Introduction

Industrial robots are traditionally located in controlled environments.

Most of them are equipped with one or many grippers, each adapted to a single task. Future factories are moving towards more generic robotic manipulators with abilities to manipulate a variety of objects. Meanwhile, robots are emerging in demotics, restauration and entertainment which require them to perform more human like manipulation tasks. This means that the need for a more generic and dexterous manipulators is increasing.

To achieve dexterous manipulation of objects, robots need to "feel" the touch of the object in order to determine the adequate way to hold and grasp it. This ability is called articial tactile sensing. It consists in measuring a given property, such as force or temperature, through contact with an object, then deducing certain parameters such as direction and position of the force, torques, texture, hardness, sliding, object shape, etc. This allows the robot to adapt its action parameters in order to optimize the way it holds the object and reduce the probability of destroying it.

Most of the robotic systems created for dexterous manipulation of objects are inspired from the human body. However, developing a robotic system that mimics the human body is highly complex. No system created by men has the capabilities of the central nervous system, nor the thousands of receptors placed on the muscles and skin. Therefore, the dierent manipulation systems are adapted to a specic manipulation context, with several hypothesis and mathematical models created for dierent tasks.

Studies like [START_REF] Lee | Review Article Tactile sensing for mechatronicsa state of the art survey[END_REF], [START_REF] Yousef | Tactile sensing for dexterous in-hand manipulation in roboticsA review[END_REF] and [START_REF] Dahiya | Tactile Sensing #x2014;From Humans to Humanoids[END_REF] have focused on the characteristics of tactile systems needed to achieve robotic dexterous manipulation of objects derived from human touch sense characteristics. Others, like [START_REF] Murray | A mathematical introduction to robotic manipulation[END_REF], based their studies on the mathematical models using mechanical analysis.

To achieve robustness of the control adapted to a dexterous manipulation task, there are two main essential elements to satisfy in the tactile system:

• The knowledge of the contact information (the contact area, the contact center position, as well as the force and torque vectors applied through the contact).

• The detection of slippage.

The rst element allows a higher eciency in the gripping process essentially when dealing with fragile objects. The second element allows monitoring the safety and eective quality of the grip.

The CEA-LIST has designed a fully modular and anthropomorphic hand, which exactly replicates the kinematics of the human hand, adding up to 24 degrees of mobility and 20 degrees of freedom, which is a design challenge if a high level of dexterity must be guaranteed.

A thorough mechanical design assures backdrivability through the whole mechanism, including actuators and transmission of movement to the joints [MG14] [GMP15]. This feature greatly improves the sensory capabilities of the hand: every surface becomes sensitive as every part of the hand is driven by a backdrivable actuator. However, such an anthropomorphic gripper suers from a lack of knowledge about the contact point localization on the one hand, and the quantitative estimation of all the distal force-torque components on the other hand.

2 Introduction Therefore, a suitable tactile system should be added to the robotic gripper in order to meet most of the requirements of dexterous manipulation. In this eld, the most used systems are based on the Biotac [Syn] and the Ati Nano 17 [Ati] sensors. Both tactile systems have been widely implemented, such as in [START_REF] Ciobanu | Tactile sensor value preprocessing pipeline[END_REF] and [START_REF] Battaglia | ThimbleSense: A Fingertip-Wearable Tactile Sensor for Grasp Analysis[END_REF]. Each system has its advantages and disadvantages. The main disadvantage of the Biotac is that the system cannot measure the applied torques. It can measure just one-force component. In the other hand, the Ati Nano 17 cannot measure the distribution of pressure.

Meanwhile, the CEA-Leti developed a 3-axis force sensor based on Micro Electro-Mechanical system (MEMS) technology. This sensor has been used in dierent applications such as texture detection [START_REF] De Boissieu | Toucher articiel à base d'un microcapteur d'eort: traitement du signal et des informations associées[END_REF] and human skin analysis [START_REF] Candelier | The Role of Exploratory Conditions in Bio-Inspired Tactile Sensing of Single Topogical Features[END_REF] with promising experimental results. This sensor could dierentiate texture on a printed page, i.e., the dierence between the surfaces covered with ink and the blank paper. This doctoral work is intended to explore the possibility of creating a suitable tactile sensing system for robotic dexterous manipulation purposes based on the 3-axis force sensor developed by CEA-Leti. The developed system should meet as many requirements as possible by combining one or several sensors. The objective is to create a system that can benet from the small size and high integrality of the 3-axis force sensor in order to provide the following contact information: the contact area (given sucient information about the manipulated object nature and the manipulator characteristics), the contact center position, as well as the force and torque vectors applied through the contact.

In other perspective, one of the most important aspect in dexterous manipulation of objects is the detection of slippage. Force torque sensors such as the Ati Nano 17 are able to predict slippage by applying dierent theories. For example, slip theory of friction cone by applying the coulombs law or an elliptical approximation of the relation force of friction and applied torque as presented in [START_REF] Melchiorri | Slip detection and control using tactile and force sensors[END_REF]. In the case of the commercial sensor Biotac, the slippage cannot be predicted because there is no measurement of the tangential forces or normal torque.

Therefore, the slippage should be estimated by the vibrations as presented in [START_REF] Reinecke | Experimental comparison of slip detection strategies by tactile sensing with the BioTac ; on the DLR hand arm system[END_REF], or by the thermal micro uxes as presented in [START_REF] Francomano | Articial Sense of Slip 2014;A Review[END_REF]. Additionally, the system can be implemented with machine learning to prevent slippage. However, as presented in [START_REF] Reinecke | Experimental comparison of slip detection strategies by tactile sensing with the BioTac ; on the DLR hand arm system[END_REF], the system is unable to detect when the object slips by an applied torque. Therefore, an analysis of slippage should be done with the tactile system based on the 3-axis force sensors.

This work is mainly divided in three chapters. Given the variety of subjects, each chapter has a section dedicated to the state of the art.

The 3-axis force sensor developed by the CEA presents interesting characteristics, such as high resolution, small size and linearity. However, the range of forces of the sensor should be enlarged to meet the requirements of dexterous manipulation of objects. Therefore, chapter 1 is dedicated to the protection of the 3-axis force sensor. The chapter is mainly divided into 6 sections: the rst section describes the state of the art related to the protection of multi-axis force MEMs sensors. The second section shows the operation principle and the theoretical characteristics of the 3-axis sensor. The third section is dedicated to the experimental characterization of the sensor. In order to protect the sensor and increase its sensitivity range, the fourth section deals with sensor protection using dierent coating techniques. The fth section deals with the characterization and analysis of the coated sensors. A coating technique is selected based on the desired sensor characteristics. Finally, some of the coated sensors are tested to validate their resistance to high-applied forces.

The next stage consists in nding the best manner to implement the 3-axis force sensor as a tactile system. Two main ideas can be applied; the rst idea is to implement one or many sensors side by side. However, it would only measure the three axes of forces and the spatial resolution would be inappropriate. In the other hand, an array of 3-axis force sensors xed to a rigid surface can produce an equivalent to the force-torque sensor Ati Nano 17. Those systems are called intrinsic tactile systems. Chapter 2 presents the development of two dierent intrinsic tactile systems. It is divided into three sections. The rst section is the state of the art on tactile sensing systems. The goal of this section is to guide the research around the best way to implement the 3-axis force sensor of chapter 1 in a tactile sensing system. With the conclusion and the system proposal of the rst section, the second section is intended to prove and test the capabilities of the proposed tactile system. The last section discusses the creation of the proposed system for a robotic gripper and the integration into a soft contact approach.

Finally, the detection of slippage using an intrinsic tactile system is presented in chapter 3. This chapter is divided into ve sections: The rst section describes the friction limit theory named limit surface. The second section, reviews the viscoelastic contact model that is necessary to implement the limit surface theory on an intrinsic tactile sensing system. The third part shows the construction and characterization of soft ngers based on the viscoelastic model of contact. The fourth section reports the implementation of limit surface theory for early slippage detection on an intrinsic tactile system. Finally, the results are analyzed and conclusions are made.

Chapter 

Context and motivations

The CEA-Leti has developed a 3-axis MEMs force sensor that exhibits interesting characteristics such as linear behaviour, low hysteresis, and good accuracy (for more details refer to [START_REF] Boissieu | Tactile texture recognition with a 3-axial force MEMS integrated articial nger[END_REF] and section 1.2.2). Together with CEA-List, CEA-Leti foresee the possibility of implementing the sensor as a tactile sensing system for a robotic anthropomorphic gripper.
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Chapter 1. Adaptation of MEMS based three-axis force sensor to dexterous manipulation requirements

The sensor, as is, has few defaults : it has a small sensitive aria and low maximum supported force (the maximum tangential force supported by the sensor is 1 N). Therefore, a suitable coating should be applied to the sensor in order to meet the necessary measuring force range for dexterous manipulation of objects.

Chapter objective

The main objective of this chapter is the study of the protection for multi-axis force sensors based on the technology Micro Electro-Mechanical Systems (MEMs).

Outline of the chapter

This chapter is mainly divided into 6 sections: the rst section describes the state of the art related to the protection of multi-axis force MEMs sensors. The second section shows the operation principle and the theoretical characteristics of the 3-axis sensor. The third section is dedicated to the experimental characterization of the sensor. In order to protect the sensor and increase its sensitivity range, the fourth section deals with the sensor protection using dierent coating techniques. The fth section deals with the characterization and analysis of the coated sensors. A coating technique is selected based on the desired sensor characteristics. Finally, some of the coated sensors are tested to validate their resistance to high applied forces.

State of the art

This section reviews the state of the art related to the protection of multi-axis force MEMs sensors. The main goal is to understand what has been made to the protection for this type of sensor. Additionally, conclude what is the following step to protect the 3-axis force sensor created by the CEA.

MEMS based 3-axis force Sensors

Micro Electro-Mechanical Systems (MEMS) development helped creating miniaturized and accurate sensors, such as accelerometers and gyroscopes [START_REF] Rebeiz | RF MEMS: Theory, Design, and Technology[END_REF]. It has allowed massive production of inexpensive and small sensors present nowadays in nearly all new smart-phones.

To create force MEMS sensors, dierent technologies have been developed such as bulk micromachining and surface micromachining. These technologies are used to create silicon structures inside a silicon wafer. Microelectronic silicon structures, transducers and interconnections are used to create sensitive systems. In the case of force measurement, transducers measure the mechanical deformation. Most commonly, they change their resistance or its capacitance when they exhibit a deformation.

In tactile sensing eld, force/torque MEMs based sensors such as presented in Table 1.1 have allowed a highly integrated touch sensing systems.

This type of sensors has interesting characteristics such as linear behavior, low hysteresis, and high accuracy. However, because of their size and fragility, they can't resist to high applied forces (as shown in table 1.1, the maximal normal force that the listed sensors can support 0 to 0.08 0 to 0.03 0.7 mm ∅ 2010 Choi [START_REF] Choi | Polymer micromachined exible tactile sensor for three-axial loads detection[END_REF] 0 to 0.08 0 to 0.08 1.5 mm ∅ 2009 Sohgawa [START_REF] Sohgawa | Tactle array sensor with inclined chromium/silicon piezoresistive cantilevers embedded in elastomer[END_REF] 0 to 0.13 0 to 0.03 1 mm×1 mm 2008 Lee [START_REF] Lee | Normal and Shear Force Measurement Using a Flexible Polymer Tactile Sensor With Embedded Multiple Capacitors[END_REF] 0 to 0.01 0 to 0.01 1.3 mm×1.3 mm 2007 Vásárhelyi [START_REF] Vásárhelyi | The Design of Tactile Sensors and Their Elastic Cover[END_REF] 0 to 0.01 no data 0.25 mm×0.25 mm 2006 Kim [START_REF] Kim | 3-Axes Flexible Tactile Sensor Fabricated by Si Micromachining and Packaging Technology[END_REF] 0 to 2 0 to 2 1.2 mm×1.2 mm 3-axis force sensors 2001 -2011 Dao, Ho [START_REF] Dao | Micro force-moment sensor with six-degree of freedom[END_REF], [START_REF] Ho | Development and Analysis of a Sliding Tactile Soft Fingertip Embedded With a Microforce/Moment Sensor[END_REF] no data 0 to 1 1.7 mm×1.7 mm 2010 Boissieu [START_REF] De Boissieu | Toucher articiel à base d'un microcapteur d'eort: traitement du signal et des informations associées[END_REF] 0 to 2 0 to 1 2 mm ∅ 2009 Noda [START_REF] Noda | MEMS on robot applications[END_REF] 0.05 to 3 0.05 to 3 20 mm×20 mm 0 to 3 0 to 0.5 2 mm ∅ 2006 Noda [START_REF] Noda | A shear stress sensor for tactile sensing with the piezoresistive cantilever standing in elastic material[END_REF] 0 to 4 0 to 4 20 mm×20 mm

Table 1.1: 3-axis force MEMs sensors without protection is about 4 N). For most tactile applications, such as object manipulation in robotics manipulation tasks, the range of forces that the sensor should support must be at least 10 N [START_REF] Yousef | Tactile sensing for dexterous in-hand manipulation in roboticsA review[END_REF] (further explanation is presented in section 2.1).

MEMS sensors protection

To solve the problem of measurement range, a solution consists in making bigger silicon based sensors with bigger supports. However, due to technology considerations, the size of the sensor can not be big enough to cover a large surface which doesn't solve the small sensitive area problem. In addition, using more silicon would signicantly increase the sensor cost. Another possible solution consists in protecting the sensor with an elastic coating layer, this solution was applied in most of the listed research papers such as [START_REF] Candelier | The Role of Exploratory Conditions in Bio-Inspired Tactile Sensing of Single Topogical Features[END_REF], [START_REF] De Boissieu | Toucher articiel à base d'un microcapteur d'eort: traitement du signal et des informations associées[END_REF], [START_REF] Ho | Development and Analysis of a Sliding Tactile Soft Fingertip Embedded With a Microforce/Moment Sensor[END_REF], [START_REF] Noda | A shear stress sensor for tactile sensing with the piezoresistive cantilever standing in elastic material[END_REF] and [START_REF] Vásárhelyi | The Design of Tactile Sensors and Their Elastic Cover[END_REF]. This solution distributes the forces between the sensitive part of the sensor and the solid area around it which increases the sensor dynamic range. This solution provides protection to the sensor, increases the sensitive surface area and enables the sensor to be interfaced with an external frame for intrinsic tactile sensing such as presented in chapter 2.

Coating the sensor can have many drawbacks such as the introduction of non linearity and hysteresis. Depending on the used elastic material, a relaxation phenomenon may appear and signicantly change the sensor response to external load. The coating increases the dynamic measurement range by distributing the force between the sensor and the surface around which reduces the sensor resolution. Finally, the analysis of the forces applied on any point of the surface is complex.

In [START_REF] Candelier | The Role of Exploratory Conditions in Bio-Inspired Tactile Sensing of Single Topogical Features[END_REF] and [START_REF] Vásárhelyi | The Design of Tactile Sensors and Their Elastic Cover[END_REF], the authors made an extended analysis of the behavior of an array of 3axis force sensors covered by dierent types of elastic covers as shown in Figure 1.1. In [START_REF] Candelier | The Role of Exploratory Conditions in Bio-Inspired Tactile Sensing of Single Topogical Features[END_REF],

they mold a sphere section to cover a line of ten 3-axis force sensors with PolyDiMethylSiloxane (PDMS) to investigate the mechanism of tactile transduction during active exploration. In [START_REF] Vásárhelyi | The Design of Tactile Sensors and Their Elastic Cover[END_REF] the author creates a 3-axis force sensor and proposes dierent elastic covers, the rst (a) Tactile system proposed by [START_REF] Candelier | The Role of Exploratory Conditions in Bio-Inspired Tactile Sensing of Single Topogical Features[END_REF] (b) Tactile system proposed by [START_REF] Vásárhelyi | The Design of Tactile Sensors and Their Elastic Cover[END_REF] Figure 1.1: Coated 3-axis force sensors arrays

In [START_REF] Beccai | Development and Experimental Analysis of a Soft Compliant Tactile Microsensor for Anthropomorphic Articial Hand[END_REF], the authors protect a 3-axis force sensor with a polyurethane coating as shown in Figure 1.2. This system is used to detect slippage. The maximum supported force is 15 N for normal force and 11 N in tangential force. The system assume a constant force distribution in the surface.

Figure 1.2: Protected 3-axis force sensor of [START_REF] Beccai | Development and Experimental Analysis of a Soft Compliant Tactile Microsensor for Anthropomorphic Articial Hand[END_REF] In [START_REF] Ho | Development and Analysis of a Sliding Tactile Soft Fingertip Embedded With a Microforce/Moment Sensor[END_REF], the authors create a hemispherical soft ngertip, the system consists of a 6-axis force torque sensor embedded in a polyurethane rubber as shown in Figure 1.3. The system could estimate the forces applied during the contact with an external object. They also propose a model to nd the position and direction of the applied forces.

In [START_REF] De Boissieu | Toucher articiel à base d'un microcapteur d'eort: traitement du signal et des informations associées[END_REF], the authors tests dierent types of coating for a 3-axis force sensor, between the ones shown in Figure 1.4. The goal of their research is the discrimination of textures using a normal force of 0.5 N. Therefore no maximal force was estimated, and no comparison between the coatings was made. 

Conclusion

The published articles related to the protection of MEMs force sensors such as [START_REF] De Boissieu | Toucher articiel à base d'un microcapteur d'eort: traitement du signal et des informations associées[END_REF], [START_REF] Ho | Development and Analysis of a Sliding Tactile Soft Fingertip Embedded With a Microforce/Moment Sensor[END_REF], [START_REF] Beccai | Development and Experimental Analysis of a Soft Compliant Tactile Microsensor for Anthropomorphic Articial Hand[END_REF] or [START_REF] Candelier | The Role of Exploratory Conditions in Bio-Inspired Tactile Sensing of Single Topogical Features[END_REF] do not give any comparison between the coatings. They did not discuss the eect of the specic coating shape, size and material. One goal of this chapter is to provide guidelines for the design and construction of the coating for MEMs force sensors supported with experimental results and comparison between various predened coatings. The objective is to identify the coating shape, size and material that provides the lowest alteration to the sensor characteristics while increasing its dynamic range and providing protection against high forces.

Existing 3-axis force sensor

This section briey describes the 3-axis force sensor developed by the CEA-Leti. This sensor is used in this chapter as the target MEMs sensor to protect.

Operation principle

The force sensor operates on the principle presented in [START_REF] Yao | A novel three-dimensional microstructure fabrication technique for a triaxial tactile sensor array[END_REF]. This consists of eight strains of sensitive elements that are attached to a stem. All these elements are made of the same silicon crystal and have a geometry shown in the gure 1.5.

In this case the sensor is made of a monocrystalline silicon element, where the sensitive elements are eight piezoresistors, i.e. their resistance value varies according to their deformation.

They are created by doping the underside of the silicon membrane. The piezoresistors are placed 

∆R

R = σk σ (1.1)
Where σ is the stress applied to the material, k σ = 138 × 10 -11 Pa -1 is the constant of the p-doped material [START_REF] Kloeck | Mechanical sensors[END_REF], R is the resistance of the piezoresistance, and ∆R is the change in resistance caused by the deformation of the membrane.

The eight piezoresistive elements have a similar resistance value R i at rest, and are placed so that they are constrained symmetrically upon application of a force along an axis x, y or z.

