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General introduction

Current advances in the field of microtechnology are considerable in various fields such as materials science, optics, health technologies and electronics. At micro and nano scales, direct interaction between a human operator and a micro/nanometersized object is impossible due to dimensional limitations. Even when using specific manipulation tools, the human/object interaction remains difficult due to some specificity of the physics at the small scales. However, the field of microrobotics is now quite mature and has solved many problems related to the manipulation, transport and characterization of small-scale objects. Rather, the question is whether it is possible to perform fully automated robotic tasks at the small scales or whether we constantly need human supervision. In most cases, human expertise remains necessary, mainly due to (i) phenomena that are uncertain and/or difficult to model, e.g. interaction forces that strongly depend on environmental conditions (temperature, humidity, etc.), (ii) unpredictable behavior requiring continuous adaptation, e.g. object adhesion on robotic end-effectors, (iii) the frequent change of assembly lines and the difficulty to perform some steps that require a user expertise. Bilateral haptic coupling based on human-robot interaction (HRI) is in this case a promising solution. Robotic devices provide the precision required by the tasks, while human operators provide the ability to plan, understand and react to unexpected situations during a robotic task or set of tasks.

In this context, the intervention of the human operator at the micro/nano scale is achieved by coupling a haptic interface with a micro-robotic system. It is then possible to manipulate the robot and to feel the interaction forces via the haptic interface.

More and more small scale robotic tasks involve "exotic" signals different from force, position and velocity signals commonly used in haptic couplings. Examples include optical robotic systems using light intensity for decision making or soft systems or manipulating soft objects requiring taking into account dynamic parameters such as elasticity and viscosity. This raises the question of the ability of humans to perceive these "exotic" signals with enough accuracy for an efficient decisionmaking, as well as the ability of the haptic interface to transmit these signals faithfully and with sufficient transparency to humans. In addition, the type of physical sensory feedback to be used, how to use it to take advantage of human sensorimotor capabilities, and the acceptability of the operator with respect to the sensory feedback that is used emerge as a key paradigm and a little explored gap 1 General introduction in the state of the art related to HRI at the small scales. The lack of diversity in the physical quantities used for haptic feedback is addressed in this thesis. In particular, it aims to investigate the potential of performing efficient tasks by extending the set of signals commonly used in HRI at the small scales.

The transparency of the bilateral haptic coupling, i.e. the ability to faithfully transmit information to the user, is a major issue. Such performance depends on the components of the bilateral haptic coupling, such as: actuators, sensors and type of communication. In particular, when dealing with the small scales, the transmission of fine force variations or complex force fields in a large measurement range requires a high level of transparency in the haptic coupling system. The human operator and the way he/she uses the haptic interface can also affect the transparency. All these points will be studied in the thesis when using light signal and stiffness information in the haptic feedback. Furthermore, users of microrobotic systems are often non-robotics professionals and therefore an important point of this work is to provide complete solutions integrating all aspects related to the robot, the interface, and the control allowing the realization of efficient tasks in an intuitive way. This work is carried out within the framework of the ANR project COLAMIR. This project brings together two major research actors in micro-robotics (FEMTO-ST and ISIR) with two innovative startups in robot integration and micro instrumentation (PERCIPIO ROBOTICS and AUREA TECHNOLOGY). It addresses the fusion of human and robotic capabilities in the microtechnology field. The thesis was co-advised by Université Bourgogne Franche-Comté and Sorbonne Université between the two research units FEMTO-ST and ISIR. Within the project COLAMIR, we have identified 2 cases of study that have both major industrial concerns and significant needs. On the one hand, the control of robot/soft object interactions despite surface force effects that are complex to model. On the other hand, the intuitive alignment of optical components with sub-micrometer accuracy, that corresponds to ultra-technical products assembly case in small, quasi-unitary series. More specifically, the thesis focuses on • Modeling and disturbance observer design to deal with the transparency issue of pantograph type haptic interface.

• Proposition of an HRI strategy for the intuitive sub-micrometer alignment of electro-optical components.

• Study of HRI-based approaches for human decision-making during the manipulation of soft objects.

The document is organized as follows:

In Chapter 1, existing micro-robotic applications using haptics and HRI are presented and discussed. The challenges related to this type of applications, the nature of the physical sensory feedback used and the issue of transparency are highlighted. The lack of diversity in the physical quantities used for haptic feedback and the challenge related to the transparency justify the thesis objective to study the potential to perform micro-robotics tasks based on uncommon physical information feedback.

In chapter 2, the issue of the transparency of a class of parallel haptic interface with pantograph type architecture is addressed. A computational approach based on a perturbation observer is studied for this purpose. The observer is designed based on a dynamic model of the pantograph. It estimates the force that the human finger applies on the interface and deduces the pantograph inertia that is thereafter rejected. The experimental validations first show the effectiveness of the perturbation observer in estimating external human force with a response time of less than 0.2 s and then the efficiency of the controller to improve the quality of the feeling of forces up to 10 mN. This control architecture will be the basis for the micro-robotic tasks performed in the thesis where its added value for HRI is demonstrated.

In chapter 3, our objective is to study the potential to extend the physical sensory feedback to the human operator using a bilateral haptic coupling-based HRI approach. An industrial case study provided by the AUREA technology company (within COLAMIR project) is the alignment of electro-optical components based on an intuitive human-robotic interaction. A comparison between different sensory feedback scenarios is performed to evaluate the ability to achieve a high-quality alignment of the electro-optical component based only on light intensity variations feeling. The problem formulation, the experimental setup, and the proposed approach based on the bilateral haptic coupling are presented. Finally, a user evaluation test is performed to compare the alignment performances between the different sensory feedback scenarios and to evaluate users' acceptance.

In chapter 4, we study the influence of the transparency of the bilateral haptic coupling on human soft-object interaction at a small scales. Particularly, the potential of the human operator to distinguish the stiffness variation of the objects at this scale is evaluated. For this reason, the case study chosen is the mechanical characterization of soft PDMS objects. The challenges related to the characterization of soft objects are discussed. The experimental setup based on the bilateral haptic coupling is described. A user evaluation test is conducted to evaluate the advantages of the bilateral haptic coupling on human decision-making.

Finally, a general conclusion includes a summary of the results and contributions arising from this work.

Chapter I

Human-Robot Interaction at the Small Scales This chapter focuses on human-robot interaction (HRI) and haptics for microrobotics. First, a brief introduction to micro-robotics, its specificities and fields of application are presented. Then, issues related to haptic coupling for HRI at the small scales are described. Finally, the directions and contributions of the thesis are introduced. They mainly concern the proposition of original HRI strategies for opto-microrobotics and soft object manipulation.

I.1 Introduction to micro-robotics

I.1.1 Microrobotics and fields of applications

I.1.1.

a Definition

The field of microrobotics "covers the robotic manipulation of objects with dimensions in the millimeter to micrometer range as well as the design and fabrication of autonomous robotic agents that fall within this size range" [ Nelson 16]. A microrobotic system has not necessary dimensions at the microscale but it uses end effectors that can manipulate, characterize and observe micrometer sized objects. Theory and techniques established for robotics can be applied to microrobotics and new paradigms are considered to extend the capabilities of robotic systems to deal with the specificities of the small scales.

I.1.1.b Applications

Micro-robotics offers the possibility to access the small and do things there. It enables (non-exhaustive list):

-The manipulation and characterization of nano-materials.

-The assembly of micro/nano-devices.

-The characterization, handling, transport and storage of biological cells.

-Automated nano-manipulation.

-Scientific instrumentation at the small scales (e.g. force measurement and topography imaging).

Some applications can be found in [Fatikow 96, Nelson 98, Tiwari 19] [ Govilas 21], [ Frank 98], [Tendick 98] [ Nelson 16] [ Boudaoud 18] [Yu 01,Mohand-Ousaid 20,Gultepe 13]. Many of these applications require the generation of robotic movements with sub-micron precision. Table I.1 presents some examples of microrobotics applications, where the classification is made according to the scale of the objects being manipulated. The microscale has several specificities that significantly influence the behavior of the robotics systems as well as the manipulated objects. As detailed in section I.1.2, these specificities do not allow a simple homothetic reduction of the tools and principles of the macroscopic scale to deal with the microscale.

At the micro scale, the predominant forces are different from those at the macro scale due to the scale effect. For example, surface forces predominate over volume forces. This can be seen as an advantage because for instance the electrostatic force which is insignificant at the macro scale can be used for actuation at the micro scale [ Boudaoud 14]. Furthermore, for an actuation or measurement system with the same mass volume, the bandwidth is all the greater as the size is reduced. Finally, high resolution microscopes are often required to observe micro-robotic tools and manipulated objects. Optical microscopes are sufficient when the typical size of the systems is above a certain limit related to light diffraction, usually around 200 nm. Below this limit, electron microscopes are more suitable. These I.1. Introduction to micro-robotics Application Size of ojects being manipulated [Weber 12] Micro-optical bench fabrication Millimeter scale [ Kummer 10] Ocular microsurgery [Liu 12] Oocyte characterization Hundreds of µm [ Saketi 10] Fiber characterization [Aoki 03] 3D photonic crystal assembly Tens of µm [Medina- Sánchez 16] Assisted in vitro fertilization [Liu 15] Intracellular characterization A few µm [ Rauch 18] Lab on fiber technology specificities are not the only ones that characterize small-scale robotics; one can also mention the need of specific fabrication methods for these robots (e.g. clean room technologies), the sensitivity of these systems to external high frequency disturbances, and so on.

I.1.1.d Automation and human-robotic interaction at the small scales When it comes to the production of micro-systems in small or medium quantities using processes that have to be changed and adapted frequently, a full automation of the production process may not be economically efficient. This is due in part to the limited flexibility of automated production devices, the complexity and variability of handling sequences, and the need to constantly adapt and react to insufficiently controlled physical phenomena occurring at the microscopic scale. For this reason, the manual, non-robot, microscope approach is often the method used in these cases. The latter has the advantage of exploiting the experience of the human user to deal with multiple unexpected situations. However, it reaches its limits due to the difficulty of human operators to control small amplitude forces and to generate motions with sufficient accuracy. The use of a robotic device to directly manipulate the micro-objects allows taking precision and repeatability to the next level that are impossible to achieve by the human hand. To take the best of both worlds, Human-Robot Interaction (HRI) is an interesting alternative. While automated approaches work well in a highly controlled environment, HRI has several advantages because: (i) it allows for high intuitiveness and flexibility, (ii) it includes human expertise for decision-making, (iii) it is suitable for smallscale industrial developments and is robust when new protocols have to be added.
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In such an approach, the operator must "feel" and receive sufficient information about the state of the robots as well as about the environment. This information can be transmitted to the human by means of haptic, visual, acoustic feedbacks, etc. In this context, the type of physical sensory feedback to be used, how to use it to leverage the human sensorimotor capabilities for the benefit of the task and the acceptability of the operator with respect to the physical sensory feedback appear as a key paradigm for carrying out robotic tasks at small scales.

I.1.2 Challenges raised by microrobotics

Performing micro-scale tasks involves moving one or more micro-objects, orienting them and controlling the interaction forces [ Régnier 10]. The microscale has many important characteristics that must be taken into account to provide effective HRI solutions. Technical solutions that will be accepted by the user and allow him to accomplish tasks with a good success rate. Among the most important specificities to be taken into account, it is possible to mention:

• Force predominance due to the scale effect.

• Dynamic bandwidth.

• Microfabrication of non-monolithic systems.

• Uncertain environment.

Force predominance due to the scale effect:

Although micro-robots are subject to the same forces as ordinary robots, i.e., at the macro scale, the magnitude of the actuation and interaction forces is generally related to the size of the robot and the size of the sample. Going down to the microscopic scale, the surface-to-volume ratio increases dramatically, so that volume-related forces, such as inertia and the force defining buoyancy, have relatively less influence than surface forces. For example, if we reduce the dimensions of a cube by a factor of 10, the volume forces will be divided by 1000 while the surface forces will be divided by only 100 ( [Clévy 15]). As a result, a gripper that drops an object at the macro scale induces its fall thanks to the predominance of weight, while at the micro scale, surface effects prevent it from falling, and the object remains stuck to the gripper's fingers. Thus, downscaling results in the predominance of surface effects over the volume effects that typically dominate the behavior of the system at the macro scale. The figure I.2 summarizes the predominant forces at the micro scale. And so, the human-robot interaction takes all its sense because the human must be able to adapt his actions when, for example, it is a question of taking off an object maintained by the surface forces. The amplitude and thus the importance of the latter is very difficult to predict because it depends on several factors that cannot be modeled with precision, and consequently cannot be predicted efficiently.

Dynamic bandwidth:

The smaller a system is, the faster it is. Consider a cantilever whose resonant frequency is proportional to the square root of the ratio between stiffness and mass. This frequency will increase when the mass is reduced and the bandwidth of the system will therefore be wider. The consequence is that it is necessary to use sensors with a sufficient bandwidth for the measurements. For example, traditional cameras with an acquisition rate of a few tens of frames per second are not suitable for accurately measuring the motion of a structure vibrating at the kHz. Eventbased cameras have proven to be a good solution to this problem. On the other hand, when it comes to implementing a controller in a processor for setting microrobots in motion [Oubellil 19], the sampling frequency must be at least twice the system bandwidth (in reality, it should be much higher). The consequence is that analog controllers are preferred to digital controllers to be able to control fast robots. In terms of HRI, when using haptics, the question is whether the bandwidth of human perception will be consistent with that of the force transmitted by a haptic device. Which of the kinesthetic (involving muscles) or tactile (involving touch) solutions is more appropriate? If the force spectrum contains both low-frequencies (typically < 400 hz) and high-frequencies (typically > 1 kHz) components, how do we handle this? This question is an open research topic.

