chapter is made along a single axis, which consist of major influence on the gluing surfaces (longitudinal component). It allows to make the key analysis, check the feasibility of the approach towards solution to the key problems, without adding any complexity in the system.

II.2 Glue Curing in absence of External Load

The glue curing process in absence of any external load is discussed in this section. The objective of this study is to be able to have understanding of the shrinkage amplitude, its introduced force on the surfaces, when there is no load externally applied to the gluing system. Moreover, analysis of the corresponding behavior obtained in terms of the challenges towards a precise gluing is also studied. The progress of curing process can be seen as the force or displacement growth, but the information of progress of curing is limited by the stiffness around the glue. where k b is the beam stiffness, k f is the force sensor stiffness and k g is the glue stiffness. Following the curing of the glue, the resulted stress introduced on beam and the force sensor, allows to measure the glue stiffness evolution as defined in Eq. II.1 of Table II.1. The corresponding external shape change of the glue with curing is the only main source of the stress introduction on the beam and the force sensor, and this corresponds to static equilibrium situation. The internal layer of the glue doesn't introduces any stress on the surrounding compliance and therefore is not track-able (Eq. II.2). Therefore, there is requirement of an additional II.3. Glue curing in the presence of external Load approach by which the glue curing extent can be monitored for the entire duration of gluing. One of the possible strategies could be the application of time-varying but known external load.

< k g ≤ k b × k f k f + k b (II.1) k g > k b × k f k f -k b (II.2)

II.3 Glue curing in the presence of external Load

Curing in presence of a known time varying external load can allow the track of the entire curing phase, again the extent of track dependent on the application of load intensity and its variation with time. In this section, a time varying load is applied against the glue film to monitor the behavior before and during the curing. An experimental setup to analyse the behavior of the glue in the viscous phase and during the curing is shown in Fig. II.6, where Beam 1 is fixed to Nano Positioner (MCL Nano-3D200 from Mad City Lab), two position sensors (Keyence LC-2420) is used to monitor the Beam 1 and Beam 2 displacement. One end (which is not in contact with glue) of Beam 2 is kept fixed throughout the experiments discussed in this section. A side view camera (IDS USB 3 uEye CP camera, with 20x magnification objective from Mitutoyo) is used to visualize the glue meniscus against the beams.

Beam 1 is allowed to go in contact with the glue which is placed at the tip of Beam 2, and allowed to properly stabilized following the viscous and residue stress release. A sinusoidal input displacement of Beam 1 is made from the Robot 1, which lead to the stress imposed on the glue (Fig. II.7b, where t is time spend during the gluing). Both of the beams, Beam 1 and Beam 2 are of stiffness 167.5 N/m (respectively defined as k b1 and k b2 of Fig. II.7a). In absence of UV exposure, under the introduced motion of the Robot 1, position A (d A ), Beam 1 tip position d B followed displacement, whereas no considerable displacement is noticed of Beam 2 tip C (d C ), which means, the introduced stress from the Beam 1 motion is within the dissipation limit of the liquid glue alone (very low stiffness of the liquid glue compared to the Beam 2 stiffness, and so no dissipation). Moreover the position d A and d B , followed almost same amplitude of displacement in absence of UV but with a very small delay in their actuation, which means the liquid glue is acting as a phase delay element with no any considerable dissipation. Once the UV exposure is made, then the glue starts curing, and a very fast transition of phase happened (marked as "Curing" in Fig. II.7b). During this transition phase, the Beam 2 starts moving, as a result of formation of link between point B and C. Once the link is sufficiently cured then a constant amplitude displacement of point B and C can be seen (marked as "Cured" in Fig. II.7b).

Ideally the input displacement from the Robot 1, and the output displacement of the Beam 1 should follow a linear relation if there is no any phase delay inbetween. But, as it is seen that there is presence of some delay, then the presence of hysteresis is expected in the liquid phase of the glue. Once the glue is cured, then the delay in-between, is removed and then there should not be any presence , where during the liquid phase force-displacement relation is almost horizontal indicating the negligible stiffness of the glue, while a very rapid transformation from horizontal to vertical slope can be seen under the exposure of the UV. The marked curing phase is the transition phase which includes the change of the slope and so the stiffness. Indeed the glue stiffness can not be concluded to be infinite from the vertical slope of the Force displacement, but it suggests the stiffness is significantly high compared to the stiffness around the glue.

The intermediate slope in the transformation phase of the glue suggests that the glue stiffness is higher than 100 N/m, a further track of this evolution may be possible with lowering of the curing speed and/or increasing the load amplitude with time. 

II.4 Modeling of the Glue Shrinkage

In the continuation of the experimental observations and analysis made in the previous section, shrinkage of the glue can be modeled. Such modeling can help to estimate the different requirements such as external load actuation, the shrinkage influence dependency on the stiffness around, choice of the mechanical properties etc. The extent and dynamic of shrinkage are dependent on many parameters like quantity of glue, meniscus shape, UV exposure intensity, choice of the UV glue etc. A black box model may be done using design of experiment by keeping few parameters fixed, but in the current context, the objective is to analyse the requirement and difficulties to use the glue for the precise micro-assembly. Glue followed a sinusoidal compression and elongation against the applied sinusoidal load in the absence of the UV exposure, but an exponential reduction in the distance was seen as result of UV exposure. It was also noticed that in the very beginning of the exposure, the oscillation existed with lowered amplitude but later, no influence of the introduced oscillation. This means the stress from the curing became significantly stronger compared to that from the introduced oscillatory load. Modeling of the shrinkage resulted from the curing can be done with inclusion of the two components, first the glue shrinkage as a result of its pure curing, second its impact from the introduced external stress. The first component from the curing alone is stronger in the presented case Fig. II.9, because at the end there is an overall reduction in the distance between the beams. If t u is the time when the UV exposure was introduced then the curing shrinkage parameter C(t) can be defined as in Eq II.3, where p i (i= 1 to 8) are the parameters that can be identified to fit the exponential decay. This equation is simply a function used for modeling s-shaped behavior, which is the case in the current context where we have inverted s-shaped behavior (as used for shrinkage strain model in [Hossain 09]).

II.4. Modeling of the Glue Shrinkage

C(t) =    0 if t ≤ t u p 1 e ( -p 2 t-tu ) p 3 + p 4 e ( -p 5 t-tu ) p 6 , if t > t u (II.3)
The distance between the beams under the contact with glue is dependent on the introduced motion at the end B. If there is no curing, the displacement of point B will directly define the distance d BC between the two beams, this dependency would continue even during the curing but with reduced impact. But at the end of curing there won't be dependency, once the link is fully cured (assuming we don't intend to break the cured link). This behavior can be formulated into the Eq. II.4.

dBC (t) = t 0 [(p 9 d B (t) + p 7 ) dC(t) dt ]dt + p 8 C(t) + d BC (t u ) (II.4)
dBC is the estimate of the distance between the beams, d BC (t u ) is the distance between the beams at the starting of UV exposure, d B is the displacement of the point B, and p 7 , p 8 , p 9 are the parameters to match the obtained behavior. The structural formulation of the Eq. II.4 is defined by following considerations:

• Final distance between the beams should be directly dependent on the initial distance, before turning ON UV, i.e. d BC (t u ).

• Turning on UV, the distance between the beams would follow shrinkage, term proportional to C(t).

• Distance between the beams should be also dependent on the external displacement introduced at B i.e. d B .

• The dependency over the displacement of point B must need to be dependent on the exposure time of UV (i.e. integral action required).

• The point B displacement must need to be a multiple of curing extent, so that when the glue is fully cured the distance between the beams can't be changed, assuming the intention is to not break the link (to include derivative of C(t) as a multiple of d B (t) in the integral).

Parameters p 7 and p 8 , could be combined together, but is differently used to split the constant dependency of the solver used. In Fig. II.9, the distance d BC with its corresponding estimate is shown with respect to time. The parameters were identified using non-linear least square fit method and are shown in the Table II.2.

The obtained modeling helps to further make an in-depth investigation like to analyse the situation under the load impact or in other word to vary load to generate the desired situation. 

II.5 Study of active control to achieve accurate gluing

As the glue curing process induces mechanical stress and so a drift, there is a requirement of an adequate action that can restrain this additional drift. There could be several approaches to solve this mismatch. In [Müller 15], shrinkage compensation from UV-curing was addressed using identifying critical parameters of curing. This identification was made by numerical simulation with knowledge of the sensitivity of the isolated degree of freedom, and accordingly, bonding direction was used. But this approach has its limitations: primarily from the choice of glue, and secondly from its convenient adaptability towards the micro-assembly process. Another possible approach could be to manage the viscosity variation to restrain the possible reshaping of glue arising from the glue curing. In [ Roca 12], one apparatus is proposed with which viscosity adjustment of UV adhesive could be made. But mapping up the viscosity adjustment with the micro-assembly might further limit the workspace and the strategy towards assembly, as there might be other factors (such as choice of glue and cured strength) that complicate the chosen approach. With the knowledge of physical happening and its use in the approach, it could be possible to further improve the flexibility of the approach (towards force/position-based control).

There are multiple ways to address this problem; one would be to go with the approach of force/position control. To solve the problem of desired relative distance resulting from positional drift, one approach could be to track positional shrinkage, and accordingly generate sufficient force against the glue curing, thereby avoiding the drift introduced. This case is quite similar to that of grippers endeffector against the dynamic environment. An impedance control-based approach to estimate the unknown environment's parameter using force tracking is presented in [Komati 14b]; the approach was tested with different compliant structures. In [ Wang 17], the force sensor was used to detect the penetration force against a biological cell, and a strain-based sensor to measure the relative position of the micropipette. With knowledge of force/position, an incremental PID controller was proposed to meet the suitable injection force. Another similar situation could be the case where the teleoperated task needs to be done against the dynamic environment, resulting in a requirement of force/position knowledge to develop suitable behavior. This case was addressed in [ Lu 18], where a fuzzy-observer based hybrid force/position control method was used for a bimanual teleoperation system in the presence of dynamic uncertainties.

Combining these several studies, in the context of glue curing, an active controlbased strategy to control the distance between the beams appears promising. Beam 1 would be allowed to find a suitable position to have sufficient force at the assembly end, through which the desired distance between the beams can be obtained. The employed load in the presented experiment was not strong enough to fight against the shrinkage. Assuming the similar conditions in terms of the glue choice, shape, quantity and analysing the behavior in terms of load dependency, a zoomed section Chapter II. Analysis and robotics based precise gluing To analyze the scenario where we intend to have always a desired distance between the two gluing surface (beams here), then a feedback control is proposed to carry out this task.

A control schematic is shown in Fig. II.11, where d d is the desired distance, and K is the controller gain, d BC (t) is the instantaneous distance between the beams (point B and C), e(t) is the error (i.e e(t)= d d -d BC (t)). To correct the error introduced from the glue shrinkage, different choices of controllers are possible but, in the current work, proportional controller with a gain K is used to study the approach. Referring to the spring equivalence diagram of Fig. II.4, in order to control the distance, the Robot 1 can be moved under a direct control. For stiffness k 1 , k 2 respectively for Beam 1, and Beam 2, the required actuation from robot 1 can be formulated as written in Eq. II.5 which is derived from Eq. II.6 and Eq. II.7. 

dA (t) = K(1 + k 2 k 1 )d d + k 2 k 1 (d BC (t u ) -(K + 1) dBC (t)) (II.
d A (t) = k 2 k 1 d C (t) + d B (t) (II.6) dBC (t) = d BC (t u ) + d B (t) -d C (t) (II.7)
The correction strategy used for formulation of Eq II.5 was based on correction of point B position to have d BC = d d . But the correction extent is limited by the dynamic of correction as the correction can only be done when the glue is not cured, this argument is included in the modeling part. Therefore the controller speed can allow to reach the accuracy needed.

For different values of controller gain K, the estimation error and the required actuation are shown in Fig. II.12. It can be seen that the fast correction can facilitate to reach desired accuracy. Also as the glue curing phenomenon is very rapid, therefore the correction dynamic appears as step from the model based actuation. The made correction includes two components, first the actuation requirement for actuation in general, second the growing stress from the curing, therefore a high actuation is required to reach better accuracy. Indeed the experimental context can bring up additional challenges to reach the desired performance. Therefore a further experimental analysis and the use of active control for a precise assembly is discussed in the next chapter.

II.6 Towards an active control for precise gluing

As discussed in previous sections, the glue shrinkage and its dependency on the external load. In this part of the chapter, the experimental work dealing with the control for precise gluing is presented. The control scheme as defined from the model in section II.5, brings many information which is needed to consider for the controller design for a precise gluing.

II.6.1 Working principle

This part of work aims to address the problem of positioning accuracy resulting from glue curing and to introduce a versatile solution to meet positioning requirements. In the present work, gluing about the Z-axis (Fig. II.7a) is addressed using the presented beam-based system. There are many parameters that can influence the assembly behavior, including glue quantity, relative contact area, and beam stiffness. The influence of the positional drift from glue curing about other planar (X and Y) axes can be considered negligible relative to the Z-axis, which was the case in [Dai 19]. This can be seen in context of gluing plane which is XY (contact with glue) in the presented configuration, so the orthogonal Z axis would include the dominant shrinkage tensor, therefore the possibility of sliding in XY plane is negligible. The other problem is from a very intense UV exposure that might introduce small voids around the neutral axis of the beams [Norland 00]. This is mainly possible when using very fast curing of glue, so that neither the glue nor the beam surfaces can equilibrate rapid enough to restrict the stress development.

In the literature, there are several works reporting the use of "depth curing" in place of "surface curing" using photoinitiators [ Okamura 16]. With the suitable concentration and choice of photoinitiator, it could be possible to avoid the creation of void by facilitating the stress release. In the current work, the UV exposure intensity was minimized by placing the source suitably far (based on experimental observation) from the glue, thereby resulting in a slow curing rate, and the possibility of void creation could be minimized because of sufficient time for stress release. The other justification for negligible void creation can be explained by the length to width ratio of the employed beams, which is more than 20 times for all chosen beams. So, overall, the major effect is considered to be along the longitudinal Z-axis. The idea is to demonstrate the validity of the proposed approach about the chosen axis, which can then be extended to another axis (with the inclusion of an additional sensing mechanism).