The gure 1.6 shows schematically the deformation of the membrane during the application of a normal force F z or tangential forces F x , F y in the plane of the membrane. The stress σ i to which each piezoresistor is subjected during deformation of the membrane can be decomposed into the sum of three dierent constraints σ Fx , σ Fy , σ Fz , respectively proportional to the values of the three components F x, F y and F z of the force applied to the sensor. Therefore, ∆R can also be decomposed in the sum of Rx, Ry, Rz and it is respectively proportional to the forces F x , F y and F z . The piezoresistors are associated to each other in a Wheatstone bridge arrangement, according to x and y axis, as shown in Figure 1.7. In the rst instance, all resistors are considered to be of equal value, so R i = R. When no force is applied, the voltage V A , V B , V C and V D is a xed value close to V in /2 where V in is the supply voltage of the bridges. Once a force is applied to the stem, the membrane is warped. This causes the compression or the stretching of the piezoresistors along the x and y axis, leading to a change in their resistance values. The resistance variation aects the potentials V A , V B , V C and V D . By a dierent set of midpoints, the three components F x , F y and F z of applied force can be found.
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Figure 1.7: Conguration and distribution of the piezoresistors Consider the case of a tangential force F x applied to the stem in the direction of the x axis, as shown in Figure 1.6a. The piezoresistors R 1 and R 3 are stretched taking the resistance value R+∆R x , while R 2 and R 4 are compressed taking the R-∆R x value. Respectively, the voltages V A and V B are obtained:

V A V in = R 2 R 1 + R 2 = R -∆R x 2R (1.2)
In the same way:

V B V in = R 3 R 4 + R 3 = R + ∆R x 2R (1.3)
Dening U x according to equation 1.4 gives a voltage proportional to the force F x applied along the x axis.

U x = (V B -V A ) = V in ∆R x R (1.4)
In the same way, the voltage U y can be dened proportional to the force F y applied along the y axis.

U y = (V C -V D ) = V in ∆R y R (1.5)
Now consider the case of a normal force F z applied to the stem (see Figure 1.6b). Here the piezoresistors R 1 and R 4 are compressed while R 2 and R 3 are stretched. Similarly, R 5 and R 8 are compressed and R 6 and R 7 are stretched. Thus, for the voltages V A,B,C,D we obtain:

V A V in = V B V in = R + ∆R z 2R (1.6) and V C V in = V D V in = R -∆R z 2R (1.7)
Dening U z as a voltage proportional to the force F z , Chapter 1. Adaptation of MEMS based three-axis force sensor to dexterous manipulation requirements

U z = (V B + V A ) -(V C + V D ) = V in 2∆R z R (1.8)
It may be noted that for a zero force f z , U z = 0 V, whatever the applied tangential force f x,y . Similarly, for a zero tangential force, u x = u y = 0 V whatever the normal force f z applied. In the ideal case, given that the x, y and z axis are orthogonal, u x , u y and u z measure independently the components f x , f y (tangential forces) and f z (normal force) of force f :

f =   f x f y f z   =   S x 0 0 0 S y 0 0 0 S z     u x u y u z   (1.9)
where S x , S y , and S z are the sensitivities and f x , f y and f z , the forces. By symmetry, it is considered that the sensitivities along the axes x and y are identical, so S x = S y = S xy .

Dimensions and characteristics of the sensor

The sensor, originally developed for other applications, was made in dierent sizes for dierent sensitivities. The sensitivities S xy and S z are mainly dened by the ratio between the radius of the membrane, the radius of the stem, and by the thickness of the membrane. The smaller the ratio between the membrane radius and the stem radius, the more sensitive the sensor will be. Besides, if the membrane is thin, the sensor is more sensitive and fragile.

The dierent variants of the sensor were characterized in normal and tangential forces as described in [START_REF] De Boissieu | Toucher articiel à base d'un microcapteur d'eort: traitement du signal et des informations associées[END_REF]. With the monocrystalline nature of the sensor and the elasticity of silicon, the sensor has a linear behaviour with respect to normal and tangential forces. Among all the sensors produced at LETI, we used an available variant of the sensor with the following characteristics:

• Membrane radius: 1000 µm 1.2. Existing 3-axis force sensor 13

These variants were developed for very specic applications that didn't need a high force sensitivity range. The robustness of such sensors is very low and not adapted for robotic manipulation tasks. To adapt the sensor for robotic manipulation, the maximum supported force (before breaking), as well as the maximum measurable force should be increased.

Processing the sensor signal

The sensor is connected to an analogue circuit which amplies the signal and performs the operations described by the equations 1.4, 1.5 and 1.8, as shown in the diagram in Figure 1.8.

V A V B V C V D u x u y u z GND V in GND V in Sensor Analog electronics Figure 1.8: Analogue electronic
The input voltage is dened as V in = 5 V. The tensions u x , u y and u z have a centered value of 2.5 V at rest ( F = 0). These tensions are respectively amplied by the factors α x , α y and α z . The equations describing this system are as follow:

u x = α x (V B -V A ) + V in 2 (1.10) u y = α y (V C -V D ) + V in 2 (1.11) u z = α z ((V B + V A ) -(V C + V D )) + V in 2
(1.12) Amplication values can be changed depending on the application. Taking into account the maximum variations given in section 1.2.2, to use the entire range of the sensor (assuming V in = 5 V) the values would be α x,y = 50 and α z = 10.

All these calculations are performed with an identical value of the resistors R i . In reality, however, the resistance values are not identical. A dierence in the resistance would create an oset, i.e. as the voltage dierence is not zero -for example if V A -V B = 0 at rest -in the equation 1.10 this dierence would be amplied. The voltage dierence caused by the dierence in resistance can be calculated as shown in the following equations:

0 = V B -V A + b x (1.13) 0 = V C -V D + b y (1.14) 0 = (V B + V A ) -(V C + V D ) + b z (1.15)
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where the values b are the calculated oset values when no force is applied to the system.

So the electronic analogue output can be written as:

u x -b x = α x (V B -V A ) (1.16) u y -b y = α y (V C -V D ) (1.17) u z -b z = α z ((V B + V A ) -(V C + V D )) (1.18) where b x = b x α x + V in 2 , b y = b y α y + V in 2 , and b z = b z α z + V in 2 .
Then the equation to calculate the forces 1.9 can be rewritten as:

f =   f x f y f z   =   S x 0 0 0 S y 0 0 0 S z     u x -b x u y -b y u z -b z   (1.19)
Knowing that the axes of the sensor have a crosstalk, and that there is a linear relationship between the measured voltage and the forces (shown in [START_REF] De Boissieu | Toucher articiel à base d'un microcapteur d'eort: traitement du signal et des informations associées[END_REF]), then the equation 1.19 is rewritten as:

  f x f y f z   =   S xx S xy S xz S yx S yy S yz S zx S zy S zz     u x -b x u y -b y u z -b z   (1.20) or compact form f = S u -b (1.21)
where the vector u are the proportional tensions to the applied forces f , S is a sensitivity matrix and the vector b is the oset signal.

The sensor exhibits several imperfections. For example, due to their nature, the piezoresistors found in the sensor can change their behaviour according to their temperature. In order to solve this problem, a temperature sensing resistance is incorporated inside the sensor. The second spotted problem is that, under certain circumstances, the piezoresistors behave like polarized resistances. This problem needs to be detected before assembling the sensor. The work presented in this document do not dive into temperature compensation. All experiments are conducted in a controlled environment, so the eects of temperature are negligible. As for the polarized resistance, only sensors who do not present polarized resistance symptoms have been used.

3-axis force sensor characterization

The characterization presented in section 1.2.2 was performed using sensor ideal conditions.

But as shown in [START_REF] De Boissieu | Toucher articiel à base d'un microcapteur d'eort: traitement du signal et des informations associées[END_REF], this sensor does not have this behavior in practical use conditions.
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For this reason, this section deals with characterization of the sensor in real conditions. The characterization of this sensor consists in nding the values of sensitivity matrix S, and oset b of the equation 1.21. For this experiment the same test system developed by [START_REF] De Boissieu | Toucher articiel à base d'un microcapteur d'eort: traitement du signal et des informations associées[END_REF] is used.

The reference system for the characterization is presented in Appendix A.1.1. This system has only two measurements of force f zref and f xref . To characterize a three-axis sensor several measures must be performed considering dierent sensor orientations to get enough information on its behavior in each axis.

Sensor conditioning

To exert forces on the sensor with the system presented in the appendix A.1.1, it is necessary to condition the sensor. First, the sensor is mounted on a PCB (Printed Circuit Board). It should be stuck to the PCB with two dierent glues. Then the sensor is connected to the PCB via a wire bonding process as shown in gure 1.9. This process is well explained in [START_REF] De Boissieu | Toucher articiel à base d'un microcapteur d'eort: traitement du signal et des informations associées[END_REF].

Depending on the application, dierent types of PCB were created, mainly round and square.

In this section, a square type of PCB is used. Three sensors are used to test whether the results can be extrapolated, or if each sensor has its own sensitivity matrix. To attach the sensor to the system shown in Appendix A.1.1, the tested sensor is placed in a support made using a 3D printer as shown in Figure 1.12. The support is xed with screws at the end eector of the test system.

Three axis force sensor

Wire bonding Glue

This support is designed to be able to put the tested sensor in two positions:

• In the rst position, the axes of the sensor aligned with the test system.

• In the second position, the sensor is rotated 90 degrees so that the y axis of the sensor is aligned with the x axis of the system.
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Characterization methodology

The test system is only capable of measuring the force components f xref and f zref applied on the sensor. Thus, it is essential to do two measurement sets, in order to calibrate the sensor.

The two positions provided by the support are used to perform those two sets of measurements.

For the two sets of measurement, the following measurement methodology is performed:

• Fix the sensor to be characterized in its support;

• Without applying any force, start to acquire the sensor voltages u. This part of the measures is used to calculate the oset b;

• Bring sensor and the rigid surface into contact by the precision screw, until a force of (0.8 ± 0.2) N is exerted, and is varied manually without exceeding 1 N force;

• Move two linear motors along a predened path, to exert tangential forces on the sensor

• When the movement is done, the contact is automatically removed by a pneumatic actuator;

• After 30 seconds, stop the acquisition system.

The dened trajectory is designed to exert a wide rage of forces in the dierent axes, i.e.

explore both the positive and negative forces in the x and y axes without breaking the sensor.

Unfortunately, the contact between the 3-axis force sensor and the rigid surface has a small ction coecient, which does not allow to exert tangential forces through all the measurable force range. The trajectory is shown in Figure 1.13. Such a square trajectory permits to investigate the crosstalk between the axes when the forces do not change in the axis x and y.

Since two sets of measurements with dierent reference components (f x , f z and f y , f z ) are made, the rows of the sensitivity matrix are calculated separately using the corresponding measurements. The dierent rows can be estimated using a least squares as follows :

1. 

  f xref i -S xx S xy S xz   u xi -b x u y i -b y u z i -b z     2 (1.22) Ŝyx Ŝyy Ŝyz = argmin S yx S yy S yz n i=1   f yref i -S yx S yy S yz   u xi -b x u y i -b y u z i -b z     2 (1.23) Ŝzx Ŝzy Ŝzz = argmin S zx S zy S zz n i=1   f zref i -S zx S zy S zz   u xi -b x u y i -b y u z i -b z     2 (1.24)
where f xref i , f yref i , f zref i are the reference measurement of forces (f yref i is the measurement taken with the sensor turned 90 • ), at sampling time i, and n the number of samples.

Characterization results

As presented in the previous section, at least two sets of measurements for each axis of each of the three mentioned sensors were made. This is shown in Appendix A.2.1. Half the measurements were used to calculate the sensitivity matrix, and the other half is used to validate the matrix. Figure 1.14, shows the results of the experiments. The left side of the gure presents the results for the measurement set used to calibrate the sensor. The right side of the gure presents the results for the measurement set used to validate the calibration. This gure shows the acquired data to the point where the contact was removed (the last 30 s with no contact was removed). In fact, when the contact is released using the pneumatic actuator, the transducers begin to vibrate as shown in section A.1.1.1, so the last part of the acquired data of the measures was not used to calibrate the sensor since the reference is not correct. Table 1.2 presents the error statistics between the reference system and the three axis force sensors.

Figure 1.15 shows the graphics of the relation between reference forces and the calculated forces, in order to show the characteristics of linearity and hysteresis.

As said before, the reference system vibrates when the contact is removed using the pneumatic actuator which makes its measurement unusable. So, to characterize the dynamic behavior of the sensor in the z axis, the reference data at the instant when the contact is released is replaced Chapter 1. Adaptation of MEMS based three-axis force sensor to dexterous manipulation requirements H02 sensor validation signal The system transfer function is calculated using these signals based on the characteristic transfer function of a second order over-damped system as follows.

0 0.
f x calcule f x reference f y calcule f y reference f z calcule f z reference
f z (p) f zreal (p) = K p (1 + Tp 1 p)(1 + Tp 2 p) (1.25)
The values K p , Tp 1 and Tp 2 are found for each sensor. These values can be calculated in dierent ways. For example, by the method of Harriot for over-damped second order systems, or by minimizing the error between the input and output. We used the System Identication toolbox of MATLAB in order to easily determine these values. 1.2 shows a high matching of the estimated forces in respect to the reference ones, with a maximum measured error of 28.47 mN with standard deviation about ≈ 5 mN. The reference system maximum error is 24.85 mN. Its standard deviation is 6.07 mN.

K P = 1 K P = 1 K p = 1 Tp 1 = 0.
Thus, it is possible to admit that the proposed sensor itself doesn't have a higher error than the reference system. A more precise reference could be used in order to get a more precise idea about the sensor precision.

The Figure 1.15 shows a linear behavior and a low hysteresis of the sensor. Unfortunately, the tangential forces exerted in this experiment are small since the surface of the epoxy added to the sensor is smooth and no enough friction was generated during the movement. The modeled settling time for the three dierent systems for a step input of 1 N newton is 10 ms.

The three sensors showed very similar characteristics. This leads to the conclusion that the sensor manufacturing process is well controlled, the sensor is reliable and its behavior is repeatable.

Coating of the 3-axis force sensor

This section deals with the protection and of the 3-axis force sensor. Additionally, the protected system is characterized. This section is divided in four subsections: First subsection describes the ve dierent protections of the sensor made by coating is order to be compared. Second section describes the 1.4. Coating of the 3-axis force sensor 21 method use to characterize the protected sensors. The third subsection shows the characterization of the protected systems. Finally the results of the characterization are shown and the conclusions are made.

Coating process

In order to protect the sensor and increase its sensitivity range, it is decided to protect the sensor in a similar way as shown in [START_REF] De Boissieu | Toucher articiel à base d'un microcapteur d'eort: traitement du signal et des informations associées[END_REF]. The protection is made by deposing an elastic material over the sensor so that the forces exerted on the material will be distributed between the sensor and its surrounding area leading to an increase in the maximum supported force at the price of decreasing the sensor resolution. But since the resolution of the bare sensor is already high, a good compromise can be made and the resulting sensor can still have a good resolution while resisting to greater forces.

The chosen elastic material is the polyurethane. This choice is entirely based on previous works results in determining the proper type of protection [START_REF] De Boissieu | Toucher articiel à base d'un microcapteur d'eort: traitement du signal et des informations associées[END_REF]. Following the same PCB mounting procedure shown in section 1.3.1, several protections were tested. In this document, These sensors were chosen to be tested in order to determine the following points:

• Which material should be used?

The sensors are protected with two dierent polyurethane resins. The dierence between the two tested materials is essentially in the hardness :

the black polyurethane has a hardness of Shore 80 the beige polyurethane has a hardness of Shore 40

The sensors rC, rD and F02 are protected with black polyurethane, rA with beige polyurethane, and the sensor rB is composed of half of each.

• What is the inuence of coating height?

Sensors rC and rD have the same shape, the same material but dierent height in order to establish a relationship between the coating height and the response of the sensor.

• What is the inuence of the shape?

Dierences in behavior between the forms of protection.

• What is the best way to create the coating?

Sensors rA, rB, rC and rD are made from a mold, and the protection F02 by pouring the material above the sensor 

Characterization results of the coated sensors

The force exerted during characterization of the coated sensors is about 1.3 N. At least two measures of each axis for each of the ve mentioned sensors were made at a frequency of 1000 Hz, the acquisition system is shown in Appendix A.2.1. As in the previous section, half measures is used to calculate the sensitivity matrix, and the other is used to validate the calibration.

In gure 1.21 the results of the experiments are shown in the same format as in section 1.3.

The table 1.3 presents the error statistics between the reference system and the three axis force sensors.

The graphics of the relation between the reference forces against the calculated forces are shown in gure 1.22. Here, the characteristics of linearity and hysteresis of the coated sensor are presented.

The system response have been studied exactly as presented in section 1. 

f z (s) f zreal (s) = a 1 s + a 2 s 2 + a 3 s + a 4 (1.26)

Result analysis and conclusions

From Figure 1.21 and table 1.3, it is clear that sensors rA, rB and rD have a similar behavior and good matching of the estimated forces in respect to the reference ones. However, sensors F02 sensor validation signal The modeled cuto-frequency of the sensors vary between about 30 Hz for the F02 and about 50 Hz for the rB. The theoretical performance of the sensors to a step signal is shown in Figure 1.25. In this section the protected sensors are tested to measure the dynamic range. The goal of this test is to verify whether the coating preserves its characteristics for the range needed for object manipulation (about 10 N).

f x calcule f x reference f y calcule f y reference f z calcule f z reference Figure 
The coated sensors that present the best characteristics (rA and rD) are selected for the high force test. The test consists of repeating the same experiment presented in the previous section by applying a higher force range. The test bench system does not allow more than 9 N. In this test, at least 8 N was applied to the sensor. The results are shown in Figure 1.26. 

Conclusion

This chapter presents an experimental procedure for designing a suitable coating for MEMS based 3-axis force sensors. Five dierent coatings with dierent shapes, sizes and materials were calibrated, tested and characterized in order to show the eect of the coating. The analyzed characteristics were the statistics of error in time, the linearity of the response as well as the impulse response of the system and the nal sensitivity of the sensor.

The two sensors with the best characteristics are tested in a larger range showing that this type of coating is desirable for the protection of MEMs force sensors.

Regarding the set-points evoked in section 1.4, the following analyses are provided:

Coating Material : polyurethane Shore 40

For the beige polyurethane with hardness of Shore 40, the relaxation phenomenon isn't considerable as is shown in Figure 1.21. Sensors coated directly with this material have a better dynamic behavior (rA and rB). When two materials are combined as for the sensor rB, the problem is that the forces are not distributed evenly in all directions (as shown in the linearity analysis gures).

Inuence of height: A higher coating leads to lower sensor sensitivity to tangent forces

Sensors rC and rD have the same shape and the same material. However they have very dierent behaviours. The bigger coating height in sensor rC reduces its sensitivity to tangential forces.

Inuence of the shape: The shape must be symmetrical, and centered with respect the center of the sensitive area, the tip of the protection must be pointy to assure the that the forces are applied in this zone Three dierent basic shapes were tested. The coating used in rA and rD has the same best linearity. Those shapes gave the best results. The shapes of sensors F02 and rC have a wide base. This signicantly decreases their sensitivity in the shear axes. One of the biggest problems of the coating shape used for the F02 is that the point where the forces are applied is not centered with the sensor.

Manufacturing type of protection: The coating should be created by molding

The point of application of forces in the sensor must be well dened. The F02 sensor does not sutify this condition. In fact, during the hardening process of the polyurethane, any disturbance in the angle aects the central point position.

The proposed guidelines can be used to create new coatings, with dierent range of forces and sensitivities. Consequently the force MEMs sensors can be applied in a larger set of applications. 

Context and motivations

In chapter 1, the coating of the 3-axis MEMs force sensor developed by the CEA-Leti was studied. An optimal coating has been chosen. At this point, the sensor is ready to be integrated in a robotic dexterous manipulation system. This chapter is dedicated to the design, characterization and test of a fully integrated tactile system based on the coated sensor.
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Chapter 2. Intrinsic tactile sensing systems based on an array of 3 axis force sensors

Chapter objective

The study of the integration of the 3-axis force sensor presented in chapter 1 in a robotic gripper intended for dexterous manipulation of objects.

Outline of the chapter

This chapter is divided into three sections. The rst section is the state of the art about tactile sensing systems. This section has the goal of guiding the research about to the best way to implement the 3-axis force sensor of chapter 1 in a tactile sensing system. With the conclusion and the system proposal of the rst section, the second section is intended to prove and test the capabilities of the proposed tactile system. The last section is the creation of the proposed system for a robotic hand and the integration into a soft contact approach.

State of the art

This section gives an overview of tactile systems. It starts by a denition of tactile sensing.