Microfabrication of non-monolithic systems:

Microfabrication technologies in clean rooms are widely used for the production of micro-systems. The term micro-electro-mechanical systems (MEMS) is used when mechanical and electronic functionnalities are integrated. When another functionality is added, the term slightly differs. For instance, the term Microopto-electromechanical systems (MOEMS) is used when in addition an optical functionality is integrated. It is very difficult to produce a microsystem integrating multiple functionalities in a monolithic way. The assembly is then a spare wheel which allows to consider extremely complex structures. Often at the prototype stage, in the research phase, or to commercialize a system in a niche market (usually high-tech), assembly processes are set up by experts in an ad hoc manner.

The number of pieces produced being very low, it is unthinkable to fully automate the assembly process. The assembly process of these products is adapted according to the specificities of each component. This relies on the expertise of the human operator, who performs the assembly and carries out numerous control steps throughout the process. In such cases, the solution provided by HRI is to bring to an expert user an additional comfort and support to accomplish the tasks more efficiently.

Uncertain environment:

By environment we mean all external physical phenomena external to the robot and the manipulated objects. This mainly concerns humidity, pressure, temperature and vibrations [Boudaoud 11]. This environment has a significant effect on the interaction forces as well as on the geometry and dynamic properties of the robot-object system. For example, a small temperature variation of the order of a few degrees has the ability to induce a significant drift in a force measurement of several micro-Newtons. This is typically the case with electrostatic force sensors. If these disturbances are measurable, i.e. if dedicated sensors are used to measure the "state" of the environment in real time, they can be rejected by appropriate control strategies. If the system operates in a controlled environment structure, the process uncertainty is reduced. However, these two conditions are not always possible [ Cailliez 21]. The HRI is here a solution to adapt the decision making according to the environmental conditions.

I.2 Bilateral haptic coupling for Human-Robot Interaction with the micro-scale

In micro-robotics, the HRI brings two worlds together: the human world (i.e. macro-world) and the micro-world. This induces high scaling gains to adapt force and displacement amplitudes of both worlds

In bilateral coupling, the human operator typically applies a movement to the master device to produce the desired motion V h . A communication channel transmits the motion from the master V m to the slave device V s . The slave system tracks the master system's motion and sends the reflected force from the task environment F e back to the master device F m. The block diagram in Figure I.3 is used to describe such a bilateral system.

I.2.1 Human in the loop

In our daily life, we interact with various objects and can determine their properties such as shape, size, weight, softness, and roughness. This is thanks to our sense of touch, called haptics.

The haptic is a combination of tactile and kinesthetic sensations. Tactile sensation is perceived by the skin's mechano-receptors. It deals with pressure, vibration, temperature, and pain sensations. The kinesthetic sense, on the other hand, is perceived through sensations that originate in the muscles, tendons and joints. It is related to the perception of applied forces acting on the human body and the sensation of motion. It also provides information on stimulus derivatives such as velocity, acceleration, and force changes. In addition, it allows us to distinguish the different physical properties of the touched objects, such as stiffness, viscosity, and inertia.

Master Device

Bilateral coupling

Slave Device

Human

Operator Environment When a person touches an object, receptors in the skin respond to the stimuli and induce messages to the central nervous system (brain) via neurons. Based on these messages, the brain instructs the human sensory-motor control system, resulting in the perception of touch. Thus, haptic perception involves a human sensorimotor loop. Three facts should be considered to appreciate the sense of touch:

V h V m V s V e
1. Haptics allows the perception of signals up to 1 kHz, with a peak sensitivity around 250 Hz [Yadav 13].

2. The sense of touch is 20 times faster than vision [ Godlove 14].

3. The skin receptors on the human fingertips can detect displacements as small as 0.2 µm and forces as small as 10 mN [Yadav 13]. These values depend on different parameters such as sex, age, humidity, temperature, etc.

The human operator closes the loop of a bilateral coupling.

I.2.2 Bilateral haptic coupling chain

Since the 90's, several works have focused on the bilateral haptic coupling between the micro and macro scales to allow the human worker to interact with a real or virtual micro-world [Hatamura 90, Hollis 90, Sitti 98, Sitti 03, Shirinov 04].

Figure I

.4 shows the main elements of a human-robotic haptic feedback chain and the bilateral flow of information between the human operator and the micro-scale environment. Force feedback is used to increase the interactivity of these systems. Homothetic gains in position and force, α d and α f respectively, are used to achieve the bilateral coupling.

I.2.3 Coupling performance

The performances can be evaluated mainly in terms of transparency and stability. The concepts of the transparency and the stability of bilateral coupling are introduced here and will be detailed in section I.2.5.

Transparency: It reflects the fact that "the user should feel through a tool as though he is directly manipulating the proximity object without feeling the dynamics of this tool" [ Hayward 07] (see Figure . I.5). Therefore, it is commonly used to describe the ideal teleoperation system as a massless stick, infinitely rigid, and used as a tool to perform remotely the dedicated task. Since the stick has no mass, the force f e applied by the environment is equal to the force applied by the operator's hand f m , i.e. f e = f m . The operator interacts with the remotely manipulated object as if the stick does not exist. Otherwise, she/he feels no resistance.

The main objective of an ideal haptic device is to make the human operator feel the real information occurring in the remote environment. The haptic interface must therefore be able to ensure an uninterrupted, regular and reliable transmission of signals between the remote environment and the human operator.

Stability: It is a necessary condition, otherwise, the system will cause damage to the tools and/or the handled objects. Scaling factors more than 10 3 , as well as time delayed communications or discretisation of signals may lead to instability of the bilateral haptic coupling. 

I.2.4 Coupling schemes

α f α d -1 + - C 1 (s) C 2 (s) + - + - (b) Force-Position indirect coupling F h F ref F e F h F ref F e X h ,V h X h ,V h X s ,V s X s ,V s X e ,V e
X e ,V e pling. The positioners displacement X e is calculated based on X h . In the indirect scheme, two additional controllers C 1 (s) and C 2 (s) are used to modify the stiffness and damping of the coupling.

To study the performance of these systems, it is possible to define an interaction model using an energy approach based on two-port systems [Hannaford 89]. This approach relies on the energy exchange between the different elements illustrated in Figure I.3. The modeling results in immittance matrices P of dimension (2 × 2) containing the transfer functions between the input and the output signals [Adams 99]. The different possible immittance matrices are obtained by considering: the forces at the input and the velocities at the output (impedance matrix P=Z), the velocities at the input and the forces at the output (admittance matrix P=Y), or hybrid, establishing a cross-relation between forces and velocities (hybrid matrix P=G). In general, both the immittance matrices and their sub-components are frequency dependent functions:

F h F e = Z 11 Z 12 Z 21 Z 22 × V h V e (I.1)
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V h V e = Y 11 Y 12 Y 21 Y 22 × F h F e (I.2) V h F e = G 11 G 12 G 21 G 22 × F h V e (I.3)
This formalism allows an analytical study of the transparency and the stability of the bilateral coupling. Throughout this thesis, the coupling scheme of 

I.2.5 Main challenges of bilateral haptic coupling for HRI at micro scale

This section addresses the main issues of bilateral haptic coupling for microscale and considers the transparency and stability of the coupling as well as the technological limitations.

I.2.5.a Transparency

The transparency is defined as the ability of the haptic coupling to faithfully transmit to the operator the specific phenomena from the environment [Bolopion 10a]. It can be measured in terms of mechanical impedance and is defined in [Venture 06, Dionnet 04] as a comparison between the operator-side impedance Z h = F h V h and the environment one Z e = Fe Ve taking into account the homothetic coefficients in force α f and displacement α d (see Figure I.6). In this context, the transparency is satisfied when:

α d Z h = α f Z e (I.4)
Transparency is a critical issue in HRI, especially at the microscopic scale. The transmission of fine variations in force or complex force fields requires a high level of transparency in the haptic coupling system.

The impedance felt by the operator through the bilateral haptic coupling scheme represented in Figure I.6 (a) is [Bolopion 10a]:

Z h (s) = α f α d Z e (s) × N (s) Actuator dynamic + 1 H(s)
Haptic interface dynamic , (I.5) H(s) and N (s) are the transfer functions of the haptic interface and the positioning robot, respectively, that can be expressed as follows:

H(s) = 1 M h s + B h , N (s) = 1 (1 + τ 1 s)(1 + τ 2 s) , (I.6)
where M h and B h are the mass and the damping coefficient of the haptic interface, τ 1 and τ 2 are time constants of the positioning robot, s is Laplace variable.

From Eq I.5, it is clear that the different systems that constitute the bilateral haptic coupling (haptic interface and positioning robot) affect its transparency. Therefore, the operator does not perceive the dynamics of the environment without artifacts. To study the influence of the haptic interface on the impedance felt by the operator, the transparency is studied in the frequency domain where the angular frequency ω is linked to the Laplace variable by s = jω. Two particular cases can be considered: the contact mode between the robot and the environment and the non-contact mode.

Contact mode: Z e ̸ = 0, the impedance felt by the human operator is given by:

Z h (s) = α f α d Z e (s)N (s) + 1 H(s) = α f α d Z e (s)N (s) + M h s + B h (I.7)
It corresponds to the ideal impedance (

α f α d Z e (s)
) weighted by the positioning robot dynamic. The parameters of the haptic interface are also involved. In the frequency domain, Eq I.7 becomes:

Z h (jω) = α f α d Z e (jω) 1 τ 1 τ 2 ω 2 + (τ 1 + τ 2 )jω + 1 + M h jω + B h (I.8)
At low frequencies (LF) (ω ≪ 1), the impedance felt by the operator can be approximated by:

Z LF h (jω) ≈ α f α d Z e (jω) + B h (I.9)
The impedance of the environment, as well as the viscosity of the haptic interface are transmitted to the operator.

At high frequency (HF) (ω ≫ 1), the impedance is:

Z HF h (jω) ≈ M h jω (I.10)
The transparency of the bilateral coupling at high frequencies depends on the haptic interface mass.

Non contact mode: Z e (s) = 0. Eq I.7 becomes:

Z h (jω) = M h (jω) + B h (I.11)
At low frequencies, the impedance felt by the operator depends only on the viscosity of the haptic interface. However, at high frequencies, the mass of the haptic interface is predominant.

The literature review shows that the problem of the transparency can be addressed in different ways:

• By design:

1. Reduction/compensation of the haptic interface dynamics: In [Ousaid 15], the authors propose a stable and transparent haptic interface. It consists of two motors interposed by an eddy current coupler. This interface, shown in Figure . I.7, is called TIMoN (Transparent Interface for Manipulation of Nanoscale). The handle is attached to the rotor shaft of a so-called "small" motor with a short response time but low torque. A "big" motor brings its torque to this shaft through a viscous coupler. The torque felt by the operator is the sum of that produced directly by the small motor and that coming from the big one.

A novel actuation like electromagnetic based haptic interface:

In [Ortega 17], a new planar interface with three degrees of freedom is proposed. Its design is based on the combined use of an air bearing and dual linear induction motors. The user manipulates a floating aluminum plate. This interface has a low inertia, a low friction, and can produce large amplitude forces. Nevertheless, its proper operation requires high bandwidth control of the induction actuators. through a feedforward scheme is also a solution to deal with the transparency. For instance, if the inertia force of the interface can be observed then it can be rejected by mean of a feedforward control.

I.2.5.b Stability

To determine the necessary and sufficient conditions for the bilateral coupling stability scheme, the Routh criterion can be used. The closed loop transfer function is deduced directly from the impedance felt by the operator calculated in Eq I.5:

V h (s) F h (s) = 1 Z h (s) = H(s) 1 + H(s)N (s) α f α d Z e (s) = H(s) 1 + H(s)N (s) α f α d Keq s (I.12)
where the contact with the environment is modeled by an equivalent stiffness K eq . A necessary stability condition is derived as follows [Bolopion 11]:

α f α d < M h T 2 s K eq (I.13)
From Eq I.5 and Eq I.13, it is clear that the bilateral haptic coupling performances (transparency and stability) depend on the system parameters (haptic interface, positioning robot, scaling coefficients, ...).

The paper [Bolopion 08] provides a comprehensive analysis with criteria for tuning the coupling parameters to achieve stability and transparency. In particular, it demonstrates that large force amplification or large displacements, more than 10 I.2: A review of tasks based on a bilateral haptic coupling system at the small scales. VF: Virtual fixture, "+" signifies that a strategy is used to improve the stability and the transparency of the haptic interface.

I.3 Applications of bilateral haptic coupling for the small scales: an overview

In this section, an overview on HRI and bilateral coupling for micro-scale applications is presented. The coupling schemes, the applications, the types of information exchanged with the microscale are described. This section also summarizes the objectives of the ANR project "Colamir" of which the thesis is a part.

I.3.1 HRI applications and type of exchanged information

Table I.2 shows different systems using bilateral coupling with haptic feedback to interact with small scales. Below is a description of some applications.

A scanning electron microscope coupled to a 6-Degree-of-Freedom (6-DoF) haptic interface was one of the first microrobotic applications involving haptics [Hollis 90,Bolopion 12]. The vertical motion of the haptic systems allowed the user to detect interactions forces between the robotic tool and the environment. In [Degirmenci 15] , a micro-manipulation platform performing surgical operations is coupled with a haptic interface to perform teleoperated tasks. The robotic system includes a 3 DoF wrist and a five-bar spherical mechanism.

In another application, a haptic teleoperation system allowed a human operator to position self-propelled catalytic microrobots [Pacchierotti 15]. A particle filter-based tracking algorithm tracks the position of a micro-object in the remote environment. An Omega 6-DoF interface provides a haptic feedback to the human operator on the interactions between the controlled microrobot and the environment, while allowing him to manipulate the microrobot. Finally, a wireless magnetic system controls the orientation of the microrobot to reach the target position.

A hybrid 4-DoFs device based on a parallel flexible mechanism has been designed for micromanipulation in which a bilateral coupling is proposed to control a manipulator actuated by multi-DoFs piezoelectric actuators with the ability to provide haptic feedback. The platform consists of a planar 3-PRR (three rotary joints) manipulator and a 1-DoF bridge mechanism. The system can be used for the assembly of micro-electro-mechanical systems (MEMS) or for teleoperated contact with biological cells [ Pinskier 18].