The top beam can be, for instance, a microgripper holding a micro-object (part in contact with the glue) and the bottom beam as a substrate. Basically, the presented configuration and the opted approach was chosen in the context of a tethered configuration for micro-assembly. The objective will be to control the relative distance [i.e., the distance between the two beams tips (denoted as points 

       F A = k b1 × (δ A -δ B ) F B = k g × (δ B -δ C ) F D = k b2 × (δ C -δ D ) (II.8)
In the presented model of Fig. II.7a, the displacement of points A, B, C, and D (along the Z-axis) are δ A , δ B , δ C and δ D respectively. Beam 1 stiffness is termed as k b1 and Beam 2 stiffness as k b2 , whereas the glue stiffness is termed as

k g . F A , F B , F C and F D ,
which are the forces acting at point A, B and C (Eq. II.8) respectively. F B and F C are expected to be numerically equal and also under stabilized equilibrium; all forces should be equal because of the chain configuration.

II.6.2 Controller Design

The proposed active control strategy is shown in Fig. II.13. There are two robots, Robot 1 and Robot 2, which are connected to Beam 1 and Beam 2, respectively, but only Robot 1 was used for the control of distance. Robot 2 has been placed at fixed position D iB with constant input to the Robot for entire experimentation, and is therefore not directly included in feedback control. The respective beams position (when in contact with glue) would also be influenced by the presence of UV light (turning on the UV lamp); this additional influence has been denoted as ξ. All of the measured positions shown in the control scheme (Fig. II.13) are in common frame. The actual relative distance between the beams (d rel ) must be compared with the desired distance between the beams (d d ) to generate the error signal ε, which is further processed by a proportional "Distance Controller" with gain (K). The output D iT from the controller was input to Robot 1, thereby achieving the necessary changes in its position. With the internal sensor of the robot, the current position and the desired change were compared to make the necessary updates. 

II.6.3 Experimental setup

There are two main requirements from the experimental side. First, to be able to analyze the glue curing behavior, as discussed in section II.6.1. Second, to be able to perform the defined active control action explained in section II.6. Throughout the different experiments, there are three kinds of beams used, all made of steel material with the stiffness of 10, 20, and 167.5 N/m to investigate different potential behaviors that may happen during a gluing task. The targeted area (the shared area between beams) for gluing throughout the different experiments was 1×1 mm. The chosen UV glue for the experimentation was VITRALIT 6128, whereas the UV light source utilized for glue curing was DYMAX Blue Wave 50 with UV emission of 365 nm wavelength. As shown in the experimental setup, the two beams are attached to Robots, these are basically M-122-2DD motors from "Physik Instrumente (PI)", and the used controllers for these motors were C-863 from Mercury. Along with these key elements of the presented experimental setup, there were manual stages, which were used for the pre-positioning of different elements.

II.6.4 Behavior in the absence of the proposed control scheme

In this section, several experimental results are investigated to analyze the challenges in the absence of the proposed control scheme. Because of the use of thick film, capillary action should also have an influence on the positioning. To monitor the behavior during glue contact, Beam 1 and Beam 2 of 167.5 N/m was used. In Fig. II.15a, the initial glue droplet size is approximately 300 µm (in diameter), and Beam 1 is targeted to be placed 100 µm away from Beam 2. For approximately first 10 s, Beam 1 was in free motion and then it came in contact with glue. With glue-beam contact, Beam 1 followed a constrained motion from time 10 to 16 s. During the constrained motion, a capillary based shrinkage can be seen, which means the stress resulted from Beam 1 movement was not stronger than the capillary stress and so this resulted into Beam 2 bending towards Beam 1. But there is a time when the stress from Beam 1 pressing became significantly higher than the capillary stress (marked zone as "Additional Stress" in Fig. II.15a), this would result into Beam 2 motion along the same direction as that of Beam 1. The developed stress starts to release as soon the introduced pressing from Beam 1 is stopped. The quantity of glue and extent of stress developed would influence the final positioning of the end of the beam. Therefore, there is considerable drift possible induced by the capillary action during the beam placement against the glue. There are multiple factors working together at the liquid phase of the glue, adding up multiple possible uncertainties for final positioning of the beams. This positional drift may be minimized by suitable placement of the Beam 1 against the glue, but the major influence is from the positional drift induced during glue curing.

To start with glue curing, a wait of a certain duration was made to allow the stabilization of both beams against the liquid glue. This stabilization was considered when the drift minimized to the order of sensing resolution. In Fig.

II.15b, Beam 1 (of stiffness 167.5 N/m) is used against Beam 2 (of 167.5 N/m stiffness). Beam positions are at a constant level before the start of UV light, with an initial distance of 101.6 µm. As a result of turning on the UV light, the two beams deform towards each other, with drifts of 4.1 µm and 11 µm from Beam 1 and Beam 2, respectively. A slow drift after the first quick drift (just after UV ON) is mainly because of the stress release derived from initial press/bending of the beams.

As the primary interest is to maintain the desired distance between the beams, the drift induced by glue curing is addressed through shrinkage of the distance (between the beams). There were several experiments performed (listed in Table II.3) to examine the shrinkage order between the beams. The distances between II.6. Towards an active control for precise gluing the beams before the start of glue curing are listed as "G i " in Table II.3, whereas the distance as a result of glue curing is listed as "G f ". Therefore, the shown "Distance Drift" (Difference of G i and G f ) in the table is mainly from the glue curing, whereas we do have the shrinkage from the capillary action dependent on introduced stress and glue quantity (as seen in Fig. II.15a). The big difference in distance drifts from 11.4 to 5.7 µm in two runs with 20 N/m for Beam 2 is mainly because of the different glue quantities between the beams. The amount of drift is directly dependent on the quantity of glue. The experimental results are shown in Table II.3, which differ mainly because glue quantity was not controlled in different parallel runs. This also demonstrates the behavior sensitivity over different parameters. The shrinkage from capillary action (before the start of curing) ranged between 2 and 17 µm, throughout the different experiments listed in the Table II.3. Therefore, the overall shrinkage from the gluing process could reach up to 30 µm, which is a serious concerned from an assembly accuracy point of view. Therefore, the key objective of this work is to have a versatile approach for micro-assembly using UV glue, which could result in a repeatable sub-micrometer accuracy positioning.

II.6.5 Behavior with proposed control strategy

The chosen control scheme (Fig. II.13) with a single robot allows the flexibility for micro-assembly operations, especially where the substrate is not robotized. The intention in the proposed work is to adapt a versatile approach that can also work for a thick film (complex compared to thin films), and to avoid any special treatment for gluing. Glue thickness > 50 µm is targeted to demonstrate the feasibility of the approach, but the approach aims at being independent of the choice of glue thickness. The limits in terms of glue quantity and the area to be glued can be defined from sensing and opted systems limitation. In the presented case, Keyence sensors are used, for which, a relatively high stiffness beam (chosen 167.5 N/m) as compared to 10 or 20 N/m is used, so that the corresponding displacements are scaled down. As with stiffer beam, a higher force can be generated at the assembly end with small movement of the beam whereas in case of low stiffness beam (10 or 20 N/m), it may requires to move out of the Keyence sensing range dependent on chosen glue size and area to be glued. Moreover, the chosen stiffness is closed to the stiffness of instrumented gripper (130 N/m) used in [Komati 14a], therefore a comparative analysis in terms of limitation to tasks handling could also be done.

The main principle of the control strategy employed is to move Robot 1 with sufficient force at the assembly end (beams end) so that the desired distance between the beams can be obtained. The passive beam's position is an important information which is required for processing of the control action. This position would be influenced depending on the beams' interaction with glue and the movement from Robot 1. Therefore, the entire experiment has been divided into five steps.

Step 5 includes the proposed active control strategy, whereas the other steps are used to track the positional changes during the different steps of the gluing process. II.6.5.a Calculation of the bottom beam's relative position The chosen Keyence sensor for position sensing has a typical sensing range of 400 µm, and therefore the targeted starting distance was chosen to be in this range. Also, based on the direction of movement of beams, the respective Keyence sensors were positioned close to the extreme sensing value. For an efficient implementation of control strategy, there is a requirement for the calculation of all positions in a common frame. Therefore, the Beam 2 position (point C) was chosen as the world frame for all experimentation. The Beam 2 position, taken as the origin, is symbolically termed as Z 0 . An experimental model to show the interactions between the beams is shown in 

II.6.5.b Glue Deposition

It is possible that, because of gluing or placement tool interaction, the substrate (Beam 2) moved to another stable position (lack of elasticity). Therefore, to be sure about the happenings throughout the phase of the glue placement, the position of Beam 2 was monitored. To have sufficient space for glue placement at Beam 2, Robot 1 was moved to a waiting position Z W , and the Beam 2 position was accordingly monitored. In Fig. II.16d, Z W was 4 mm, and an impulsive displacement can be seen as a result of interaction between the Beam 2 and gluing tool.

II.6.5.c Contact of Beam 1 with Glue and stabilization

Now, there is a requirement of placing the Beam 1 in contact with glue (Step 3), but at the same time, there could be a considerable spreading of glue (Fig.

II.16e).

Based on the identified Z 0 from Step 1, and the targeted distance between the beams (d d ), which is 50 µm, Robot 1 was sent to a position Z 0 + d d . Dependent on the viscosity, quantity of glue, stiffness of the beams, and applied pressure around the beams, the actual distance between the beams is different than the targeted 50 µm, as shown in Fig. II.16f. The beginning of Step 3 has δ B at a constant level in the absence of glue contact with Beam 1; then, as a result of its contact and further movement with glue, Beam 2 is compressed by 4.5 µm. Once Beam 1 is allowed to stay at the same level after completing the initial movement (Step 3), Beam 2 moved towards Beam 1, which was a result of capillary action together with the Step :3

Step :4

(f) Beams-Glue contact (Steps 3 and 4) , it can be seen in the zoomed-in part that even in the absence of any movement from the robot, and glue/beam interaction, there is the presence of oscillation which is, in fact, the noise from different sources of mechanical vibrations around. This signifies the limitation of the system in terms of noise influence, so with the use of distance controller, the error signal (ε) falling in the range of noise amplitude may not be trusted. Therefore, the correction against the order of noise can be ignored. This could provide two main benefits. First, the controller would be stabilized when there is no need for correction. Second, because of the controller stabilization, the cured link between the two beams will achieve relatively good strength compared to that against continuous correction from the controller. Also, Robot 1 and Robot 2 have the minimum step movements of 0.2 µm. Therefore, taking into consideration the system limitations and noise influence, a dead zone of ± 0.15 µm is included with the distance controller. So, if the error signal (ε), as shown in Fig. II.13, is inside the defined dead zone range, then there will be no correction in position D iT of the Robot 1.

Before glue curing starts, it is important to ensure an initial condition, such as the stable positioning of the beams in the absence of UV, and then UV light can be turned ON to start the gluing task (Step 5). For the processing of the experiment, the Baud rate of 38400 was used for communication to Robots using mercury C-863 controller (based on PID). To achieve suitable speed and avoid overshoots (sensing range limitation), the "Distance Controller" (Fig.II.13) chosen was a proportional controller with unity gain. For the exchange of signals, a NI USB-6353 card was used. The obtained sampling frequency for different processed signals was 12.5 Hz. As the included Keyence sensors are external to the gluebeam system and, therefore, the position of the sensor was positioned well to be within convenient sensing range for the entire assembly operation.

The multiple sources of uncertainty seen in section II.6.4 coming from capillary effect (liquid glue) and glue curing are collectively seen as a single perturbation to the system. The proposed control scheme has to reject this perturbation for the desired behavior. In Fig. II.17a, Beam 1 moved by 300 µm to generate sufficient force between the beams to have the desired distance (d d ) of 50 µm. From Eq. II.8, with the beam stiffness of 167.5 N/m, the order of force required to achieve the desired distance is 50 mN. The key requirement is the sufficient force at the assembly end, and this requirement was fulfilled by the automated movement of Beam 1 as a result of the proposed control scheme. From Fig. II.17a, it can also be seen that the major distance correction against the curing was made in the first 60 s after turning on the UV light. Therefore, the proposed control action is fast enough to adapt the requirements against the curing. The obtained distance between the beams oscillates slightly near this defined dead zone value. ), the initial distance between the beams was controlled from 53.9 to 50 µm. The proposed control action can maintain the desired distance with an error in the order of 200 nm. By saying order 200 nm means, the obtained distance signal (d rel ) oscillates (with the exclusion of spikes) by 200 nm around the targeted distance. But it can be seen that with the use of a moving average filter, the filtered signal is very close to the desired 50 µm (typically less than 20 nm positioning error). There are likely multiple sources of this noise; the main sources could be the mechanical vibration resulting from the electrical devices around, the different vibrations from the movement around, and also the optical presence might have a contribution to the obtained noise. In Run 2, the initial distance between the beams was 84.6 µm, but with the proposed approach, the final distance between the beams is of the same order as that of Run 1, indicating the repeatability of the behavior. From Fig. II.17a, there is no movement of Robot 1 after ∼ 900 s, which means that the difference in desired and the actual distance between the beams is well inside the defined dead zone. Therefore, the noted dynamics after stopping the movement of Robot 1, as shown in the zoomed-in version of Fig. II.17b, mainly comes from the noise. Achieving accuracy around the opted dead zone and the resolution of the sensor also indicates that, if the chosen systems limitation can be removed or minimized, then it could be possible to further improve the accuracy with the same approach for the distance control.

II.7 Conclusions

The chapter constitutes the behavior analysis of glue for its use in the context of micro-assembly. The behavior of glue in absence and presence of external load was analyzed, which helped to build a modeling scheme with which the shrinkageexternal load dependency can be further investigated. The modeling scheme helped further to investigate the scenario desired from the external load in order to have a desired distance between the two gluing surfaces. Based on the observations, an active control scheme is presented which demonstrated the feasibility of the approach in order to have a desired positioning. The obtained performance from the used approach is not dependent on several potential parameters discussed, which proven the versatility of the strategy used for a precise gluing. The approach used an indirect control of force by means of position control, which signifies the interest of position control using the force information.

The influence of unsymmetrical bending of the beams (around the neutral axis) was also minimized by slowing the curing process. There is need of multi-DoF fast and precise gluing. It was also seen that glue quantity and shape affect the II.7. Conclusions behavior of the shrinkage. Moreover, dependency over external sensor also requires frames re-positioning (the sensing frame and the beams frame) in order to be in the sensing range. This adds up additional complexity in the systems positioning. The instrumentation of the gluing platform along multi-axis (in the current case it was Beam 2) with precise and long range sensing capability can definitely strengthen to handle such tasks. Moreover, an instrumented gripper with a multi-axis sensing capability will bolster the manipulation and decision making capability before and during the process of gluing. Both these requirements are addressed in the coming chapters.