Followed by an explanation of the human tactile sensing system and its capabilities. Then, a short review of the history of articial tactile sensing is given. Next, a classication of these systems is presented. Next, a specic focus on the intrinsic tactile sensing systems and the theory lying behind is made. The last subsection is a review of the existing sensors that could be used to create intrinsic sensing systems.

Tactile sensing

Frequently presented as a single sense, the human touch sense is, in fact, a combination of dierent senses. The human skin contains dierent sensing systems for measuring dierent physical properties. It is mainly divided into three groups: thermoception used to feel temperature of the object, mecanoception allows pressure sensing, and nociception which is responsible for pain sensing.

By denition, tactile sensing is a "system that can measure a given property of an object or contact event through physical contact between the sensor and the object". All properties that can be measured through contact, including the shape of an object, texture, temperature, hardness, moisture content, etc. [LN99] are considered.

Human tactile sensing

The human hand sensing capabilities were studied in robotic tactile sensing. The main object to learn the needed requirements for objects manipulation. In 1980 Harmon [START_REF] Harmon | Touch-sensing Technology: A Review[END_REF] proposed that the goal of tactile sensors is to achieve the same capabilities as humans. Dahiya arms in his publication [START_REF] Dahiya | Tactile Sensing #x2014;From Humans to Humanoids[END_REF], that there is an "absence of any rigorous robotic tactile-sensing theory". Many surveys and papers about robotic tactile sensing as [START_REF] Howe | Tactile sensing and control of robotic manipulation[END_REF] [YBA11] compares the systems with the human system characteristics. The human tactile sensing consists of three dierent senses, each of them have a dierent group of receptors distributed in the body in variable concentrations.

Mechanoception (Mechanoreceptors)

The mechanoreceptors are nerve cells that respond to mechanical interactions (pressure, vibration, deformation, etc.). There are four main types of mechanoreceptors in the human skin:

Pacinian corpuscles, Meissner's corpuscles, Merkel's discs, and Runi endings, as shown in the gure 2.1. Each receptor has its own functionality. In [START_REF] Dahiya | Tactile Sensing #x2014;From Humans to Humanoids[END_REF] and [START_REF] Dargahi | Human tactile perception as a standard for articial tactile sensinga review[END_REF], the authors present the capabilities of the human hand mechanoreceptors. Chapter 2. Intrinsic tactile sensing systems based on an array of 3 axis force sensors 2.1.2.2 Thermoception (Thermoreceptors)

Thermoceptors are sensory receptors that provide the information about changes in skin temperature. There are two types of thermoreceptors: warmth bers and cold bers. The distribution of cold and warms bers varies across the body surface. In 1997, Caldwell published an article [START_REF] Caldwell | Mechano thermo and proprioceptor feedback for integrated haptic feedback[END_REF] describing the following characteristics:

• Thermal bers detect rate of change of temperature rather than the absolute temperature.

• The surface of the nger is at about 32 • C under 'normal' conditions but can vary over a large range.

• The reaction time for cold sensations for a temperature drop of greater than 0.1

• C s -1 , is 0.3 s -0.5 s.
• The reaction time for hot sensations with a temperature rise of greater than 0.1 • C s -1 is 0.5 s -0.9 s.

• Thermoreceptors can sense rates of change of temperature as small as 0.01 • For small areas of the skin, the temperature range that can be adapted is from 20

• C s -1 (0.6 • C min -1 ), i.e.
• C-40 • C
i.e. most of the absolute range is adapted. Never the less, it cannot be accurately gauged.

Changes are most noticeable above 30 • C and below 25 • C.

• Below 20 • C, there is a constant cold sensation (full adaption does not occur) which gives way to cold pain below 3 • C.

• Above 40 • C, there is a constant hot sensation that gives way to burning sensation pain above 48 • C.

• Thermal cold pain is produced at a threshold of 3 although some researchers have put the cold pain threshold as high as 15 • C.

• The spatial threshold for the cold stimuli is lower than that for warmth. Cutaneous sensation provides local information necessary for good task performance such as surface texture, slip detection, thermal conductivity safety and local stiness.

Nociception (Nociceptors)

There are sensory receptors that transmit information about noxious stimulation that causes damage or potential damage to skin. There are two groups of nociceptors:

• A-delta bers: Intermediate-sized, myelinated sensory nerve bers (faster);

• C bers: Narrow-diameter, unmyelinated sensory nerve bers (slower).

Articial tactile sensing 2.1.3.1 History

Tactile sensing in robotics emerged in the 1970s as a result to the appearance of new applications that require the measurement of physical quantities related to the contact of two or more objects. In the beginning, researchers tried to nd the dierent transduction methods for the tactile sensors and started to create prototypes, for which, the main application was robotics.

The rst researcher to review the robotic tactile sensing, was Harmon [START_REF] Harmon | Touch-sensing Technology: A Review[END_REF], in the early eighties. He proposed a denition for this term as "the continuous-varying sensing of forces in an array".

As this technology began to develop, several authors suggested that the robotic tactile sensors has to match the capabilities of the human sense of touch [START_REF] Dario | Tactile sensors and the gripping challenge: Increasing the performance of sensors over a wide range of force is a rst step toward robotry that can hold and manipulate objects as humans do[END_REF]. The targeted application was multi-ngered robotic hands. Consequently the researchers proposed new methodologies for the development of tactile sensors, as well as new signal processing techniques [START_REF] Jacobsen | Design of tactile sensing systems for dextrous manipulators[END_REF].

Around 2000, new dierent types of touch sensors emerged and tactile sensing was redened by [START_REF] Lee | Review Article Tactile sensing for mechatronicsa state of the art survey[END_REF] as "tactile sensor is a device or system that can measure a given property of an object or contact event through physical contact between the sensor and the object. We consider any property that can be measured through contact, including the shape of an object, texture, temperature, hardness, moisture content, etc". Some authors proposed using tactile sensors in areas like medicine or agriculture. Some researchers created special sensors for minimal access surgery (or minimal invasive surgery) [START_REF] Dargahi | Human tactile perception as a standard for articial tactile sensinga review[END_REF]. One great success of tactile sensing was tactile screens present today in all tablets and most smart phones.

The new miniaturization and packaging technologies of force sensors allowed producing sensors with better characteristics and smaller sizes.

A lot of research have been conducted on this subject producing hundreds of publications.

Among them, several surveys and reviews such as [START_REF] Dahiya | Tactile Sensing #x2014;From Humans to Humanoids[END_REF] and [START_REF] Yousef | Tactile sensing for dexterous in-hand manipulation in roboticsA review[END_REF] were dedicated to reporting the history of tactile sensing as well as classications of dierent types of sensors.

Tactile sensors : Design guidelines

Human hand is the main tool to manipulate objects. Therefore, most of works in the eld of robotic tactile sensing systems did focus on the characteristics of the sense of touch in human hand. Articles like [START_REF] Yousef | Tactile sensing for dexterous in-hand manipulation in roboticsA review[END_REF] and [START_REF] Dahiya | Tactile Sensing #x2014;From Humans to Humanoids[END_REF] have studied the characteristics of tactile sensors needed to achieve robotic dexterous manipulation of objects.

The general design criteria for tactile systems adapted from [START_REF] Dahiya | Tactile Sensing #x2014;From Humans to Humanoids[END_REF], [START_REF] Yousef | Tactile sensing for dexterous in-hand manipulation in roboticsA review[END_REF] and [START_REF] Mark | Tactile Sensing: New Directions, New Challenges[END_REF] is presented as follows:

• Parameters to be measured: the pressure, the tangential force, torque, temperature, the distribution of forces, the point of contact, slip, texture, etc.

• Sensing surface: it can be a small area like ngerprinting, or a large surface as the palm of the hand.

• Spatial resolution: the minimum distance at which the sensor can dierentiate some property (e.g. the distance between an applied force and other).
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• Sensitivity range: the range in which the sensor can measure the physical quantity (e.g. 1 N -10 N).

• Dynamic range (the ratio between the largest and smallest possible values of a changeable quantity): (e.g. 1000 measures for 1 N or 1000 : 1N).

• The resolution (the smallest change that can be detected in the measured entity): 1 mN.

• Response prole (the response of the sensor has to be identied): it can be of various types, linear or not, with or without hysteresis, stable, accurate, etc.

• Time response or frequency (how often the sensor measures) : typical frequency is around 1KHz.

• Stability (the degree to which sensor characteristics remain constant over time).

• Repeatability (the variation in measurements of the sensor, measuring the same quantity of a physical quality).

• Area of suitable use is the area or surface in one object that will interact with other objects.

• Integration and fabrication (the cost and production parameters of the sensor).

• Robustness.

Required characteristics of tactile sensors for dexterous manipulation

Based on the human hand characteristics, authors have found the required characteristics of the tactile sensing system to be adapted for dexterous manipulation. Table 2.2 present a summary of these characteristics.

Table 2.2: Summary of needed tactile sensor characteristics for dexterous manipulation sensor arrays. This kind of system is able to measure all the parameters proposed in subsection 2.1.3.3. However, as shown in chapter 1, those systems have to be protected to assure the measure range. Besides, in order to respect the required spatial resolution, each sensor of the array must have a size of at most 2 mm by 2 mm. Given the size of human nger, the number of sensors may be large, which raises issues linked to the management of information stream and makes this system very dicult and expensive to implement.

(Adapted from [Dah+10], [YBA11], [ Lee00 
Using the 3-axis array force sensor CEA-Leti: It should be noted that the sensor array used by [START_REF] Candelier | The Role of Exploratory Conditions in Bio-Inspired Tactile Sensing of Single Topogical Features[END_REF] and calibrated by [START_REF] Alcheikh | Characterization and modeling of a piezoresistive three-axial force micro sensor[END_REF] was also developed by the CEA-leti. This device, as presented in [START_REF] Alcheikh | Characterization and modeling of a piezoresistive three-axial force micro sensor[END_REF] has a maximum normal force of 80 mN, 25 times smaller than the 3-axis force sensor presented in chapter 1 without protection. As seen in gure 2.3, the signal management for a robotic nger with this array can be dicult. For those reasons, this system was not used as the transducer in this work.

CEA-Leti 3-axis force sensor as extrinsic system: The 3-axis force sensor presented in chapter 1 is not suitable for extrinsic applications, the single sensor is too big to respond to the 2 mm spatial resolution and creating a dense array of this sensor suers from the signal management problem. sensors In intrinsic tactile sensing systems, the sensor is not placed directly on the touch surface. The tactile system estimates the position of the resultant forces and torques applied on a given surface from the measurements of force and torque in the supports of this surface.

In the late sixties, a tactile system able to calculate the position of the applied forces on a at surface from forces over 3 or more pressure sensors was patented [For]. Later, a tactile system composed of a surface supported by a single six-axis force/torque sensor, under soft nger contact considerations was proposed in [START_REF] Bicchi | Contact Sensing from Force Measurements[END_REF]. The authors called it intrinsic tactile sensing.

Intrinsic tactile sensors can be integrated in two dierent ways. Either the sensor is part of the nger structure [START_REF] Zhou | Contact localization using force/torque measurements[END_REF], [START_REF] Song | A novel dynamic slip prediction and compensation approach based on haptic surface exploration[END_REF](see Figure 2.4-a), (i.e. the nger was designed with the sensor), or the sensor is externally attached to the nger [START_REF] Battaglia | ThimbleSense: A Fingertip-Wearable Tactile Sensor for Grasp Analysis[END_REF] (see gure 2.4-b). The major limitation of this system is that, no matter where the sensor is located (see Figure 2.4), all the forces and torques are applied on this single sensor. Since torque increases with distance, a single sensor may break with small forces if they are applied far enough. All the mentioned systems [START_REF] Zhou | Contact localization using force/torque measurements[END_REF], [START_REF] Song | A novel dynamic slip prediction and compensation approach based on haptic surface exploration[END_REF] and [START_REF] Battaglia | ThimbleSense: A Fingertip-Wearable Tactile Sensor for Grasp Analysis[END_REF] use the AtiNANO17 [Ati] sensor, because it is the only sensor in the market suciently robust, small and precise for application intended to designing actuators of the size of a human nger. Therefore, lately, alternatives to this type of sensors such as [START_REF] Melchiorri | A new force/torque sensor for robotic applications based on optoelectronic components[END_REF], [START_REF] Sargeant | An optical multi-axial force/torque sensor for dexterous grasping and manipulation[END_REF] [DMNP12] and [START_REF] Dao | Micro force-moment sensor with six-degree of freedom[END_REF] have been developed. They are all based on a single centralized 6-axis force-torque sensor.

The concept of multiple sensors is reconsidered in publications such as [START_REF] Visell | Interaction capture in immersive virtual environments via an intelligent oor surface[END_REF], [START_REF] Hanyu | A simplied whole-body haptic sensing system with multiple supporting points[END_REF].

This approach enables the use of larger contact surfaces. For example, the oor of a room [START_REF] Visell | Interaction capture in immersive virtual environments via an intelligent oor surface[END_REF], or a whole-body haptic sensing system [START_REF] Hanyu | A simplied whole-body haptic sensing system with multiple supporting points[END_REF].

The concept can be generalized to k sensors. Limitless sensor distribution congurations can be imagined. Figure 2.5 presents two possible congurations for a robotic nger with k = 3. 3-axis force sensor CEA-Leti as intrinsic system: The 3-axis force sensor presented in chapter 1 is suitable for intrinsic applications. The single sensor have good linearity and hysteresis properties and could be easily implemented in any surface.

Hybrid tactile sensing

Hybrid systems combine intrinsic and extrinsic techniques. For example, the main commercial tactile system of Syntouch called BioTac [Syn] (see gure 2.6) has an internal pressure system that can intrinsically measure the pressure exerted on a surface through a liquid. At the same time, the device measures the pressure distribution extrinsically by an array of electrodes.

This device can also estimate the direction of shear forces by the dierence of pressure in the electrodes made by the deformation of the external layer. This system has been implemented in a hand with three ngers. It could estimate all the parameters required to achieve dexterous manipulation. But only the normal force exerted on the system is accurately measured. The shear forces and positions are very rough estimates. Another intrinsic/extrinsic hybrid system is presented in [START_REF] Cannata | An embedded tactile and force sensor for robotic manipulation and grasping[END_REF] and [START_REF] Cannata | Processing of Tactile/Force Measurements for a Fully Embedded Sensor[END_REF] (see gure 2.7).

The support of this system is a 3-axis force sensor that measures intrinsically, the normal and tangential forces. The distribution of forces is measured extrinsically by an array of electrodes.

The main problem of this system is that it is not able to estimate the torque acting on the surface.

A perfect hybrid tactile system could be designed in order to match all the parameters required for dexterous manipulation of objects. The intrinsic part should enable the measurement of the three components of the net force, and the three components of the net torque applied on Chapter 2. Intrinsic tactile sensing systems based on an array of 3 axis force sensors The resultant of forces and torques applied onto the surface are respectively the vectors p and q. The vector pointing from the center of the sensor B to the contact centroid is c (see Soft Finger Contact and the Contact Centroid subsection in [START_REF] Bicchi | Contact Sensing from Force Measurements[END_REF] for complete denition).

From this system, the following relations are deduced:

• The surface of the object is represented by equation 2.1 where r is a point in space dened respect to the reference frame B. S( r) = 0

(2.1)

• The sum of forces and torques is assumed to be static because the measurement interval is too short in comparison to the exerted forces dynamics and long enough compared to the interface dynamics, therefore:

f = p (2.2) m = q + c × p (2.
3)

• The torque vector can only be perpendicular to the surface. This is due to the fact that the torque in a contact can only be created by force pairs thanks to friction:

n ∝ q = K 2 ∇S( c) (2.4)
where the vector normal to the surface is n and K/2 is a scale factor.

By replacing the equations (2.2) and (2.4) in the equation (2.3), the problem is reduced to four non-linear equations with four unknowns. In [START_REF] Bicchi | Contact Sensing from Force Measurements[END_REF], the authors found two dierent ways to solve those equations in order to determine p, q and c from f , m and S( r) :

• Solve the equations analytically with certain restrictions on the shape of the surface.

• Solve the equations numerically by an iterative method without restrictions on the shape of the surface.

Multiple sensors solution

In this section, the concept presented in [START_REF] Bicchi | Contact Sensing from Force Measurements[END_REF] is extended to the multi-sensors case (i.e. the sensitive surface is connected to more than one xed sensor as shown in gure 2.9). Let k be the number of sensors. Each sensor is connected to the surface at a position l i in the frame B.

Assuming that a couple force/torque is applied on a point c on the surface, each sensor will receive a part of the applied force and torque depending on its position relatively to the point c.

Sensor Sensitive area

l 1 l 2 l 3 l k c p q n f 1 f 3 f 2 f k x y z B f m Figure 2
.9: Intrinsic measure from multiple sensors

In the case k = 1, the system is exactly the same as proposed by [START_REF] Bicchi | Contact Sensing from Force Measurements[END_REF] and a 6-axis sensor is required. If k = 2, the system will require at least two sensors that measure the three components of force and only one component of the torque (the torque on the axis formed by a line linking the two sensors). If k = 3, only non aligned 3-axis sensors are required. It is possible to use more than three 3-axis sensors in order to enhance the robustness of the system or to increase the size of the sensitive surface. It is also possible to have a combination of three 3-axis sensors and other pressure, force or torque sensors to enhance the overall sensitivity of the system.
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The transition time induced by the elasticity of the material of the surface is assumed to be negligible. In this case two new relations can be derived :

f = k i=1 f i (2.5) m = k i=1 l i × f i (2.6)
By substituting these equations in equations (2.2) -(2.3), it is possible to reuse the resolution method proposed in [START_REF] Bicchi | Contact Sensing from Force Measurements[END_REF] to solve this problem. In this case, the system has to determine p, q and c from f i , l i and S( c).

Conclusion

To integrate the 3-axis force MEMs sensor presented on chapter 1 on the ngertips of a robotic manipulator, the best option is to create an intrinsic tactile system. As shown in this section, the intrinsic tactile systems can measure most of the parameters required for dexterous manipulation of objects except for the pressure distribution. In the other hand an extrinsic system can be used in a hybrid system in order to overcome this problem.

Therefore, after reviewing the theory of intrinsic tactile sensing, this chapter presents an intrinsic tactile system used to verify the capabilities of this kind of system with an array of 3-axis MEMS force sensors. Then, an intrinsic tactile system is created to be implemented in a robotic hand including a soft surface.

Intrinsic tactile sensing feasibility test

In order to test the feasibility of an intrinsic tactile sensing system based on an array of 3-axis MEMS force sensors, this section shows a rst test of a tactile system design with three 3-axis force sensors, reusing the protected sensors of the chapter 1.

This section is divided in six subsections: First subsection describes the design of the tactile system using three 3-axis force sensors and a structure created by a 3D printer. Second subsection shows the mathematical model used to estimate the contact parameters. Third subsection is dedicated to the calibration of the tactile system. In the fourth subsection, an accuracy analysis of the system is made. The objective is to determine the minimal force strength to be applied on the system required for estimating the position of contact accurately. In the fth subsection, the tactile system is tested and validated. Finally results are analyzed and conclusions are made.

Design and assembly of the system

This section deals with the design and assembly of the intrinsic tactile system based on an array of 3-axis force sensors. The system is created with the coated sensors presented in the chapter 1.
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Design

This system is intended to prove and test the capabilities of multi-sensor intrinsic sensing concept. Thus, the simplest surface form (at) and the least number of required three-axis force sensors (three) have been used. In the end, a tactile system based on three 3-axis force sensors distributed on a at surface has been designed as shown in Figure 2.10.

l 1 l 2 l 3 l 1 ,l 2 l 3 p n p q q L 2 Left view Front view L 1 L 2 /2 x y B y z B c c f 3 f 1 f 2 Figure 2
.10: Tactile system conguration for the at surface tactile sensor

The sensitive area is a lightweight at surface linked onto three MEMS based 3-axis force sensors. Let the z axis of the reference frame be the vector normal to the sensitive surface. In this case, the equation of the surface is simplied to :

S( r) = r z -h = 0 (2.7)
where h is the relative height of the touch surface plane with respect to the reference frame B and r is a point from the touch surface. It is possible to apply a 3D force on the touch surface at any contact point of the plane described by S( r) = 0. Here, if the contact is not punctual, the centroid of the contact area is assumed to be the contact point. In the particular case of a at surface, only torques along the z axis (perpendicular to the touch surface) can be applied to the system. Indeed, to apply a torque to the surface, friction is needed. The forces involved in friction are parallel to the contact surface, which means that the resulting torque can only be normal to this surface. Since the surface is at, the torque is along the Z axis.