In [Mohand- Ousaid 20], an original bilateral manual cell injection device is proposed. It uses a zero displacement active force transducer coupled to a haptic interface with negligible inertia to perform manual injections into biological samples (see Figure . I.9).

Another teleoperated robotic device with haptic feedback for biological microinjection is proposed in [Feng 21]. The system consists of a custom master device and a slave micromanipulator. The micromanipulator coupled with a micro-force sensor In all the works cited above, it can be noted that force and position are the only measurements used in the exchange of information. However, many applications require feedback of other types of state variables than force and position, such as light intensity, stiffness, temperature, frequency, etc.

For example, to achieve accurate multi-DOF robotic positioning for an integrated optical system, [Bettahar 20b] propose a photo-robotic approach to calibrate the extrinsic parameters of the robots. Figure I.11 shows the experimental setup of the robotic micro-manipulator for the alignment of micro-optical components including a fiber ferrule. Based on the light intensity feedback, the positioning of an optical lamella relative to an optical fiber with 50 nm and 0.004 • accuracy is achieved [Bettahar 20a] [Bettahar 20b], which also results in a maximum optical reflectivity.

If a HRI solution is used for such a robotic tasks, light intensity haptic feedback should be considered.

The second critical point is that most of the work in the literature uses commercial haptic interfaces with mechanical backlash, high inertia, and friction that obscure some information. These interfaces prioritize stability and robustness over transparency. This choice affects the transparency of the whole teleoperation chain and the user's perception. For an efficient microrobotic task realized by an HRI approach, it is essential to faithfully transmit local measurements, hence the need for a transparent bilateral haptic coupling for the transmission of information without artifacts. 

I.3.2 COLAMIR project: Collaborative Agile Miniaturized Robotics for ultra-precise assembly

COLAMIR project addresses the challenge of integrating human and robot skills in the field of micromanufacturing by bringing together researchers in robotic micromanipulation and creative micromanufacturing SMEs (Subject Matter Experts). ISIR's Microrobotics group brings human-robot interaction at the microscale, with strong research originality in the field of haptic interface. FEMTO-ST brings tweezers for robotic micromanipulation, as well as sensors integration and control at the microscale. PERCIPIO ROBOTICS is a startup company that has been successfully operating for 15 years in the field of high precision robotics for microproduction. AUREA TECHNOLOGY is a company that performs the assembly of ultra-precise photon counter, which employs a unique hand-assembled microphotonic technology. This company provides a concrete case study of industrial micro-assembly.

Within the COLAMIR project, we have identified 2 cases of study that have both major industrial concerns and significant needs: on the one hand, the control of robot-object interaction forces and the feeling of the mechanical properties of soft objects, and on the other hand, the intuitive alignment of optical components with high accuracy, that corresponds to ultra-technical products in small, quasi-unitary I.4. Contributions to HRI with the micro-scale series. In this work, we propose a "tool" that makes a human-robotic interaction at the small scales efficient when dealing with a sub µm positioning accuracy of robot tools and the feeling of the rigidity of manipulated objects.

I.4 Contributions to HRI with the micro-scale

As mentioned earlier, the transparency and stability of a bilateral coupling are essential criteria to ensure effective human operator decision-making at the microscopic scale. Furthermore, the proliferation of robotic systems whose states to be controlled go beyond position and force makes it interesting to diversify the physical quantities used for haptic feedback. In this section, the targeted challenges and contributions addressed in this thesis and the proposed solutions are presented.

I.4.1 HRI for photo-robotics at the micro-scale with light intensity feedback

CHAPTER III deals with an original HRI based on microrobotics involving optics and more generally light information. It aims to demonstrate the proof of concept of using light information in haptic teleoperation for component alignment with sub-micrometer accuracy. The use of light information as a haptic feedback has not been studied in the literature before. The case study focuses on the alignment of a laser optical fiber on the active surface of a photodiode using a microrobotic system and a pantograph. To evaluate the performance of the HRI approach based on light intensity feeling, a user evaluation test is performed to compare the alignment performances for different HRI approaches and to study the acceptance of the user for such an approach.

I.4.2 Mechanical properties discrimination

The mechanical characteristics of an object can be perceived with a tool by tapping or pressing, as demonstrated by a pencil or other rigid object held in the hand. The subjective assessment of an object's compliance, or the amount of deformation of an object in response to an applied force, is known as perceived softness [LaMotte 00]. Discrimination of mechanical characteristics in general and the stiffness of objects at small scales has a significant interest. At the microscale, small inertia and high dynamics of micro parts increase the complexity of grasping, releasing, and positioning tasks. The difficulty increases because the position, the dimensions, and the stiffness of the micropart are unknown [ Komati 16]. Understanding cellular structures and physiological functions, predicting cellular responses to mechanical . The behavior of the composite is also strongly related to the mechanical properties of its reinforcement, so their accurate knowledge is crucial to improve or predict the behavior of the composite [ Govilas 21]. Also, in surgical operation, the discrimination of the mechanical characteristics of the tissues is of importance.

Micro scale enviroment K eq H(s) N(s) α f α d -1 + - F h F ref F e X h ,V h X s ,V s X e ,V e
In [Kesner 11], the authors evaluate how the perception of the mechanical properties of the tissues by the human operator improves the catheter procedure.

In Chapter IV, we propose to study the potential of the human operator to distinguish the mechanical properties of objects at small scales. The aim is to evaluate the capability of the human operator to discriminate between the mechanical properties, stiffness especially, of objects with an interacting force that doesn't exceed 100 µN . A user evaluation test is performed to analyze this capability, and a comparison of the performances achieved between different scenarios is done.

I.4.3 Haptic interface and bilateral coupling transparency

The bilateral direct force feedback (DFF) coupling scheme shown in Figure I.12 is used in this work. The choice of this coupling method is justified by the quality of transparency obtained with such coupling compared to that obtained with indirect Force-Position coupling (FP). In [Bolopion 10a], the author proves that the transparency obtained with the direct bilateral coupling DFF is better than that obtained with the indirect coupling FP. Table I.3 represents a comparison for the impedance felt by the human operator Z h between the DFF coupling method and the FP coupling method for low and high frequency.

Let us recall that the transparency felt by the operator and the stability formula are as follows:

Transparency: Z h (s) = α f α d Z e (s)N (s)+ 1 H(s) = α f α d Z e (s)N (s)+M h (s)+B h (I.14)
Stability condition: Equivalent stiffness of the environment Table I.4: Parameter definition of Eq I.15 and Eq I.14.

α f α d < M h T 2 s K eq (I.15) ( 

Low frequency High frequency Non Contact Contact Non Contact Contact

DFF B h α f α d Z e + B h M h jω FP α f α d C 2 + B h α f α d + α d Keq K 1 Z e + 1 1+ α d K 1 α f Keq + 1 C 2 Keq K 1 + α d C 2 α f + B h
programmed tangential interaction forces f T at the interface result in fingertip deformations and tactile sensations that resemble the exploration of real surfaces Micro scale enviroment K eq H(s) Workspace Sufficient working space for the application without any singularity that prevents the generation of forces.

N(s) α f α d -1 + - F h F ref F e X h ,V h X s ,V s X e ,V
Limited dry friction Sufficiently low to ensure that the user doesn't have difficulties in moving the device, especially in free space. Nominal mass and inertia Should be as low as possible so that the user can move freely without feeling a disturbing force.

High bandwidth

The dynamic bandwidth of the haptic interface must be high enough to reproduce all the frequency components of the simulated forces.

Position resolution

Sufficient to detect any voluntary movement of the user. It ranges from 0.1 to 11.2 µm in the fingertips, 10 to 14 µm in the middle of the fingers and 15 to 24 µm in the palm of the hand. Table I.5: Important criteria for a transparent haptic interface.

coupling. For such a block scheme the impedance felt by the operator is as follows:

Z h (s) = α f α d Z e (s)N (s) + 1 H(s) - F dynamic (s) V h (s)
Haptic interface dynamic cancellation (I.16)

The control strategy adopted and developed in CHAPTER II aims to estimate the dynamic of the haptic interface that affects the transparency of the coupling based on the mathematical model of the Pantograph. By rejection of the dynamic influence of the haptic interface ( 1 H(s) -

F dynamic (s) V h (s)
≈ 0), the human felt impedance depends only on the positioning robot (N (s)). A high dynamic positioning robot is used to improve the transparency of the bilateral haptic coupling. The presentation of the haptic interface, the dynamic and the kinematic model, and the control strategy adopted are briefly presented in CHAPTER II. 

Chapter

II.1 Introduction

Despite the intrinsic advantages of the pantograph used in this thesis, high dynamic with quasi-flat frequency bandwidth in the range DC to 400 Hz, the inertial forces affect significantly the desired reference force when being manipulated by the human operator. The interface used in the thesis has a nominal mass of about 0.09 Kg, which leads to an inertial force that depends on the way in which the interface is handled. Therefore, the feeling of the human operator is significantly affected. In such a configuration, the human operator feels F ref and an additional force F inertia resulting from the haptic interface inertia. Consequently, depending on how the human operator manipulates the haptic interface (low or high acceleration), he/she does not perceive the appropriate value of the force, leading to an incorrect assessment of the situation, and thus to an inappropriate reaction. For these reasons, it is essential to improve the fidelity of the force rendered by the interface to the operator regardless of the way the haptic interface is manipulated.

II.1. Introduction

Forces

Positions In this chapter, a computational strategy is adopted to improve the haptic rendering of the pantograph. As the problem comes down from the inertial force, the proposed approach relies on the estimation of this force, and thus, includes it in the control loop to remove its undesired effect on human perception. For this purpose, a dynamic model of the pantograph is needed. This model will be used to design a perturbation observer, which aims to estimate the human applied force on the pantograph and deduce the inertial force generated by the haptic interface. Finally, the estimation of the inertial force is used in the control loop to eliminate its undesirable effect and improve the human force feeling. This approach is presented in This chapter is organized as follows. First, the pantograph characteristics, components and setup are briefly described. Second, the kinematic and the dynamic model of the pantograph are developed to be used for the observer design. Third, the principle of the disturbance observer is explained, as well as its application on the pantograph. Then, the experimental validation of the observer is presented. Finally, to validate the effectiveness of the proposed approach, a study of the human force feeling with and without perturbation rejection is done. 

F ref F e α f 1/α d x h , ẋ h , ẍ h F ref

II.2 Haptic interface and experimental setup

II.2.1 Pantograph description and main features

II.2.2 Haptic setup

To control and acquire data from the pantograph, the connection represented in 

F ref = F xref F yref T
represents the reference force needed to be generated at the contact point E. This force is transformed to the motor control torque τ m = τ 1 τ 4 T using the transpose of the Jacobian matrix J T . However, as the motors are controlled by current, the current to torque coefficient K I is used as:

I d = K I τ m
where I d represents the digital current value needed to generate the torque τ m in order to obtain F ref at the contact point E. The Real-time control of the system is done using a dSpace DS1007 processor with Digital to Analog Converter DAC CP1104 that provides an analog output voltage signal V a corresponding to the value of I d . Therefore, V a is used as the reference voltage input for the LCA block.

The Incremental Encoder interface DS3001 is used to provide the absolute rotational angle θ 1 and θ 4 from the Optical Encoder signal. The state vector of the contact point E, ẋ = ẊE ẊE T , is calculated as ẋ = J q.

II.2. Haptic interface and experimental setup 

F m Motor control force in- put [N ] J Jacobian matrix K I Current to torque coefficient 1 /(2×16.1) [A.(mN m) -1 ] I d Digital motor control current [A] V a Analog motor control voltage [A] I c Analog motor control current I c = 2V a [A]
(c) A summary table of the parameters used. 

II.3 Kinematic and Dynamic modeling

The kinematic model aims to study the workspace of the pantograph and determine the Jacobian matrix used to map the joint space to the operational space of the pantograph. The dynamic model is required for the observer and control design to satisfy the transparency of the bilateral coupling. Recall that, in the workspace, the input of the system is F m , the motor control force input, and the output is the vector x corresponding to the position of the end effector E. The kinematic model consists in providing the expression of the coordinates X E and Y E of the end effector E (X E , Y E ) from the two measured joint angles θ 1 and θ 4 , where

II.3.1 Kinematic modeling

E V 2 Y 0 X 0 O 0 H V 3 V 4 V 1 V 5 B l 2 l 1 l 3 l 4 l 5 Pivot joint Rigid link (a) (b) E θ 3 θ 4 θ 2 θ 1 arg(O 0 E) O 0 X 0 Y 0
E (X E = f 1 (θ 1 , θ 4 ), Y E = f 2 (θ 1 , θ 4 )).
The origin frame Each link j ∈ {1, 2, 3, 4, 5} is considered as a vector -→ V j , where :

F 0 = {O 0 , X 0 , Y 0 } is considered
|| - → V j || = l j , arg - → V j = θ j , Z( - → V j ) = l j e iθ j ,
l j and θ j , are respectively the length and the orientation angle of the link j as shown in Figure II.5 (a), where j ∈ {1, 2, 3, 4, 5}. Z( -→ V j ) is the Euler representation of the complex number represented by the vector -→ V j .