III.1 Introduction

Micro-devices are often used for instrumentation in order to retrieve useful local state information. Such devices present high interests in robotics or mechanical engineering as they enable to measure critical information in order to succeed in doing the desired tasks in an appropriate way (like gripping, guiding as in [Komati 16a]). Instrumentation bringing the capability to measure at very local states with the required resolution (typically few µN) is of strategic interest (as discussed in Chapter I). A sensor capable of precise sensing over high range can allow to sense in the uneven terrain during the task handling, where required sensing range may constitutes high degree of uncertainty. Therefore high range to resolution ratio (RtR2) can bolster the tasks handling capability of the system. Moreover, most of the commercially available µForce sensors are single axis and are designed to operate against a relative environmental frame. A small misalignment of target relative to the sensing axis may lead to the inaccurate measurement which may be significant at any specific phase of the task. Small scale devices often have coupling behavior with different mechanical axes. Therefore, it is important to have a multi-axis force sensor which can decouple the different-axis force components. From a sensing system design point of view, the different sensors need to be optimally used depending on the available workspace. A multi-axis sensor may come handy as compared to differently oriented single axis sensors. Moreover, one of the major requirement of the force sensing is in sensor's development itself (calibration of the force sensor). For the development of a multi-axis force sensor, a calibrated multi-axis force sensor may ease the characterization process. Therefore, it is a potential need to have a multi axis force/torque sensor with a high RtR2 capability.

Several multi-axis force sensors have been developed, depending on the requirements of the targeted tasks. A graphical comparison of the existing state-of-the-art multi-axis micro-force sensors (similar performance along the 2 axis) with the proposed work is proposed in Fig III .1. In all the cases presented in Fig III .1, the best possible sensing and range configurations are used (in case sensors have different performances under different modes of their proposed use). In [ Adam 19] a vision based force sensor was presented, the best possible resolution out of different versions fabricated was 0.36 µN with the sensing range of 175 µN. Sensors developed in [Takahashi 14, Suzuki 19, He 14, Li 20b, Taghipour 20, Puangmali 12] works on optical based sensing, where sensor in [Takahashi 14] can sense force along 2 axes with ± 20 µN sensing range with a resolution of 1 µN which makes RtR2 ratio of 20. Similarly, the sensor in [ Suzuki 19], can sense higher range up to 1 mN but with a resolution of 10 µN scaling the RtR2 ratio to 100. Whereas the optical sensor in [He 14] has possibility to sense axial force with 41 µN, with configuration that allow maximum range of 20 mN. In the same work the radial force can be sensed up to ± 20 mN but with resolution of 83 µN, making the RtR2 ratio vary between 240 to 408. Work of [Li 20b], allows to sense force up to 2N, which is significantly high compared to the other discussed works but the resolution demonstrated was Chapter III. A high range-to-resolution multi-axis µForce/torque Sensing Platform 8.8 mN, inducing the RtR2 ratio of 227.2. The capacitive sensors are known for there high resolution, works included in [Yang 17, Beyeler 09, Muntwyler 10] are capacitive sensors. The capacitive sensor of [ Yang 17], allows RtR2 ratio of approximately 170 with a resolution of 0.58 µN. A six axis MEMS force-torque sensor based on capacitive sensing with a sensing range of 1 mN and a resolution of 1.4 µN was demonstrated in [ Beyeler 09]. The RtR2 ratio was approximately 714. There was another work followed by the same authors in [ Muntwyler 10], which demonstrated a 3 axis force sensor with an adjustable force range from ± 20 µN to ± 200 µN, with validated sensing resolution of 0.1 µN along all the three axes, which makes the best RTR ratio 2000. In Fig III .1, very few sensors are able to measure force up to some mN range with a resolution of some µN. Therefore the RtR2 appears as a key lock. The proposed work targeted this lock, and comparison to existing state-of-the-art it brings RtR2 ratio of 55000. The sensing principle of the proposed sensor is based on vision.

Vision based sensing constitutes a great interest in multi-axis sensing, especially when the targeted sensing need to be precise against the environmental variation, such as change of temperature, humidity. Such sensing technique can take advantage of a dedicated encoding, so as to sense over a long range and to be able to decouple different axes. The encoding strategy defined in [André 20b] and [André 20a] demonstrate the possibility of a precise and multi-axis sensing capability using vision. In order to use these advantages of sensing over a long range there is requirement of a dedicated compliance structure design, such as in [ Yong 09]. In an attempt to increase the sensing range using the compliance structures, it may possible that the structure exhibit the non-linearity after some part of the linear sensing. The different force sensors discussed in the state-of-the-art, operate in linear zone with a constant value of force to displacement ratio but majority of available mechanical structures have wider non-linear zone compared to linear zone (at the micro-scale). Working in linear zone provides many advantages, such as simplified model, higher linearity, and flexibility over segment of the sensing range without knowledge of the pre-load. Before getting into an approach to consider the non-linearity evolution in the sensing, it becomes important to analyze the non-linearity presence in some of the recently demonstrated works. In [André 20b], the obtained non-linearity for the employed encoding was between 0.4-1.15 % over a displacement range of 9 µm whereas the measurement error was 1.15 %. Moreover talking about the non-linearity of different force sensors operating well in the linear zone can also be analyzed. For example, in [Guggenheim 17] the demonstrated cross coupling sensing error was significant with non linearity 1 %. In [Liu 13], for the two configurations the demonstrated non-linearity was 1.57 % and 2.03 % respectively. Whereas in the work of [Xie 16], the demonstrated non-linearity was 1.82 %. Going for little higher operational range as compared to the discussed cases, in [Li 20c], the rms error for a triaxis force sensor was less than 3 % without consideration of temperature impact. In all these cases, the operational region of the force sensor was in the linear zone, but still the presence of the non-linear components was seen in the repeatability. Therefore the extension Finding a way to make use of non-linear zone adds up a diverse capability to use the mechanical sensing structure over a very high sensing range. For example, in [Dosta 17] a rubber like structure which undergo large deformations covering linear and non-linear zone is modeled with the approach of Bonded Particle Model (BPM). But instead of material based information, the requirement in the current sensing platform case is to use the planar positions information from vision. Overall, the objective and so the key content of this chapter can be formulated as:

• To design a system capable of translation and rotation over a long range (corresponding to force of 100 mN or higher as discussed in chapter I) and fulfilling both the encoding and mechanical requirements.

• To fabricate the corresponding structure.

• To develop a model which allows the use of the sensed planar positions to Force and Torque capable to adapt the force-displacement linear or non-linear relation if required.

• To demonstrate a high RtR2 performance experimentally.

To combine the targeted works, this chapter will firstly introduce the sensor design including its working principle (section III.2), system modeling (section III.3), explanation of experimental setup with experimental results validation (section III.5), and followed by conclusions ( 

III.2.1 Sensing Principle

Force sensing is always indirect and requires physical laws and/or a model. Among the different physical principles that can be used to assess force, many limitations occur and getting a high RtR2 is really a challenge. The use of a compliant platform is a common solution and, then, force can be retrieved through the measurement of either strain, stress, displacement, etc (discussed in section I.4 of chapter I). Use of structure like piezoelectric, piezoresistive, etc. are capable of a precise sensing but the dependency over the active state changes like stored electric charges, resistance etc. are mainly limited over a short range (requires a dedicated geometrical and electro-mechanical study for the system design). A passive structure has wider flexibility over design choice in terms of its mechanical side alone (less constrained over the system design). Therefore the exterior sensing methods, such as optics or vision can be used to take advantage of a flexible passive structure. A microscopic motion can be monitored precisely by vision, but the interest at the micro-scale is to avoid motion of the camera which usually are bulkier. The force sensing principle used in this chapter consists in applying the in-plane measurement method to a compliant platform of which the motion of the central part is representative of the force applied. For this purpose, a pseudoperiodic encoded pattern is encrypted on the movable part of a compliant structure and observed by a static vision system fasten to the external structure frame (no motion of camera). The design of a suitable compliant structure is thus required with the constraint, so that the encoded pattern must remain in the in-focus plane of the vision system. 

III.2.2 System Design

System design needs to fulfill a high precision requirement tied to the encoding of the platform and a sufficient mechanical flexibility to allow large range sensing. Because of the visual measurement approach chosen, the movable part must be rigid to avoid encoded pattern deformations that would result into corrupt measurements. Therefore, the mechanical structure must exhibit a movable but rigid part bound to the static frame of the structure by means of flexible links. The design should keep the advantage of symmetry and elastic behavior over a large range (to allow the best possible performances along the 2 axis). The device was fabricated through clean room processing because of precise encoding requirements (cf. Sect.III.2.3) and because of the highly sensitive compliant structure with beam widths of a few µm. The overall size of the proposed system is 29.5 mm × 29.5 mm, with the Central Rigid Body (CRB) of 5.2 mm × 5.2 mm, beams around with width of 50 µm and thickness of 500 µm. The fabrication process is discussed in section III.4. is the torque about Y, O L is the position of the point of application of load. Vision algorithms applied to the images of the encoded pattern recorded by the camera provide three position data x CF V , z CF V , and α. Data x CF V , z CF V determine the X, Z positions of the center of the field of view with respect to the whole encoded pattern whereas α, the angle between the pattern axes and the pixel frame axes, determines the angular position around axis Y. These data need to be used in a model so as to have an estimate of the forces ( fx , fz respectively along X and Z) and Torque ( Ty along Y). Further information on position retrieval is provided in Sect.III.2.3 whereas Sect.III.3 presents the platform modeling.

III.2.3 Vision-based Position Measurement

The aim of visual processing is to retrieve data x CF V , z CF V and α which need to be converted into force / torque data. This step is based on an encoded pattern of the type described in [André 20b,André 20a] as well as suited decoding algorithms. Basically, the encoded pattern is made of a 2D periodic distribution of dots altered by missing lines and columns as shown in Fig. III.4. The periodic frame allows Fourier computations that result in the conversion of the pattern axes X and Z (position x and z respectively) into two linear phase maps (Φ x (x) and Φ z (z) respectively) defined by Eq. III.1.

   Φ x (x) = 2π • x/λ phy Φ z (z) = 2π • z/λ phy (III.1)
where λ phy is the physical period of the pattern. The aim of the missing lines and columns is to In accordance and for each direction, position is retrieved for the Center of the Field of View (CFV) by involving two phase parameters as described below:

   x CF V = λ phy φx 2π + k x λ phy z CF V = λ phy φz 2π + k z λ phy (III.2)
where φ x and φ z results from the phase interpolation at the center of the field of view and k x and k z correspond to the correct number of entire periods.

The rotation α of the platform is given by the orientation of the lines and columns of dots relatively to the pixel frame of the camera. α is also retrieved with a high accuracy from the phase data. In Fig III .2, O P is the pattern frame and O W is the world frame. Information provided by the vision algorithm is obtained originally with respect to O P frame but, to keep the uniformity, all positions are defined throughout with respect to world frame O W . In practice, a physical period (λ phy ) of 6 µm with an encoding on 8 bits was chosen. The resulting encoded area of 4.716 mm × 4.716 mm is centered on the 5.2 mm ×5.2 mm area of the CRB.
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III.3 System Modeling and Estimation

The conversion of position data of the CFV; x CF V , z CF V and α into relevant force and torque data requires a model of the mechanical behavior of the compliant structure. A behavioral examination of the designed platform was carried out by the means of COMSOL multiphysics simulation. Simulation was made under Quasi-Static condition with the use of Backward Differential Formula (solver order 5). Because of the deformable beams around the CRB (as shown in Fig. III.2), non-linearity in force-displacement relation is expected, especially when large deformation is targeted. To analyse the behavior, a ramp force of 50 mN was applied on the CRB, along the Z axis (marked as f z in Fig. III.2). As a result of the force applied, the CRB undergone displacement, the colored intensity from blue to red is used in 5 which shows non-linear evolution of stiffness. Any mechanical structure in general has a linear zone which may differ in size (operational region) based on the structural feature, and therefore it becomes important to have a force displacement relationship which could adapt a linear relationship for the linear zone and a non-linear relation afterward. Keeping the advantage of working in linear zone and capability to adapt the non-linear stiffness evolution over a long range a "Global Model" is presented which would basically work as a linear model for a defined III.3. System Modeling and Estimation linear range and non-linear in non-linear zone of deformation. Extrapolation of the calculated stiffness from the linear zone is termed as a linear model and the difference between linear and global model can then be analyzed.

The overall motion of the CFV results from a combined motion (translation and rotation). If the translations along the two axes are termed as d x and d z , along X and Z axes respectively then the overall motions along the two axes is given by Eq. III.3, where x I , z I are initial positions of the CFV along the respective axes and α is the rotation of the platform.

   x CF V z CF V 1    =    cos α -sin α d x sin α cos α d z 0 0 1       x I z I 1    (III.3)
As d x and d z , are pure translations, they directly depend on the forces f x and f z applied along these two axes. The additional displacement component (resulted from rotation) is referred to as P I and is defined in Eq. III.5.

   x CF V z CF V 1    =    a 1 cos α -a 1 sin α 0 a 1 sin α a 1 cos α 0 0 0 1       ( fx a 2 ) rx ( fz a 2 ) rz 1    + P I (III.4) P I =    cos α -sin α 0 sin α cos α 0 0 0 1       x I z I 1    (III.5)
The overall equation including forces f x , f z along the two axes and the initial position component P I are shown in Eq. III.4. The variables r x and r z , are representative of the linear or non-linear force-deformation relation. For instance, these variables should be unity for a linear relation and non-unity for a non-linear behavior. Depending on the material properties of the deforming structure, the non-linearity component needs to be adjusted in order to reflect the changing nonlinear stiffness. The variables r x , and r z can be defined using Eq. III.6, where def is x CF V and z CF V respectively for defining r as r x and r z .

r = a u(def ) 3 (III.6) u(def ) =    0, if 0 ≤ def < d 1 b i , if d 1 ≤ def < d i+1 (III.7)
Function u(def) is defined in Eq. III.7 which facilitate the decision making approach by splitting the sensing range into sub-regions. d i defines the boundaries based on the displacements. In Eq. III.7, model is in linear region for def < d 1 , otherwise the system is in non-linear zone. i is the number of sub-regions in nonlinear zone, for i = 1, system has only 1 region (between d 1 and d 2 ) in non-linear Platform zone. The force-displacement relation is defined linear for def < d 1 , therefore the respective algebraic powers (r x , and r z ) for X and Z axis respectively must be 1 in this region. When the system is in non-linear region then the r x , and r z should be non-unity. But, there need to be a parameter independent of the respective algebraic powers (r x , and r z ), so that an adequate scaling of stiffness can be realized between linear and non-linear region. These parameters are respectively defined as a 1 and a 2 . The parameter required to handle r x and r z throughout the operational range is a 3 , which is raised to zero algebraic power for linear region and non-zero positive power for non-linear. Eq. III.7 defines the algebraic power of r x and r z , the respective intercept component in order to keep smooth computation is defined by Eq. III.8. If the non-linearity component is uniform, then only one value of b i , and c i with i = 1 is sufficient for a good force-displacement estimation. If not, the non-linear region may be divided into several sub-regions to include the changes of the non-linearity component throughout the sensing range.

v(def ) =    0, if 0 ≤ def < d 1 c i , if d 1 ≤ def < d i+1 (III.8)
In the current case, the information available is the positions and orientation of the CFV, and the requirement is to estimate the forces and torque. Therefore Eq. III.4 can be inverted and written as Eq. III.9 for force estimate along X and Z, where t x , and t z are variables defined by Eq. III.10.

   fx = a 2 ( tx-v(x CF V ) a 1 ) ( 1 rx ) fz = a 2 ( tz-v(z CF V ) a 1 ) ( 1 rz ) (III.9)    t x t z 1    =    cos α sin α -x I -sin α cos α -z I 0 0 1       x CF V z CF V 1    (III.10)
Considering the symmetry of the sensing platform, the mechanical parameters along X and Z axes were considered equal. Therefore, the different mechanical coefficients formulated in terms of different parameters are considered same along both axes.