Assembly

For this prototype, coated sensors are used. A simple assembly of coated sensors was made to rapidly create the system. The three sensors used in this system have been coated with the coating reference rC (as shown in previous section). The conclusions of the previous section placed this coating as the second best coating. Due to availability problems, the best coating was not used for this system. The rC coating was mainly chosen for its availability.

Each sensor is held by a support. The supports are attached by screws to a rigid plate as shown in gure 2.11. Each support has a clamp-type mechanism which ensures that the sensor does not move. sensors

The dimensions of the system are expressed by L 1 = 60 mm and L 2 = 55 mm as shown in gure 2.11. Tactile system parts are built using a 3D printer with a resolution of 250 µm. The three sensors have an apparently equal height. A rigid plate is glued to the upper end of the sensors as shows gure 2.12.

x y B L 2 L 1 L 2 /2
The system is designed to be modular in order to be able to easily replace the sensitive surface to test dierent types of surfaces. This is made possible by three screws that can connect the plate to the desired surface. The four screws located in the center of the base are used to x the base to the reference system described in appendix A.1.2.

Touch parameters estimation

The touch parameters that can be estimated by this system are :

• Touch contact centroid position c

• Total applied force p

• Total applied torque q

In the particular case of the at surface, the touch position has only two components c x and c y (because of the system geometry, c z = h), and the torque has a single component along z axis (as q x = q y = 0). From equation 2.4 , the scale factor is K = -2q z . Thus the parameters to be estimated are :

• Touch contact position c x , c y

• Total applied force components p x , p y , p z

• Total applied torque on the z axis q z For each time sample t i , the signals provided by the three sensors ( u 1 , u 2 , u 3 ) are digitized.

A low-pass lter is applied on the measured voltages in order to reduce the noise. The cuto frequency of this lter is 50 Hz, the same cuto frequency of the coated sensors. Then, by substituting equations (2.5),(2.6) and (2.7), in (2.2), (2.3) and (2.4) respectively, the system is reduced to 6 equations with 6 unknowns :

p = f 1 + f 2 + f 3 (2.8)   0 0 q z   +   c x c y 0   × p = f 1 × l 1 + f 2 × l 2 + f 3 × l 3 (2.9)
To obtain the force measurements f 1 , f 2 , f 3 , two operations are required. First a sensor calibration must be applied to obtain force values from the voltages :

   f 1 f 2 f 3    =   S 1 0 0 0 S 2 0 0 0 S 3      u 1 -b 1 u 2 -b 2 u 3 -b 3    (2.10)
where the oset vectors are b 1 , b 2 and b 3 . The sensitivity matrices are S 1 , S 2 , S 3 . Then, the sensors measurements must be put in the same reference frame B as follows:

   f 1 f 2 f 3    =   R 1 0 0 0 R 2 0 0 0 R 3      f 1 f 2 f 3    (2.11)
where f i is the real force, R i is the rotation matrix between the frame of reference and the frame of the sensor i, and f i is the force measured by each sensor expressed in its local frame.

The model describing the relationship between the measurements and the parameters to be estimated can be written in two dierent ways:
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• The rst model uses a non linear function that depends on the voltages measured by the force sensors:

        p x p y p z c x c y q z         = g u 1 -b 1 , u 2 -b 2 , u 3 -b 3
(2.12)

• The second model applies a slight modication on the parameters to be estimated. This modication allows transforming the relationship expressed by equation 2.12 into a linear relation :

    p c x p z c y p z q z + c x * p y -c y * p x     = T    u 1 -b 1 u 2 -b 2 u 3 -b 3    (2.13)
where T is a matrix of 6 × 9 parameters. In this system, the applied force is directly estimated. The contact position as well as the torque can be deduced by combining the estimated parameters.

Both representations of the system require the positions of the sensors l i , the sensitivity matrices S i and the rotation matrix of each sensor R i , as well as the bias vector b i . Both models can be used to estimate the applied force p, the contact position c x ,c y and the torque q z , from the sensors output tensions u 1 , u 2 and u 3 .

System calibration

As presented in the previous subsection, there are many parameters that must be known in order to be able to compute the touch parameters from the sensor's measurements. To do this, two dierent methods can be used:

• The rst one consists in calibrating the sensors individually (estimate the sensitivity matrices S i ) before assembling the system and physically measure the geometric parameters l i and R i . The bias is estimated using sensor's measurements when no load is applied to the assembled system. The main problem of this calibration procedure is that some of its parameters may change after the assembly. Typically, the sensitivity matrix can change after gluing the surface to the sensor which has an impact on the accuracy. Besides, if the system is assembled above a surface of unknown form, rotation matrices can be dicult to determine.

• The second way is to calibrate the system when it is already assembled. This requires a reference measurement of the applied force, torque and the touch position. It can be done in few steps: rst, when no load is applied to the system, the oset vectors b 1 , b 2 and b 3 can be directly obtained from the output voltages of the tactile sensor system. This procedure removes all internal bias: the internal sensor bias; the bias produced by the coating; the bias produced by the gluing quality between the sensor coating and the touch surface; the eects of gravity on the touch surface.

After removing the bias, a force p and torque q z are applied on the surface at known locations c x and c y . The calibration aims to nd the parameters values that minimizes the square of the error between the model (2.12 or 2.13) and the reference measurements.

In [START_REF] Hanyu | A simplied whole-body haptic sensing system with multiple supporting points[END_REF], the authors used the rst calibration method. The best average error they achieved is 7 mm.

Calibration using the linear model

Using the linear model simplies the calibration process since all parameters to be estimated are contained in the matrix T (see equation(2.13)). This matrix can be estimated using a least squares algorithm:

T = argmin T n i=1    ref i -T    u 1 -b 1 u 2 -b 2 u 3 -b 3    i    2 (2.14)
where ref i is the reference measurement at sampling time i, and n the number of samples. This matrix contains the system dimensions l i and the product of S i • R i .

Calibration using the non-linear model

In the case of the nonlinear model, the calibration requires directly nding the system dimension parameters l i and the product of S i •R i . This calibration is done using a non linear mean squares minimization. The cost function is:

{l 1 , l 2 , (S j • R j )} = argmin l 1 ,l 2 ,S j •R j n i=1    ref i -g       u 1 -b 1 u 2 -b 2 u 3 -b 3    i       2 (2.15)
where j = 1, 2, 3 is the sensor index.

Accuracy analysis

In the case of a at surface perpendicular to the z axis, the force components p x and p y can only be generated by friction. Thus, it is possible to deduce from (2.9) that the position coordinates c x and c y are equal to:

c x = -f 1y l 1z + f 1z l 1y -f 2y l 2z + f 2z l 2y -f 3y l 3z + f 3z l 3y p z (2.16) c y = -f 1x l 1z + f 1z l 1x -f 2x l 2z + f 2z l 2x -f 3x l 3z + f 3z l 3x p z (2.17)
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If p z = 0, the position cannot be computed. There is a minimum normal force value that enables the system to determine the touch position with the required accuracy. As shown in [START_REF] Dahiya | Tactile Sensing #x2014;From Humans to Humanoids[END_REF], the precision required to achieve dexterous robotic manipulation is around 2mm.

In order to nd the minimum force required to achieve this precision, the sensitivity of the system must be computed. From equation (2.12), the position can be written as a function of the voltages u 1,2,3 . Let Φ be the part of the function g that links the voltage measurements to the position c:

c = Φ( f 1 , f 2 , f 3 ) (2.18)
The system sensitivity with respect to the position can be calculated analytically using the following formula:

δ c = J Φ ( f 1 , f 2 , f 3 ) • δ( f 1 , f 2 , f 3 ) (2.19)
where J Φ is the Jacobian matrix of the function Φ. This function can be approximated to the resulting change in position from voltages as:

∆ c = J Φ ( f 1 , f 2 , f 3 ) • ∆( f 1 , f 2 , f 3 ) (2.20)
where ∆( f 1 , f 2 , f 3 ) are the dynamic resolution of the 3-axis force sensor and the function Φ

and J Φ can be calculated after calibration. To calculate the minimum required normal force, the function g -1 or T -1 should be calculated or approximated:

( p, c x , c y , q z )

g -1 orT -1 ------→ ( f 1 , f 2 , f 3 ) (2.21)
The theoretical voltage can be calculated from a known reference ( p, c x , c y , q z ). The limits of our variables are:

-5N ≤ p x , p y ≤ 5N (2.22) c ∈ contact surface (2.23) -100N mm ≤ q z ≤ 100N mm (2.24)
The limits of the calculated voltages can be deduced by applying the inequalities (2.22),(2.23) and (2.24) to equation (2.21). Finally, for dierent values of p z , the function (2.20) is maximized (with constraints). The norm of the maximized function is the estimated maximum error given the normal force p z .

As a matter of fact, a minimum normal force is required to calibrate the system, and a calibration is needed to calculate the required minimal normal force. To bypass this problem, an approximate sensitivity S i and rotation R i matrices as well as the system dimensions l i have been used. The system dimensions have been measured manually, the rotations are approximated to identity, and each sensor default sensitivity S i has been used. Figure 2.13 shows the relationship between the maximum position error value as a function of the applied normal force p z . Position error according to the applied force 

Tactile system validation

In this subsection, three experiments and their results are presented. These are made in order to calibrate the system and to test its accuracy. For each experiment, two sets of data are gathered. The rst set is used to calibrate the system. The second set is used to validate the calibration.

In order to characterize and validate the developed tactile system, a testing assembly was created as shown in the appendix A.1.2. In this assembly, the support of the tactile sensing system is xed to a reference force sensor. The sensor provides a reference measurement of the force p applied on the surface of the tactile system. The standard deviation of the noise of the reference sensor is 10 mN.

Since this reference system does not have the position information in time, i.e. the reference of signal c is unknown. Two dierent methods are developed: the rst one is to reconstruct the position from the signal of force compared with the predened path on motorized tables. This method is used in experiment 1. The second method is to x several points of application of forces, as it is shown in experiment 2 and 3. With this reference system, the torque q is also unknown. To be able to calibrate the system torque, the experiment 3 is proposed.

Experiment 1: force and position calibration

The experiment consists in reconstructing the position of contact and the contact forces from the sensors signals, having as reference the predened path on motorized tables and a reference 3-axis force sensor.

Experimental Setup

A at surface is placed on the tactile system through the three screws as shown Figure 2.14.

The forces p are applied on the at surface by a cone made of polyurethane. The cone tip is cut in order to obtain a planar surface of contact . This surface is a circle with a diameter of 1.5 mm. The cone can move in XY plane (X: horizontal, and Y: vertical) thanks to two motorized linear tables of the reference system. sensors The testing process is performed as follows:

• The actuator (cone) is placed in the starting position of a predened trajectory, and data acquisition is started.

• Precision screw is rotated, until approximately 1 N force is measured by the K3D40 along the Z axis.

• The actuator is moved on the surface following the dened trajectory.

• The motion of the actuator produces forces in the X and Y directions due to friction.

• At the end of the trajectory the contact is released and the acquisition of measurements stops.

Two trajectories are designed to test the system, as shown in Figure 2.15. The displacement speed of the contact point between the system and the actuator is 2 mm s -1 . When the actuator reaches each vertex of the trajectory, the motion stops for 4 s. • The reference measurements.

• The developed tactile system measurements.
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This data is used to calibrate and determinate the precision of the developed system.

The measurements are made using the predened trajectories presented in the previous section and in gure 2.15. The rst one is used for the system calibration while the second allows checking the system accuracy. For this experiment, only the linear calibration is used. Once the system is calibrated, it is possible to use equation 2.13 to determine the parameters (i.e.

the force p and contact position c). Here the torque is null.

When the applied force is null (or very low), it is not possible to locate the contact point.

For this reason, the estimation algorithm determines the tip position only when the normal component of the force (p z ) exceeds a threshold. For the experiment, the threshold on the applied force has been set to 0.6 N, as the accuracy analysis shows it. 

Results Analysis

The results of the rst experiment (gure 2.16) show a high precision in estimating both force and contact position. The mean error for position estimation is about 0.7 mm (with standard deviation of 0.372 mm) which is lower than the spatial resolution required to achieve dexterous manipulation (see section 2.1.3.3). The mean error in force estimation is 31.9 mN (with standard deviation of 12.8 mN). The maximum error recorded in these tests was about 3 mm in position and 75 mN in force.

Experiments 2 and 3

In these experiments, several points of application of forces have been xed. With the reference in position xed, the system can be characterized in force as shown the experiment 2 and torque as shown the experiment 3.

Experiment 2 setup: Static force and position calibration

The goal of the second experiment is to calibrate the system in order to get accurate static force p and position c x and c y (no motion is involved). The surface of the sensing system is modied as shown in gure 2.17. This surface consists in a series of holes arranged in a matrix form. A screw can be xed to each hole. Any force exerted on the screw will be applied within the circle formed by the cross section of the screw. The experiment follows this protocol :

• Acquire sensor measurements and reference measurements for 3 seconds without applying any force.

• Fix the screw in a hole

• Apply a force manually on the screw head while acquiring both sensor measurements and reference measurements.

• Change the screw position, then repeat the experiment.

In the case of the linear model, this calibration enables nding the rst 5 lines of the matrix T. In the case of the non linear model, this calibration enables to determine the parameters of the rst 5 nonlinear equations of the function g.

Tests have been made using both the linear and the non linear models. For each experiment, two sets of measurements have been made: the rst was used to calibrate the system and the second was used to validate the calibration. The analysis made in section 2.2.4 is taken into consideration. Thus, the normal applied force p z must be greater than 0.6 N during calibration.

Experiment 3 setup: static torque calibration

The goal of the third experiment is to calibrate the system in order to get accurate torque q z . Using the same surface created for the previous experiment, a stick is connected to the screw as shown in gure 2.18. A weight placed at the edge of the stick creates a torque depending on the force exerted by the weight p y and the distance between the weight connection point and the center of the screw d 1 . The experiment follows this protocol :

• Fix the screw and the stick in a hole.
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• Fix the weight to the stick extremity in order to apply a torque on the screw and apply a force p z of 1 N on the screw. Acquire both sensor measurements and reference measurements.

• Change the screw position then repeat the experiment.

In the case of the linear model, this calibration enables nding the last line of the matrix T.

In the case of the non linear model, this calibration enables determining the parameters of the last nonlinear equation of the function g.

Experiments have been made using both the linear and the non linear models. Just like the previous experiments, two sets of measurements have been made for each experiment. The rst was used for calibration and the second was used for validation. The applied force p z was greater than 0.6 N during calibration.

Results

Figure 2.19 presents the maximum touch position error through the surface as function of the applied normal force using both individual sensors calibration, and full system calibration. As in gure 2.13, for each force value, the maximum error on the entire surface is used. It is clear that the dierence is very small between the minimal normal forces estimated using individual calibration and entire system calibration.

In gure 2.20 the results of the rst experiment are shown. The left side of the gure presents the results for the measurement set used to calibrate the system. The right side of the gure presents the results for the measurement set used to validate the system.

Table 2.4 presents the error statistics between the reference system and the developed tactile system for both linear and nonlinear models. 

Result Analysis

The results of this experiment (gure 2.20) show a good matching of the estimated forces and the contact point with respect to the reference ones. The results for both models are quite similar. It shows a good precision in estimating force, position and torque. The mean error in estimating the position is about 1mm (with standard deviation of 0.6mm) which is lower than the spatial resolution required to achieve dexterous manipulation. The mean error in estimating the force is 50mN (with standard deviation of 31.8mN ).

Conclusion

This section presented the design and implementation of an intrinsic tactile system based on three 3-axis force sensors. The system allows the estimation of the position, the force and the torque of a contact between an external object and the sensitive area of the system.

A specic conguration of the system has been studied and tested. The conguration consists in a planar distribution of sensors on which a triangular at surface is glued.

Two dierent models of the system were presented : a linear model and a non linear model.

The linear model is simpler to express and easier to calibrate. It has provided performances similar to those provided by the non-linear model.

The tests on dierent sets of data proved that the system calibration was well done and the achieved accuracy is within the precision required for dexterous object manipulation. Experiment 1 showed better results than the experiment 2. This is caused by the modied surface in the experiment 2. In fact, the applied tangential forces were not only caused by friction.

The torque calibration was inappropriate, because the applied torque have a direct relation with the applied forces in the y-axis. The best way to calibrate this system in with a 6-axis force-torque sensor and a reliable source of reference in position.

In this section, several facts have been neglected such as the weight of the screw and the stick 2.3. Intrinsic tactile sensing system adapted to robotic nger implementation 55 used to calibrate the system as well as the change in the z component of the touch position due to the screw length. All these factors could be removed by replacing the force sensor placed in the back of the system with a force-torque sensor and applying forces and torques using a mechanical system that guarantees a good knowledge of the touch position. Then, experiments 2 and 3 can be fused into one unique experiment in which all system parameters can be estimated at once.

The developed system structures was entirely made by a 3D printer. The silicon MEMS based 3 axis sensors was coated and glued to the surface manually. This process was quick and inexpensive. In addition, this system satises many of the characteristics presented in the requirements of tactile sensing presented in section 2.1.3.3:

• It can measure the three components of force, the perpendicular components of torque, and the position of the contact centroid;

• It provided a at tactile sensing area of 4600 mm;

• It has a sensitivity range between 50 mN and 10 N;

• It has a spacial resolution of 2 mm for 0.6 N and about 1 mm for 1 N;

• It has a dynamic resolution of 50 mN.

The spatial resolution can be further enhanced by reducing the size of the system. All these aspects were veried with experiments. The results shown herein demonstrate the feasibility of a high resolution articial tactile system that enables measuring the touch position as well as the applied force and torque values.

Intrinsic tactile sensing system adapted to robotic nger implementation

The system proposed in the previous section satises many of the characteristics desired for tactile systems in dexterous manipulation of objects. Some points, such as the soft surface, non planar surface, or the size of the system are still not accomplished. In this section, a new system more suitable for anthropomorphic robotic gripper implementation is designed. The system should be smaller, more robust and accurate than the one presented in the previous section.

This section is divided in six subsections: The rst part describes the design and construction of the tactile system by incorporating four 3-axis force sensors. The second part shows the mathematical model used to estimate the contact parameters. The third subsection reports the calibration of the tactile system. In the fourth and fth subsection the tactile system is tested and validated. Finally the results are analyzed and the conclusions are made.

Design and construction of the system 2.3.1.1 Design of the tactile system

The design of this system uses four 3-axis force sensors xed on a printed circuit board (PCB)

that will be attached to the robotic nger. The 3-axis force sensors are protected with a coating 56 Chapter 2. Intrinsic tactile sensing systems based on an array of 3 axis force sensors This design has one extra sensor compared to the system presented in the section 2.2. By adding one more sensor, the forces and torques applied to the system are distributed on more supports, which increases the maximal force that can be applied to the system. This redundant measurement for multi-variable sensors has already been investigated in publications such as [START_REF] Bicchi | Optimal design of multivariate sensors[END_REF].

Construction of the 3-axis force sensor array and its protection

The 3-axis force sensors used to build this system are based on MEMS (Micro Electro Mechanical System) technology. Four sensors are attached and connected to a printed circuit board (PCB), as shown in gure 2.22a.

To protect the sensors and to increase the maximum supported force and create an interface that could be glued to the rigid frame, each sensor is coated with a protection layer as shown in gure 2.22b. This coating is made by molding polyurethane directly on the sensors. The geometry of the coating is composed of two concentric cylinders. The largest one in the base assure the adherence of the coating and the support. The second is glued to the rigid frame. It is assumed that the plane on top of the cylinder is parallel to the rigid frame, consecutively it is assumed that the distribution of forces on the cylinder is constant, therefore a proportional force of the total force applied on the sensor is applied in the center of the coating as required by the proposition of the chapter 1.