II.3. Kinematic and Dynamic modeling

To obtain the coordinates X E and Y E in the base reference F 0 = {O 0 , X 0 , Y 0 }, the vector --→ O 0 E must be determined, where: 

Z( --→ O o E) = l O 0 E e i×arg( --→ OoE) = l O 0 E cos(arg( --→ O o E)) + il O 0 E sin(arg( --→ O o E)) = X E + iY E (II.1) l O 0 E and arg( ---→ O o E)
- → V 2 || and || - → V 3 || are equal (because l 2 = l 3 ), --→ O 0 E is obtained by: --→ O 0 E = - → V 1 + 0.5 - → B + - → H , - → B = - → V 4 - - → V 5 - - → V 1 , (II.2) the vectors - → H and - → B are orthogonal (because l 2 = l 3 ).
Expressing Eq. (II.2) with the complex representation, we obtain:

Z( --→ O 0 E) = Z( - → V 1 ) + 0.5Z( - → B ) + Z( - → H ), Z( - → B ) = Z( - → V 4 ) -Z( - → V 5 ) -Z( - → V 1 ), (II.3) With: Z( - → V 1 ) = l 1 e iθ 1 , Z( - → V 4 ) = l 4 e iθ 4 , Z( - → V 5 ) = l 5 , Z( - → H ) = He iθ H , H = l 2 2 -( || -→ B || 2 ) 2 , θ H = arg( - → B ) -π 2 ,
(II.4) Replacing, Eq. (II.4) in Eq. (II.3):

Z( --→ O 0 E) = 0.5(l 1 e iθ 1 -l 5 + l 4 e iθ 4 ) + He iθ H X E = Real(Z( --→ O 0 E)), Y E = Img(Z( --→ O 0 E)) (II.5)
The Jacobian matrix can be found by a direct differentiation of the end effector E coordinates with respect to the actuated joints θ 1 and θ 4 : (II.7).

J = ∂X E ∂θ 1 ∂X E ∂θ 4 ∂Y E ∂θ 1 ∂Y E ∂θ 4 , ( II 
Eq. (II.6) can be used to map the joint-space torques onto the task-space forces as follows [Khatib 87]: 

F m = J T -1 τ m , ( II 

II.3.2 Dynamic modeling

A dynamic model is required to estimate the external force applied to the pantograph and deduce the force that influences the human force sensation.

To obtain the dynamic equation for the pantograph, the Euler-Lagrange energy method is used:

∂ ∂t ( ∂T ∂ q ) - ∂T ∂q = Q (II.8)
where T is the total energy of the system, q is the state variable vector q = [θ 1 θ 2 θ 3 θ 4 ] T and Q is the total torque acting on the system including the pantograph motor input torque τ m and the external human torque τ h .

As the pantograph is a planar mechanism, Figure II.3, the total energy of the system is only the summation of the kinetic energies T i of each link, i = 1 . . . 4 (zero potential energies).

T = 4 i=1 T i (II.9)
As shown in Figure II.3, the links 1 and 4 have rotational motion only, whereas the links 2 and 3 undergoes translational and rotational motions. Therefore, the kinetic energy of each link can be described as follows:

                                   T 1 = (I 1 + I motor ) θ2 1 2 , T 2 = I 2 θ2 2 2 Rotational motion + m 2 2 (l 2 1 θ2 1 + c 2 2 θ2 2 + l 1 c 2 θ1 θ2 r 21 ) Translational motion , T 3 = I 3 θ2 3 2 + m 3 2 (l 2 4 θ2 4 + c 2 3 θ2 3 + l 4 c 3 θ4 θ3 r 54 ), T 4 = (I 4 + I motor ) θ2 4 2 ,
(II.10)

r 21 = cos(θ 2 -θ 1 ) and r 54 = cos(θ 4 -θ 3 ).
where m i and I i are respectively the mass and the moment of inertia of a link i. In addition, c i is the distance between the center of mass of a link i and its rotation joint. I motor is the moment of inertia of each of the pantograph motors.

The parameters m i , I i and c i of each link, summarized in I n (q)q + B n (q, q) q = τ m -τ h , (II.11)

where I n (q) ∈ R 4×4 and B n (q, q) ∈ R 4×4 are the inertia matrix and Coriolis damping matrix of the system represented in the joint space, respectively. Let's recall that, τ m = τ 1 τ 4 T and τ h ∈ R 2×1 are the pantograph motor input torque and the external human torque, respectively.

I n (q) is given by:

I n (q) =       I 11 I 12 0 0 I 21 I 2 + m 2 c 2 2 0 0 0 0 I 3 + m 3 c 2 3 I 34 0 0 I 43 I 44      
, (II.12)

where:

I 11 = I 1 + I motor + m 2 l 2 1 , I 12 = I 21 = m 2 l 1 c 2 r 21 2 , I 44 = I 4 + I motor + m 3 l 2 4 , I 34 = I 43 = m 3 l 5 c 3 r 54 2 ,
B n (q, q) is given by:

B n (q, q) =       2U 1 θ2 -U 1 θ2 0 0 U 1 θ1 -2U 1 θ1 0 0 0 0 2U 2 θ4 -U 2 θ4 0 0 U 2 θ3 -2U 2 θ3       , (II.13)
where:

U 1 = m 2 l 1 c 2 sin(θ 2 -θ 1 ) 2 , U 2 = m 3 l 4 c 3 sin (θ 4 -θ 3 ) 2 .
We project the equation of motion onto the task-space to obtain:

M n (q)ẍ + C n (q, q) ẋ = F m -F h , (II.14) II.4. Observer design where x = X E Y E T .
In addition, M n (q) ∈ R 2×2 , and C n (q, q) ∈ R 2×2 are the inertia and Coriolis damping matrices of the system expressed in the task-space.

These matrices can be expressed as follows [Siciliano 10]:

M n (q) = J -T I n (q)J -1 , C n (q, q) = J -T B n (q)J -1 -M n (q) JJ -1 , (II.15)
where J -1 ∈ R 4×2 is the pseudo inverse of the Jacobian matrix, J ∈ R 2×4 defined as:

J = ∂X E ∂θ 1 0 0 ∂X E ∂θ 4 ∂Y E ∂θ 1 0 0 ∂Y E ∂θ 4 .
(II.16)

In the pantograph, the force C n (q, q) ẋ is negligible compared to M n (q)ẍ. Therefore, the Eq. (II.14) can be simplified as follows:

M n (q)ẍ = F m -F h , (II.17)
In the following, a disturbance observer is designed based on the inertia matrix M n (q). This observer aims at estimating the force of the human fingertip F h .

II.4 Observer design

II.4.1 Principle

The basic architecture of a disturbance observer is shown in Figure II.7 [Chen 15]. G(s) is the model of the system to be controlled, U is the control input, y is the controlled output, y r is the input reference, C(s) is the transfer function of the controller, Q(s) is the transfer function of a filter, d is the input disturbance and d is the estimated disturbance at the output of the observer. The filter Q(s) is mainly designed to ensure that the transfer function Q(s)G(s) -1 is causal, i.e. the order of the numerator is less or equal to that of the denominator. It is a lowpass filter for which the cutoff frequency must be chosen to ensure that d = d in the frequency bandwidth of interest. C(s) is the controller used to minimize the tracking error along the reference trajectory y r . In this thesis, the focus is not on feedback control using C(s) but mainly on the observer design for the estimation of the human force applied on the pantograph. 

II.4.2 Design of the disturbance observer for the pantograph

From Eq. (II.17), the forces acting on the pantograph, represented in the taskspace, are the applied human force F h on the pantograph end effector at the point E, and the motor control input force F m such as:

M n (q)ẍ = F m -F h , F inertia = F m -F h , (II.18)
Let us consider F ref a desired reference force that the human has to feel at the point E. The aim is that the human feels the force F ref without the effect of the pantograph inertia, i.e.

F h = F ref = F m -F inertia .
The applied human force F h is difficult to measure. The issue comes from the difficulty of adding a force sensor to measure this force without affecting the generated force and the device dynamics. Therefore, the main idea is to consider F h as an external disturbance to be estimated and to use the estimated signal Fh in order to cancel F inertia so that the human feels only

F ref , i.e. F h = F ref .
The observer equation is described as follows:

Fh = Q(s) × (F m + g × M n (q)sX) -g × M n (q)sX (II.19)
where sX is the Laplace transform of ẋ, Q(s) = g s+g is a low pass filter with a cutoff frequency ω c = g = 540 rad/s that is selected large enough to cover the dynamic frequency range of the pantograph.

II.4. Observer design

Proof of the observer:

Fh = Q(s) × (F m + gM n (q)sX) -gM n (q)sX = Q(s) × F m + Q(s)gM n (q)sX -gM n (q)sX = Q(s) × F m + (Q(s) -1)gM n (q)sX = ( g s + g ) × F m + ( g s + g -1) × gM n (q)sX = ( g s + g ) × F m + ( s s + g ) × gM n (q)sX = ( g s + g ) × (F m -M n (q)s 2 X) = ( g s + g ) × (F m -F inertia ) = ( g s + g ) × F h (II.20)
Therefore, Fh is a filtered estimation of F h . 

F m = F ref + Finertia = F ref -F m + F h (II.

II.4.3 Experimental validation

This section discusses the procedure adopted to validate the generation of forces by the pantograph and the dynamic model developed, while the rejection of perturbation is discussed in the following section.

II.4.3.a Force generation

The aim here is to demonstrate that the reference force F ref signal defined at the input of the control scheme of are important because they show the effectiveness of the proposed pantograph kinematic model, and demonstrate the ability of this haptic interface to generate faithfully forces when no external forces affect it.

II.4.3.b Observer validation

The aim here is to evaluate the effectiveness of the observer for the estimation of the human force F h . For that purpose, the force feedback Finertia is not considered, i.e.

F m = F ref
The idea is to consider that when the point E of the pantograph is free, i.e. no interaction with a human, for a constant reference force F ref , the output of the observer Fh must tend towards 0 when the time t → ∞. observer experimentally. For the best knowledge of the authors, this is the first time that the human force estimation is validated experimentally for pantograph type haptic interface. 

Different values of

II.5 Transparent force feeling through the pantograph

II.5.1 Perturbation rejection

To experimentally analyze how the human force feeling is improved, the block diagram scheme of Figure II.8 is applied to the pantograph using the observer and the force feedback Finertia . Without loss of generality, the experiments are performed considering x-axis. The same results can be observed when considering the y-axis. The aim is to evaluate the influence of the inertial force on the human perception regardless how the human operator manipulates the haptic interface.

The experiments are performed as follows. A constant reference force F ref = 0.1 N is defined as the input of the control scheme of Figure II.8. The human operator moves the points E of the pantograph in two ways. The first one is referred to as slow motion when the human motion does not produce significant inertial forces F inertia from the interface, F inertia is less than 0.05 N . The second one is referred to as fast motion when the human motion produces significant inertial forces F inertia from the interface, F inertia is greater than 0.05 N .

Theses two ways of motion are of importance because the effectiveness of the control scheme of 

F h F ref F inertia F m

Without perturbation rejection

II.5.2 Interactive micro positioning w.r.t force feeling down to the human limit perception

The perception of the human at the tip of his finger is limited to 10 mN [Millet 09]. This value varies from one operator to another and is affected by various parameters such as temperature, humidity, age, etc. In this section, we analyze the possibility of using the pantograph with the observer for force feeling at the limit of human perception. The experiments of section II.5.1 have shown that the perception of force as small as 100 mN is affected by F inertia the pantograph inertial force without force rejection, but the feeling is much better when applying inertial force rejection. Here, we analyze if the inertial force rejection with the observer is good enough to feel the limit of perception, i.e. F ref = 10 mN .

Therefore, the reference force F ref is here generated as shown in Figure II.16 and II.17 for slow motion and fast motion modes respectively.With this value of reference force, the inertial force has a significant impact on the human force feeling. The inertial force is 4 times greater than the reference force with slow motion and 20 times greater with fast motion, which results that the human operator does not feel the small force variations (see Figure 

II.6 Conclusion

This chapter addressed the design, the implementation of a disturbance observer, and the perturbation rejection to improve the human force feeling through the pantograph. To deal with such the transparency of the interface, we developed a dynamic model of the pantograph. This model has been the basis for the observer design to estimate the human force and to compensate the inertial force of the pantograph so that the human feels only desired reference forces. The dynamic model, the effectiveness of the observer in estimating the applied human forces, and the rejection of the perturbation forces are validated experimentally. The experimental results show the effectiveness of the proposed approach. With the observer and perturbation rejection, a force as small as 10 mN is felt by the human operator regardless of how the haptic interface is being manipulated. In the next chapters of the thesis, the pantograph with the control layer, consisting 

This chapter studies the potential of using human sensorimotor capabilities to feel unconventional physical local information necessary to accomplish a dedicated task. A case study chosen is the assembly of electro-optical components based on an intuitive human-robotic interaction approach.

A key challenge of this approach is to achieve a precise alignment of an optical fiber w.r.t a photodiode sensor relying solely on light variation feeling. The photodiode has an active surface of 25 × 25 µm, and the region of interest required for the assembly does not exceed 7% of the photodiode active surface. For these reasons, the results achieved in the previous chapter are employed in this work. Through the pantograph with the perturbation rejection, the intensity light variations are transmitted as a force to the human operator. Therefore, based on the light variation feeling, human decisionmaking aims at achieving the positioning of the optical fiber in the region of interest.

In the case of this study, the transparency of the pantograph allowed the human expert/user to feel small variations in light intensity, typically a few µWatts, over a wide range, typically several hundred µWatts, using haptic light feedback. This capability has allowed the operator to achieve assembly tasks with sub-micrometer accuracy, relying solely on light detection for decision-making

III.1 Introduction

Many start-up companies involved in deep electronics technologies manufactures electro-optical components. These components, which transform light or a change in light into an electronic signal, are core elements of modern instrumentation technologies [ Santos 14] and directly face the scale-up of their production. To successfully achieve the assembly of such components, the active alignment approach is a standard method. It consists in making the electro-optical sensor working during its assembly and to use its output, generally a light intensity, as feedback to the robotic system and/or the user. The assembly of such components requires a succession of arduous tasks. These tasks must be performed with dexterity and sub-micrometer precision. Current practices consist mainly of trialand-error, dedicated procedures requiring long and tedious training of operators to achieve sufficient competence in the specific context of small-scale production. Some recent works [Bettahar 20b] have demonstrated that it is possible to achieve sub-micron and multi-degree of freedom positioning accuracy of optical components using micropositioning robots. Such high performance is achieved using a local measurement of the light intensity related to the alignment of the optical component. The full automation is however not the main standard of start-up companies. For small series production with a constant high-quality requirement Chapter III. A Light Feeling Approach for the Intuitive Robotic Micropositioning of Industrial Electro-Optical Sensors of the final products, some key assembly steps are usually done in a manual mode where a human expert worker continuously achieves adaptations based on measurements and observations followed by a trial-and-improvement approach.