R = x 2 L + z 2 L (III.11)
T = f eq Rsinγ (III.12)

f eq = fx 2 + fz 2 (III.13) γ = tan -1 z L x L + tan -1 fz fx (III.14)

III.4. Fabrication Process

The torque estimation ( T can be defined as written in Eq. III.12) requires the distance between the point of load application (x L , z L ) and the center O W , this is marked as R (Eq. III.11). Where, f eq (Eq. III.13) is the overall force which makes an angle γ (Eq. III.14) with frame O W .

III.4 Fabrication Process

Silicon was chosen for the proposed sensing platform fabrication (Wafer size 5 inch, thickness 500 µm). Because it is widespread, and enables to fabricate high aspect ratio beams. Also, its hookean nature with minimized energy dissipation and less fatigue behavior allows a high repeatability. The fabrication process was started with a silicon-on-insulator (SOI) wafer with 1.2 µm SiO 2 coating on both side (Fig III .6). One side (along with side wall) of this coating was removed with Buffered Hydrofluoric Acid (BHF) etching by keeping the other side with a protective resist. The negative resist was then deposited with a designed mask, followed by resist deposition for Deep Reaction Ion Etching (DRIE). This process was done for the bottom and top side with deposition of Aluminium (electrode patterning) with the use of protective resist deposition in between. Finally, the etching of aluminium was made followed by remaining residue cleaning with acetone and ethanol respectively. As defined encoding in 

III.5 Experimental Works for Identification

The experimental validation of the model requires the knowledge of the force applied. For this purpose, the force is applied along the Z axis of the CRB by means of a reference force sensor fastened to a 1D micro-positioner. The beam deformations induced by micro-positioner displacements z P os result in displacements of the CRB which is measured by vision, and the force f z is synchronously measured by the reference force sensor. In this way, force-displacement curves representative of the platform behavior can be recorded and used for the identification of model's parameters.

III.5.1 Principle and Setup

The experimental setup built includes 5 main components and is shown in Fig. III.8. The platform is placed with its encoded plane facing a monitoring camera. A reference force sensor; either a TEI FSB-101 with a 500 mN range or a FemtoTools FT-G102 sensing finger with a 250 µN range is used, depending on a long range validation or resolution validation requirement. The reference force sensor is attached with a M122.2DD micro-positioner from Physik Instrumente. The positioning of the reference sensor probe relatively to the platform is made with the help of a side view camera. The cameras used are IDS USB 3 uEye CP, with a 20x magnification objective from Mitutoyo integrated with OPTEM ZOOM 70 XL in the case of the pattern monitoring camera.

III.5.2 Experimental Results

Fig III .9a presents the load applied to the CRB of the platform where force measured by the reference force sensor versus the displacement of the positioner is shown. z P os and f z are respectively the input displacement of the positioner and the sensed force by the reference force sensor, which is used in the identification process of the different parameters defined in the model (sampling rate of 0.408 samples/sec). The resulting motions of the CRB are retrieved through the pattern monitoring camera and the vision algorithms. The results obtained are depicted in Fig III .9b, where the Z-X planar motion of CFV is shown, along with the rotation of the platform. The obtained motion along X and the rotation is very less compared to the force application direction (along Z).

III.5.3 Parameters Identification

The defined system parameters were identified using a non-linear least square method to fit the reference force measured by the TEI force sensor. The functions u(def) and v(def) for variables r x and r z (Eq. III.6 to Eq. III.8) define the non-linear region behavior. In order to minimize the non-linearity error, i=5 was chosen, resulting into splitting of operational regions into 6 sub-regions (1 linear, and 5 non-linear). The chosen boundaries of the defined sub-regions d 1 , d 2 , d 3 , d 4 , d 5 , d 6 were respectively 8, 17, 30, 40, 76 and 115 µm. The 5 identified parameters for b i and c i are shown in the Table III.2. A comparison of the behavior estimated from the model and measurements from the reference force sensor is shown in Fig III .10. The forcedisplacement relation working in the linear zone (def < d 1 ) if extrapolated similarly in non-linear zone then the obtained estimation ( fz ) would be far from the true value (f z ). This linear extrapolation plot is marked as "Linear Model", whereas the defined model with inclusion of non-linearity is marked as "Global Model". From the Global model, the estimated force ( fz ) is very close to the measurement provided by the reference force sensor (f z ). The error obtained is within 0.5 % for a force range of 52 mN. In all the subsequent estimation, we would be referring to the Global model for the estimation. 

III.6 Model Validation

With the help of identified parameters, given in the Table III.2, validation of the model is made further for two different experiments. With defined point M and P on the CRB from Fig. III.4a, additional studies of behavior were made when a force is applied at M (as for the identification) but in other case force applied at P (specific interest to study the coupling between the axis). With the help of the model, the force along Z for the two cases is estimated. The estimated force in comparison to measurement from the reference force sensor is shown in Fig III .11, marked M and P for the force applied at M and P respectively. The applied force at M and P are respectively 110.2 mN and 66.15 mN. The calculated standard deviation in all the presented cases is found less than 0.35 mN, which is less than 1 % of the validated range. The obtained error between the force estimate and the reference force is less than 1 % for all the cases from identification to validation and is shown in Fig III .12.

III.6.1 Estimation of Torque along Y and Force along X

The coupling presence, which includes the force along X axis, and torque about the plane can be accordingly estimated from the defined model. In the absence of a commercially available multi-axis reference force/torque sensors (of the required precision, and workspace), the estimation error is not included for these components but based on the fabrication symmetry along the two axes the estimation can be justified. 13 against the displacement of CFV along Z, this represents the coupling of the two axis which is higher when the force is applied at P than M. The estimated torque is shown in Fig. III.14, which is higher when the point of application is at P than that at M. The applied force at M is significantly higher than that at P, as the rotation obtained under load at P is much higher than that at M. Moreover, the force along X is also higher in case of load at P than M, this mainly resulted from beam relaxation, which is higher in case of load application closer to beams (case of P), than that at M which is far from the supporting beams around.

III.6.2 Sensing Resolution Validation

In the previous sections a long range and repeatable sensing capability was demonstrated. In order to validate the high RtR2 of our proposed sensor, an experimental demonstration is needed. One required change in the experimental setup used previously, is the reference sensor with a high sensing resolution.

Also, the available freespace between the CRB and the beams is very limited (< 5 mm). So keeping the mentioned requirements into consideration, FemtoTools FT-G102 sensing finger is used. A staircase input of 250 nm step-size was given to the positioner. Then force from the reference sensor and positions from vision algorithm were measured (sampling rate of 0.285 samples/sec). With the defined global model, an estimate of the force was made. Mainly this order of force brings the proposed system in linear zone, meaning that u(def) (Eq. III.7), v(def) (Eq. III.8) will be 0. Based on the observation, the defined linear region d 1 = 8 µm, allows the model to make a decision and adapt the according linear relation. Therefore the same model, with same identified parameter is able to validate a high resolution sensing capability as well.

III.6.3 Performance Repeatability

The repeatability test of the proposed force sensor was done (sampling rate of 0.166 samples/sec) shown in The use of the encoded platform as a force sensor includes two main components in non-linearity (combining all the mechanical phenomena), the first component is from the vision sensing (which sense the planar positions directly). Whereas the second roots are from the modeling itself. The proposed force sensor includes the advantage of working in linear zone, along with added benefits of higher range sensing capability with inclusion of non-linear sensing zone, making its sensing acceptability over long range. The performance obtained with the proposed sensor is highly repeatable with standard deviation less than 1 %.
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III.7 Conclusions

A compliance structure with high form factor to restrict the motion in focal plane of the camera is designed for the development of the proposed device. A dedicated 2D encoding strategy with a physical period of 6 µm is employed, which enabled a long range planar position sensing. This device is fabricated in clean room to meet the encoding, and mechanical requirements. This work proposes a methodology to generalize the force sensing over a high range keeping advantage of linear and non-linear operational zone together. The proposed device is capable of sensing forces along 2 planar axis and torque along the normal to the sensing plane. Experimental studies demonstrated the resolution of 2 µN over a sensing range of 110 mN. The estimation error and the non-linearity of the proposed sensors is less than 1 %, but with the use of non-linear global model, a disruptive range-toresolution ratio is successfully demonstrated. This bolsters wide acceptability of the proposed sensors among various tasks at micro-scale.

Chapter IV

A 2-Axis Piezoresistive Force Sensing Tool 

IV.1 Introduction

With a wide requirement of multi-axis local states knowledge in the different micro-scale tasks like rotation, gluing etc. (as discussed in Chapter I and II), there is potential requirement of multi-axis instrumentation. Chapter III, presented a multi-axis sensing platform which demonstrated a high range to resolution sensing capability. In this chapter, the instrumentation of a tool for multi-axis force sensing is targeted. The multi-DoF of force sensing can bring a diverse task handling capability, but in the case where sensor is external to the interacting tool, then the corresponding frames (tool and sensor's frame) must need to be suitably positioned so as to be in convenient sensing range. Also, such sensors require free-space between the sensor and the tool of interest (e.g. laser or vision based sensor etc.). To address this key issue, there is requirement of instrumented tools/grippers capable of multi-DoF force/position sensing. Instrumented tool allows the measurement (within its calibrated range) without its dependency over specific positioning as in the case of external sensors, therefore strengthening an optimized use of work-space for varieties of tasks.

There are different possible approaches to measure the forces (as discussed in Chapter I), and specific state can be used to define the sensing principle based on the requirements. In this work, a 2-axis force sensing tool is presented which works on piezoresistive principle. The key interest to use the piezoresistive sensors is in precise sensing capability that may be used over a long measurement range. Indeed the disadvantage remains in its sensitivity to environmental changes such as from temperature and humidity. But, for the use where the temperature and humidity changes are not significant (as defined with temperature coefficient of the material chosen), then the piezoresistive sensor becomes a preferable candidate. The proposed tool can be integrated with the appropriate actuator to perform variety of tasks at micro-scale (like characterization of tissues and fiber as discussed in Chapter I), but can also be used for the development of microgripper (discussed in Chapter V). The sensing tool development constitutes of assembly of a passive tool and two sensing devices (cavalier). The separate fabrication of the devices (passive tool and sensing device) insures use of dedicated process individually, which minimizes the fabrication complexity for the devices (sensing device in particular). Moreover, the sensing devices can be assembled with varieties of passive tools to perform different tasks, therefore giving its wide acceptability for different requirements. This chapter starts with the discussions on sensing principle, system design and working (section IV.2), thereafter FEM analysis of the device is presented in section IV.3. Based on the proposed design, fabrication process of the devices, their assembly to develop the sensing tool is discussed in section IV.4. The developed sensing tool performance especially when there is no any external forces, and when the force is applied along specific sensing axis is experimentally studied and the corresponding characterization works are presented in section IV.6. Finally, conclusion of the presented works in this chapter is discussed in section IV.7.

IV.2. Sensing Principle and Design

IV.2 Sensing Principle and Design

In this section, the sensing principle and the design of the system is discussed. The key phenomenon includes, the physical change detection in terms of the resistance change and mapping of the detected change in terms of force change. This work was done in collaboration with CITHADEL [ CITHADEL 19] project which also targeted piezoresistive based force sensor development for mechanical characterization of surfaces at the micro-scale.

IV.2.1 Sensing Principle

Any structure in general, which allows the passage of electric current exhibits some finite resistance, or in other case it would be a pure insulator. The different categories possible in terms of the materials conductivity defines the material as semiconductor, conductor or a super-conductor (where electrical resistance vanishes with the introduction to magnetic behavior).

R = ρ L A (IV.1)
Eq. IV.1 defines a general equation of resistance R, dependency over resistivity ρ, length L and cross section area A of any conductive structure as shown in Fig.

IV.1. So, the resistance of the structure is dependent on the geometry, and the material property. In order to use any conductive structure as a piezoresistive transducer, the key factors needed are the mechanical reversability (more particularly elasticity), change of electrical resistance and the resistance change detection circuit such as a wheatstone bridge. The resistance change is not solely dependent on the geometry, or the resistivity, but also on the temperature. Based on the choice of material there is a parameter called "temperature coefficient", which defines the dependency of resistance on the temperature. This dependency could be constant, or linear in certain temperature range or non-linear. So, in order to use any conductive-mechanical structure as a piezoresistive transducer, the device must need to have stable behavior within the operating temperature. This ensures that the significant resistance change comes from the mechanical stress, not from the small fluctuation in the temperature (or humidity which is indirectly linked). Therefore the temperature dependent element is not included in the definition of resistance in Eq. IV.1. The following discussions in this chapter will only consider the pure piezoresistive effect, which constitutes the impact of external force towards change in electrical resistance. The change of resistance (∆R) can be written in relation with Poisson's coefficient ν, strain ε, and resistivity change ∆ρ as in Eq. IV.2.

∆R

R

= Gε where G = 1 + 2ν + ∆ρ

ερ (IV.2) V L A Figure IV.