The transducer function for each sensor is: 

f i = S i • ( u i -b i ) (2.25)
where the force vector measured by the sensor i is f i , the vector b i (in V) is a voltage bias. The bias is specic to each sensor. The voltages u i are the output voltages of the sensor. The matrix S i (in N V -1 ) is the sensitivity matrix. This matrix is expressed in Newtons by Volts, transforms the voltage into force while taking into consideration the coupling eect caused mainly by the coating of the sensor. This matrix changes depending on the point of application of the forces on the coating. For this reason, it cannot be estimated before the rigid frame is glued.

Rigid frame and interchangeable frame

To ensure that all sensors are linked by the same rigid frame, and the forces are well distributed on all the sensors, the rst rigid frame is glued to the coated sensors, as shown in gure 2.23a.

Then, the interchangeable rigid frame with soft surface is xed by screws to the rst rigid frame as shown in gure 2.23b. The rst rigid frame is made with acrylic. The interchangeable surface is made by multimaterial 3D printing, with the following characteristics: the rigid material that serves as frame has a tensile strength between 50 and 65 MPa and a shore hardness scale D between 83 and 86.
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The soft surface (the contact surface), has a tensile strength between 1 and 2 MPa and a shore hardness scale A of 50. The equation of the contact surface S is expressed as an ellipse in the plane (x, z) (i.e. the x and z coordinates are dependent on an elliptic form and independent of the y coordinate). The surface is dened with respect to the reference frame B. To simplify the equations, the reference B is placed in the center of the ellipse in (x, z) plane and in the middle of the segment separating the two sensor couples along the y axis. Therefore, the function of the surface is expressed by the following equation:

S( c) = c 2 x a 2 + c 2 z b 2 -1 = 0 (2.26)
where a = 14 mm and b = 5 mm are the semi-axes of the ellipse. The constraints of positions for c are:

-a c x a

(2.27)

-16 mm c y 16 mm

(2.28)

0 c z b (2.29)

Touch parameters estimation

The developed tactile system is able to estimate the following parameters: the contact position c, the applied force p, and applied torque q. In this work, the test bench presented in section 2.24 has no means of generating or measuring torque. Since no torque reference nor torque generating system was available. The accuracy of torque estimation by the system was not guaranteed.

The applied torque value q is considered to be negligible in the following setup. Under these considerations, the model of contact used in this work is called point contact with friction, as explained in [START_REF] Murray | A mathematical introduction to robotic manipulation[END_REF]. In fact, the presence of a reference torque measurement sensor would enhance the quality of system calibration and enables quantifying torque estimation accuracy.

Substituting equation (2.5) in equation (2.2) gives:

p = 4 i=1 f i (2.30)
Consequently, replacing equation 2.30 and 2.6 in equation 2.3 and assuming that q = 0, equation 2.3 becomes:

4 i=1 l i × f i = c × 4 i=1 f i (2.31)
Along with equation 2.1, a system with four equations (2.31 and 2.1) and three unknowns (the position vector coordinates c) is obtained. The system has two dierent solutions. These equations calculate the intersection of the axis formed by the force vector or wrench axis with the surface. This axis intersects with the surface two times. The rst intersection point corresponds to the force pointing from the object in contact with the system to the surface.

The other intersection point corresponds to the force pointing from the surface to the object in contact. As mentioned in section 2.1.5, the forces are assumed to be compressive which means 2.3. Intrinsic tactile sensing system adapted to robotic nger implementation 59 that the object in contact with the surface can only push on the surface and can not pull the surface. By adding this constraint, the system has one unique solution. A method to solve this kind of problems was implemented in [START_REF] Bicchi | Contact Sensing from Force Measurements[END_REF]. In our paper, the system is solved as follows:

• The value c z is solved from equation (2.1). Given the limits in equation (2.29) the result is:

c z = b √ a + c x √ a -c x a (2.32)
• In equation (2.31), the value of c z is replaced by the result in (2.32).

• Taking arbitrary two equations of 2.31, the values of c x and c y could be solved. Two possible solutions are found. Respecting the condition of compressive forces, a function that calculates the position c is:

c = h( f i ) (2.33)
This function depends on the measured forces, the ellipse parameters a, b and the distances l i .

After neglecting the torque, the parameters to be estimated are the applied force p and the position of contact centroid c. The input of the system are the voltages u i measured by each sensor. By replacing equation (2.25) in equations (2.30) and (2.33), and joining those two equations, a non-linear model for estimating the touch parameters is constructed:

p c = g u 1 -b 1 , u 2 -b 2 , u 3 -b 3 , u 4 -b 4 (2.34)
This model has, as inputs, the voltages u i without bias b i of each sensor and as outputs, the applied force p and position c. The model has as constants parameters: the surface constants a and b, the distances l i and the sensitivity matrices S i . The values of the distances l i are roughly known, and could be any point that is within the intersection between the coating and the rigid plate. The sensitivity matrix is unknown. The method to calibrate these parameter are shown in the next section. In this model, the losses in forces made by the elastic material are supposed negligible.

Calibration method

To calibrate the touch system, the values of bias b i , sensitivity matrix S i and the distances l i must be estimated. Because the bias could change with the temperature (sensor piezo-resistive nature [START_REF] Boukallel | Flexible Tactile Sensors for Multidigital Dexterous In-Hand Manipulation[END_REF], or expansion/contraction of the rigid frame), it is calculated every time the system starts. In fact, an average value is computed at the beginning of the test while no forces are exerted on the system. To estimate the rest of the values, a non linear mean squares minimization is used as follows:

{l i , S i } = argmin l i ,S i n j=1      ref j -g           u 1 -b 1 u 2 -b 2 u 3 -b 3 u 4 -b 4      j           2 (2.35)
Chapter 2. Intrinsic tactile sensing systems based on an array of 3 axis force sensors where i = 1, 2, 3, 4 is the sensor index, ref is the reference measurement at sampling time j, n is the number of samples.

Experimental Set up

The experimental test bench used to calibrate and test the system is shown in appendix A.1.2, this system is conditioned as shown in gure 2.24. This setup prevents from applying high strength forces on the system. The developed tactile system is placed at the end of the cantilever, and the system is aligned with x and y axis of the system. A reference 3-axis force sensor (the K3D40) is assembled on a moving board, in front and parallel to the tactile system. This board can move in the z axis by a precision screw that is actioned manually or by a pneumatic actuator. An actuator is xed at the end of the reference sensor. The actuator is a metal sphere with a diameter of 4 mm. This shape helps to have the center of applied forces near the center of the sphere. This setup was tuned in order to respect the following constraints: deformation of the cantilever or the coating of tactile system in the x and y axis are negligible. The reference sensor surface and the tactile system rigid surface are considered parallel during all the experiment. The calibration of the system is made by applying a wide range of forces on a extensive set of positions in order to explore most of the sensing dynamics. To meet this requirement, the following calibration process is proposed:

• The system is placed at the starting position of a predened trajectory as shown in gure 2.25, and data acquisition is started.

• Precision screw is rotated until the actuator exceeds a force of 1 N in the z axis. The reference of force is measured by the K3D40 sensor.

• The system is moved to follow multiple pre-dened trajectories as shown in the gure 2.25. The speed of the linear actuators during the displacement is 2.5 mm s -1 .

• At the end of each trajectory, the acquisition stops. 

Experimental results

All trajectories presented in gure 2.25 were applied two times: once for calibration and once for verication. Both the data measured by the system and the data measured by the reference system (position/force measurements) are synchronized. The calibration method explained in section 2.3.3 is applied. After the calibration, equation 2.34 is used to determinate the force p and the contact position c.

The minimal force that needs to be applied to accurately nd the position depends on the resolution of the sensors as shown in [START_REF] Zhou | Contact localization using force/torque measurements[END_REF]. As shown in the accuracy analysis in section2.2.4, the estimation of the position is made when the norm of the applied force is greater that p ≥ 0.6 N. 2.5 shows a good matching with the reference. The noise of the estimated forces is signicantly lower than the reference system. The measured standard deviation of the noise measured by the reference system in the absence of applied forces is 17 mN. The proposed tactile system has a measurement noise of only 2 mN. Consequently, the error is mostly dominated by the noise of the reference system.

The position estimation is as shown in gures 2.26.a, it follows all the eight reference paths without oset, as shown in table 2.5. The repeatability of the system is tested when two paths intersect, i.e. for dierent conditions in tangential forces, and dierent lapses in time, the sensor succeeds in having the same measurement in position.

Conclusion

This subsection deals with the design, construction, mathematical modeling and calibration of an intrinsic tactile sensing system designed to be implemented in a robotic anthropomorphic gripper, and to fulll most of the requirements for dexterous manipulation of objects ([Dah+10];

[YBA11]):

• measured properties : The three components of the force and the three components of the torque applied to the surface. As well as the position of the contact centroid;

• sensing surface: Curved surface with soft cover;

• spacial resolution: About 150 µm (for 1 N force);

• sensitivity range: 10 mN-10 N;

• dynamic resolution: 20 mN (Standard deviation);

• response prole: Good stability and low hysteresis.

The system consists in an array of four 3-axis force sensors linked to a rigid frame covered with a soft surface. The mathematical model is a special case of the model proposed in [START_REF] Bicchi | Contact Sensing from Force Measurements[END_REF].

The calibration of the system is obtained by reducing the quadratic error between reference measurements and the estimated state of the mathematical model in order to nd the unknown parameters of the system.

The tactile system can measure the three components of force, as well as contact position under the conditions of soft tactile sensing [START_REF] Bicchi | Contact Sensing from Force Measurements[END_REF]. This system is also able to measure the three components of the torque applied perpendicular to the surface but the necessary equipment to validate and qualify the accuracy of torque estimation was not available as explained in section 2.3.2.

This system is a considerable improvement compared to the system developed in the previous subsection 2.2. It has a non-planar soft surface. The base of the system is 22 mm wide by 32 mm long which is small enough to be implemented in the ngertips of a robotic manipulator, such as the manipulator presented in [START_REF] Grossard | Control-Oriented Design and Robust Decentralized Control of the CEA Dexterous Robot Hand[END_REF]. The system can estimate the applied forces and the position of contact with great accuracy. Here, the maximum measured error in force is 240.57 mN and the root mean square error (RMSE) is 41.47 mN. The maximum measured error in position is 621.04 µm and the RMSE is 141.21 µm.
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The force estimation error compared to the reference system is nearly the same as the one obtained using the previous system. In fact, this error is mainly dominated by the high noise level in the signals provided by the available reference system used in these experiments. A more accurate system with a signicantly lower noise level will be used in further work in order to better qualify the designed system accuracy. On the other hand, the position estimation accuracy has been well enhanced using this system (the standard deviation of the position error is 76 µm) compared to the previous one (the standard deviation of the position error is 372 µm.

This system matches almost every requirement proposed in the section 2.1.3.3 for dexterous manipulation of objects with the exception of detecting the shape of the contact surface.

Chapter 3

Early slip detection for an intrinsic tactile system Contents 

Context and motivations

In previous chapter 2, an intrinsic tactile sensing system was developed. The system is intended to be integrated in a robotic gripper to enable it the performance of dexterous manipulation of objects. One of the objectives of the system is to detect and prevent object slippage. Thus, this chapter is intended to implement an algorithm for early detection of slippage using intrinsic tactile systems with soft surfaces.

The intrinsic tactile system used in the chapter is the commercial sensor 'Ati nano17', In fact, the system presented in Chapter 2 was damaged during an experiment. One of the wire bonding connections is lost(see section 1.3.1). The construction of a new system would require more time than just using the commercial system. The work presented in this chapter can perfectly be applied to the system proposed in chapter 2.

Chapter objective

This chapter is intended to review the state of the art necessary to implement an algorithm for early detection of slippage using an intrinsic tactile sensing system. On the basis of previous research, the algorithm would then be implemented on the tactile system in order to prevent slippage.

Outline of the chapter

This chapter is divided into ve sections: The rst part describes the friction limit theory named limit surface. The second section reviews the viscoelastic contact model that is necessary to implement the limit surface theory on an intrinsic tactile sensing system. The third part shows the construction and characterization of soft ngers based on the viscoelastic model of contact.

The fourth section reports the implementation of limit surface theory for early slippage detection on an intrinsic tactile system. Finally the results are analyzed and conclusions are made.

State of the art: Limit surface

In this section, the friction limit described by limit surface theory is presented. This concept draws the limit of friction in force and torque for two objects in contact.

The concept of limit surface was initially developed by Jameson [START_REF] Jameson | Analytic techniques for automated grasp[END_REF] in 1985, and it was later on enhanced by Goyal [START_REF] Goyal | Limit surface and moment function descriptions of planar sliding[END_REF] and [START_REF] Goyal | Planar sliding with dry friction Part 1. Limit surface and moment function[END_REF]. They also provided useful tools for characterizing the motion-force relationship.

The present description will draw fully on the concept of limit surface as presented in [START_REF] Howe | Practical Force-Motion Models for Sliding Manipulation[END_REF].

The construction of a limit surface involves an analysis of pressure distribution at each point of contact and the contribution of each point to the total frictional force f f and torque τ f .

The limit surface can be constructed by solving the problem of computing the forces and torques for each possible translational and rotational motion. The limit surface supplies a mapping between applied forces and the resulting motions. • A body undergoes fully developed sliding on a locally planar surface

• The distribution of normal force (or pressure) across the contact surface is known

• Friction force depends only on the local normal force applied and on slip direction, but not on the magnitude of slip velocity or slip history.

Also, the sliding criteria are based on the assumption that the relative velocity eld through the contact area matches to a unique center of rotation (COR). For rigid bodies, the relative velocity eld is always true. However, these criteria also apply to deformable bodies such as soft ngertips provided that the deformations of the contact area are slow compared to its sliding speed. Other restrictions apply. For further information, see [START_REF] Goyal | Limit surface and moment function descriptions of planar sliding[END_REF] and [START_REF] Goyal | Planar sliding with dry friction Part 1. Limit surface and moment function[END_REF].

Theory of limit surface

The direction of slippage for each contact point must be rst found in order to obtain the direction of the friction force. From the point of view of kinematics, the instantaneous motion of a rigid body in a plane can always be described as pure rotation with respect to some point, referred to as the center of rotation (COR). The connection between frictional force, frictional torque and the sliding motion can be calculated by assuming an identied COR position, then adding the frictional force contribution at each point across the contact surface. Figure 3.1 shows the situation in the sliding plane.

Z df f p(r) COR X Y dA v r θ d c a y x (a) A df f COR X Y dA v r θ d c a y x (b)
Figure 3.1: Representation of the COR and the local innitesimal area dA where each force is calculated A coordinate system is xed to the contact plane. The origin of the coordinate system is located at the friction-weighted center of pressure (x c , y c ):

x c = A xµ s (x, y)p(x, y) dA A µ s (x, y)p(x, y) dA (3.1) y c = A yµ s (x, y)p(x, y) dA A µ s (x, y)p(x, y) dA (3.2)
The x axis is directed to the COR. The vector r = [x, y] is a vector that points to the dierential element of area dA. The vector from the COR to the dierential of the area is expressed as r cor = [d c , 0], so d = r -r cor = [x-d c , y] . It is assumed that friction is independent of sliding speed, so velocity can be represented by the unit vector v( r) = v( r)/| v( r)|. Since each contact point is instantaneously rotating with respect to the COR, the velocity vector is perpendicular to d, and can be expressed as

v( r) = -dy | d| dx | d| (3.3)
The normal force on any point of the contact area is expressed as df N = pdA, where p( r) is a function that expresses pressure distribution, and dA is the innitesimal area at point r. The magnitude of the frictional force at this point is df f = -µ s pdA, where µ s ( r) is the local coecient of friction. It is known that the direction of the frictional force is opposed to its velocity at a certain point. Then, the local frictional force vector can be expressed as df f = -µ s pvdA. The total frictional force can be found by integrating all the contact points on the surface of contact:

f f = - A µ s vp( r) dA (3.4)
The impact on the frictional torque (resolved to the origin) is given by the cross-product of vector r and the local frictional force. Since velocity is on the same plane as the contact points, torque is normal to the plane, and can be treated as a scalar. The total applied torque τ N is the integral of:

τ N = - A µ s [ r × v]p( r) dA (3.5)
With equations 3.4 and 3.5 it is possible to nd the total frictional force and torque for any motion, as well as for any given pressure distribution p( r) and coecient of friction µ s ( r). By performing this calculation for a number of COR locations, the limit of friction for the force and torque can be generated. This result expresses the maximum force and torque that could be applied before sliding as shown in gure 3.2.

Conclusion

To implement limit surface theory as the limit of friction, it should be noted that the model depends on pressure distribution p( r) and the friction coecient µ s ( r).

The friction coecient µ s ( r) depends on the materials in contact. On the other hand, pressure distribution depends on the type of contact. Therefore, the following section presents pressure distribution for soft ngers, and how said pressure distribution can be calculated from an intrinsic tactile system. As shown in the previous section, it is necessary to know the pressure distribution to estimate the limit of friction. This section presents the dierent models used to characterize the behaviour of soft ngers in contact, including pressure distribution.

Assumptions

The following assumptions are made for this type of contact:

• The soft ngers have an hemispherical geometry

• The deformations generated in the soft nger are produced by a rigid object

• The deformation is vertical to the soft nger.

In this work the induced deformations are assumed vertical to the soft nger. In [START_REF] Inoue | Modeling of soft ngertip for object manipulation using tactile sensing[END_REF] the contact properties are analyzed for dierent directions of the deformation.

Power Law: Non linear elastic model

In 1999, [XK99] introduced a function for general pressure-distribution whose purpose was to capture material properties and contact geometry with various pressure proles. Consequently, in the case of a soft nger with hemispherical geometry, pressure distribution in a circular contact area with radius a is written as follows:

p(r) = C k N πa 2 1 - r a k 1 k (3.6)
where N is the normal force, a is the radius of contact, k determines the shape of the pressure prole, and C k is a coecient that adjusts the prole of pressure distribution over the contact area to satisfy the equilibrium condition. The function depends on the r variable. Since the contact area is assumed to be at, and pressure distribution is symmetrical, the variable r can range from 0 to a. When k becomes larger, pressure distribution approaches uniform distribution, as shown in Figure 3

.3. Normalized pressure p N/πa 2 k = ∞ k = 3 k = 2 k = 4 k = 10
Normalized distance a/r The coecient C k in the pressure-distribution equation 3.6 can be determined using equation 3.7. The result obtained by [START_REF] Xydas | Modeling of Contact Mechanics and Friction Limit Surfaces for Soft Fingers in Robotics, with Experimental Results[END_REF] is:

C k = 3 2 kΓ 3 k Γ 1 k Γ 2 k (3.8)
For further details, see [START_REF] Xydas | Modeling of Contact Mechanics and Friction Limit Surfaces for Soft Fingers in Robotics, with Experimental Results[END_REF]. The gamma function Γ is dened for real x > 0 by the integral:

Γ(x) = ∞ 0 e -t t x-1 dt (3.9)

Limit surface based on the Power in law model

Figure 3.4 illustrate what is the inuence of the normal force N , the radius of contact a and the shape parameter k in the limit surface. The coecient of friction µ aects the limit surface in the same way that the normal force i.e., the coecient of friction and the normal force multiply the limit surface as a scale factor.

0 0.2 0.4 0.6 0.8 1 ff [N] 0 0.2 0.4 0.6 0.8 1 1.2 1.4 =N [Nmm] Limit surface: N = 1[N], k = 4 a = 1[mm] a = 2[mm] a = 3[mm] (a) 0 0.2 0.4 0.6 0.8 1 ff [N] 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 =N [Nmm] Limit surface: a = 1[mm], N = 1[N] k = 2 k = 3 k = 4 (b) 0 0.5 1 1.5 2 ff [N] 0 0.2 0.4 0.6 0.8 1 1.2 1.4 =N [Nmm] Limit surface: a = 1[mm], k = 4 N = 1[N] N = 1:5[N] N = 2[N] (c) 
An intrinsic tactile system is able to measure the normal force N . However, the radius of contact a and the parameter k should be estimated. The next subsection explains one method used to estimate the radius of contact a and the parameter k in terms of the normal force N and/or time t.