This chapter studies the possibility of performing tasks in which the feedback to the human operator represents physical information related to the dedicated tasks. It investigates an original human-robot interaction approach for the intuitive assembly, where the light intensity measured is used as haptic feedback for the human operator. The use of light intensity as haptic feedback for electro-optical component assembly via a HRI has not been addressed in the literature before.

The objective is to investigate under what conditions a light intensity-based haptic feedback is useful for teleoperated micropositioning and, subsequently, to analyze intuitive HRI strategies based on this principle.

To achieve the micropositioning of electro-optical components with sub-micrometer accuracy, a key challenge is addressed about the transparency of the pantograph and its ability to match the variations in light intensity of the electro-optical sensors during the robotic positioning of its component and forces perceived by the user throughout the working range of the photodiode without artifacts. The results of the chapter II are employed in this work.

Section III.2 introduces the experimental setup, the alignment specifications and issues. The proposed principle of HRI based on light feeling is presented in section III.3. The intuitive assembly strategy by means of human-robot interaction relying solely on light detection for decision-making is presented in section III.4 along with experimental demonstrations. Finally, section III.5 presents the user evaluation test to study the effectiveness of the proposed approach in terms of acceptability of the technology and performance of the tasks.

III.2 Accurate positioning of industrial electrooptical sensors: problem formulation of AUREA Technology case-study

The experimental setup is shown in Figure . III.1. The laser source provides a light with a wavelength λ light = 1550 nm and an intensity I light = 850 µW . It is connected to an optical focusing system through an optical fiber. The diameter of the light beam emitted by the focusing system is 9 µm. The photodiode has an active surface of 25 µm × 25 µm. The focusing system is mounted on a XYZ nanopositioning stage (P-616-3C) with a 100 µm/axis travel range and a resolution of 0.4 nm. The coarse pre-positioning is made by a XYZ manual micropositioning stages. An electronic circuit is used to process the light signal detected at the active surface of the photodiode into a voltage signal. An oscilloscope is used to visualize the output voltage of the electronic system. The final product quality is highly dependent on the relative positioning accuracy of the focusing system and the photodiode. However, the distribution of the light intensity measured on the surface of the photodiode is not uniform and therefore the optimal coupling position which ensures the maximum light intensity cannot be predetermined. The laser source, the focusing system and the photodiode are parts of a photon counter made by the AUREA Technology Company in Besançon, France. the largest region where the light intensity I light is higher than 95 % of the laser source intensity. In the following, the focusing system is positioned so that z p = 0. The light intensity map in the XY plane shown in Figure . III.3 is experimentally obtained by a manual process (Figure . III.1 (b)). The distance z p is set to 0. The XYZ manual micropositioning stage is used for a fine scanning of an area of 65 × 65 µm. The light intensity is measured every 2 µm displacement in X and Y directions. The measurements show that the output intensity of the photodiode sensor varies in the range [0 -900 mV ], where each mV corresponds to a light intensity of 0.94 µW att. The maximum of the light intensity is not at the center point of the active surface of the photodiode. When getting closer to the center, the light intensity decreases to 850 mV . These results come from the manufacturing process in clean room of small series for such components, which leads to a nonuniform final product quality. Therefore, the alignment process must be adapted for each step.

According to the assembly specification set up by AUREA Technology Company, the relative positioning of the focusing system w.r.t the photodiode is appropriate when the light intensity detected by the photodiode reaches at least 95 % of the laser source intensity light. This region will be referred as "region of interest" as shown in manual table based on the output signal visualized onto the oscilloscope. This is time-consuming and requires strong efforts and a high-level expertise. In addition, the shape of the light intensity map (Figure . III.3) varies from a sensor to another because of the intrinsic heterogeneity resulting from the fabrication process of such devices. Finally, the relative position between the focusing system and the photodiode in the region of interest must be achieved with an accuracy at the sub µm level. The region of interest constitutes only 7 % of the total area of the active surface of the photodiode sensor. The originality of the assembly strategy proposed in this work intend to enable the workers to achieve an assembly in an intuitive way by only feeling the light intensity, i.e. without the need to display the light intensity on an oscilloscope, and react in distance with enough precision using a transparent haptic interface. Micropositioning of Industrial Electro-Optical Sensors 
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Figure III.5: Haptic coupling control scheme representation.

III.3.1 Haptic coupling for optical fiber alignment

Let's consider the block diagram representation of the haptic bilateral coupling shown in Figure . III.5, where X = [X E Y E ] represents the coordinate vector of the contact point E and X r the corresponding scaled position vector of the micropositioning robot. A d represents the displacement scaling factor (X r = A -1 d X) and A f the force scaling factor between F ref and F v . The force F v is obtained from the gradient of the light intensity B(X r ) as follows:

F v = γ --→ grad(B(X r )), (III.1)
The scalar γ is selected so that the maximum amplitude of In order to detect the region of interest for the optical fiber alignment (see section III.2), the human operator scans the position of the laser provided by the focusing system along the active surface of the photodiode by moving the end effector of the pantograph. The position of the micropositioning robot is therefore adjusted, relying only on the force feeling. Intuitively, when the felt force is close to zero, the alignment process of the focusing system w.r.t the photodiode is accomplished. 

Grad(B( X r )) γ A f F v
Disturbance observer and control layer F h ^Fref 

F inertia + + F m A d -1 X r X h , Ẋ h X , Ẋ F h

III.3.2 Haptic coupling stability

In order to study the stability of the bilateral coupling, several parameters need to be considered, namely:

• T s : sampling time.

• A f : force scaling factor.

Chapter III. A Light Feeling Approach for the Intuitive Robotic Micropositioning of Industrial Electro-Optical Sensors

• A d : displacement scaling factors.

• M n : inertia of the pantograph.

In [Bolopion 08], the authors studied the stability of bilateral coupled systems based on environment model using the Routh-Hurwitz criterion. The contact with the environment is modeled by an equivalent stiffness K eq . Considering a first order Taylor approximation near zero of the exponential function, a necessary stability condition is derived as follows [Bolopion 11]:

A f A d T 2 s K eq < M n (III.2)
In the case of the alignment of the laser, there is no direct physical contact with the environment. Therefore, to determine the stability condition, a way is to major F v with a linear function with respect to X r as follows:

F v = γ --→ grad(B(X r )) < γKX r (III.3)
The stability condition for the proposed coupling system of Figure . III.5 can be obtained from eq. (III.2) by replacing the equivalent stiffness K eq with the scalar γK, where K is a constant. The stability condition becomes:

A f A d T 2 s γK < M n (III.4)
The stability of the system is satisfied by choosing K = 25 mV.µm -2 which corresponds to the highest value of the derivative of --→ grad(B(X r )) w.r.t the robot position (i.e. the highest slope of the dashed curve in Figure . III.6 (a)) and the following parameters values A d = 1000, A f = 1, T s = 0.001 s, γ = 0.002 N.µm /mV , M n = 0.09004 Kg.

III.4 Optical fiber alignment strategy with a bilateral haptic coupling

III.4.1 Intuitive maximum light intensity detection

To detect the region where the light intensity is maximum, the proposed strategy is based on two steps. The first one is a coarse scanning of the laser in the XY plane made by a fast motion of the human fingertip, achieved by using a small scaled position coefficient A d . The objective is to detect roughly the region where F ref is close to zero. The second step, achieved by using a large scaled position coefficient A d , is a fine scanning around the region of interest in a slow motion of the human fingertip for a better alignment accuracy. In this study, the motion will be considered as slow, i.e. slow motion designation, when the inertial force amplitude of the pantograph never exceeds 0.05 N . In the other case, the motion of the human finger will be referred as fast motion. Whatever the type of motion, the condition F h = F ref must always be satisfied to achieve alignment with enough positioning accuracy.

In the sequel, the forces that are analyzed are the reference force F ref , the force F m generated at the contact point E, the haptic interface inertial force F inertia and the observed human force Fh . To simplify the force analysis and without loss of generality, the fingertip moves the point E of the pantograph along the X axis only. The objective is to demonstrate the effectiveness of the observer and the perturbation rejection on the improvement of light variations feeling and consequently on the improvement of the alignment precision of the focusing system.

III.4.1.a Fast motion scanning

Experimental results are shown in Figure . III.8. Without perturbation rejection, the human operator feels the force Fh that has the same shape as F ref , but the influence of the inertial force F inertia leads to a completely wrong positioning of the laser. Indeed, in Figure . III.8 (a), Fh = 0 at X E = 59.568 mm. The human considers that the alignment is correct at this position. However, the accurate alignment is at X E = 25.817 mm or X E = 49.565 mm (X E is the pantograph position). For 1 mm displacement of the contact point E of the pantograph in X or Y directions, the micropositioning robot moves by 1 µm. Therefore, the alignment error of the laser at the output of the focusing system is 10 µm. With the observer perturbation rejection, Fh is very close to F ref and the alignment accuracy is below the micrometer.

III.4.1.b Slow motion scanning

Experimental results are shown in Figure . III.9. Without perturbation rejection, the effect of F inertia on the sensed force is less important than for fast motion scanning, but it is still present. The human operator considers that the alignment is achieved at X E = 26.517 mm which corresponds to Finertia = 0 (see Figure III.9 wrong position), which lead to an error equal to 0.7 mm because the accurate alignment is at X E = 25.817 mm. This alignment error leads to an error equal to 0.7 µm in the alignment of the optical fiber and photodiode sensor (A d = 1000), while it is much smaller with the perturbation rejection.

It can be concluded that, if the operator moves the pantograph with a slow motion, assembly can be achieved with sub-micrometer accuracy without the need for a DOB. However, for a fast-moving scan, the DOB becomes crucial to achieve Chapter III. A Light Feeling Approach for the Intuitive Robotic Micropositioning of Industrial Electro-Optical Sensors sub-micrometer accuracy during assembly. Considering that the way the haptic interface will be used differs from one human operator to another, the use of DOB is necessary to always satisfy enough transparency for sub-micrometer assembly. 

III.4.2 Navigation in the region of interest

In this experiment, the human starts from an initial position without knowing the light intensity map. The aim is to study the influence of the perturbation rejection on the positioning accuracy when the human tries to reach the maximum light intensity and navigates in the region of the interest, i.e. keeps the position of the focusing system in this region. . With the perturbation rejection, the Interquartile Range (IQR) of the light intensity is 13 mV , the lower whisker is 850 mV , the minimum reached value is 812 mV and the outliers are no more than 1.9 % which is fully acceptable for the alignment specifications. However, without perturbation rejection, these performances are decreased: the IQR equals to 20 mV , the lower whisker is 830 mV , the minimum reached value is 651 mV and there are 8 % outliers. 

III.5. Users evaluation

Without Perturbation rejection

III.5 Users evaluation

This evaluation aims to compare user performance for different scenarios and to investigate user acceptability for the proposed approach. Participants are subjected to different HRI scenarios and different assembly cases represented by several typical and different light intensity distributions. A survey is conducted to evaluate the acceptability of the solutions by the operator.

III.5.1 Participants

The set of 14 volunteers is from FEMTO-ST institute (Besançon, France). The participants are between 23 and 55 years old. They come from different scientific backgrounds, are all right-handed and have no physical abnormalities.

III.5.2 Light intensity distribution

Photodiode sensors are the result of a non-homogeneous manufacturing process. In addition, various parameters influence the measurement of the light intensity by these sensors, for example the distance between the focusing system and the photodiode (Fig. Figure III.12: Four light intensity distributions were used to evaluate the HRI proposed approach. Two regions are considered in this study: region 1 ( bounded by the pink curve) corresponds to a light intensity measurement higher than 95%, and region 2 (bounded by the green curve) corresponds to a light intensity measurement higher than 99% (high quality requirement of the final product).

III.5.3 Evaluation protocol

Experiments are conducted with one participant at a time for a total duration of approximately 60 minutes for each user. The user evaluation test is conducted in two steps: Training step: It lasts about 10 minutes. This step aims to familiarize the participant with the haptic force feedback, which represents the variations of light intensity via the pantograph. The participant is asked to identify the change in light intensity corresponding to the force sensation via the haptic interface. 4. V isual ∪ Haptic + scenario: The participant perceives the level of light intensity through a color slider and feels the variations of light intensity as in Haptic + scenario. This scenario combines scenarios 1 and 3

The participant is randomly subjected to the four different light intensity distributions (Fig. III.12). The participant then moves the panthograph until she/he thinks she/he has recognized the distribution, then selects the corresponding distribution. In addition, each participant is asked to locate the point (XY coordinates) that she/he believes corresponds to the maximum light intensity. The distribution identification score (0 for incorrect distribution selection, 1 for successful distribution selection) for each one, the position of the maximum light intensity selected by the participant, and the level of light intensity achieved at that position are evaluated in this study. After completing all tests, the participant ranks these four scenarios in the order she/he prefers.

III.5.4 Results

V A total of 224 tests have been performed (4 tests × 4 scenarios × 14 participants). To evaluate the influence of the information feedback on the participant performances for such tasks, two variables are defined. Is i in %, the success rate of distribution identification for the scenario i, that represents the total of tests where the distribution is successfully identified over the total tests for the scenario i. L i in % represents the percentage of tests where the participant reaches more than 95 % (i.e the participant is able to successfully find a position which is in the region of interest 1) and 99 % (it corresponds to the region 2 where a high quality alignment is needed) of the maximum of the light intensity over the total tests with the scenario i. Let us recall that in the region 1 and the region 2, the light intensity is more than 95 % and 99 % of its maximum value respectively. Region 1: With the V isual ∪ Haptic + scenario, all the participants succeed to position in the region of interest (L V isual∪Haptic + (95%) = 100%). However, with the visual feedback only, the participants reach the region of interest in 92.86 % of the tests. Comparing the V isual ∪ Haptic + to V isual scenario, the benefit of the haptic feedback with perturbation rejection on the alignment performances appears clearly. With the Haptic + scenario, the participants successfully position in the region of interest in 94.64 % of the tests. However, this percentage decreases in the Haptic scenario, where the perturbation forces affect the small light intensity variation feeling (L Haptic (95%) = 71.42%). Region 2: Considering the case where a high level of light intensity transmission is required (more than 99 %), the efficiency of the haptic feedback with perturbation rejection appears significantly. With only the force feedback with perturbation rejection (Haptic + scenario), the participants successfully position in the region 2 in 76.79% of the tests. However, the V isual ∪ Haptic + scenario does not have a significant advantage over the Haptic + scenario (L V isual∪Haptic + (99%) = 73.21%).