-Resistance dependency on Geometry

G written as in Eq. IV.2 defines the resistance change sensitivity and is called Gauge factor. In [Greaves 11], change of Poisson's ratio (ν) under the strain for different types of material is discussed. In context of macroscopic isotropic materials, for extremely compressible material like foam, ν can go negative up to -1, whereas for material like rubber it can reach maximum value of 0.5. Therefore, the dependency over the geometrical parameter to improve the sensitivity is very limited in isotropic materials. For anisotropic materials, although there is no such limits but the possible variation of ν is not very significant [ McCarthy 14] and so in defining the Gauge factor (G). Therefore the sensitivity needs to be seen on other dependent factor which is the resistivity of material. Conventional metal strain sensors typically enable a gauge factor of 2-5, but metal grid strain sensors based on all-solution process can exhibit also a high gauge factor (4685.9 in [Oh 18]). A further higher gauge factor can be obtained with the approach of "crack propogation". Cracks can be introduced in the transverse direction of applied stress, especially in the case of plasma treated polymers. The introduced cracks lower the conduction and so resulting into increase of electrical resistance. Such an approach based on crack depth is discussed in [Park 16], where a very high gauge factor of 16000 was demonstrated. The use of Pt and Au films in the "crack propogation" approach lacks stretchability (typically < 2 %). In the context of micromanipulation tasks the factor like stretchability, linearity and repeatability are highly important. A high gauge factor may have a very poor stretchability, and therefore need to be considered before the sensor development. Semiconductor like silicon can provide an interesting trade-off between the gauge factor (up to 200) and stretchability (> 10 % possible) which can be tuned [Yang 13] based on the substrate modulus. For these discussed reasons along with considerations in terms of fabrication complexity and costs, the proposed work used p-type silicon for the piezoresistive sensing tool fabrication.

IV.2.2 System Design

The piezoresistive sensitivity is defined by the resistance change detection capability. The sensitivity of the device is also dependent on other factors, other than the choice of material as discussed in subsection IV.2.1.

∆R R = c k Gε (IV.3)
The sensitivity of a p-type silicon structure can be further increased (Eq. IV.3) by introduction of cavity around the deformation. An introduced cavity in [Komati 14a] made 25 % increase in sensitivity, with c k = 1.25 (scaling factor). Basically, the introduced cavity lowers the mass and so the moment of inertia, resulting into scaling of the stress distribution in the sensitive part. Therefore, the cavity needs to be taken into account for the system design.
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Figure IV.2 -Sensing Principle

In order to sense force along the 2 orthogonal axis, one key important requirement is the distribution of piezoresistive sensing structure uniformly around the neutral axis (leading to have maximization of the stress distribution on the piezoresistive part). Also, to allow scaling of strain distribution, the sensing part need to be suitably distant from the point of load and the neutral axis. Moreover, the tool must need to have one end fixed, which is important to have compressionelongation phenomenon together along the suitable gauges depending on the force applied (discussed in subsection IV.2.3). Work of [Komati 14a], constitutes the design compatible for single axis sensing at a time , extension of which would lead to Fig. IV.2, meeting the mentioned requirements, where the four piezoresistive gauges are distributed uniformly around the cavity and neutral axis of the fixed non-piezoresistive (not containing the sensitive gauges) structure.

IV.2.3 System Working

The micro-scale piezoresistive tool needs a clean room fabrication, which mainly includes planar additive or etching process. Single wafer fabrication of such a device may introduce complexity in the process, with potential fabrication uncertainties. To avoid the device fabrication complexity, and to target a mass production of varieties of sensing tools requirement, the according device fabrication may be Chapter IV. A 2-Axis Piezoresistive Force Sensing Tool Force S 1 S 2 S 3 S 4

F Y + - - + F Z - - + +
Table IV.1 -Load Impact with direction divided into 3 parts. In the first part, a mass production of piezoresistive gauge containing cavalier can be targeted, secondly passive tool based on specific task requirements can be fabricated separately. In the third part, the two cavaliers can be used to assemble with the fabricated passive tool in a way so as to be close to the configuration of Fig Under the applied load along +Y (F Y ), the gauges S 1 and S 4 would be elongated, whereas gauges S 2 and S 3 would be compressed. For load applied along +Z (F Z ), the gauges S 1 , S 2 would be compressed and the remaining S 3 , S 4 would be elongated (opposite effect with reversal of direction). This behavior is listed in Table . IV.1, where "+" and "-" are used to indicate respectively elongation and compression of the gauges. Revisiting the obtained behavior along the two axes, it can be seen that behavior of two gauges remained same against the load along +Y or +Z, these two gauges are S 2 and S 4 , where S 2 undergone compression for both the cases and S 4 undergone elongation in the respective two cases. Also, the other point that can be observed from the discussed behavior is, that the diagonally opposite gauges always kept the opposite behavior irrespective of the applied load in the two cases. These observations can be employed to decouple the force sensing along the two axes. The requirement is to transform the resistance change to force change. This transformation can be done with the voltage change detection, which can be done with the help of a "Wheatstone Bridge" circuitry. Using the two diagonally opposite gauges in a wheatstone bridge, two bridges can be defined (as shown in For an input supply voltage V CC in parallel to the bridge W 1 and W 2 , the respective mid-point voltages of the two bridges at no-load and in balanced condition are respectively given by v W 1i (voltage at point f and h) and v W 2i (voltage at point a and c) (Eq. IV.4).

v W 1i = R 3 R 1 + R 3 V CC and v W 2i = R 2 R 2 + R 4 V CC (IV.4)
Under the balanced condition, both the middle points of each bridge will have the same potential (voltage at point a and c, and respectively at point f and h) therefore, the output of the differential amplifier used (with a gain A G ) for each of the bridge would be zero. As a result, the subsequent addition and subtraction of the two output voltages (from point e and j) from the differential amplifiers would also be zero. The respective additions and subtractions are done to decouple the two axes. Single wheatstone bridge and the two planar gauges are sufficient to detect the force along Y or Z, but not at the same time. The two bridges, and 4 gauges distribution are used to detect force along the two axes simultaneously. The detected processed voltage then need to be multiplied by the sensitivity S Y , and S Z respectively to estimate the force along Y and Z ( FY and FZ ).

IV.3. System analysis in COMSOL

When any load is applied at the sensing tool (in all the cases we would be referring to the tool's tip as point of load application), then the wheatstone bridge gets unbalanced which would be reflected in different mid-point voltage (point a, c and f, h) for the respective two arms of each bridge. In reference resistors arm (part of W 1 and W 2 where we have R) the mid point (point c and h) voltages would remain same as that defined for no load case, but the arm containing the piezoresistors would have a different mid-point (a and f) voltage following the changes in their respective resistances. Assuming an infinite impedance of the differential amplifiers used, the current passing through them can be neglected compared to the current passing in the branch, therefore if ∆R 1 , ∆R 2 , ∆R 3 and ∆R 4 , are the change in resistance in R 1 , R 2 , R 3 and R 4 respectively, then the new mid-point voltages v W 1 , v W 2 (respectively in bridge W 1 and W 2 ) can be defined as given in Eq. IV.5.

   v W 1 = R 3 +∆R 3 R 1 +R 3 +∆R 1 +∆R 3 V CC v W 2 = R 2 +∆R 2 R 2 +R 4 +∆R 2 +∆R 4 V CC (IV.5)
The overall voltage change detected along the Y and Z axis can be given as v y and v z respectively (Eq. IV.6 ), where A G is the amplification gain from the differential amplifier used in the circuitry.

   v y = A G [(v W 1 -v W 2 ) -(v W 1i -v W 2i )] v z = A G [(v W 1 + v W 2 ) -(v W 1i + v W 2i )] (IV.6)
Combining the corresponding voltage changes detected, the amplification and the processing, the force estimate along Y and Z can be written as Eq. IV.7.

   FY FZ 1    =    S Y A G 0 0 0 S Z A G 0 0 0 1       1 -1 -(v W 1i -v W 2i ) 1 1 -(v W 1i + v W 2i ) 0 0 1       v W 1 v W 2 1    (IV.7)
Ideally, when there is a force along one axis alone then there should not be any non-zero voltage along the other axis (no coupling), meaning that for F Y alone, F Z should be 0 and so the vice versa.

IV.3 System analysis in COMSOL

Before getting into fabrication of device, it becomes significantly important to estimate the behavior of the "to be fabricated device" from the design we have. This could be done using a theoretical/mathematical model or probably little efficiently using numerical simulation. We opted for numerical simulation of the sensing tool presented in the previous section using COMSOL Multiphysics, where the geometrical, physical and electrical parameters are defined in accordance with the standard data-sheet of the corresponding device to be fabricated (key properties listed in table IV.2).

In COMSOL Multiphysics, a surface load of 10 mN (across 50 µm × 50 µm tip area) is applied respectively along the Y and Z axis one-by-one. The stress introduced on the tool was calculated in COMSOL. Sensitivity of the device is a key parameter that can be estimated in COMSOL. In order to estimate that, the stress or strain information is needed. Stress or strain can be calculated directly in COMSOL across a defined region but in the experimental scenario it is difficult to have such possibility. In other way, it is possible to develop a model so that stress or strain can be estimated based on the force applied at the tip. We would cover this discussion in the next subsection.

IV.3.1 Modeling of the system for Stress/Strain Estimation

A model used in [Komati 12] can allow to estimate the stress depending on the cavity size. The corresponding estimation was based on the calculation of moment of inertia (I) and bending moment (M). 

I 1 = t t-t 1 w 1 z 2 dz and I b = t b 2 0 w b z 2 dz (IV.9)
Moment of inertia about S 1 , and S 2 , may be assumed equal (symmetric from neutral axis), whereas that along the central beam would be different. The corresponding calculation is shown in Eq. IV.9. The bending moment calculation includes calculation of reaction force (f R ) about the fixed end. Because of the stepped configuration (cavalier-passive tool transition) of the proposed sensing tool, the force applied F at the tip of the tool may be approximated to a different scaled value for a uniform configuration as proposed in [Al-Shareef 95]. But in the present case, because of the complexity from the cavity in the theoretical formulation, a proportional parameter a L to the applied force can be used to define the bending moment at the step near to the fixed end. Indeed, its possible to directly identify a parameter proportional to F to estimate M but keeping equation of the form Eq. IV.10 allows to have an understanding of the reaction force knowledge which could be useful if the sensing tool is integrated with actuator or some other passive part.

f R = F x L + a L x a (IV.10)
As a result of stepped configuration and the cavity, the reaction force can be defined as in Eq. IV.10. Where x L is the total length of the sensing tool, x a is the distance of the cavalier (nearest edge) from the fixed end, parameter a L can IV.3. System analysis in COMSOL be identified from least square fit. Therefore the overall bending moment at the cavity center can be given by Eq. IV.11, where x B is the distance of the cavity center from the fixed end.

M = x L f R -x B F (IV.11)
For external load F = 10 mN and 5 mN (under static condition), average stress is calculated for z = t z (z = t y for load along Y). Using the defined model, the corresponding estimate of stress (respectively termed as σ Z and σ Y for load along Z and Y) is compared with direct measurement from COMSOL, and is shown in ) was made by exchange among t 1 and w 1 , and replacing t z by t y in the defined equations for Z. The identified parameter a L for the load along Z and Y was respectively found to be 3.38 × 10 -3 and 4.79 × 10 -3 . The identified parameter a L is a proportional parameter and is dependent solely on the geometry of the sensing tool, therefore for a fixed geometry it works for any load value within the elastic limit of the structure.

One key important side of the stress estimation discussed is in its dependency over geometry, and the load whereas the physical material parameters were not needed. This brings the interest of using the discussed model for experimental case, provided the geometrical parameters are same or in closed proximity of that used.

IV.3.2 Electrical Connectivity and Gauge Factor Calculation

Now the interest in this subsection is to combine the electro-mechanical behavior by analysing the strain change against the resistance change, with which the sensitivity and its according improvement from the cavity can be analyzed.

[ρ] = ρ 0 (1 + [π][σ]) (IV.12)

A 5 V DC voltage was applied across the length of the gauge. As there is change of resistivity ρ under the applied stress (Eq. IV.12 ), therefore there is change of resistance. With the measurement of the resistance change, the gauge factor G can be estimated using Eq. IV.2. Assuming isotropic distribution of stress, the strain along X and current density was computed from COMSOL. The according resistance can be calculated by knowing the cross section area of the gauge, current density and the applied voltage. The relative change in resistance against the strain (ε Y , ε Z respectively for load along Y and Z) computed from COMSOL is shown in Eq. IV.3) is respectively 1.05 and 1.125, along Y and Z axis, meaning 5 % and 12.5 % of sensitivity improvement in device along the corresponding axes, under the impact of introduced cavity.

IV.4. Device Fabrication and Assembly process

IV.4 Device Fabrication and Assembly process

In this section, fabrication and assembly process of different components of the sensing tool are discussed. The proposed sensing tool, consists of two types of component, one is the passive tool while second is the cavalier with piezoresistive gauges. These two type of components are fabricated separately with two different processes. Their respective fabrication process and assembly is discussed in the following subsections.

IV.4.1 Fabrication of the Passive Tool

In this section, the fabrication process of the passive tool is presented. The fabrication starts with a silicon wafer of 350 µm thickness. The top and bottom sides of the wafer went through the lithography followed by the electrode deposition (which may be used for wiring if needed). The DRIE etching technique was used for the etching process. Finally, the samples were cleaned and were ready to be used for the assembly process. A summarized flow of the fabrication process is shown in Fig. IV.8.

IV.4.2 Fabrication of the Cavalier

In our presented sensing configuration of Fig. IV.5a, the strain development and the electric current passage for piezoresistive sensing are in the same direction. Therefore the piezoresistive effect targeted is longitudinal effect. As the intention for the sensing is to use the strain along the gauge length, which means tensile strain in (100) silicon wafer should increase the mobility of electron in the <100> direction, while a compressive strain should increase the holes mobility in <110> direction (the miller indices representation is shown in Fig. IV.9).

Wafer orientation, type of doping, and the strain direction, can strongly influence the system behavior as discussed in [Billot 15]. We chose (100) wafer and to have <110> mobility direction, and therefore mask and wafer flat side were accordingly chosen for the fabrication process. The targeted strain development for piezoresistive effect is longitudinal, and the piezoresitive coefficient for the holes is 718 [T P a] -1 which is higher than that of electrons -316 [T P a] -1 , which makes sense to go ahead for p-doped piezoresistive effect. The n-type wafer can be used to create p-n junction in reverse bias, so that there is no current leaking to the substrate. This approach of single crystal diffusion is a widely used method for doping.

In our case we used a commercially available 5 layered wafer (5" with 350 µm thickness) constituted of 1 layer of p doped Si (100), 2 layers of SiO 2 , 1 layer of Si <111> and 1 layer of Si <100> (as shown in the top layer. The oxidized layered was then partly etched following a second round of lithography on the top surface and the RIE etching. This process was used to create an ohmic contact, which was made after deposition of Al on the etched zone. A third round of lithography was used on the top side for the deposition of Al to make the conduction around the ohmic contact previously made. The fourth lithography was then used on the bottom side followed by DRIE etching for the bottom side. Finally the last round of lithography was made for the mechanical handling part.