Viscoelastic model

As shown in section 3.1, the friction limits of force and torque of two surfaces in contact depend on the distribution of pressure p(r) and, as said in the previous subsection 3.2.2, the distribution of pressure is a function of the normal force N , the radius of contact a, and the shape parameter k.

The goal of this section is to present the viscoelastic model of contact. In this model, the deformation δ and the normal force N are related. Furthermore, as proposed by [START_REF] Barbagli | Simulating human ngers: a soft nger proxy model and algorithm[END_REF] and [START_REF] Tiezzi | Modeling of Viscoelastic Contacts and Evolution of Limit Surface for Robotic Contact Interface[END_REF], the radius of contact a -as shown in Figure 3.5 -is expressed in terms of the deformation δ as:

a 2 = R 2 -(R -δ) 2 (3.10) R δ(r) r 2a δ N Figure 3.5: Viscoelastic model of contact
For rubber materials and the human nger, the deformation δ and normal force N are timedependent functions. For the viscoelastic model of contact, two dierent time behaviours should be studied: relaxation and the creep phenomena. A general approach proposed by Findley [START_REF] Findley | Creep and Relaxation of Nonlinear Viscoelastic Materials[END_REF] considers that force and deformation can be related. The "relaxation function" is as follows:

N (t) = G(δ, t) (3.11)
In the general case of non-linear viscoelasticity, the relaxation function species the response of force N , as time elapses, to a step deformation with respect to the undeformed conguration.

The "creep compliance" function is the following:

δ(t) = H(N, t) (3.12)
This function gives the deformation δ response to the force with respect to the unreformed conguration. Those two behaviours of viscoelastic materials are related as shown in [START_REF] Findley | Creep and Relaxation of Nonlinear Viscoelastic Materials[END_REF].

If it is assumed that for small deformations the applied normal force is proportional to said deformation N ∝ δ, the functions G and H become only a function of time, as:

N (t) = G(t) δ (3.13) δ(t) = H(t) N (3.14)
Authors like [START_REF] Pawluk | Dynamic Lumped Element Response of the Human Fingerpad[END_REF], [START_REF] Biagiotti | Modelling and identication of soft pads for robotic hands[END_REF] and [START_REF] Tiezzi | Modeling of Viscoelastic Contacts and Evolution of Limit Surface for Robotic Contact Interface[END_REF] adopt the hypothesis of [START_REF] Fung | Biomechanics: Mechanical Properties of Living Tissues[END_REF] for the general case of nonlinear viscoelasticity. This hypothesis isolates the elastic response from the temporal response. This approach allows for the use of dierent models of elastic response for soft ngers, notwithstanding the temporal response for viscoelastic contacts. Viscoelastic contact modeling can be understood as the linking of a function of deformation δ or the magnitude of the normal force N with the temporal response as a function of time t.

Viscoelastic model with imposed displacement

In 1993, Fung [START_REF] Fung | Biomechanics: Mechanical Properties of Living Tissues[END_REF] proposed a model for the "relaxation function". This model has two main elements: an immediate elastic response N (e) (δ), which is the amplitude of the force instantaneously generated by a deformation δ, and a reduced relaxation function g(t) which describes the time-dependent behaviour of the material.

G(δ, t) = N (e) (δ) g(t) with g(0) = 1;

(3.15)

The dierential change of the force response dN (t) to an innitesimal change in deformation dδ, superposed in a state of deformation δ at an instant of time, τ , for t > τ , is described as:

dN (t) = g(t -τ ) ∂N (e) [δ(τ )] ∂δ dδ(τ ) (3.16)
As discussed in [START_REF] Findley | Creep and Relaxation of Nonlinear Viscoelastic Materials[END_REF] and [START_REF] Pipkin | A non-linear integral representation for viscoelastic behaviour[END_REF], the superposition principle is applied to this model. Then, the total force at the instant t is the sum of contributions of all the past changes.

N (t) = t -∞ g(t -τ ) ∂N (e) [δ(τ )] ∂δ ∂δ(τ ) ∂τ dτ (3.17)
It is assumed that the motion starts at t = 0 and the nger applied forces and deformations for any time t < 0 are zero, i.e. N (e) (t < 0) = 0 and δ(t < 0) = 0.

N (t) = t 0 g(t -τ ) K (e) [δ(τ )] δ(τ )dτ (3.18) where K (e) (δ) = ∂N (e)
∂δ is the elastic stiness and δ(τ ) is the rate of deformation. Following the hypothesis of Fung as shown in equation 3.15, the reduced relaxation function g(t) decreases over time, and it is normalized to 1 at t = 0. It can be expressed as ( [START_REF] Pawluk | Dynamic Lumped Element Response of the Human Fingerpad[END_REF] [FD76]):

g(t) = r i=0 c i e -v i t with r i=0 c i = 1 and v 0 = 0 (3.19)
where c i depends on the material. This function is composed of a linear combination of exponential functions, and the exponents v i are the rates of the relaxation phenomena.

Elastic response N (e) (δ):

As said before, this function is the amplitude of the instantaneous force generated by a deformation of the viscous material. The elastic response is a non-linear function that has been modeled dierently. This function can be found by integrating the contact stiness. The nonlinear contact stiness of a soft nger is dened as the radio of change in vertical depression at the contact surface. The two main models of elastic stiness K (e) = dN dδ are:

K (e) (δ) = me bδ (3.20) K (e) (δ) = pδ q (3.21)
where b, m, p and q are parameters that depend on both the geometry and the material.

Those models were used widely. Pawluk [START_REF] Pawluk | Dynamic Lumped Element Response of the Human Fingerpad[END_REF] and Barbagli [Bar+04] use the equation 3.20 to simulate the contact of the human nger. In [HK99] they use both models 3.20 and 3.21 to analyse the stiness of the human ngertip. Kao [START_REF] Kao | Stiness and contact mechanics for soft ngers in grasping and manipulation[END_REF] continued with his work [START_REF] Xydas | Modeling of Contact Mechanics and Friction Limit Surfaces for Soft Fingers in Robotics, with Experimental Results[END_REF] and derived an expression that can be related to the equation 3.21. Other authors as [START_REF] Marhefka | A compliant contact model with nonlinear damping for simulation of robotic systems[END_REF] and [START_REF] Kraus | Compliant contact models for rigid body collisions[END_REF] model this function as a non-linear spring parallel to a non-linear damper as proposed by [START_REF] Hunt | Coecient of Restitution Interpreted as Damping in Vibroimpact[END_REF], where the stiness of the spring is expressed by equation 3.21.

As said before, the function N (e) (δ) can be found by integrating the contact stiness (equations 3.20 and 3.21):

N (e) (δ) = m b e bδ -1 (3.22) 
N (e) (δ) = p q + 1 δ q+1

(3.23)

Block-scheme representation

The model shown in this section can be represented in a block diagram as seen in [START_REF] Biagiotti | Modelling and identication of soft pads for robotic hands[END_REF].

The model is represented by the equation 3.18 that depicts the signal K (e) (δ) δ ltered by the system:

G(s) = L {g(t)} (3.24)
where L indicates the Laplace transform. The block representation is shown in Figure 3.6a.

δ δ The block diagram can be simplied by noticing that the input signal can be rewritten in the following form:

K (e) (δ) • c 0 s + + c 1 s+v 1 + c 2 s+v 2 cn s+vn N G(s) (a) δ N (e) (δ) c 0 s + + c 1 s+v 1 + c 2 s+v 2 cn s+vn N G L (s)
K (e) (δ) δ = ∂N (e) [δ] ∂δ δ = ∂N (e) [δ(t)] dt (3.25)
The simplied system is shown in Figure 3.6b, where the transfer function G L (s) can be expressed as follows:

G L (s) = s c 0 s + c 1 s + v 1 + c 2 s + v 2 + • • • + c r s + v r = ( r i=0 c i ) s r + • • • + c 0 ( r i=0 v i ) s r + • • • + ( r i=0 v i ) (3.26) 

Pressure distribution

As presented in section 3.2.2, the pressure distribution depends on the normal force N , the radius of contact and the shape parameter k. As shown in equation 3.18 the force depends on time and deformation δ. Consequently, equation 3.6 can be rewritten as:

p(r, t) = C k N (t) πa 2 1 - r a k 1 k (3.27)
Is also known that the radius a can be expressed in terms of the deformation as shown in 3.10. Therefore, the pressure distribution can be estimated in terms of the radius of contact a and the shape parameter k. Therefore, . By substituting the equation 3.18 and 3.19 into 3.27:

p(r, t) = C k πa 2 1 - r a k 1 k t 0 c 0 + r i=1 c i e -v i (t-τ ) K (e) [δ(τ )] δ(τ )dτ (3.28)
where the elastic stiness K (e) can be expressed by the equations 3.20 or 3.21.

Viscoelastic model with imposed normal force

In 1993, Fung [START_REF] Fung | Biomechanics: Mechanical Properties of Living Tissues[END_REF] proposed a model for "creep compliance". This model, as proposed in [START_REF] Findley | Creep and Relaxation of Nonlinear Viscoelastic Materials[END_REF], has two main components: an immediate elastic response δ (e) (δ), which is the am-3.2. State of the art: Contact models for soft ngers 75 plitude of the deformation instantaneously generated by a force N , and the reduced creep compliance function h(t) that is time-dependent. As made for the viscoelastic model with imposed deformation, the creep compliance H(N, t) for an step input is supposed to be in the form of:

H(N, t) = δ (e) (N ) h(t) with h(0) = 1;

(3.29) Similar to Section 3.2.4, the equation for the deformation in relation to time can be rewritten as:

δ(t) = t 0 h(t -τ ) ∂δ (e) [N (τ )] ∂N ∂N (τ ) ∂τ dτ (3.30)
Which can be rewritten as:

δ(t) = t 0 h(t -τ ) C (e) (N (τ )) Ṅ (τ )dτ (3.31)
where Ṅ (τ ) is the speed of change of the normal force, and C (e) is the elastic compliance that is the inverse of K (e) (the elastic stiness represented by equations 3.20 and 3.21).

Elastic response δ (e) (N )

The immediate elastic response δ (e) (N ) can be deduced by solving the variable δ from the equations 3.22 and 3.23, in which case the equations become as follows:

δ (e) (N ) = 1 b ln b m N + 1 (3.32) δ (e) (N ) = q + 1 p N 1 q+1 (3.33)
The elastic compliance C (e) is the inverse of K (e) :

C (e) = dδ (e) dN = 1 K (e) (3.34)
By computing the equations 3.20 and 3.21, it is found that:

C (e) (N ) = 1 bN + m (3.35) C (e) (N ) = 1 p q + 1 q N -q q+1 (3.36) 76
Chapter 3. Early slip detection for an intrinsic tactile system

Reduced creep compliance function h(t)

As proposed in [START_REF] Findley | Creep and Relaxation of Nonlinear Viscoelastic Materials[END_REF], the reduced creep compliance function h(t) is:

h(t) = 1 + n i=1 b i 1 -e -η i t (3.37)
where the constants b i and η i depend on the material properties, and the exponents η i are the rates of the creep phenomena.

Block-scheme representation

The model shown in this section can be portrayed in a block diagram. The model is represented by the equation 3.31 that expresses the signal C (e) (δ) Ṅ ltered by the system:

H(s) = L {h(t)} (3.38)
where L indicates the Laplace transform. The block scheme is shown in Figure 3.7a.

N Ṅ

C (e) (N ) The block diagram can be simplied by noticing that:

1+b 1 +•••+bn s b 1 s+η 1 b 2 s+η 2 bn s+ηn δ H(s) (a) N δ (e) (N ) 1+b 1 +•••+bn s b 1 s+η 1 b 2 s+η 2 bn s+ηn δ H L (s)
C (e) (N ) Ṅ = ∂δ (e) [N ] ∂N Ṅ = ∂δ (e) [N (t)] dt (3.39)
The simplied system is shown in Figure 3.7b, where the transfer function H L (s) can be expressed as follows:

H L (s) = s 1 + b 1 + • • • + b n s - b 1 s + η 1 -• • • - b n s + η n (3.40)

Pressure distribution

If the normal force N applied to the hemispherical viscoelastic nger is constant, the deformation δ will grow over time as a consequence of the creep phenomena [START_REF] Findley | Creep and Relaxation of Nonlinear Viscoelastic Materials[END_REF]. Moreover, by maintaining the normal force constant, the pressure distribution of viscoelastic contact will progressively become more uniform due to relaxation (as shown in [START_REF] Johnson | Contact Mechanics. Google-Books-ID: Do6WQlUwbpkC[END_REF] and [START_REF] Yang | The Contact Problem for Viscoelastic Bodies[END_REF]). Also, it is well known that as deformation increases, the radius of contact increases as well.

Then, pressure distribution also changes because the normal force is constant but the area of contact increases. Consequently, the radius of the area of contact a and the parameter k are time-dependent. Therefore, the equation 3.6 can be modied as proposed by Tiezzi and Kao in [START_REF] Tiezzi | Modeling of Viscoelastic Contacts and Evolution of Limit Surface for Robotic Contact Interface[END_REF], as follows:

p(r) = C k(t) N πa(t) 2 1 - r a(t) k(t) 1 k(t) (3.41)
where C k(t) symbolizes the coecient C k as a function of k(t). The maximum pressure on the contact surface takes place at r = 0, resulting in

p max (t) = p(0, t) = C k(t) N πa(t) 2 (3.42)
As the area increases, the maximum pressure decreases. Substituting the pressure distribution equation 3.41 into the equilibrium integral 3.7, the resulting equation is

2C k(t) a(t) 2 a(t) 0 r 1 - r a(t) k(t) 1 k(t) dr = 1 (3.43)
In [START_REF] Tiezzi | Modeling of Viscoelastic Contacts and Evolution of Limit Surface for Robotic Contact Interface[END_REF], an analysis between the radius of contact a and the parameter k is made. They propose that these parameters are correlated, since they depend on the material properties and the geometry of the ngertip. Consequently, they proposed two dierent coupling equations.

The rst coupling equation is based on the pressure distribution. The second equation is based on the creep compliance. Those equations where created for a step of normal load as the input to the system. In this work, this relation is not completely useful. The coupling equations are based on the following hypothesis:

Relation between contact radius a and deformation δ: The authors of [START_REF] Tiezzi | Modeling of Viscoelastic Contacts and Evolution of Limit Surface for Robotic Contact Interface[END_REF] assume that the relationship between the radius of contact a and the deformation δ is:

a 2 ∼ = 2Rδ (3.44)
This assumption is made by neglecting the term -δ 2 of the equation 3.10. They argue that this approximation is better because of the conservation of the volume.

Relation between a and C k : the radius of contact and the value of C k are related, as follows:

a ∝ 1 √ C k (3.45)

Conclusion

To integrate the limit surface theory as the friction limit for an intrinsic tactile system, it is necessary to know the pressure distribution as shown in equations 3.4 and 3.5. The pressure distribution is modeled by the Power Law model (equation 3.6). This model is useful when all the parameters of contact are known (the normal force N , the radius of contact a, and the shape of the pressure distribution represented by k).

However, most tactile systems are not able to measure all the required parameters. Therefore, for intrinsic tactile systems, the viscoelastic model of contact as proposed by [START_REF] Tiezzi | Modeling of Viscoelastic Contacts and Evolution of Limit Surface for Robotic Contact Interface[END_REF] can be used to estimate the deformation δ from the normal force N . Then by applying the assumption of the equation 3.44 that the radius of contact a can be estimated from the estimated deformation δ for hemispherical surfaces. As shown in gure 3.8.

? Therefore, after reviewing the state of the art, for an intrinsic tactile system, the parameters of the viscoelastic model of contact should be determined to be able to estimate the deformation δ from the normal force N . Then, the assumption 3.44 should be tested. In addition, a relation to estimate the parameter k from the prior knowledge should be proposed. Thus the limit surface theory could be applied. Consequently, the following section refers to the estimation of the parameters of a viscoelastic nger, the test of the assuption about the radius of contact and the proposition of a function to estimate the parameter k.

δ(t) δ (e) (N ) H L (s) N (t) 2Rδ(t) δ (e) (N ) a(t) N (t) k(t)

Soft ngertips characterization

As concluded in the previous section, to be able to implement the limit surface theory as limit of friction in intrinsic systems, it is necessary to know pressure distribution in terms of the measured forces and torques of the tactile system. For this reason, the viscoelastic model with imposed normal force could be applied as presented in subsection 3.2.5.4. This function depends on the characteristics of the material. For this reason, an intrinsic tactile system with soft surface is presented, and the necessary parameters to estimate pressure distribution are characterized for two dierent soft surfaces.

In this section, the intrinsic tactile system used is the commercial sensor Ati Nano17.

The viscoelastic model used in this section uses the same assumptions as presented in section 

Intrinsic tactile system with soft ngertips design and construction

In the state of the art, many articial soft ngers were created: [START_REF] Biagiotti | Modelling and identication of soft pads for robotic hands[END_REF], [START_REF] Inoue | Modeling of soft ngertip for object manipulation using tactile sensing[END_REF], [START_REF] Xydas | Inuence of material properties and ngertip size on the power-law equation for soft ngers[END_REF] and [START_REF] Xydas | Modeling of Contact Mechanics and Friction Limit Surfaces for Soft Fingers in Robotics, with Experimental Results[END_REF]. Most of them are made of polyurethane or silicon rubber. Also, most of them have a hemispherical geometry.

Soft ngertips design

For simplicity and to be able to use equation 3.6 of pressure distribution, the geometry of the nger is a hemisphere, as presented in The base of the soft ngertips is attached to a nut.

Soft ngertips construction

Several soft ngers were constructed. However, for reasons of time, just two dierent soft ngers are presented in this chapter, as shown in table 3.1. The soft ngers presented were selected because they are made of dierent materials. Consequently, their physical properties, such as relaxation, are dierent. The soft nger properties are shown in table 3.1. 

Characterization test bench

In order to characterize the soft ngers, a test bench is made as presented in gure 3.11a and 3.11b. The test bench uses the same structure as that of the systems presented in Annex A.1.1.

However, the placement of the precision screw and the motorized table have been changed as presented. Additionally, a rigid acrylic surface is placed on the linear motors. This system allows for the measurement of the distance between the rigid surface and the soft nger with a telemeter sensor of reference ILD1700, which has a resolution of 0.5 µm. Consequently, by knowing at which distance the soft nger touches the rigid surface, the system is able to measure the deformation of the soft nger δ. With the 6-axis force sensor, the system is able to measure the applied forces f and torques τ . The force resolution is 1/320 N and the torque resolution is 1/64 N mm.

Furthermore, a camera with a frame rate of 120 frames per second is placed perpendicular to the rigid surface and parallel to the force torque sensor. As shown in gure 3.11c, the camera signal is segmented and some characteristics of the video are subtracted. The red marker helps to estimate the deformation, and the green screen allows to reconstruct the shape of the soft nger as shown in gure 3.11e. After the video processing, the diameter of contact (2a) can be estimated as shown in gure 3.11f. The calculated precision of the diameter is 100 µm. 

Characterization of the elastic response

In order to estimate the deformation δ (e) from the normal force N as presented in the schema 3.12, the characterization of the parameters of the material should be done. Therefore, the goal of this subsection is to identify the parameters b, m, q and p for each material.

Calibration method

In order to estimate the parameters of the elastic response the authors in [START_REF] Pawluk | Dynamic Lumped Element Response of the Human Fingerpad[END_REF] and [START_REF] Biagiotti | Modelling and identication of soft pads for robotic hands[END_REF] use a "ramp-hold test". They consider that a fast ramp test could be considered as an step input. By considering that g(t = 0) = 1, the force obtained from a fast deformation is a good approximation of the elastic response. In their experiments the characterized function is N (e) (δ). Therefore, the same experiment is made in this subsection.