L i (%) V isual ∪ Haptic + Haptic + Haptic V isual

III.6. Conclusion

The study has demonstrated that the transparency of haptic interfaces is a critical issue for the efficiency of the alignment process when sub-micrometer accuracy is required. For this reason, the pantograph with the perturbation rejection layer are employed in this work. In addition, a HRI approach including coarse and fine scanning procedures has been analyzed and experimentally validated. In the case of this study, the transparency allowed the user to feel very small variations in light intensity, typically a few µW atts, over a wide range, typically several hundred µW atts, using haptic light feedback. This capability has allowed the operator to achieve assembly tasks with sub-micrometer accuracy, relying solely on light detection for decision-making. Finally, a user evaluation is performed to quantify the interest and acceptability of the different HRI scenarios. Transparent Bilateral Coupling

The specificities of the micro-scale lead to complexity in grasping, releasing, and positioning tasks. Several parameters contribute to this complexity, such as the uncertainty of the position, the dimension, and the stiffness of the objects. This chapter addresses the human/ soft object interaction based on the bilateral haptic coupling for small-scale applications. A case study chosen is the characterization of the mechanical properties of soft objects. The aim is to study the ability of the human operator to evaluate and discriminate the stiffness variations. For this reason, we propose a human-robotic approach based on a bilateral haptic coupling involving the pantograph and a nano-positioning stage to enable the operator to interact efficiently with the micro-object. To address the transparency issues of the bilateral coupling, the observer and the control strategy developed in chapter II are used in this work. Based on an evaluation test by users, the proposed approach allows participants to discriminate a stiffness variation as small as 5% based only on the feeling of the interaction force. In addition, such an approach prevents object damage at a small scale by decreasing the force applied to the object by 50% compared to the force that is applied when using a non-transparent haptic interface.

IV.1 Introduction

When we interact with objects in our environment, we perceive information from several sensations and integrate them to provide perception and action. The haptic sensory information is used to estimate the external forces acting on our limbs and the mechanical properties of objects. An example of such a mechanical property is the stiffness of an elastic object, i.e., the linear relationship between the penetration into the object and the resulting force. To estimate the stiffness of an object, our brain integrates the force and position information obtained by the sensory system. From these estimates, we generate our perception of the stiffness of an object.

Discrimination of mechanical characteristics in general and the stiffness of objects at small scales has a significant interest. Understanding cellular structures and physiological functions, predicting cellular responses to mechanical signals and stimuli, and correlating cell mechanical properties with pathophysiological conditions depend on characterizing the mechanical properties of biological cells. For example, the mechanical characterization of mammalian oocytes is a potential technique in embryology and reproduction research to detect cellular defects in pre-implantation oocytes and to assess the quality and bio-viability of processes such as cryopreservation [Jain 06]. In addition, the comprehension of the behavior of single fibers for composite materials has been growing recently. [ Govilas 22]. The behavior of the composite is also strongly related to the mechanical proper-IV.2. Issues related to robot/ soft object interaction at the small scales ties of its reinforcement, so their accurate knowledge is crucial for improving or predicting the behavior of the composite [ Govilas 21]. Also, in surgical operation, the discrimination of the mechanical characteristics of the tissues is of importance.

In [Kesner 11], the authors evaluate how the perception of the mechanical properties of the tissues by the human operator improves the catheter procedure.

At the microscopic scale, low inertia of objects increase the complexity of grasping, releasing, and positioning tasks. The difficulty increases because the position, dimensions, and stiffness of these objects are unknown [Boudaoud 15] [ Komati 16].

The stiffness of an object has a significant impact on the success of the task, and it is also often necessary to know it (at least to evaluate it) to be able to define a robotic strategy (gripping, manipulation, assembly) adapted to the characteristics of the manipulation system (object, tool, robot, environment).

In this chapter, the potential of the human operator to distinguish the stiffness of objects at the microscale will be studied. The originality of this work lies in the evaluation of the ability of the human operator to discriminate between different stiffness with an interaction force that does not exceed 100 µN . The motivation of this work is discussed in section IV.2. Section IV.3 introduces the experimental setup of the proposed human robotic approach to interact with small scales. The experimental protocol used to evaluate the proposed approach is presented in section IV.4. Finally, results of the evaluation test are presented and discussed in section IV.5.

IV.2 Issues related to robot/ soft object interaction at the small scales

To illustrate the main issues related to the interaction between a micro-robot and a soft object, let us consider the example treated in [ Placet 19]. The authors propose a micro-robotic approach to implement an automated Single Fibre Transverse Compression Test (SFTCT). Figure IV.1 shows a schematic representation and corresponding pictures of the experimental setup. It consists of an actuator connected to a compliant sensor whose end constitutes the upper compression plate (considered as the tool), a fixed lower plate, and an optical system for observing the fiber's (or the object to be compressed) cross-section. The platen-relative displacement and contact force on the fiber sample are measured using a compliant micro-mechatronic system designed especially for the study. The characterization of transverse mechanical properties of single fibers is a major challenging issue due to the high anisotropy inducing significant errors of several hundred percent on the transverse elasticity coefficient. The measurement system is an XY-Theta force-based displacement sensor. In [ Govilas 22], the authors show that an error of 1 • in the plate orientation angle induces an error of 35% in the fiber young modulus estimation.

In order to start an automated fiber compression test, different parameters such as the initial position of the contact between the tool and the fiber X c , the compressing velocity value δ c , and the maximum compression force F c max are required (Figure IV.2). These parameters depend on the geometrical and the mechanical characteristics of each fiber sample. Currently, to determine these parameters, the strategy used is to conduct several preliminary compression tests. As the mechanical characteristics of the fibers are initially unknown, compression tests performed with excessive force values can lead to the degradation of these characteristics due to the local damaging of the sample resulting from the preliminary tests. In addition, the initial distance between the robot's tool and the sample (i.e. initial separation distance) must be known.

In this context, a human-robot interaction approach based on the bilateral haptic coupling is proposed in order to facilitate these preliminary tests (currently done by an automated approach), reduce the time they take (thus reduce the influence of drift),and reduce the local damages on the sample. It constitutes a complementary approach for such an application by allowing the intuitive identification of the different parameters necessary to set the parameters to achieve the automated compression tests. In this chapter, the potential of the human operator to interact with the micro object at small scales is studied. For this reason, three parameters are taken into consideration in this study: the ability of the human operator to distinguish the different mechanical properties (stiffness) even for small differences of about 5%, the localization of the initial contact position, and the maximal applied force which corresponds to the maximal compression value to be limited to avoid damaging of the sample.

IV.3 Experimental robotic setup

To study the ability of the human operator to discriminate between different stiffnesses and to identify the various compression parameters, we propose an experimental setup allowing the operator to control the robot-object interaction via the pantograph. For this purpose, a set of objects with different stiffnesses is used and an experimental robotic platform is developed to conduct user evaluation tests.

IV.3.1 Human-Robotic-Object Interaction based on transparent bilateral haptic coupling

The force sensor and the samples used are chosen to cover the typical stiffnesses of objects at the microscopic scale. The choice of these samples is discussed in the following section. In this study, a femtoTools force sensor FT-S540 with a measurement range between -180 µN to +180 µN and a resolution of 0.05 µN is chosen to measure the compression force between the force sensor probe and the samples. An XYZ P-563.3CD nanopositioner robot with a travel range of 300 × 300 × 300 µm and a resolution of 2 nm carries the force sensor and enables Chapter IV. Robot/Soft Object Interactions at the Small Scales Based on a the compression process. Two micropositioning stages of 1 degree of freedom M-122.2DD1 with a travel range of 25 mm allow the change between the different samples. Finally, the pantograph, with a displacement measurement resolution of 10 µm and a generation force of 0.4 N , is used to enable the bilateral haptic coupling between the human operator and the samples.

The schematic representation and the experimental robotic setup used to perform the study are shown in Figure IV.4, IV.3 respectively. The bilateral haptic coupling is achieved by coupling the X-axis of the pantograph with the X-axis of the XYZ nanopositioning stage, which corresponds to the compression axis, by the amplification factor A d . The measured compression force between the force sensor probe (tool) and the PDMS sample (objects) is transmitted to the human operator through the pantograph. We note A f the force amplification factor. 

IV.3. Experimental robotic setup

IV.3.2 Selection of sample objects with different stiffness

In order to have samples with various stiffness, the material used in this study is the polydimethylsiloxane (PDMS), which is a silicon-based polymer. The elastic modulus of this material can be adjusted during the preparation process [Grzybowski 00]. In general, PDMS is defined by the mixing ratio (a:b) between the elastomer base (proportion a) and the elastomer curing agent (proportion b). By increasing the proportion of curing agents (or decreasing the base proportion), the cross-linking structure of the material increases, which leads to a reduction in elasticity. Five typical PDMS samples with different mixing ratios are used in this study.

To estimate the stiffness of each sample, each one is subjected to a compression test. The compression test consists in applying a displacement (compression "load"/ decompression "unload") across the sample and measuring the resulting force. Figure IV.5 shows a typical load/unload force-displacement curve obtained for the characterization of the PDMS sample (1:20), considered as the reference sample of this evaluation study. The tool starts approaching the sample to be studied, F e = 0 µN . At x r = 7.4 µm the tool enters into contact with the sample. By increasing the position x r , compression "loading" phase, the tool compresses the sample by the compression value δ, so the force F e increases. δ is expressed as follows:

δ = X c -x r + δc F e K sensor
where δ c and K sensor are the compression value and the stiffness of the force sensor respectively. During the unloading phase, the position of x r decreases, and the measured force F e decreases. The pull-of force resulting from the surface effects acts on the compression tool, which leads to negative force measurement. Finally, by pursuing the unloading displacement phase, the tool loses contact with the sample, corresponding to F e = 0.

Figure IV.6 shows the typical unload-displacement curves obtained when samples are submitted to a monotonic unload path. The slope of the unload-displacement curves represents the estimated stiffness of the samples. Table IV.1 shows the samples used with the corresponding estimated stiffness. These samples are used to perform the user evaluation study. It aims to study the ability of the human operator to distinguish the different stiffness, even a 5% variation using a humanrobotic interaction approach.

IV.4. HRI with soft samples and user's evaluation

IV.4 HRI with soft samples and user's evaluation

Two cases are considered in this study. The first one takes the haptic feedback with perturbation rejection into consideration. However, in the second case, the force is transmitted to the operator directly without the perturbation rejection. The objective of considering these 2 cases is to study the influence of the perturbation rejection on the operator's perception in such a task.

IV.4.1 Experimental Protocol

The set of 14 volunteers is from FEMTO-ST institute (Besançon, France). The participants are between 24 and 34 years old. They come from different scientific backgrounds, are all right-handed and have no physical abnormalities.

The set of 14 volunteers is divided into two different groups (7 participants/group):

• First, a briefing on the motivation and background of the study is presented to the users. After this introduction, they were shown an example of how to use the experimental device and were asked to practice probing using the pantograph, the reference PDMS sample S3, which has an intermediate stiffness compared to the other samples. This step constitutes the training step of the evaluation test, which aims to allow the operators to familiarize themselves with the setup, the handling of the haptic interface, the feeling through the pantograph, and memorize the sample response under an applied force.

The evaluation step consists in changing the PDMS sample and asking the participant to classify it relatively to the reference one (softer or harder) and to determine the position X c of the contact point between the sensor and the sample, based only on the force feedback. The change of PDMS samples is performed in this order for all participants: S3 (reference sample) → S5 → S1 → S3 (reference sample) → S2 → S4. The participant is not aware about what sample is being used nor its properties. To ensure that the participants do not forget the perceived behavior of the reference sample S3, the compression test of this sample is repeated in the Transparent Bilateral Coupling intermediate step of the evaluation test. In order to record the position where the contact between the sensor probe and the PDMS sample is detected, the participant is asked to hold the pantograph position where she/he feels a change of force, and then it is recorded. At the end of the evaluation, the participant is asked to order the PDMS samples corresponding to the ascending order of the felt stiffness.

IV.4.2 Analysis of users tests

This section presents the analysis process of the different parameters used to evaluate the user test. Figure IV.7 shows an example of a user test where the user evaluates the stiffness of a sample. By moving the pantograph, the user starts from the initial position x p = 0, which corresponds to x r = 0. At this position, the force sensor probe is distant from the PDMS sample. Firstly, the user searches the contact position based only on the force feedback transmitted by the pantograph, corresponding to [0-27s] in this test (see Figure IV.7 ). In this phase, the user compresses the sample slowly and tries to refine the contact position felt by moving around this position. Once the operator perceives that she/he feels the contact, she/he holds the pantograph position, and the value of this position is recorded as x u . Then, the user explores the stiffness of the sample by applying cycles of load/unloading forces and perceives the sample response. Thus, she/he classifies the stiffness sample with respect to the reference sample S3.

The contact location error E c is calculated as the difference between the contact position felt by the user x u and the actual contact position x c . The latter is obtained by analyzing the force graph F e . It corresponds to the position where the force variation from zero is significant and increasing. Furthermore, we are interested in the maximal applied force F c max on the PDMS sample and the maximum compression value δ c calculated as the maximal compression force F c max over the estimated stiffness of the sample. These parameters are used to evaluate the effectiveness of the operator's interaction with the objects at small scales. In the following section, a comparison of these parameters is discussed between the group where the haptic feedback is performed with perturbation rejection (Haptic + group) and the group without perturbation rejection (Haptic group). 