IV.5 Assembly Process

In this section assembly strategy employed in order to develop a sensing tool from the fabricated components is discussed. The fabricated passive tool and cavalier are shown in Fig. IV.11. The entire process of assembly is divided into 6 steps (Fig. IV.12). In the Step 1, the one side of the mechanical handling part is removed. Thereafter, in the Step 2 the two cavaliers are glued in a sandwich configuration against the passive tool in a way that one side contains only one mechanical handling part. This step required extra attention, because the assembly of the cavalier has a direct impact on the behavior of the sensing tool. Therefore the cavaliers are properly positioned against the passive tool and finally fixed using an epoxy glue. The remaining mechanical handling parts then can be removed manually.

In the step 3, each electrodes around the gauges are electrically wired. The wiring on the electrodes are done using a conductive glue, the conductive glue need to properly cured under the defined standard condition from the manufacturer. It IV.6. Experimental Studies is noticed that if the conductive glue is not cured well (timing and/or temperature of curing not respected) then the corresponding gauges may have unwanted resistance. Therefore, the wiring on the electrodes required a careful attention. The corresponding wiring is made in accordance with the discussed wheatstone bridge in Fig. IV.4, where the common point of R 2 and R 4 is marked as "a", and that of R 1 and R 3 as "f". The supply voltage V CC would be provided across point "b","d" and "g", "i" respectively for the bridge W 2 , and W 1 . This assembled tool is then glued on a PCB using an epoxy glue in step 4. After this, the wiring from the electrodes are transferred to the PCB in step 5, which then can be electrically connected to wheatstone circuitry as discussed in Fig. IV.4. The two extra side beams of the passive tool in the cavity part, then removed using a laser cutting process (step 6). The assembly of the cavalier with the passive tool, and the wiring involved on the electrodes of cavalier are done at the "Percipio Robotics", who is an industrial partner in the COLAMIR project [COLAMIR 20].

IV.6 Experimental Studies

This section introduces the experimental setup, its working and discusses the realized tasks in terms of system performances. The constituent elements of the experimental setup is defined in the subsection IV.6.1. System behavior under no load (subsection IV.6.2), and the characterization for the load along Y (subsection IV.6.3) and Z axis (subsection IV.6.4), with a global discussion on the sensitivity and gauge factor is discussed (subsection IV.6.5).

IV.6.1 Experimental Setup

The experimental setup of the system is shown in Fig. IV.13. The experimental setup consists of a MCL Nano 3D-200, which is capable of positioning along 3 axes with nanometric resolution. The developed sensing tool is fixed on the positoning stage and is positioned to move against a reference force sensor. The reference force sensor employed for the tasks are Femtotools FT-S1000 and FT-S10000 respectively for resolution and long range validation (as in our knowledge there was no any commercially available force sensor which can meet both these requirements). Reference force sensor is fixed on a rotational axis, which is PI M116.DGH rotational axis from Physik Instrumente.

The experimental system configuration for the characterization along the two axes are shown in 

IV.6.2 Behavior under no load

The resistance property is sensitive to the environmental variations like temperature and humidity. In the presented case experiments were conducted in a closed room assuming very less influence on the resistance. To validate this argument output voltages of the wheatstone bridge circuitry were monitored under no load and it was observed that temperature and humidity are very stable related to the SNR of the signal acquired from the wheatstone circuitry.

With the measured voltage along the two axis as v y and v z (as defined in section IV.2.3), under no load the obtained system behavior is shown in 

IV.6.3 Characterization for load along Y axis

In this section the different characterization works along the Y axis are discussed. In order to characterize the PRT along this axis, positioning stage was moved along the Y axis allowing a constrained motion of the PRT against the reference force sensor The applied constrained motion resulted into a voltage measurement of approximately 4 V along the intended characterization axis, whereas a voltage of approximately 0.3 V along the out of motion direction. The alignment of the reference force sensor (sensing axis) and the motion direction (of the positioning stage) was along Y axis and therefore the chances of the force component along Z is very less. To further minimize the obtained coupling behavior, a scaling factor is identified which is multiplied with the output of one of the wheatstone bridge (lower in magnitude in out of motion direction), so that the two wheatstone bridges gives closest possible value (v W 1 v W 2 ). In the present case a parameter k v equals to 1.15 is identified to meet the mentioned requirements.

The obtained output for voltage proportional to strain along Y and Z are shown in Fig. IV. 16, where it can be seen that the coupling extent is minimized typically to the noise level in the signal processed. From here onward the respective voltage change detection and the according calculations along the two axis would be after the correction of coupling.

IV.6.3.a Sensitivity and Stiffness Identification

The employed wheatstone bridge circuitry allows the measurement in terms of voltage under the application of any load, therefore there is need to find a factor which can map the voltage measured in terms of force measurement. This factor is the defined sensitivity for the studied sensor. Corresponding to the experimentation shown in The force sensing PRT can also be used to estimate the displacement of the tip, to have this capability we need to identify the stiffness of the PRT. Such knowledge of stiffness allows to find the stiffness of the structure in contact and can also be used for various task handling capacity, for instance in manipulation against an The sensing resolution of the force sensor can be defined in terms of the percentage of the noise level obtained from the acquisition of the signal, but its good to demonstrate the system capability to detect the minimum change, the reference sensor used was FT-S1000. A staircase motion of 30 nm step was made from the positioning stage along the Y axis. Under the constrained motion, the respective sensed force from the reference force sensor and the sensed force from the PRT is shown in 

IV.6.4 Characterization for load along Z axis

The characterization along the Z axis of the sensing tool was performed using the configuration 2 of 

IV.6.5 Gauge Factor and Sensitivity analysis

From Eq. IV.5, under unbalanced conditions, the respective diagonally opposite resistors undergo resistance change and this change can be approximated to be equal in magnitude (opposite in sign as defined in Fig. IV.1). This assumption conduct to simplify the Eq. IV.5 into Eq. IV.14.

v W 1 = R 3 + ∆R 3 R 1 + R 3 V CC A G and v W 2 = R 2 + ∆R 2 R 2 + R 4 V CC A G (IV.14)
v W 1 , and v W 2 is measured from the wheatstone bridges, the input supply voltage V CC is 5 V DC, amplifier gain A G is 103, therefore the change in resistance in R 3 and R 2 can be calculated using Eq. IV.14. The calculated relative change in resistance is shown in Fig. IV.21, where r 3 is the actual piezoresistive resistance across the gauge R 3 . The resistance change happens mainly in the piezoresistive gauges, whereas the total resistance measured contain also some component of non-piezoresistive resistance which might comes from the wiring around and/or the conductive glue used in the wiring. From various trials it was observed the resistance measured on a free cavalier without any wiring and the one measured at the end of final wiring, has an increment from 0.1 to 0.7 kΩ. Moreover this non-piezoresistive resistance can be considered approximately same for all the resistors measured (assuming similar wiring about the different gauges). For a nonpiezoresistive resistance of 0.5 kΩ, the sensitivity improvement factor c k obtained is 11 % and 7.3 % respectively along Y and Z axis (corresponding to the marked curve "Estimate" in To further investigate the major reason for this different changes, one argument is the difference in compressive and tensile stress, while the second possible reason could be from the non-symmetric tool tip around the neutral axis. Both these possibilities are checked in a COMSOL simulation, the simulation result obtained for the actual tip has different change in absolute resistances under the influence of external load. In order to be sure that this change is coming from the difference in compressive-tensile stress, the same load was applied on a flat tip (Fig . ) was found different. This means the geometrical nonsymmetry of tip is making considerable influence for load along Z axis along with the influence compressive-tensile stress influence, which is not the case for load along Y alone. This makes sense as the stiffness along Y axis is much higher than that along Z, making the geometrical influence less pronounced along this axis. Overall in the context of the sensitivity of the proposed sensor, 3 main components are discussed. First component is the choice of material, which is discussed in section IV.2 with a study of different works done from the state of the art. The second component is the geometrical, which was discussed in terms of introduced cavity, dependency on moment of inertia, bending moment etc. The third component is the signal processing, for instance the choice of the differential amplifier which need to be chosen to scale the signal change to the detectable limit from the acquisition system while noise amplification must not affect the signal change detection. All, these three components were taken into consideration for the choice and requirements from the sensing.

IV.7 Conclusions

The proposed work introduced a novel multi-axis force sensing tool, which works on piezoresistive principle. The device development constitutes of a novel approach, with separate fabrication of cavalier and passive tool. Fabrication was made considering the versatile adaptability of the sensing device (cavalier of typical size 2.5 mm × 1.7 mm × 0.35 mm) with different passive structures, which can be designed based on the specific task requirements. A force sensing resolution of 20 µN over a range of 9 mN was experimentally demonstrated. The different electro-mechanical studies were made with the help of COMSOL multiphysics simulation. The sensitivity influence from design, choice of the material and the signal processing is also discussed. The two-axis sensing capability of the proposed sensing tool can be used in the development of an instrumented gripper, and according micro-scale task handling can also be demonstrated (which is discussed in the Chapter V).

V.1 Introduction

The development of instrumentation at micro-scale and its according use for the study and micro-assembly, is the key objective of this thesis. Two instrumented micro-systems proposed and discussed so far, which includes a multi-axis force/torque sensing platform (Chapter III) and a 2 axis force sensing tool (Chapter IV). This chapter constitutes the use of the developed instrumented systems for some key micro-scale tasks handling like gripping and gluing. To fulfill the requirements of grasping and manipulation, an instrumented microgripper development is targeted in this chapter. This microgripper s developed using the multi-axis force sensing tool discussed in chapter IV as a sensing finger. There are potential requirements of gripper's tip position information, especially in the case of microassembly where positioning accuracy is of great importance. It is also seen in the chapter II, where for gluing extent estimation, the position of the gluing end was useful. Indeed, it was positional information which was used for the necessary force generation at the gluing end. The force information from the instrumentation can therefore be used to retrieve the position of the tip. If the knowledge of the dependent state (s), like driving input, external forces; allow the estimation of the tip position, then the external position sensors may not be required. In other word to avoid the use of the external position sensors, the gripper should comprise of the instrumentation which allows the knowledge of the necessary state(s) for the position estimation. Force sensing tool developed in chapter IV, allows the force information along the 2-axis, and therefore provided the driving input dependency over the actuation is convenient then the tip position of the gripper can be modeled. The instrumented microgripper development, modeling of the actuation and gripping tasks are discussed in section V.2. In chapter II, gluing study was done, which provided the gluing behavior analysis and a precise glued product using an active control. The studies made covered 1 axis, which was the axis densely influenced from the gluing process but indeed there is requirement to study the behavior along multi-axis. To address this issue, sensing platform developed in chapter III was used along with the use of the gripper developed in this chapter. Gluing with the developed instrumented systems is discussed in section V.3, where the corresponding force from gluing was measured along multi-axis.

V.2 Development of an instrumented microgripper

Towards development of an instrumented multi-axis microgripper from the developed sensing tool of Chapter IV, the primary requirement is to integrate the sensing tool with the precise multi-axis actuators (for multi DoF tasks). The actuation of any microgripper can be chosen from the different existing principles such as electrostatic [ 

V.2.1 Modeling of the gripper's actuation

The piezoelectric material exhibits the actuation based on the supplied input voltage, along with the non-linear properties from hysteresis and creep. There is requirement of gripper's tip position information in varieties of micro-manipulation tasks like making a force/position controlled grasping, release etc. In the absence of an external position sensor, modeling the actuation enables to provide an estimate of the gripper's tip position, in order to perform different tasks using gripper. A generalized schematic of the PRT containing finger of the gripper can be represented as Fig. V.2, where U is an input voltage for the actuation, f ext is the external force applied on the gripper's tip. The according displacement δ of the actuator can be used to estimate the gripper's tip displacement δ S with the use of the sensed force F S , from the PRT. Also, an important consideration in this model is in the sensed force information which included the hypothesis that force would be only sensed if its on PRT tip, but indeed there would be influence of this force on δ and so on δ S . Moreover, throughout different experimentation and analysis in this chapter, the forces are applied and considered only on the tip of the gripper (on end effector).

Actuator PRT

Figure V.2 -Block model of instrumented finger of the Gripper

In order to make a precise estimation of the actuator's displacement δ, it becomes important to include the non-linearity induced in terms of hysteresis and creep (can introduced > 20 % deviation from linear behavior). There are several studies done [Sabarianand 20] to compensate (allow < 10 % estimation error) the accordingly introduced positioning error from these non-linearity components. The hysteresis component can be modeled using Bouc-Wen (BW) modeling, because of the simplicity and the accuracy of estimation [ Gan 19]. The other benefit of the BW modeling is possibility to cascade the external force/stress influence on the actuation without additional complexity. This modeling can be written as described in Eq V.2, where α, β, γ and ζ are the proportional parameters to the respective defined variables and can be identified using non-linear least square fitting of the model on the obtained behavior. Under static conditions, piezoelectric actuation contains three components, first a proportional to the input voltage component, 

δ = d p U -H s -s p F S (V.1) Ḣs = α U -β | U | H s -γ U | H s | +ζU sign( U ) (V.2)
To facilitate an effective identification of the different parameters, the model identification is divided into two steps, first when there is actuation in free space (no influence of parameter s p ), while second when the actuation combines free space and constrained part together.

V.2.1.a Free space actuation

An experimental setup using position sensors (Keyence LC-2420) focused at the tip of the piezoelectric actuator is shown in Fig. V.3. With the applied input voltage the displacement of the actuators can be measured using the employed position sensors, and the PRT finger allows the measurement of the external force on the sensing finger of the gripper. The system behavior when there is no external load applied, allows the identification of the different parameters except s p . The actuation δ along Y and Z is defined as δ Y and δ Z , whereas the corresponding input voltage U as u Y and u Z respectively. Coupling extent was found negligible between the two axis, and therefore to model the actuator's tip displacement δ Y and δ Z , separate studies are conducted with the u Y and u Z input across the corresponding electrodes (one axis actuation at a time). A passive beam is placed close to the tip of the PRT, and a sinusoidal input voltage is applied to the actuator so that the corresponding motion includes both the free motion and the constrained motion. Under the constrained motion, the force introduced on the gripper is measured from the PRT and using Eq V.1, the parameter s p is identified to fit the experimental and the estimation result from the model (respective force sensed along Y and Z are defined as F SY and F SZ ). An experimental result corresponding to the actuation under free and constrained motion is shown in Fig. V.5, where a sinusoidal input voltage of 19 V is applied, as a result the gripper tool undergoes a constrained motion (marked as constrained motion). A table including all the parameters identified for the actuation estimation along Y and Z axis is listed in Table V.1. The defined actuation is the displacement of the piezoelectric actuator in the gripping plane, in order to estimate gripper tip position δ S , the Eq. V.3, where L s is the length of the free PRT (= 10 mm), θ is the bending angle of the piezoelectric actuator, k gs is the stiffness of the sensing tool in the gripping plane.