The characterization is made by the minimization of the error between the measured normal force N ref and the calculated elastic response N (e) (δ). Should be said that the estimated parameters of the elastic response N (e) (δ) have the same value and physical representation that in the function δ (e) (N ). 

Characterization methodology

The methodology of the characterization is:

• The soft nger is mounted on the reference sensor

• The system remains without contact for some minutes

• Signal acquisition starts

• Precision screw is rotated to exert forces on the soft nger

• The contact is removed and signal acquisition is stopped Two measurements using the proposed test bench are made for each soft nger. The rst measurement sould be in the form of an step of deformation. The second measurement is used as a verication signal.

Characterization results

The left side of gure 3.13 presents the results for the measurement set used to calibrate the system. The right side of the gure presents the results for the measurement set used to validate the system. As shown in gures of δ vs N , the elastic response shows a good match with the rising edge of the measured force.

As the gure shows, both soft ngers can be modeled with the proposed model. On the one hand, the equation containing the parameters m and b is more useful for estimating the force applied in the system A made of polyurethane. On the other hand, the equation containing the parameters q and p works better for the printed soft nger.

The estimated parameters for the characterization are shown in table 3.3 In [START_REF] Biagiotti | Modelling and identication of soft pads for robotic hands[END_REF], the estimated parameters of the elastic response for a polyurethane nger are b = 2.51, m = 0.806, p = 0.2636 and q = 2.39. Even if the nger used in said study is similar to the nger used in this work, the parameters obtained in the former dier from the estimated parameters presented in table 3.3. This could be because both ngers had dierent characteristics, for example the rigid support had a dierent geometry. 

Characterization reduced relaxation function

The material dependent parameters of the reduced creep compliance function h(t) should be estimated in order to estimate the total deformation δ from the normal force N The block representing the function H L (s) is shown in gure 3.15. 

1+b 1 +•••+bn s b 1 s+η 1 b 2 s+η 2 bn s+ηn H L (s) s δ δ (e)

Characterization parameters

The parameters to estimate are the parameters for the reduced creep compliance function h(t).

h(t) = 1 + n i=1 b i 1 -e -η i t
The parameters are b i and η i . The number of pairs i change depending in the creep phenomena. In this work the relaxation function h(t) is characterize for i = 1, 2, 3.

Calibration method

The calibration for the reduced creep compliance function h(t) is done for individually for each group of parameters b i and η i for i = 1, 2, 3. The elastic response with the parameters b and m shown in the equation 3.32 is used to estimate the parameters. Only one elastic response function is used because when the normal force in equation 3.36 is near zero, the function tends toward innity.

The characterization is made by the minimization of the error between the measured normal force δ ref and the calculated deformation response δ cal . The parameters are estimated as shows the following cost functions:

{b 1 , η 1 } = argmin b 1 ,η 1 n j=1 δ ref (j) -δ cal (j) {b 1 ,η 1 } 2 (3.48) {b 1 , b 2 , η 1 , η 2 } = argmin b 1 ,b 2 ,η 1 ,η 2 n j=1 δ ref (j) -δ cal (j) {b 1 ,b 2 ,η 1 ,η 2 } 2 (3.49) {b 1 , b 2 , b 3 , η 1 , η 2 , η 3 } = argmin b 1 ,b 2 ,b 3 ,η 1 ,η 2 ,η 3 n j=1 δ ref (j) -δ cal (j) {b 1 ,b 2 ,b 3 ,η 1 ,η 2 ,η 3 } 2 (3.50)

Characterization methodology

The verication measurements from the previous section 3.3.3 are used as the calibration measurements. Additionally, one measurement using same methodology and test bench is made for each soft nger. The new measurement is intended to test the elastic and temporal response.

Therefore, the measurement should have a part where the deformation changes constantly. This allows to test the elastic response. The measurement should have a part where the temporal response is settle for dierent normal forces.

Characterization results

The results for the characterization of the soft ngers are shown in gure 3.16.

The left side of gure gure 3.16 presents the results for the measurement set used to calibrate the system. The right side of the gure presents the results for the measurement set used to validate the system.

The estimated parameters for the reduced relaxation function h(t) are shown in table 3.4. 

/[mm]

A: Veri-cation /(t) The estimated deformation for the nger A made from polyurethane has a good matching with the reference deformation as shown in gure 3.16 and table 3.5.

The estimated deformation for the nger B made by a 3D printer made a regular estimation.

The normalized root mean square error is approximately 74.5%. The proposed model does not reduce suciently the relaxation eect.

There are not any considerable dierence between the dierent functions h(t) based on the number of parameters i. As presented in the subsection 3.2.5.4 the authors in [START_REF] Tiezzi | Modeling of Viscoelastic Contacts and Evolution of Limit Surface for Robotic Contact Interface[END_REF] assume that the relationship between the radius of contact a and the deformation δ is a 2 ∼ = 2Rδ. This relation is the simplication of the equation 3.10 (a

2 = R 2 -(R -δ) 2 ).
Therefore, this subsection is intended to test this assumption.

δ(t) δ (e) (N ) H L (s) N (t) 2Rδ(t) δ (e) (N ) a(t) N (t) k(t) 
? Figure 3.17: Block-scheme representation normal force N to radius of contact a and the parameter k v3

Test methodology

The verication signals presented in previous section 3.3.4 are used to test the assumption.

Test results

The assumption a 2 ∼ = 2Rδ made by [START_REF] Tiezzi | Modeling of Viscoelastic Contacts and Evolution of Limit Surface for Robotic Contact Interface[END_REF] does not coincide with the experimental data. However, the assumption that the square radius is proportional to the deformation a 2 ∝ Rδ is valid as shown in the gure 3.18.

The proportional parameter u as shown in equation 3.51 for the two soft ngers is 1.03.

a(t) 2 = uRδ(t) (3.51)
The normalized root mean square error of the verication measurements is shown in table 3.6. The statistical method is used to qualify the goodness of t between test and reference data. As expected the estimation of the radius of contact from the measured deformation shows a good estimation for both ngers.

From the results of the previous section it is known that the maximum accuracy expected is 90% for the nger A, and 74.5% for the nger B. The accuracy to the reference is 90%.

Therefore the results presented in table 3.6 are the expected value (diminution in accuracy of 5%).

Estimation of the parameter k

To estimate the pressure distribution from the normal force is the parameter k is needed. Therefore, this section is intended to suggest a function of k in terms of the prior knowledge.

δ(t) δ (e) (N ) H L (s) N (t) uRδ(t) δ (e) (N ) a(t) N (t) k (t) 
? Figure 3.19: Block-scheme representation normal force N to radius of contact a and the parameter k v4

As presented in the subsection 3.2.5.4 the authors in [START_REF] Tiezzi | Modeling of Viscoelastic Contacts and Evolution of Limit Surface for Robotic Contact Interface[END_REF] assume a correlation between the radius of contact a and function C k . This relation is C k ∝ 1 a 2 . They proposed tat for an step input of normal force the parameter k is:

k(t) =   C k 0 h(t) -1 1.741   -0.556 (3.52)
where C k 0 = C k (k| t=0 ), and h(t) is the reduced creep compliance function. This function is created for an step normal force as the excitation of the system. The value of k should be generalized for any kind of input. Consequently, a new function of parameter k should be introduced.

Additionally to the observations made in the by [START_REF] Tiezzi | Modeling of Viscoelastic Contacts and Evolution of Limit Surface for Robotic Contact Interface[END_REF] the following observation is made:

The parameter k is related to the creep compliance function as shown in equation 3.52. As presented, the value of k is minimal when the elastic response is predominant i.e., the normal force is increasing fast. In the other hand, k increases when there is no change in the contact forces and the material is in the creep response.

If the parameter k depends on the creep compliance function and is related to the radius of contact a. Therefore, the calculated area of contact a(t) compared to the elastic area of contact a (e) (t) = uRδ (e) [N (t)] should reect the behavior of k in the time. Figure 3.20 shows the radius of contact a(t) and the estimated elastic radius of contact a (e) (t) for the soft ngers. 

k(t) = m k a(t) a (e) (t) + n k (3.53)
where a(t) is the estimated radius of contact, m k and n k are parameter to scale the value. The elastic a (e) (t) is the radius of contact generated by the elastic response as shown in the following equation:

a (e) (t) = uRδ (e) [N (t)] (3.54)
The values m k and n k can be estimated by imposing an step normal force as follows:

k(t) = m k uRδ (e) [N 0 ] h(t) uRδ (e) [N 0 ] + n k (3.55) k(t) = m k h(t) + n k (3.56)
When h(t)| t=0 = 1 the value of k is the minimal. Additionally, when h(t)| t→∞ the value of k is the maximal. The range of values of k as presented by [START_REF] Tiezzi | Modeling of Viscoelastic Contacts and Evolution of Limit Surface for Robotic Contact Interface[END_REF] is 2 ≤ k ≤ 4. The value of the parameters m k and n k can be estimated by solving the following equations: The estimated parameter k for the nger A arrive to the stabilization at 60 s, this behavior is undesired because the maximal torque is attended when the parameter k is maximal. The parameter k for the nger B have a stabilization time of 6 s, ten times faster than the nger A.

k(t)| t=0 = m k + n k (3.57) k(t)| t→∞ = m k 1 + n j=1 b i + n k (3.
However, an ideal soft nger should have a faster stabilization time.

It should be noted that the proposed equation estimate correctly the value of k when the forces are increasing. When the forces are decreasing the behavior of the material is dietent as shown in [START_REF] Tsai | The latency model for viscoelastic contact interface in robotics: Theory and experiments[END_REF].

Conclusion

This section presents the characterization of the parameters for the elastic function, creep compliance function and a 2 = uRδ. Additionally, a function is proposed, that function relies the radius of contact a and the parameter k. Those presented functions allow to estimate the radius of contact a and the parameter k in function of the normal force N an the time t as gure 3.22 shows: As presented in the section 3.2.2, the pressure distribution depends on the normal force N , the radius of contact a and the parameter k. With the characterization presented in this section it is possible to estimate the radius of contact a and the normal force is directly measured. For the parameter k an assumption between k and s is proposed.
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The viscoelastic model used in this section uses the same assumptions as presented in section 3.2: the soft ngers have an hemispherical geometry. The deformations generated in the soft nger are produced by a rigid object. The deformation is vertical to the soft nger.

The accuracy of the model for the nger A it is appropriate to be implemented. However, the model for the nger B should be changed, the nger B does not behave as a viscoelastic nger.

Conclusively, after the characterization of the soft ngers, the following section is intended to the implementation of the presented models to detect the slippage.

Slip detection using limit surface

In the previous section, the characterization of the soft ngers allows to estimate the radius of contact a and the parameter k from the normal force measurement N . Consequently, pressure distribution can be calculated for every instant of time, which, in turn, allows for the estimation of the limit of friction for every instant of time in accordance with the friction limit theory. This section is intended to implement limit surface theory on an intrinsic tactile system with soft surface. The assumptions made for this integration are the same as presented in section 3.1 and 3.2. The assumptions are: the soft ngers have an hemispherical geometry. The deformations generated in the soft nger are produced by a rigid object. The deformation is vertical to the soft nger. A body undergoes fully developed sliding on a locally planar surface.

The distribution of normal force (or pressure) across the contact surface is known. Friction force depends only on the local normal force applied and on slip direction, but not on the magnitude of slip velocity or slip history.

3.4. Slip detection using limit surface 93

In order to establish a comparison, the estimated models for both ngers are tested. This section is divided into four subsections: The rst part describes the design and construction of the soft ngers. The second part shows the characterization made to the soft ngers based on the viscoelastic model of contact. The third subsection reports the implementation of limit surface theory for early slip detection on an intrinsic tactile system. Finally, the results are analyzed and conclusions are made.

Slippage test bench

In order to test the limit surface friction limit for the proposed intrinsic tactile system, it is necessary to test dierent types of slippage produced by dierent tangential forces and torques. Thus, a test bench is created as shown in gure 3.23a. This system is similar to the one presented in the previous section. The main dierence is that the support of the 6-axis force sensor is modied as shown in gure 3.23c. The new support is a system composed of a servomotor and a mobile platform. The support is called COR system 94 Chapter 3. Early slip detection for an intrinsic tactile system because the distance between the rotation axis of the servomotor and the sensor can be set by the screw, as shown in gure 3.23d. This system allows for the induction of slippage with dierent tangential forces and torques. The system is inspired by the construction of the limit surface as presented in section 3.1.

Construction of the limit surface

The construction of the limit surface for the case presented here, where the contact area is constant and circular, can be expressed as follows ([XK99]):

f f = µN π 2π 0 a 0 r 2 cos θ -rd c r 2 + d 2 c -2rd c cos θ C k a 2 1 - r a k 1 k drdθ (3.59) τ f = µN π 2π 0 a 0 r 3 -r 2 d c cos θ r 2 + d 2 c -2rd c cos θ C k a 2 1 - r a k 1 k drdθ (3.60)
Those equations are the result of combining the pressure distribution from equation 3.41 in the equations of limit surface 3.4 and 3.5. Additionally, the vector v( r) represented in the equation 3.3 is calculated as:

v( r) r cos θ -d c r 2 + d 2 c -2rd c cos θ (3.61)
For further information see [START_REF] Xydas | Modeling of Contact Mechanics and Friction Limit Surfaces for Soft Fingers in Robotics, with Experimental Results[END_REF] and [START_REF] Tiezzi | Modeling of Viscoelastic Contacts and Evolution of Limit Surface for Robotic Contact Interface[END_REF].

Experiment

The methodology of the experiment is the following:

• The soft nger is mounted on the reference sensor, and the distance between the sensor and the axe of the motor is xed

• The system remains without contact for some minutes

• Signal acquisition starts

• The precision screw is rotated to exert forces near 5 N on the soft nger 

Results and analysis

This subsection presents the results of the proposed experiment.

3.4.4.1 Reconstruction the limit surface experimentally Figure 3.24 shows the measurement of the frictional force f f , the normal applied torque τ N , and the curve f f vs τ N for the 20 measurements for both soft ngers. The results are presented synchronized and the starting point is the time when the motor started to exert forces on the soft nger.

The graph f f vs τ N for both soft ngers clearly shows the limit surface. It should be noted that, since the normal force was applied manually to 5 N, the curve is an approximation.

The proposed test bench does not provide the displacement measurement and hence the moment when the object slips is estimated. Three dierent methods where applied to estimate the moment when slippage occurred: the maximum friction force, the maximum normal torque, and the maximum value of the magnitude of the vector composed by the frictional force and the normal torque. The results are shown in gure 3.24.

It could be said that the system starts to slip approximately 2 seconds after the motor starts to exert the forces. It should be noted that the maximum normal torque always happens before the maximum frictional force. The maximum frictional force and normal torque behave in two separate ellipses. This behavior is well noticed in the limit surface of the soft nger A. There is a linear behavior until the maximum normal torque occurs.

As expected, the maximum frictional force works well to identify slippage for the measurements with the biggest distance d c to the center of rotation. Likewise, the maximum normal torque is a good indicator for identication of slippage in the case of measurements with the smallest d c .

The maximal measured torque in soft nger B is bigger than in soft nger A. This behavior can be explained by the coecient of friction µ and the dierence of material. Since the material nger B is made of is softer than that of nger A, the radius of contact of the former is greater.

3.4.4.2 Evolution of the pressure distribution and the limit surface Figures 3.25 and 3.26 show the measurement of the normal force N , the radius of contact a, the shape parameter k, the evolution of pressure distribution, as well as the evolution of the estimated limit surface for three measurements for each soft nger. The coecient of friction is not calculated. Subsequently, the calculated limit surface is divided by the coecient of friction.

The points shown in the gures represent the dierent times when pressure distribution and limit surface are calculated for the representation. The color variation helps to follow the time line.

It can be seen that the radius of contact of nger B is greater than that of nger A for the same applied force. This behavior can be explained by the dierent hardness of the materials.

As a consequence, the maximal supported torque is higher for nger B. 

Conclusion

This section presents the integration of the limit surface friction limit in an intrinsic tactile system. The proposed model that estimates the radius of contact and the parameter k from the normal force is applied to estimate the pressure distribution. Thus, limit surface can be calculated at every instant. The implementation in real time would depend on limit surface integrals computational time represented in equations 3.59 and 3.60.

The assumptions made for this integration are the same as presented in section 3. As presented in [START_REF] Tiezzi | Experimental analysis of soft ngertips with internal rigid core[END_REF] and shown in gures 3.25 and 3.26, when contact is established, the surface of contact and the parameter k are larger than when contact starts. As a result, the supported torque is bigger when creep behavior is established. Therefore, the ideal soft nger should attain its maximal area of contact with maximal pressure distribution as fast as possible.

In this case, the model of nger B is better equipped for dexterous manipulation of objects.

Conclusion and perspectives

The presented work has treated two main subjects related to tactile sensing system for robotic dexterous manipulation of objects. The rst subject was the development of an articial tactile sensing system suited for the integration in a robotic anthropomorphic manipulator and based on CEA-LETI's 3-axis force sensors. The second subject was the analysis of object slippage during the manipulation in order to prevent damaging the object either by letting it slide or by applying unnecessarily high grasp force.

The work was divided in three parts: protection of multi-axis force sensors, design and construction of intrinsic tactile systems, slippage analysis with an intrinsic tactile system.

A bibliographic review showed the necessity of applying a coating to the CEA-LETI's sensor before integrating it in a tactile system. The objective is protect it and increase the range of forces that can be supported by the sensor. The 3-axis force sensor was characterized in order to compare its properties before and after applying the protection. Five dierent coatings with dierent shapes, sizes and materials were tested and characterized in order to show the coating's eect. The results revealed some guidelines to be followed in order to obtain an appropriate coating. In fact, the shape of the coating must be symmetrical, and centered with respect the center of the sensitive area. The tip of the protection must be pointy to assure that the forces are applied in a specic zone. To achieve these conditions, it is advised to use a molding process instead of material deposit. The polyurethane shore 40 showed more promising properties compared to polyurethane shore 80. Finally, the dynamic range was veried for the chosen coating. At this stage, the sensor was ready to be implemented in a tactile sensing system for dexterous manipulation of objects.

In order to integrate the 3-axis force sensor in a tactile system, a bibliographic review detailing the dierent kinds of tactile systems was presented. It has shown that the intrinsic tactile systems are the most suitable for this sensor. Before creating a touch system adapted to dexterous manipulation, a rst proof of concept system was implemented. The system is based on an array of three coated 3-axis force sensors xed in a triangular arrangement. A at rigid touch surface is glued on top of the sensors. This is an intrinsic tactile system able to measure the three components of the force, the three components of the torque perpendicular to the sensitive surface, and the position of the centroid of forces applied to the sensitive surface.

Three dierent experiments were done to characterize the tactile system. The experiments has shown a mean error for position estimation of 0.7 mm (with standard deviation of 0.372 mm) and a mean error in force estimation of 31.9 mN (with standard deviation of 12.8 mN).

Once the concept was proven, an intrinsic tactile system was built for the integration in an anthropomorphic robotic gripper was designed and characterized. This system fullls most of the requirements of dexterous manipulation of objects. The experiments on this system has shown that the estimation of force had the same statistics compared to the previous system.

However, the position estimation accuracy was improved: The maximum measured error in position is 621.04 µm and the RMSE is 141.21 µm. The maximum measured error in force is 240.57 mN and the root mean square error (RMSE) is 41.47 mN.

For dexterous manipulation of objects, it is necessary to predict weather the manipulated object will slip in order to adapt the grip. The last part of this work dealt with the detection of slippage on an intrinsic tactile syncing system. Several theories could be used to detect the slippage. In this work, the limit surface theory was chosen. This theory requires the knowledge 102 Conclusion and perspectives of the distribution of pressure. The viscoelastic model for soft ngers makes it possible to estimate the distribution of pressure from the measurement of the normal force, the radius of contact, and a shape parameter. The area of contact and the shape parameter could also be estimated from a function of the normal force, time, and the material properties.