IV.5 Results

IV.5.1 Stiffness discrimination

The result of the stiffness discrimination part of the users evaluation is shown in to successfully classify them in most cases (%(S4) = 100%, %(S2) = 85.7%)). In contrast, without the perturbation rejection, they failed to classify them correctly (%(S4) = 42.9%, %(S2) = 28.6%)). It is clear that the transparency of the bilateral coupling affects the operators' decision to distinguish between the different stiffnesses of the samples. Moreover, the rejection of perturbations allows reliable force feedback, which appears in the arrangement of the samples according to the perceived stiffnesses presented in Tables IV.2 and IV.3. The reliable force feedback provided by the transparent bilateral coupling leads to a total agreement on the correct order of the samples (6/7). On the other hand, none of the participants succeeded in ordering the samples correctly without the perturbation rejection.

Finally, the control strategy used to improve the transparency of the bilateral coupling allows reliable force feedback, which enables the discrimination of 1 N/m of stiffness variation, making the human interaction at this scale effective. 
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IV.5.2 Task performances evaluation

Figures IV.9, IV.10, and IV.11 compare the results obtained for the two groups concerning the localization error, the maximum applied force, and the compression value, respectively. With faithful force feedback, achieved by the perturbation rejection, users localize the contact between the force sensor probe and the samples with an average error equal to 0.338 µm with a maximum error M ax(E c ) less than 0.45 µm. However, without the perturbation rejection, this average increases to 0.694 µm with a maximum error reaching 0.9 µm. Moreover, with perturbation rejection, the value of maximum applied force is considerably lower than the one without perturbation rejection. This value has decreased by 50% compared to the one without perturbation rejection (see Figure IV 

IV.6 Conclusion

In this chapter, we have studied the human/ soft object interaction based on a bilateral haptic coupling. The case study chosen is the characterisation and differentiation of objects based on their stiffness. The bilateral haptic coupling aims to facilitate the characterization procedure and overcome the problems and complexities posed by the specificities of the small scales. It has been shown, through a user evaluation, that the transparency of the bilateral haptic coupling is the key for the success of the task. The study demonstrates that the reliable force feedback provided by a transparent bilateral coupling, achieved by a disturbance rejection, has allowed stiffnesses discrimination with a variation of only 5%. In addition, the reliable force feedback improves the identification of the parameters needed for the characterization procedure. The error of the contact point localization does not exceed 0.45 µm. For the other parameters, such as the maximum applied force to the samples, the results show a decrease of 50% of this force without losing any information about the sample properties, which prevents sample damage.

Conclusion

Conclusion

Problem reminder

This thesis addresses the bilateral haptic coupling based on haptic feedback for micro-scale applications. At this scale, due to the object's size, the complex and unpredictable force fields, and the high sensitivity of the systems to the environmental conditions, the direct interaction between the human operator and the objects is impossible. For these reasons, the bilateral haptic coupling based on the Human-Robotic Interaction (HRI) approach is a promising solution to deal with the micro-object manipulation fabricated in small series or as prototypes and in processes that are novel or uncertain. Human operators provide the ability to plan, understand, and respond to unexpected situations during the handling process, while robotic devices enable the levels of precision required by the tasks. We aim to study the potential to perform high-quality tasks based on various types of physical information feedback, which extend the set of signals used for operator feedback by the HRI-based approach. In this work, we propose a tool to improve human-robotic interaction on a small scale and study the potential of realizing tasks based on this approach. Two cases of study that have both major industrial interests and significant needs are identified: firstly, the control of robot/ softobject interactions, secondly, the intuitive alignment of optical components with high accuracy (sub micrometer), that corresponds to ultra-technical products in small, quasi-unitary series.

Contribution of the work

In the following, the contributions of our work are detailed in each chapter.

In chapter 2, the transparency of the bilateral haptic coupling is addressed. To improve the human force feeling through the pantograph, a parallel haptic interface, we developed a dynamic model of the motion of the pantograph. Thus, an observer-based dynamic model is used to estimate the human force that is considered as an external perturbation, and compensates the inertial forces of the pantograph so that the human feels only a desired reference force, which improves the transparency of the haptic coupling. The experimental results show the effec-Conclusion tiveness of the proposed approach. Whereas, with the observer and perturbation rejection, a force of 10 mN is felt by the human operator regardless of how the haptic interface is being manipulated.

In chapter 3, to achieve an intuitive and ultra-accurate alignment of electro-optical components, a novel human-robotic interaction approach has been proposed. This approach consists in transmitting the information of the light intensity to the human operator as a force through the pantograph. Thus, based on the human perception of the light variation, the human operator controls the position of a laser through a micro-robotic system to position it in the region of interest. The transparency of haptic interfaces is a critical issue for the efficiency of the alignment process when sub-micrometer accuracy is required. For this reason, the pantograph with the perturbation rejection layer is employed in this work. The HRI proposed approach, including coarse and fine scanning procedures, has been analyzed and experimentally validated. In the case of this study, the transparency allowed the human expert/user to feel very small variations in light intensity, typically a few µWatts using haptic light feedback. This capability has allowed the operator to achieve assembly tasks with sub-micrometer accuracy, relying solely on light detection for decision-making. Furthermore, a user evaluation test is performed to compare the proposed approach with different approaches. The result shows that the HRI approach based on the haptic light intensity feedback and perturbation rejection has received total acceptance from users.

In chapter 4, the human-object interaction based on the bilateral haptic coupling is studied. A case study chosen is the mechanical characterisation of soft objects at the small scales. To deal with the microscale specificities, the human-robotic-based bilateral haptic coupling proposed approach aims to facilitate the characterization procedure of soft objects and overcome the problems and complexities posed by the specificities of this scale. A user evaluation test is performed to evaluate the human-object interaction at a small scale and compare the influence of the transparency of the haptic feedback on the user's decision. The evaluation shows that the reliable force feedback provided by a transparent bilateral coupling, achieved by the perturbation rejection, has allowed stiffness discrimination with a variation of 5%. In addition, the identification of the different parameters needed for the characterization procedure is improved by reliable force feedback. The user localizes the contact point with 2 times better positioning accuracy, the localization error does not exceed 0.45 µm. Moreover, for the other parameters, such as the maximum applied force to the samples, the results show a decrease of 50% of this force without losing any information about the sample properties, which prevents sample damage.
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Figure I. 1 :

 1 Figure I.1: Examples of applications at the microscale: 1-Microassembly of a micro-optics circuit, a parallel robot equipped with a dedicated microgripper achieves submicron accuracy and precision optical alignment [Bellouard 10]. 2-Human oocyte mechanical properties characterization, oocyte correctly placed against the wall and ready for a loading cycle with an holding micropipette [Abadie 14]. 3-Intracytoplasmic sperm injection, The injecting pipette enters the oocyte and deposits the spermatozoon [Mounia 21]

IFigure I. 2 :

 2 Figure I.2: Small scales predominant forces [Komati 14]

Figure I. 4 :

 4 Figure I.3: Conceptual diagram of bilateral coupling between a master and slave device through a bilateral haptic coupling [Ryu 07]

  Figure I.5: Ideal tele-manipulator (mass-less and infinitely rigid.) [Hayward 07]

Figure I. 6 :

 6 Figure I.6: Type of bilateral coupling edited from [Bolopion 09]

  Figure I.6 (a) is used. The advantage of such a coupling and the comparison with the force-position indirect coupling are discussed in section I.4.3.

  Figure I.7: First design of the TIMoN interface [Ousaid 15].

Figure I. 8 :

 8 Figure I.8: The three ddl interface by induction motor.(DLIM: double-sided linear induction motor) [Ortega 17].

Figure I. 9 :

 9 Figure I.9: Complete injection chain using a bilateral dual-stage haptic interface [Mohand-Ousaid 20].

Figure I. 10 :

 10 Figure I.10: The master device designed: the haptic device allowing the feeling of the micro-injection process. It is fixed on the handle stylus of the touch device [Feng 21]

Figure I. 11 :

 11 Figure I.11: The experimental set up of the robotic micro-manipulator for micro-alignment of micro-optical components [Bettahar 20b].

Figure I. 12 :

 12 Figure I.12: Bilateral direct coupling scheme adopted in this thesis

  Figure I.13: Bilateral haptic coupling interface: Pantograph electro-mechanical hardware [Campion 05]. (a) side view. (b) front view. (c) Pantograph. (d) Top view of the five-bar mechanism and plate constrained to 2-DOF. (e) The interaction force f T results from coupling the finger tip to the actuators via linkages.

  Figure I.13 (e). The interface has a bandwidth in the DC -400 Hz range and has a resolution of the order of 10 µm in displacement. Despite the design of the haptic interface to achieve optimised dynamic performance [Campion 05] with a low damping coefficient, the inertia of the pantograph has a significant influence on the transparency of the bilateral coupling. This issue is addressed in CHAPTER II.

Figure I. 14 :

 14 Figure I.14: Strategy adopted to improve the transparency of the bilateral coupling

  Figure II.1 represents the problem formulation of this chapter. The operator manipulates the pantograph to control a micro-positioning robot, while feeling the interaction forces measured from the environment through this interface. The pantograph and the micro-positioning robot are coupled by a bilateral scheme, which transforms macroscopic positions, and forces into microscopic quantities and vice versa. In direct bilateral coupling, Figure II.1.a, the desired amplified reference force F ref = α f × F e controls the actuators of the pantograph.

  Figure II.1: (a) classical direct bilateral tele-operated coupling, (b) The proposed approach to improve the pantograph transparency

  Figure II.1.b. Instead of controlling the pantograph directly by the reference force F ref , an observer and control layer are added. This layer aims, Chapter II. Pantograph: a Bilateral Haptic Interface for HRI in Microscale Applicationsfirstly to estimate the applied force by the operator on the pantograph and deduce the inertial force of the interface, and secondly to regulate the control input F m to ensure that the human feeling is equal to the desired one.

Figure

  Figure II.2: Pantograph: a bilateral haptic interface.

Figure

  Figure II.3: The Pantograph workspace.

  Figure II.4a is the one adopted. The two Maxon DC motors are controlled by current control I c . For this reason, a Quanser two channels Linear Current Amplifier LCA is used. The LCA ensures the stability of the output current I c for a reference voltage input value V a with an amplification factor 2 (I c = 2V a ). To generate the force F m on the contact point E (see Figure II.3), the control block diagram of Figure II.4b is used.

  The working principal diagram of the experimental setup to control the pantograph. DAC LCA Pantograph Motors +Optical Encoders Pantograph System The simplified block diagram model adopted to control the pantograph The total block diagram model used to control the pantograph . . (b) The block diagram model used to control the pantograph.

Figure II. 4 :

 4 Figure II.4: The experimental setup principle to control the pantograph

Figure II. 5 :

 5 Figure II.5: Geometric representation of the pantograph: (a) dimensions, (b) vectors representation.

  at the first active joint, such as represented in Figure II.5 (b).

  are respectively the length and the angle of orientation of --→ O 0 E. Referring to Figure II.5 (b) and taking into account the fact that ||

Figure

  Figure II.6: The task-space forces, generated by the end-effector of the haptic device on the human fingertips at the contact point E, are calculated using the Jacobian matrix and the maximum torques provided at the joint-space, using Eq.(II.7).

  .7) where τ m = τ 1 τ 4 T is the input torque vector generated by the two DC motors presented in the joint space and F m = F mx F my T is the force applied by the pantograph at the contact point E resulting from the torques τ 1 and τ 4 and the mechanical structure. The kinematic modeling allows to define the workspace of the pantograph. The red area represented in Figure II.3 shows the theoretical workspace of the contact point E considering -40 • ≤ θ 1 ≤ 90 • and 90 • ≤ θ 4 ≤ 220 • . However, the real work-space is limited by the rectangular surface where the human operator can move the point E. In this rectangular space, the singularity of the Jacobian matrix is avoided, and the forces generated by the haptic device are almost homogeneous, (Figure II.6).

Figure

  Figure II.7: Architecture of a disturbance observer used in a closed loop control scheme [Chen 15].

Figure

  Figure II.8 shows the block diagram model proposed to improve the human force feeling of a reference force F ref by the pantograph type haptic interface. The output of the disturbance observer Fh is the estimation of the human applied force, such as Eq. (II.20). By subtracting the motor control force input from Fh , we can have an estimation for the inertial force Finertia . With such a scheme, we can obtain (Figure II.8):

Figure II. 8 :FigureFigure II. 10 :

 810 Figure II.8: The block diagram model to improve the human force feeling of the reference force F ref by rejecting inertial force Finertia Hence: F h = F ref . The human feels only the useful signal F ref without the inertial force.

Figure

  Figure II.11: Experimental measurements of the generated forces by the pantograph at the point E.

F

  Figure II.12: The block diagram model used to validate the output of the disturbance observer Fh and the Finertia .

Figure

  Figure

  Figure II.8 and therefore the effectiveness of the fine human force feeling must be validated regardless of the way the human uses the pantograph. The experiments are performed with Finertia force feedback (i.e. F m = F ref + Finertia ) and without Finertia force feedback (i.e. F m = F ref ). Note: we consider the "force felt by human", the one applied to point E of the pantograph. For slow motion experiments, the results are shown in Figure II.14. The inertial force Finertia is close to zero. But, even in this case, it affects the human feeling Fh when no force feedback is applied on the control scheme (Figure II.14 without perturbation rejection). When the inertial force feedback is applied, the human feels a force Fh that has the same amplitude as the reference force F ref (Figure II.14 with perturbation rejection). For fast motion experiments, the results are shown in Figure II.15. The inertial force Finertia is much higher than previously. It greatly affects the human feeling Fm when no perturbation rejection is applied on the control scheme (Figure II.15 without perturbation rejection). When the perturbation rejection is applied, the human feels a force Fm that has the same amplitude as the reference force F ref (Figure II.15 with perturbation rejection). These results validate the transparency improvement of the pantograph interface with the observer design. II.5. Transparent force feeling through the pantograph

Figure II. 14 :

 14 Figure II.14: Slow motion experiments. Comparison between the human force feeling without perturbation rejection and with perturbation rejection.