δ S = δ + L s θ - F S k gs (V.3)
The bending angle θ of the actuator can be approximated to be two times of the ratio of the deflection δ and the length L A (= 25 mm) of the actuator (assuming circular curvature of the bend structure). Therefore, the gripper tip displacement can be estimated by knowing the δ, L s , k gs and the applied force F. Clearly the additional length of the PRT has scaled δ of the actuator's tip to δ S as gripper's tip displacement. The spacing between the two fingers is about 780 µm, and this can be configured at the time of PRT assembly on the actuators based on the object size to manipulate.

V.2.2 Task Handling with the proposed Gripper

The proposed gripper with both fingers capable to perform 2 DoF actuation, and one finger instrumented with capability to sense force along the two axis, a wide variety of manipulation tasks can be done. Experimental setup with gripper integrated with additional linear positioning stages (2 Physik Instrumente PI M-122.2DD respectively along X and Z), with cameras (top view and side view) to perform grasping and release task of micro-object placed on a manipulation platform is shown in Fig. V.6a.

V.2.3 Grasping of micro-object without control

The grasping and the releasing of a micro-object (size 500 × 500 × 350 µm) is studied in this section. With the help of the positioning stages, the gripper is placed well around the micro-object which is placed on the platform (as shown in Fig. V.6b. Once from the camera (top view and side view camera as shown in Fig. V.6a), it is ensured that gripper is well positioned relative to the micro-object to grasp. Following which, a step-wise input voltage is supplied to the actuators (symmetrically) to follow a gripping motion (along Y axis) while monitoring the relative distance between the gripper and the object using the camera. Indeed the weight of the micro-object is negligible, but considering the surface forces little extra force of approximately 200 µN is applied in order to be sure about the safe grasping. The grasp of the micro-object is verified by making a motion of gripper in Z direction (using the positioner). Finally the gripper is allowed to go closer, to the manipulation platform and the actuator of the gripper is allowed to move step-wise 104 Even following an open loop operation, with precise and high resolution actuation (from piezoelectric actuator) and the online knowledge of the tool interaction with object (Force sensing from PRT), it becomes possible for a safe grasp and release of fragile components. As, the system (instrumented microgripper) is capable to track online state of its end-effector (tip position and introduced force), therefore its possible to automate the grasp and release with a feedback control. To go ahead, a force controlled grasping and release is discussed in the next subsection.

V.2.4 Force controlled Grasping of a micro-object

With a defined reference force in the safe range, grasping and release of the micro-object can be done with inclusion of device safety. To demonstrate the grasping and release of the micro-object in a force controlled closed loop, a direct force controlled scheme is shown in Fig. V.8a. In this scheme finger of the gripper containing PRT is shown, where the actuation voltage u Y is controlled based on the force sensed F SY by PRT. The according actuation voltage control, allows the control of the actuator displacement δ Y , and so the grippers tip displacement δ SY . With the proposed control scheme, the stability of the grasped object is tested with inclusion of different instant, as defined in Table V.2. Controller with propotional gain k U = 5, is turned ON and OFF at several stages during the process, to verify the grasped object hold and stability. The reference force f Y ref is defined as f Y G and f Y R , respectively for grasping and release. The microgripper system as a whole is integrated with a high range positioner from Physik Instrument (M-122.2DD), and this positioner position P GT , is defined as P W and P G , respectively for "waiting , the tracking error is high in the beginning because of the two reasons, one the controller is OFF in the beginning, secondly after turning ON the controller gripper followed Free motion before coming into contact with the micro-object, as soon it comes in contact force tracking error starts decreasing to 0. 

Instant Controller f Y ref P GT A OFF f Y G P W B ON f Y G P G C ON f Y G P W D OFF f Y G P W E OFF f Y G P G F ON f Y G P G G ON f Y R P G H ON f Y R P W I ON f Y R P W Table V.2 -

V.3 Assembly using the developed instrumented micro-systems

Combining the instrumented systems developed, a micro-manipulation system setup can be developed to carry-out varieties of tasks. A CAD view of such setup is shown in Fig. V.9a. The sensing platform discussed in chapter III is attached with a slab using thermal glue so as to replace the slab if needed by keeping sensing platform undisturbed. This slab can be used as a platform for the different task's study. For the purpose of micro-object manipulation, the instrumented microgripper is used. The system configuration shown in Fig. V.9a, can sense the 2 x 2D force and 1D Torque. This multi-state information provides a strong capability to the system to make decisions during different micro-scale tasks. For a long-range and multi-axis actuation requirement the instrumented gripper can be connected with 3D micro-positioning stages. The experimental setup corresponding to the discussed CAD design is shown in , is used to perform gluing task. As part of gluing process a 500 µm × 500 µm × 350 µm micro-object is used. It is glued on the slab (attached to the sensing platform). Micro-object is initially grasped from a platform closed to the presented setup, the grasping is made with a given reference force. Once the grasping is done, then the grasped micro-object is allowed to go in contact with UV-curable glue (VITRALIT 6128). The interaction between the micro-object base and the glue is made to form the glue meniscus, and this meniscus is then detached from the platform (where glue is placed), resulting into glue on the micro-object base. This glue deposited micro-object, is then allowed to go in contact with the slab which is attached to the sensing platform. Once, the glue-slab contact is established, then the UV light is turned "ON", in order to start the curing of the glue. The different steps employed throughout the process of gluing is shown in Fig. V.10. The starting phase of interaction between the glue-slab contact is marked as "P" (at 150 seconds), while that when the UV exposure is turned "ON" is marked as Q (at 220 seconds) in the measured forces ( Through the phase of glue contact with the slab, the presence of capillary force can be seen (between the point P and Q). This force has major influence along Z direction, which makes sense as the vertical motion is least blocked for motion as compared to planar direction (as more area of contact along planar face). When the UV exposure was turned ON, the curing resulted into stress development on the sensing platform and the object, the corresponding evolution of force on the platform is seen to follow a rapid increase in the beginning followed by some increase and decrease. This process is mainly because of the fact that the major glue shape change (from curing) happens in the very beginning (the polymerization of the boundary glue) followed by the strengthening of the glue link. During the V.3. Assembly using the developed instrumented micro-systems V.4. Conclusions phase of the curing link building, it may follow some release of the residue stress coming from the initial shape change and the stress build around the structure. This is similar to what seen in the chapter II, where studies were made along the single axis. While during the phase of curing the micro-object is intended to remain least influenced by the curing effect, therefore the micro-object is grasped with much higher force than what actually needed ( 640 µN). A small change of 50 µN is seen in the sensed force along the gripping axis (Y axis) by the PRT (Fig. V.9d), while along the same axis the sensed force by the sensing platform is much higher (varied from 160 to 100 µN before stabilization). The signal noise level of PRT used in the current version of the gripper is much higher (100 µN) as compared to that measured from the sensing platform, and therefore the corresponding measurement by PRT is not as precise as that from the sensing platform. Also, there could be possibility of axial misalignment between the PRT sensing axis and the corresponding axis of sensing platform. Therefore, the difference in the measurement from the two systems is possible. In this version of PRT which is used in gripper has single wheatstone bridge for force sensing because of some problems in one of the gauges at very final stage of device installation, whereas in chapter IV, there were 2 bridges used and therefore we have double noise level in the gripper than the PRT along previously discussed. Therefore a further precise sensing is possible with a good version of the same gripping device discussed, secondly the difference in force sensing from the two instrumented systems can be minimized, by a careful alignment of their corresponding axes on the experimental platform.

V.4 Conclusions

A novel instrumented gripper development and its actuation modeling is studied. The obtained actuation estimation is within 10 %, in the case of static as well as dynamic. The developed microgripper is demonstrated with its use in micrograsping in open-loop and also in closed loop with a force controlled grasping and release. The obtained performances are closed to the acquisition noise of the system. Moreover, the developed gripper is used with the sensing platform developed in chapter III to investigate a gluing task. The sensing resolution of 2 µN of the sensing platform allows the glue-object contact detection and the corresponding introduced capillary forces along multi-axis (up to about 50 µ N in the presented study). The force sensed as result of curing is measured about 400 µN and 100 µN). A long range sensing capability of the sensing platform (up to 110 mN) can be used to sense the curing force for wide range of glue quantity and gluing area. The gluing task performed is in open loop but it brings the interest of developed system's use to perform a precise gluing task along multi-axis. The obtained behavior from the sensed forces followed the typical S-shaped trajectory which is in accordance with the studies in chapter II, and therefore the precise gluing with an

Conclusions and perspectives

Conclusions and perspectives

This thesis presented a study of different micro-systems, their instrumentation and the potential applications. As part of the COLAMIR project, this thesis targeted the study and instrumented systems development for micro-assembly (in industrial context). The robotization of assembly process is an important need in the industry as it enables a cost effective mass production with repeatable performance. Gluing of the surfaces, is a very common approach of the assembly in the industry. But, being a widespread requirement, gluing is mostly done manually. At the micro-scale the gluing behavior is affected by several parameters, during the phase from liquid glue capillary influence to stress developed during curing. This brings high uncertainty in the final positioning of the glued product. Therefore, in this thesis work gluing for micro-assembly is studied, the according challenges and approach towards precise gluing is discussed in Chapter II. It was found that curing alone can generate force of 200 µN across a gluing area of 500 µm × 500 µm, but still this amplitude can't be quantified because of its dependency over different parameters such as glue quantity, choice of the glue and several others. A study of external load based dependency over the positioning enabled the use of an active control for a precise gluing. With this use, positioning accuracy of ∼ 0.2 µm is demonstrated for the glued product. The studies in this chapter also suggested the requirement of multi-axis instrumentation to extend the approach adapted for a precise gluing along multi-axis. To follow up the assembly requirements, there are several key challenges possible (in addition to the observation from gluing) such as; interaction with an unknown/variable environment, structural studies etc. Modeling of the system alone is not sufficient to address these issues, and there are potential requirements of multi-axis instrumentation with which local state(s) information can be retrieved. To address these requirements, this thesis targeted the multi-axis instrumentation development and proposed 2 sensors and one instrumented microgripper. First sensor (sensing platform discussed in chapter III) is based on vision principle while the other using piezoresistive (piezoresistive tool discussed in chapter IV). The proposed vision sensor of chapter III can sense the forces along the two planar axis and torque about the normal axis to the force-sensing plane. This sensor employed a dedicated encoding strategy which enabled planar position sensing over a long range. The vision sensor was demonstrated with a multi-axis force sensing with high range to resolution ratio of 55000. This sensor demonstrated to sense the force from 2 µN to 110 mN along the two axis. The corresponding work included a novel methodology of modeling for force-torque estimation along with non-linear force-displacement evolution. Task like gluing, where the extent of forces exerted (on the surfaces) is dependent on the several parameters (like glue quantity, size, shape with the gluing surfaces); in such cases this sensor with high range to resolution enables the sensing from capillary interaction to the cured phase for a versatile choice over the gluing parameters. Moreover, this sensor is equally useful for multi-axis mechanical characterization of a wide varieties of structures such as natural/artificial fibers, MEMS devices, etc. Also, the interest of this multi-axis instrumented system extends to the development of other instrumentation (calibration process). Therefore the developed instrumentation is significantly useful for various applications. The second instrumentation, which is piezoresistive sensing tool (chapter IV) demonstrated with a sensing capability from 20 µN to 9 mN, along the two axis. This sensor can be easily integrated with actuators to perform different studies, and are very useful when the sensing frame need to move in a very confined workspace. The demonstrated sensing tool was mainly designed for its use to develop an instrumented gripper, but one key advantage of this device development constitutes separate fabrication of the sensing part, and passive part. Therefore, different sizes and shapes of passive tool can be separately fabricated based on specific task requirements and can be assembled with the proposed sensing part. This would lead to wide range of sensing possibilities, as the performance in terms of the range, resolution are dependent on the geometrical and mechanical parameters of the passive tool. This work therefore, opens up the possibilities to tune up different parameters for any specific application.

The demonstrated piezoresistive sensing tool was further integrated with a 2-axis piezoelectric actuators to develop an instrumented microgripper (chapter V). Modeling of the actuation of the instrumented gripper with inclusion of the hysteresis and external force is discussed with an estimation error less than 10 %. The developed gripper is demonstrated with grasping and release of a micro-object, making an open loop and a feedback controlled task. The obtained performances were within the signal noise level. The developed microgripper was also used for the multi-axis gluing study with its combined use with the sensing platform. The corresponding study from multi-axis gluing brings the interest of using an active control for a precise gluing along multi-axis. Moreover, the developed instrumented devices can be used to perform varieties of complex tasks, including 6-DoF precise gluing, insertion, rotation etc. Especially, for gluing and insertion (varying environment), use of impedance control can provide interesting results and therefore need to be demonstrated in the near future.

In terms of the device improvement for the microgripper developed, an adaptation of the variable stiffness mechanism in the sensing tool can bring interesting flexibility. Indeed there are several works which demonstrated the possibility of the use of the variable stiffness gripper such as using jamming technique [ Yokouchif 20], [ Jiang 19]. The gripper can also be tuned magnetically for variable stiffness such as in [ Memar 19] (Fig V .11) which enhanced manipulation safety and robustness during collisions. A variable stiffness capability of the gripper allows to play with different sensing range and resolution without changing the tool. The MEMS devices such as [Cailliez 18], demonstrated variable stiffness sensing for a nN resolution over a measurement range of ± 2.45 µN. The interest of such sensing is in the characterization of mechanical structures, where for the distance (<20 nm) between the sensor and the structure, intramolecular force follows variable gradi- ant which leads to instability regions. With the use of variable stiffness sensing, the dynamic requirement can be fulfilled and irregularities from instability regions can be avoided. Moreover, microgripper can be also be improved in terms of its communication to the host PC, mainly a wireless communication mechanism can be introduced to minimize the number of wiring around the device. This work can be seen also as a development of a microgripper towards a non-fixed end actuation like using spider micro-systems [ Yanagida 17] or micro-aerial systems [ Estrada 18]. With such a mechanism, a wide variety of work-space requirements may be achieved. Even it brings several challenges but it would allow the extension of the micro-manipulation in a very broader context. A wireless communication can enhance the system capability to minimize the requirement of large numbers of actuators around, and can enhance the acceptability of the system to perform micro-manipulation and assembly in large range of applications. There is potential scope of such systems not only in assembly but in medical and defense operations. Abstract : Instrumentation in the microdevices has brought the attention of different fields and are recently demonstrated with a wide range of acceptability from medicine to space technology. Industries aiming to do various micro-assembly tasks and robotize this process, also require dedicated instrumentation. This thesis targets the study of micro-assembly, analyzing the complexity and development of instrumentation. With potential needs of gluing for micro-assembly in the industries, the gluing behavior is analyzed. The complexity towards precise assembly is addressed with a microrobotics approach along 1 axis (po-tentially affected by gluing). The approach demonstrated with 0.2 µm of positioning accuracy of the glued product. The extension of the approach for a multi-axis precise gluing requires multi-axis instrumentation. This thesis demonstrated the development of 3 instrumented systems. This constitutes a multi-axis force/torque sensing platform, a 2 axis force sensing tool, while the third is an instrumented microgripper developed from the developed force sensing tool. Thesis covers different works, from design, modeling, fabrication and experimental validation of the different systems developed.
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Figure I. 2 -

 2 Figure I.2 -Electrical characterization of a carbon nano-tube in contact with a probe [Clévy 19]

Figure I. 3 -

 3 Figure I.3 -Comparison of forces at the micro-scale discussed in [Neugebauer 11]

Figure I. 5 -

 5 Figure I.5 -Releasing strategy used in [Liu 20], (a)-(i) sequential images during the release

( a )

 a Figure I.6 -Peg-in-Hole micro-assembly used in [Chang 16]

Figure I. 8 -

 8 Figure I.8 -Capillary self-alignment in [Chang 17], (a1),(b1) and (c1) chip was placed on a receptor site; (a2),(b2) and (c2) water mist induced droplet introduces at the assembly site; (a3), (b3) and (c3) self-aligned chip at the receptor site

Figure II. 1 -

 1 Figure II.1 -Schematic for the Gluing in absence of external loadThe dispensed glue droplet size is 35 µm in height, and 315 µm in diameter (assuming uniform distribution around). The glue used was DYMAX 425, which is an UV curable glue, and DYMAX Blue Wave 50 was used as UV source for glue curing. The micro-object used is 500 µm × 500 µm in cross section, with 350 µm thickness, made of silicon is attached (using thermal glue) to the beam made of steel. The beam with the attached micro-object can be moved along Z, to go in contact with the glue (point A) as shown in Fig.II.1. This contact induces stress on the object because of the surface tension from the liquid meniscus and therefore, the glue-beam system allowed to get stabilized (fluidic stress release),

Figure II. 3 -

 3 Figure II.3 -Study of the behavior of a component during its gluing

Figure

  Figure II.4 -Spring model

Figure II. 5 -

 5 Figure II.5 -Calculated glue stiffness with 20 N/m passive beam

Figure II. 6 -

 6 Figure II.6 -Experimental setup for Glue behavior under external load

Figure II. 8 -

 8 Figure II.7 -System representation and behavior during gluing

  Figure II.9 -Modeling of the Glue shrinkage

Figure II. 10 -Figure

 10 Figure II.10 -Negligible impact from the employed load; d A =0 correspond to no displacement from Robot 1 (as shown in Fig. II.7a)

Figure II. 12 -

 12 Figure II.12 -The dependency of the controller gain on the extent of actuation and accuracy

  Figure II.13 -Proposed scheme for distance control between the Beams

  Figure II.14 -Experimental Setup used for the analysis

  2. The experimental setup based on the proposed beam model (Fig. II.7a) is shown in Fig. III.8. There are two Keyence (LC-2420) position sensors used which has sensing resolution of 10 nm.

  Figure II.15 -Behavior in absence of control from interaction and curing

  Fig. II.16a. A trapezoidal signal (amplitude, 300 µm) was given to the Robot 1 (Fig. II.16b) to allow Beam 1 movement towards Beam 2. And based on the movement of Beam 2 under the interaction with Beam 1, the Beam 2 position can be calculated. This leads to the identification of position Z 0 relative to Robot 1 movement.

Figure II. 16 -

 16 Figure II.16 -Different Steps before use of control

  Figure II.17 -Actuation and obtained gluing with the proposed active control

Figure

  Figure III.1 -Comparison of different state-of-the-art Multi-axis Force Sensors

IIIFigure

  Figure III.2 -Sensing platform design and working principle

Figure

  Figure III.3 -Principle scheme of the force-torque sensing platform

52 III

 52 Figure III.4 -Encoded Central Rigid Body (CRB) with different Field of View

Figure

  Figure III.5 -System Behavior from COMSOL Simulation

  Fig III.2 to define the displacement magnitude of the entire test body. The deformation shown in Fig. III.2 is 20 × magnified of the actual displacement ( which is shown in the colored bar), in order to have better visualization of the resulted motion. The displacement of the geometrical center of the CRB (z CRB ) was retrieved from COMSOL as depicted in the force-displacement curve of Fig. III.

  Fig III.4, each square was targeted to be of 3 µm resulting into physical period of 6 µm. The fabrication result is shown in Fig III.7, the obtained encoded squares on the fabricated CRB was measured 3.01 µm, resulting into less than 0.4 % fabrication error. Chapter III. A high range-to-resolution multi-axis µForce/torque Sensing Platform Silicon wafer with double sided coating (1.2 µm) BHF etching for bottom side and side wall removal Al electrode paaterning (100 nm) by lift-o process Bottom side DRIE etching Bottom side protection resist deposition (spray coating) BHF etching for top side removal Cleaning and releasing of samples

Figure

  Figure III.6 -Summarized Fabrication Process

  Figure III.8 -Experimental Setup

Figure

  Figure III.11 -Force, Z: Model Validation with force at M and P
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 1214 Figure III.12 -Estimation error for the identification (Ident-(M) for force at M) and validation (Val-(M) and Val-(P)), respectively for force at M and P

Figure

  Figure III.15 -Validation of Resolution

  Fig. III.16, the sensed deviation error was found well in the proposed 1 % range. The corresponding force sensed by reference sensor and that from the estimation is shown in Fig. III.16a, while the estimation error is shown in Fig. III.16b. The obtained non-linearity is within 0.5 %.

Figure III. 16 -

 16 Figure III.16 -Repeatbility of the proposed sensing platform

  . IV.2. With this scheme, a 2-axis force sensing piezoresistive tool's design is proposed in Fig. IV.3. The proposed design consists of three parts, passive tool and two cavaliers which includes the piezoresistive strain gauges. The cavalier (Fig. IV.3c) as additional parts termed as "Mechanical Handling Part", which can be useful during the process of assembly with passive tool (detailed in subsection IV.5) and latter removed to have configuration of Fig. IV.3a, where the two cavaliers are sandwiched around the passive tool. Overall, there are 5 beams passing through the cavity, 4 beams are 4 strain gauges, whereas 1 beam is from the passive tool used (Fig. IV.3b). The central beam of passive tool provides link between the two sides of the cavity (along its length), therefore useful to minimize the number of parts and hence the complexity for the sensing tool development. Definition of the gauges with respect to the defined frame in Fig. IV.2 remains same for the Fig. IV.3, therefore the top gauges are S 1 and S 2 , whereas the bottoms are S 3 and S 4 . The corresponding resistances are R 1 , R 2 , R 3 and R 4 respectively.

  Figure IV.3 -Proposed design of the sensing tool

Figure IV. 6 -

 6 Figure IV.6 -Comparison of analytical model and COMSOL measurement

  Fig. IV.6. For calculation corresponding to load along Y (Fig. IV.7a

Fig. IV. 7 .Figure IV. 7 -

 77 Figure IV.7 -Resistance change against the strain

Figure

  Figure IV.8 -(a)-(i) Fabrication steps for the Passive Tool

Figure IV. 9 -Figure IV. 10 -

 910 Figure IV.9 -Plane and direction representation for wafer and carriers

  Figure IV.11 -Fabricated devices

  Fig. IV.13 as Configuration 1 and Configuration 2, respectively for Y and Z axis. Throughout the characterization process the performance was characterized for the applied load within 50 µm from the tip end along the length of Piezoresistive Tool (PRT).

  Figure IV.13 -Experimental setup

Figure IV. 14 -Figure

 14 Figure IV.14 -Signal acquisition under no load and the environmental conditions

  . The input displacement to the positioning stage along Y axis (y pos ) and the respective sensed voltages v y , v z along the two axes are shown in Fig. IV.15. The entire motion, consisted of constrained motion (as marked in Fig. IV.15), while remaining as free motion (unconstrained).

Figure IV. 16 -

 16 Figure IV.16 -Voltage signal after coupling correction (resulting from Fig. IV.15)

  Fig. IV.16, the force measurement from the reference force sensor (f ref ) against the sensed voltage (v y ) along the Y axis is shown in Fig. IV.17. An estimate of force is calculated using identified sensitivity of 2280 µN/V. The force measurement of 9 mN is presented in Fig. IV.17

  .

Figure IV. 17 -Figure IV. 19 -

 1719 Figure IV.17 -Sensitivity identification of PRT along Y axis

  Fig. IV.19. The proposed PRT is able to detect the force change of 20 µN corresponding to the detection from the referenced force sensor.

  Fig. IV.13. Same process was followed as done along the Y axis. The corresponding reference force, voltages, positioner displacement are used from the Fig IV.20. Validated force range along Z axis is 9.2 mN as shown in Fig. IV.20b. TableIV.4 summarizes the different potential parameters identified for the sensing along Y and Z axis.

  Figure IV.20 -Characterization along the Z axis

  Fig. IV.21a and Fig. IV.21b respectively). The calculated c k comprised of hypothesis including an estimate of non-piezoresistive resistance, and its equal presence along all the gauges, which introduced certain degree of uncertainity in the calculation involved.

  Figure IV.21 -Relative resistance change against the strain

Figure

  Figure IV.23 -A completely flat tip used for the analysis in COMSOL

  IV.23). It was noted as shown in Fig. IV.24, for load along Y axis the corresponding change for flat (Fig. IV.24a) and actual tip (Fig. IV.24b) is same for corresponding resistors. Whereas when the load is applied along the Z axis (shown in Fig. IV.25), the corresponding change in resistance obtained for flat tip (Fig. IV.25a) and the actual tip (Fig. IV.25b

  Alneamy 20], electromagnetic[Xie 19,Tisnes 20], electrothermal V.2. Development of an instrumented microgripper [V.-Chable 19], vacuum[Ruggeri 18], pneumatic [Gursky 19], shape memory alloy [L.-Evans 20] or piezoelectric[Das 21]. One important point in the choice of the actuator is that the actuator should not interfere with the performance of sensing device integrated, therefore in the context of piezoresistive tool for sensing (PRT of Chapter IV); it is important to avoid external stimuli such as heating or optical based actuation. The requirement is also to avoid the need of any high input voltage (or additional amplifier) for actuation, by keeping a precise and long range positioning capability. The opening of gripper, sometime requires to generate additional force to get rid of contact forces, and therefore the actuation need to be compatible along both sides (±) of the respective axes. Piezoelectric actuators are known for their precise positioning, have the advantage of no electromagnetic radiation, good response with simple structure and are widely used in precise positioning applications [Deng 19, Chen 16,Deng 20]. In this work, piezoelectric multilayer actuators, are used for the development of gripper. These piezoelectric multilayer actuators can actuate with nanometric resolution up to ± 100 µm (range) along the two axis, corresponding to maximum input voltage of ± 20 Volts. Indeed a bimorph actuator, able to introduce a higher blocking force capability as compared to a multilayer stack piezoelectric actuator. But in our case, the sensing range of the integrated PRT (Chapter I), the according task handling force requirements are well within the blocking force of the employed piezoelectric actuator (> 10 mN). Choice of the piezoelectric multilayer actuator meets the compatibility with the developed sensing PRT and also with the requirement of micro-assembly. The piezoresistive tool (PRT) demonstrated in the previous chapter is integrated with 2 axis piezoelectric actuators, the assembled version is shown in Fig. V.1. The electronics including the circuitry for actuation and PRT which consists of wheatstone bridges (included in "Main PCB"), are developed on board with the gripper, where the "Intermediate PCB" is used mainly to allow a smooth transfer (closest to PRT, low noise) of electrical signals to the "Main PCB". The work including the PCB development, the compatible components packaging, and the main wiring with the PRT, is done at the Percipio Robotics (industrial partner in this COLAMIR [COLAMIR 20] project).

Figure V. 1 -

 1 Figure V.1 -The instrumented microgripper after integration of the developed piezoresistive tool (PRT) from Chapter IV with actuatorsThe proposed gripper consists of a single finger instrumented (marked as PRT in Fig.V.1) for the sensing while the other finger is not wired for piezoresistive sensing and therefore used only for the actuation/gripping purpose. The piezo-

Figure V. 3 -

 3 Figure V.3 -Experimental setup to study the characteristics of the gripper

  Figure V.4 -Estimation and experimental results for actuation in free space

  Figure V.5 -Estimation and experimental results combining the constraint motion
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  Figure V.6 -Experimental setup and the Gripper-object view

  Figure V.7 -Gripping of the micro-object without any feedback control

Figure V. 8 -

 8 Figure V.8 -Force controlled grasping and Release of the micro-object

  Fig. V.9b. The sensing platform employed with a glued slab is shown in Fig. V.9c, where the slab is glued with the face which is not encoded (while encoded side facing pattern monitoring camera). The face of the slab used for gluing in this chapter is marked in Fig. V.9c. The setup described in Fig. V.9a and Fig. V.9b

  Fig. V.9d and Fig. V.9e, and Fig. V.9f).
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 910 Figure V.9 -Gluing with developed micro-systems; (a) CAD version of the gluing system; (b) Experimental Setup; (c) Sensing platform with Slab; (d) Force sensed by PRT along Y (P: glue-slab contact, Q: UV ON); (e) Force sensed by sensing platform along Z; (f) Force sensed by sensing platform along Y

Figure

  Figure V.11 -A variable stiffness used in [Memar 19] (a) gripper schematic (b) Fingers passive motion before grasp denoted by p 1 (c) Fingers passive motion after grasp denoted by ∆. Equilibrium points in the absence of external forces are denoted by dotted lines in red (d) Different components of the gripper and mechanical design
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 IV 3 -Measured resistance of gauges under no load

  Table V.1.

	Parameters	Y axis	Z axis
	α β γ ζ d p (µm/V) s p (m/N)	2.56 0.085 0.02 -1 × 10 -5 -1 × 10 -5 2.5 0.12 0.03 5.9 6 -0.025 -0.032
	Table V.1 -Identified parameters for the actuator
	V.2.1.b Behavior in the presence of external load

active control can be extended along multi-axis. As a future work, the proposed instrumented gripper can be used to perform varieties of complex tasks in partially and/or fully automated mode.
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