Figure

  Figure II.15: Fast motion experiments. Comparison between the force felt by the human without perturbation rejection and with perturbation rejection.
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III. 2 .Figure

 2 Photodiode

Figure III. 2 :

 2 Figure III.2: Measurements of the light intensity output of the photodiode sensor with respect to the beam position along Y direction for different distances Z between the optical focusing system and the photo diode active surface.

  Figure III.3: Experimental light intensity map. (a) Top view and (b) 3D view.

Figure

  Figure III.4: (a) The experimental setup of the proposed HRI based approach for the alignment of the electro-optical sensors. (b) A schematic representation of the intuitive HRI alignment proposed approach.

F

  ref is equal to the maximum force that the pantograph can generate. Here, γ = 0.002 N.µm.mV -1 so that F ref < 0.35 N . As the force F ref is proportional to the gradient of the light intensity, the maximum of the latter is detected when F ref = 0 as illustrated in Figure. III.6 (a). The distribution of the gradient of the light intensity obtained experimentally in the XY plane of the active surface of the photodiode is shown in Figure. III.6 (b).

  Figure III.6: (a) Light intensity with respect to the beam position along X direction and gradient of light intensity (at Y = 32 µm). (b) Distribution of the gradient of the light intensity in the XY plane.

Figure III. 7

 7 Figure III.7 represents the bilateral coupling scheme used for the alignment. The disturbance observer and the control strategies (DOB) developed in chapter II are used to reject the inertial force influence, achieve high interface transparency, and ensure that the human operator feels the fine variations of the reference forceF ref = A f F v . TheTable III.1 summaries the significations of the different parameters used in Figure III.7.

Figure III. 7 :

 7 Figure III.7: Bilateral coupling scheme used to achieve high assembly precision.

  Figure III.8: F ref , F m , F inertia and Fh during the fast motion experiment without (a) and with (b) perturbation rejection.

Figure III. 10 :

 10 Figure III.10: Influence of the perturbation force on the focusing system positioning with respect to zero force feeling. Positioning without (a) and with (b) perturbation rejection. The green curve represents the movement of the laser focusing system guided by the human operator through the pantograph.

Figure

  Figure III.11: Box-plot representation for the light intensity measurements.

  Photodiode sensors are the result of a non-homogeneous manufacturing process. In addition, various parameters influence the measurement of the light intensity by these sensors, for example the distance between the focusing system and the photodiode (Fig. III.2). For these reasons, the light intensity maps are different from a sensor to another. For the user evaluation, four different types of light intensity distributions that represent typical cases resulting from different imperfections are used. They are shown in Fig. III.12.

  Identification and localization step:This step aims to identify by the user the different light intensity distributions based on the information received and to localize the position of the maximum light intensity. It consists of four different scenarios. These scenarios are distinguished according to the information provided to the participant:1. V isual scenario: This is the industrial technique currently used. The participant only sees a slider bar, whose length corresponds to the percentage of light intensity transmission, without any insight into the global distribution of the light intensity.2. Haptic scenario:In this scenario, the pantograph provides the participant a force feedback enabling to feel the light intensity variations without considering the disturbance forces rejection in the control loop, i.e., without the DOB. The decision of the participant relies only on the force feeling of light intensity variations.3. Haptic+ scenario: Same as Haptic scenario but with the DOB and the perturbation rejection (Fig. III.7).

Figure III. 14 :

 14 Figure III.14: L i , the percentage of tests where participants reach more than 95 % and 99 % of the maximum light intensity with the scenario i

Figure IV. 1 :

 1 Figure IV.1: Single fibre transverse compression test experimental configuration [Placet 19].

IVδ

  Figure IV.2: Schematic representation of a compression test.

Figure

  Figure IV.3: The bilateral haptic coupling scheme used to study the capability of the human operator to distinguish the mechanical characteristics at small scale.

Figure

  Figure IV.4: Experimental robotic setup.

Figure

  Figure IV.5: Load/unload force-displacement curve obtained during the compression test of the PDMS (1:20) sample.

  Figure IV.6: Unload/displacement curves of the PDMS samples.

  Haptic + group: With the pantograph, the participant experiences the interaction force variation with PDMS samples considering the disturbance forces rejection in the control loop. The block diagram of Figure IV.3 (a) is used. • Haptic group: With the pantograph, the participant experiences the interaction force variation with PDMS samples without considering the disturbance forces rejection in the control loop. (F m = F ref in the block diagram of Figure IV.3 (b))

  Figure IV.7: Example of the process of analyzing the different parameters used to evaluate the user test.

  Figure IV.8: Pair-wise softness discrimination while compressing the PDMS samples. A reference (S3) sample is compared with a PDMS that is harder (S1 or S2) or softer (S4 or S5).

  Figures IV.9, IV.10, and IV.11 compare the results obtained for the two groups concerning the localization error, the maximum applied force, and the compression value, respectively. With faithful force feedback, achieved by the perturbation rejection, users localize the contact between the force sensor probe and the samples with an average error equal to 0.338 µm with a maximum error M ax(E c ) less than 0.45 µm. However, without the perturbation rejection, this average increases to 0.694 µm with a maximum error reaching 0.9 µm. Moreover, with perturbation rejection, the value of maximum applied force is considerably lower than the one without perturbation rejection. This value has decreased by 50% compared to the one without perturbation rejection (see FigureIV.10). Therefore, the maximum compression with perturbation rejection is reduced by 50% compared to the value without perturbation rejection (see FigureIV.11).
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 I 1: Several key examples of microrobotics versus the size of the object being manipulated.

Table I

 I 

	Parameter	Meaning
	Z e (s)	Transfer function of the environment dynamic
	N (s)	Transfer function of the positioning dynamic
	H(s)	Transfer function of the haptic interface dynamic
	M h	Equivalent mass of the haptic interface
	B h	Equivalent damping coefficient of the haptic interface
	α f	Scaling force coefficient
	α d	Scaling position coefficient
	T s	Sampling time
	K eq	

.3: Transparency study: approximate value of Z h for the DFF and FP schemes in Figure I.6. K 1 and K eq represent the proportional gain of the controller C 1 and the equivalent stiffness of the system respectively.
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Table II

 II 

		II.2. Haptic interface and experimental setup
	Component	Properties	Value
		Power	20 W
	Brushless DC Motor	Nominal torque Rotor inertia I motor	24.2 mN.m 9.11 gcm 2
		Torque constant	16.1 mN.m / A
	MicroE systems Inc	Resolution	100000 Count Per Revolution
	optical Encoder	Max speed	8640 RPM

.1: Pantograph components characteristics.

  Table. II.2, are obtained using Solid Works software. Chapter II. Pantograph: a Bilateral Haptic Interface for HRI in Microscale Applications link i m i [g] I i [g.mm 2 ] l i [mm] c i [mm]

	1	30.47	32469.88	63	21.65
	2	14.01	27660.59	75	38.04
	3	15.09	26780.93	75	36.57
	4	30.47	32469.88	63	21.65
	5	-	-	25	-
	Table II.2: Parameters of the pantograph.

By replacing Eq. (II.10) and (II.9) into (II.8), the pantograph dynamic motion equation in the joint space is given by:

4 Optical fiber alignment strategy with a bilateral hap- tic coupling

  II.6. Conclusionof the disturbance observer and disturbance rejection, is used to perform key tasks at the microscale, where reference forces are provided by micro-force sensors or reflect physical quantities.
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  Is i in %, the success rate of distribution identification for the scenario i, that represents the total of tests where the distribution is successfully identified over the total tests of the scenario i.

			Is i (%)
	100	98.21	94.64	
	80			
					62.5
	60			51.78
		isual ∪	Haptic +	Haptic	V isual
		Haptic +		
	Figure III.13:			

  Identification of the light intensity distributions Fig.III.13 shows the success rate of distribution identification Is i for each scenario. With the V isual scenario, participants are able to identify correctly the light intensity distributions in 62.5% of the tests (35 tests /56). While, with Haptic + scenario, the success rate of distribution identification of the participants is improved. The participants have successfully identified the light intensity distributions in 94.64 % of the tests. This is not the case for the Haptic scenario. Without perturbation rejection, the participant failed to distinguish the distributions where small variations are present (i.e, such as between Fig. III.12 (b), (c), and (d)), which explains a much smaller success rate in this scenario (Is Haptic = 51.78%). However, in the scenario V isual ∪ Haptic + , the participant successfully identifies almost all the distributions Is V isual∪Haptic + = 98.21% (55 tests /56).

	Alignment Performances		
	100		100	94.64	92.86
	80	73.21	76.79	71.42
	60			
			44.64	
	40		32.14	
	20			
			99%	95%
			Maximum light intensity reached level

Table IV

 IV .2: Sorting of the samples according to the stiffness felt with the Haptic+ group.. Sa < Sb signifies that the sample Sb is felt harder than Sa.

		IV.5. Results
	Evaluations	# Participants
	S5 < S4 < S3 < S2 < S1	6
	S5 < S4 < S2 < S3 < S1	1
	94	

Table IV

 IV .3: The sorting of the samples according to the stiffness felt chosen for the Haptic group. Sa < Sb signifies that the sample Sb is harder than Sa

	Selected preferences.	# Participants
	S2	

Micropositioning of Industrial Electro-Optical Sensors Table III.2: Acceptability study for the different scenarios shows the selected preferences by the participants Selected preferences # Participants V isual ∪ Haptic + , Haptic + , Haptic, V isual 9 V isual ∪ Haptic + , V isual, Haptic + , Haptic 3 Haptic + , V isual ∪ Haptic + , Haptic, V isual 1 V isual, Haptic + , Haptic, V isual ∪ Haptic + 1

Moreover, with the Haptic and V isual, the percentage of tests where participants reach more than 99 % of the maximum light intensity doesn't exceed 32.14 % and 44.64% respectively.

III.5.5 Discussion

The user test evaluation shows that the distribution recognition is improved by the enhanced haptic feedback with the perturbation rejection strategy (Is In addition, there is a total agreement in the preference of the {Haptic + } over the {Haptic} one. However, only four participants prefer the V isual scenario over the Haptic + scenario. Indeed, the results from these participants in the Haptic + scenario are better than those in the V isual scenario. By relying solely on the feeling of light variations with disturbance rejection (Haptic + scenario), the performance of the alignment task is improved over the currently used technique in the industry (V isual scenario used in AUREA Company). Moreover, this approach has received a significant agreement from the participants, which reflects its efficiency and ease of use.

III.6 Conclusion

In this chapter, a new human-robotic interaction approach for the robotic positioning of industrial electro-optical sensors has been proposed. This approach consists in transmitting the information of the light intensity to the human operator as a force through a parallel haptic interface. Thus, the human operator controls the position of a laser through a micro-robotic system based on light variation feeling.

Chapter As a result, it is noted that faithful force feedback has improved the operator's intervention at small scales. The transparent force feedback allows the operator to classify the samples without applying large forces, which preserves the degradation of the mechanical characteristics of the objects (maximum compression and force value decrease) and improves the contact localization error.

Titre : Contribution aux stratégies de commande collaborative fondées sur un retour haptique pour l'interaction homme robot aux petites échelles Mots clefs: HRI, Couplage bilateral haptique, Control-basé-observation, assemblage intuitive , interaction basée sur le retour haptique

Résumé :

Cette thèse adresse l'Interaction Homme-Robot pour les applications à l'échelle micro. Elle combine les meilleures capacités des robots de micropositionnement (précision, petites dimensions terminales, dynamique) avec les avantages de l'humain dans la boucle (adaptation fréquente du processus et des tâches effectuées en raison de la grande variabilité des comportements et des fortes incertitudes de fabrication). Dans ce contexte, nous sommes particulièrement intéressés par la transparence de cette interaction pour permettre une interaction fiable. Compte tenu du manque de mesures à cette échelle, le coeur de ce travail est la transmission des signaux mesurés à l'opérateur hu-main (forces de contact, intensité lumineuse, . . . ) à travers une interface haptique. Un observateur est étudié pour permettre une interaction intuitive transparente via une interface haptique. Deux études de cas sont choisies et évaluées par des tests d'évaluation des utilisateurs : La première traite du positionnement intuitif précis de composants électro-optiques basé uniquement sur le retour d'intensité lumineuse. La seconde porte sur l'intervention de l'opérateur humain basée sur l'interaction de force à petite échelle. Les opérateurs ont réussi à discriminer 5% des variations de la rigidité de l'objet avec une force d'interaction inférieure à 100 µN .

Title : Contributions to Haptic-based Collaborative Control Strategies for Human Robot Interaction at Small Scales

Keywords : HRI, bilateral haptic coupling, observer-based-control, accurate intuitive assembly, efficient interaction based human force feeling.

Abstract :

This thesis addresses Human-Robot Interaction for micro-scale applications. It combines the best capabilities of micropositioning robots (precision, small terminal dimensions, dynamics) with the advantages of the human in the loop (frequent adaptation of the process and tasks performed due to high variability of behaviors and high manufacturing uncertainties). In this context, we are particularly interested in the transparency of this interaction to allow a reliable interaction. Considering the lack of measurements at this scale, the core of this work is the transmission of the measured signals to the human operator (contact forces, light intensity, . . . ) through a haptic interface. An observer is studied to enable a transparent intuitive interaction via a haptic interface. Two case studies are chosen and evaluated by user evaluation tests: The first deals with the accurate intuitive positioning of electro-optical components based solely on the light intensity feedback. The second one addresses the intervention of the human operator-based force interaction at small scales. The operators successfully discriminate 5% of the object stiffness variations object with interaction force less than 100 µN .
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