Consequently, two soft ngers with dierent materials and the same hemispherical geometry were created and characterized based on the viscoelastic model. The results are promising as the characterization with the viscoelastic model ts the data by 90% for the rst nger and by 75% for second nger. In order to estimate the pressure distribution, two equations were proposed. The rst one links the deformation to the radius of contact. And the second one estimates the shape of the distribution of pressure. The experiments assumed that the soft ngers have a hemispherical geometry, the deformations generated in the soft nger are produced by a rigid object and the deformation is perpendicular to the contact surface.

The characterization allowed the estimation of the pressure distribution in real-time which enables the estimation of the limit of friction at any moment. The estimations of the friction limit surface were based on the following assumptions: A body undergoes fully developed sliding on a locally planar surface. Friction force depends only on the normal component of the local applied force and the slip direction assuming that the coecient of friction is known. The experiments show that the friction limit can be calculated for every instant of time with an intrinsic tactile system.

This work was developed with the available resources at each experiment. Therefore, some experiments could be improved for a better accuracy. For example, the intrinsic systems created in chapter 2 was calibrated with a 3-axis force sensor which could not be used to calibrate the torque estimation. Consequently, a direct comparison with a 6-axis force-torque sensor could give a more accurate vision of the capabilities of the proposed system.

Being able to directly measure the distribution of the pressure is important to test the dierent propositions. Further work can focus on analyzing the pressure distribution for example by using an extrinsic pressure array.

To create an improved tactile system, the developed intrinsic system could be implemented with a soft surface that integrates an extrinsic system. The extrinsic system would measure the pressure distribution which reduces the number of hypothesis needed to resolve the slip detection problem. The soft surface should have the right balance between softness and robustness. A special attention should be given to temporal response speed of the soft surface. Such hybrid tactile system would be able to estimate the applied forces, the applied torques, the position of contact, the distribution of pressure and the area of contact. This system could estimate the limit surface without any assumption. Therefore, the slippage prediction could be easily applied using the limit surface theory.

In other perspective, the limit surface could be used as a control strategy. In fact, the limit surface theory enables estimating the evolution of the contact in time. Therefore, the normal applied force can be adjusted according to the distance between the actual state in the frictional force versus normal torque diagram and the calculated limit surface. These values were chosen for texture recognition applications where the z-axis chosen is low in order to impose a low normal force, which varies little according to the texture. The stiness chosen is large for the tangential force transducer since much deformation is not desired because there would be incertitude about the position.

F L d n Displacement sensor

The displacement sensor for the force transducers X and Z are measured with Foucault current sensors from Micro-Epsilon, with models U3 (3 mm measuring range) and EU6 (6 mm measuring range) respectively. These sensors deliver voltage U xref and U zref respectively that is proportional to the displacement of a target steel in front of which they are placed.

The stiness of the cantilever is very dependent on the thickness and length of the sheets.

Foucault current displacement sensors change their behaviour depending on the magnetic environment. Therefore, the force transducer system is characterized once assembled on the complete testing system.

For optimum utilization of the displacement sensors, the characteristic should be adjusted to the environment and to the 0-5 V range of the acquisition system. This is achieved by

The bimetal force transducer still has the disadvantage of imposing lateral movement d x to the end eector when normal force is exerted, forcing a d z displacement. When d z is small compared to L, d x can be estimated by the relation d x = L -L 2 -d 2 z . For normal force f z in the range of 1 N applied on the end eector, a displacement d z = 0.73 mm is made, the end eector moves laterally along the x axis of about d x = 2.2 µm. This produces unwanted tangential forces.

Dynamic characterization It is necessary to understand what is the dynamic behaviour of the system in order to know what are its limitations. The test performed recreates a step function in the system input. The end eector is brought into contact until a force f init ≈ 0.6 N is exerted to the transducer. Then, the pneumatic actuator releases the force automatically.

Since no speed or acceleration of the actuator is known and the same method was used to characterize the sensors shown in this paper we consider this as a stepping signal. With these signals the transfer function system is calculated. Starting with the characteristic transfer function of a second order system A.4, as follows:

f ref = K p 1 + 2ξτ ω s + τ 2 ω s 2 f real (A.4)
Then, it is necessary to nd the values K P , ξ, τ ω for each transducer system. These values can be calculated in dierent ways, for example with Smith's method for underdamped second order systems, or by minimizing the error between the input and output. For simplicity, however, the toolbox of MATLAB for system identication is used. The values are T F f zref T F f xref K P = 1 K P = 1 ξ = 0.0055 ξ = 0.0088 τ ω = 0.013 τ ω = 0.0063

The acquired signals of force, the calculated model, and the theoretical step signal of force are shown in Figure 1 A.6

The z-axis signal is not complete because the reference sensor does not measure beyond a certain distance. The error of the reference system is analysed in table A.1. It shows the error when the end eector contacts the surface as well as when it does not. Transducers noise when no force is exerted is greater than when forces are exerted since the system is free and susceptible to environmental perturbations. Force transducer in the z-axis • Movement in the z axis manually controlled by a precision screw

Measure

• Measure of the reference forces f zref and f xref .

A.1.2 Three axis force measurement system

Given the need of the work to characterize dierent types of 3-axis force sensors, it was decided to change the system shown in A.1. To achieve this, a three-axis sensor is added as shown in 

Chapter 1 .

 1 Adaptation of MEMS based three-axis force sensor to dexterous manipulation requirements one a plane parallel to the base of the sensors, and a second one of hemispheres in each sensor of the array as show in Figure 1.1b. The analysis of those arrays is based on the characterization of the behavior of the covered sensors with respect to the position and direction of the applied forces.

  Figure 1.3: Protected 3-axis force torque sensor of [Ho+11]

Chapter 1 .

 1 Figure 1.5: Sensor structure

FFigure 1 . 6 :

 16 Figure 1.6: Transversal view of the sensor

•

  Membrane thickness: 100 µm • Stem radius: 575 µm • S x,y Sensitivity : (8.5 ± 0.3) mV/V/N • S z Sensitivity: (3.0 ± 0.5) mV/V/bar • P z max pressure. before deteriorating: 15 bar • F x,y max strength. before deteriorating: 1 N • Maximum voltage variation before the deteriorating in tangential forces: ∆U x,y 42.5 mV with a supply voltage of 5 V • Maximum voltage variation before the deteriorating in normal forces:∆U z 225 mV with a supply voltage of 5 V• The sensor is 5 mm long, 3.5 mm wide, and 0.8 mm high regardless of the stem.
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 19 Figure 1.9: Sensor connection with the PCB

Figure 1 .

 1 Figure 1.10: Conditioned sensor

  Figure 1.11: Conditioned sensors

Figure

  Figure 1.14: Results of the sensor characterization

  Figure 1.16: Dynamic response of the sensor when the exerted forces are released

20 Chapter 1 .

 1 Adaptation of MEMS based three-axis force sensor to dexterous manipulation requirements Bode diagram computed from the second-order systems presented in Figure 1.16, are shown in Figure 1.17
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 11 Figure1.17: Frequency response and phase of the force sensors
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  Figure 1.19: Conditioned coated sensors

22Chapter 1 .

 1 Adaptation of MEMS based three-axis force sensor to dexterous manipulation requirementsTo easily manipulate the sensor, the support presented in the section 1.3.1 is used. Another support has also been created in order to handle round shaped PCB as shown in Figure1.20.

Figure 1 .

 1 Figure 1.20: Sensor placed on support

  3.3. The signals and the modeled system response are shown in Figure 1.23. As can be deduced from Figure 1.23, sensors rA and rB have a transfer function that ts with a second order transfer function 1.25. The other three sensors have a well pronounced relaxation phenomenon. The behavior of these sensors can be modeled by the function 1.26.

fx reference vs calculated f y reference vs calculated f z reference vs calculatedFigure 1

 1 Figure 1.22: Graph of linearity of the coated sensors

Figure 1 .Figure 1 Figure 1

 111 Figure 1.23: Dynamic response of the coated sensor when the exerted forces are released
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 1 Figure 1.26: Results of the selected coated sensors
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 21 Figure 2.1: Cross section of the skin in the human hand [Wol06].

  relative temperature sensing is accurately measured. The rate of change required to elicit sensation is smaller if the skin temperature at the time of stimulation is close to 20 • C or 40 • C.

  Figure 2.2: Motor and sensory homunculus
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 23 Figure 2.3: Array of 3-axis force sensor of [Alc+13]
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 2 Figure 2.4: Dierent congurations to locate the ATI sensor in a robotic nger

Figure 2

 2 Figure 2.5: Two sensors congurations of three 3-axial force sensors for a robotic nger
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 26 Figure 2.6: Biotac commercial system

Figure 2 . 7 :Figure 2

 272 Figure2.7: Hybrid system by[START_REF] Cannata | Processing of Tactile/Force Measurements for a Fully Embedded Sensor[END_REF] 
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 2 Figure 2.11: Top view of the base with the sensors

  Figure 2.12: Flat surface system
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 2 Figure 2.14: Setup of experiment 1

Figure 2 .

 2 Figure 2.15: Trajectories used for sensor test
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 2 Figure 2.16: Experimental results of experiment 1

Figure 2

 2 Figure 2.17: Setup of experiment 2

  Figure 2.18: Setup of experiment 3
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 2 Figure 2.19: Minimal force applied with full system calibration
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 2 Figure 2.20: Experimental results of experiments 2 and 3
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 2 Figure 2.21: Design of the system
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 3 Figure 2.22: Mounted sensors in the PCB

Figure 2

 2 Figure 2.23: Mounted rigid frame and tactile system

  Figure 2.24: Intrinsic measures

2. 3 .Figure 2

 32 Figure 2.25: Trajectories for calibration
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 1 State of the art: Limit surface 67 3.1.1 Assumptions Three basic assumptions are made:

3. 2 .

 2 Figure 3.2: Representation limit surface
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 33 Figure 3.3: Power Law model of pressure distribution
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 34 Figure 3.4: Limit surface based on the Power in law model

3. 2 .

 2 State of the art: Contact models for soft ngers 73 3.2.4.1 Reduced relaxation function g(t):

Figure 3 . 6 :

 36 Figure 3.6: Block model of the equation 3.18

Figure 3

 3 Figure 3.7: Block model of the equation 3.31

Figure 3 . 8 :

 38 Figure 3.8: Block-scheme initial representation normal force N to radius of contact a and the parameter k

3. 2 :

 2 the soft ngers have an hemispherical geometry. The deformations generated in the soft nger are produced by a rigid object. The deformation is vertical to the soft nger. This section is divided into six subsections. The rst subsection describes the design and construction of the soft ngers. The second part shows the test bench used to acquire the measurements for the characterization. The third subsection describes the characterization of the elastic response of the soft ngers. The fourth part presents the characterization of reduced creep compliance function of the soft ngers. The fth subsection presents the test made to compare the radius of contact and the deformation. The seventh subsection presents a proposed function to estimated the parameter k. Finally, the results are analyzed and conclusions are made.
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 39 Figure 3.9: Soft ngertips design 1

  Figure 3.10: Intrinsic system with soft surface

Figure 3

 3 Figure 3.11: Test bench: Viscoelastic characterization

m and b p and q Relaxaction N

 Relaxaction (e) (δ) = m b e bδ -1 N (e) (δ) = p q+1 δ q+1 Creep compliance δ (e) (N ) = 1 b ln b m N + 1 δ (e) (N ) = q+1 p N 1 q+1

N

  The minimization is made only in the measured points where the speed of the deformation δ is larger than 30 mm s -1 . The minimization functions are shown as following: {m, b} = argmin m,b n j=1 N ref -N (e) (δ) {m,b} 2 (3.46) {p, q} = argmin ref -N (e) (δ) {p,q} 2 (3.47)
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 3 Figure 3.13: Results

Figure 3 .

 3 Figure 3.15: Function H L (s)

Figure 3 .

 3 Figure 3.16: Results

  Figure 3.18: Results

Figure 3

 3 Figure 3.21: Parameter k estimated to a step input

a

  Figure 3.22: Block-scheme representation normal force N to radius of contact a and the parameter k

  Figure 3.23: Test bench: Slip detection

96

  Figure 3.24: Frictional force f f and normal torque τ N

  Figure 3.26: Pressure distribution and limit surface for the nger B

  1 and 3.2. The assuptions are: the soft ngers have an hemispherical geometry. The deformations generated in the soft nger are produced by a rigid object. The deformation is vertical to the soft nger. A body undergoes fully developed sliding on a locally planar surface. The distribution of normal force (or pressure) across the contact surface is known. Friction force depends only on the local normal force applied and on slip direction, but not on the magnitude of slip velocity or slip history.

Figure•

  Figure A.3: Force transducer operating principle

Figure A. 6 :

 6 Figure A.6: Dynamic reaction force transducer to step signal

Figure A. 7 

 7 Figure A.7To provide the three-axis force measurement, a force sensor (the K3D40) is placed parallel to the movement of both linear tables. The reference sensor has a noise with a standard deviation of 0.01N . The sensor is coupled to a rigid base through parts made in a 3D printer. This sensor has crosstalk between the axes. To calculate the actual force, the following equation is used:
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.1 summarizes the characteristics of each mechanoreceptors.

Table 2 .

 2 3 presents the error statistics between the reference system and the developed tactile

	system.

  The results of this experiment are shown in gure 2.26. The error statistics compared to the reference for all the verication measurements are shown in table 2.5.-625.20 nm 611.13 µm 103.83 µm 103.83 µm Intrinsic tactile sensing system adapted to robotic nger implementation 63The force estimation, as shown in gures 2.26.b, 2.26.c, 2.26.d and in the table

	Measure	Mean	Max	Standard	RMSE
		error	error	deviation	
	p x	1.20 mN	158.07 mN 29.21 mN 29.23 mN
	p y	-1.14 mN 108.65 mN 22.39 mN 22.42 mN
	p z	3.48 mN	206.88 mN 18.73 mN 19.05 mN
	p	37.79 mN	240.57 mN 17.07 mN 41.47 mN
	c x				
	c y	2.32 µm	520.08 µm 94.65 µm 94.68 µm
	c z	136.18 nm	79.05 µm 13.96 µm 13.96 µm

c 118.64 µm 621.04 µm 76.58 µm 141.21 µm Table 2.5: Error statistics for experiment 1 62 Chapter 2. Intrinsic tactile sensing systems based on an array of 3 axis force sensors Figure 2.26: Experimental results 2.3.
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1: Soft nger properties

  For this reason, this subsection presents the characterization of the elastic response. The elastic response of the viscoelastic model of contact is represented by the function N (e) (δ), for the model with imposed displacement. Likewise, the function δ (e) (N ) represents the elastic response for the model with imposed normal force. The relaxation functions as shown in section 3.2.3 have two dierent representations. For the rst function, the parameters are b and m.For the second one, they are q and p. Those functions are shown in table 3.2

	N (t)					N (t)
	δ (e) (N )	δ (e) (N )	H L (s)	δ(t)	2Rδ(t)	a(t)
						k(t)
					?	
	Figure 3.12: Block-scheme representation normal force N to radius of contact a and the pa-
	rameter k v2					
	3.3.3.1 Characterization parameters		
			Table 3.2: Elastic functions	
					Parameters	
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	.3: Elastic response N (e) (δ) parameters
	Name	b	m	q	p
	A	1.7391	4.2935	0.9060	22.4296
	B	0.8600	3.7035	0.4914	9.0925

  . The sim-plied representation of the relaxation function as shown in gure 3.14 is represent by the function H L (s). Conclusively, this subsection is intended to characterize the temporal response represented by the function H L (s).

	N (t)					N (t)
	δ (e) (N )	δ (e) (N )	H L (s)	δ(t)	2Rδ(t)	a(t)
						k(t)
					?	
	Figure 3.14: Block-scheme representation normal force N to radius of contact a and the pa-
	rameter k v3					
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			.4: Creep compliance function h(t) parameters	
	Name	i	b 1	b 2	b 3	η 1	η 2	η 3
		i = 1 0.0759			0.0667		
	A	i = 2 0.2653 -0.1964		0.1018	0.11078	
		i = 3 0.1282 0.0570 -0.11058 2.7262 0.0522	1105
		i = 1 0.2966			0.9122		
	B	i = 2 0.0816 0.2154		1.2412	0.8038	
		i = 3 0.0657 0.0111	0.2167	1.1567	1.8408	0.8071
	The normalized root mean square error of the verication measurements is shown in table
	3.5. The statistical method is used to qualify the goodness of t between test and reference
	data.							

Table 3 .

 3 5: Goodness of t reduced relaxation function (NRMSE) Relation between the radius a and the deformation δ test

			Parameters h(t)
			i = 1		i = 2	i = 3
	A	90.28%	90.09%	90.31%
	B	74.52%	74.57%	74.42%
	Table 3.6: Goodness of t radius of contact (NRMSE)
			a(t) calculated from
			δ(t) ref	N (t) ref
		A	91.35%	86.92%
		B	92.98%	69.21%
	3.3.5			

  58)where b i are the parameters of the reduced creep phenomena h(t) as shown in equation 3.37.The calculated value of k for an step input of normal force is shown in gure 3.21

			A: a(t) and a (e) (t)					A: k(t)
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		0				2				
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			time[s] B: a(t) and a (e) (t)		(a (e) )(t)	a(t)	k(t)	time[s]
		0.3								
	[mm]	0.2								
		0.1								
		0								
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  This information is shown in table A.2. Table A.2: Reference sensor characteristics: sensibility The table A.3 show the bias of the sensor.

	axis	rated load in mV V -1 hysteresis
	X-axis	0.3334 at 2 N	0.0001
	crosstalk X to Y	0.0038	
	crosstalk X to Z	0.0141	
	Y-axis	0.3519 at 2 N	0.0002
	crosstalk Y to X	-0.0008	
	crosstalk Y to Z	0.0154	
	Z-axis	0.5705 at 2 N	0.0000
	crosstalk Y to X	-0.0021	
	crosstalk Y to Z	-0.0022	
	axis	zero signal in mV V -1	
	X-axis	0.0091	
	Y-axis	0.0653	
	Z-axis	0.0691	

Table A.3: Reference sensor characteristics: bias

A.1.1 Two axis force measurement system

The measurement system has been used by [START_REF] De Boissieu | Toucher articiel à base d'un microcapteur d'eort: traitement du signal et des informations associées[END_REF], and it was designed with the concern of accurately controlling the movement and minimize external vibration in order to recognize textures. This device can measure the normal force and one tangential force exerted on an end eector. The machine was made by Nominal Concept, an outside consulting rm to CEA specializing in the production of precision mechanical devices. The measurement system is shown in gure A.1. In order to eliminate external vibrations during manipulation, the assembly is mounted on a foamed marble supported by an air vibration frame (Thorlab). The measurement system is composed of two motorized linear tables (Lx80F40 Linax Jenny Science) for moving the end eector along the two axes x (horizontal), y (vertical) as shown in gure A.1. These linear table is equipped with an optical rule which allows to control the position with an accuracy of 1 µm over a length of 8 cm. On the vertical motorized linear table an arm is xed, and this table is equipped with a pneumatic compensator that allows to relieve the weight of the arm. The Lx80F40 tables can withstand a maximum force of opposition to the movement of 40 N. Each table is connected to a controller Xenax (Jenny Science), itself connected to a computer via an 104 Appendix A. Test system Ethernet cable. Thus, it can independently program the movement of each of the tables, with the disadvantage of not having feedback of the position in time.

The arm consists of two force transducers, made of bimetal springs mounted in series. The rst force transducer measures the tangential force along the x-axis. The second force transducer measures the normal force along the z-axis. The operation of the cantilevers is presented later in this appendix.

The rigid surface is a steel plate, mounted on a pneumatic actuator that makes it move forward or backward in the z-axis. The plate can also move via a precision screw and it is placed in front of the end eector. In the past, this plate served to position dierent samples of textures. However, in this investigation the plate exerts forces on the elements located in the end eector. The forces in the z-axis occur by the movement of the plate through the precision screw, and the tangential forces through the friction created by the movement of the linear tables.

A.1.1.1 Characterization of the force transducers

The objective of the system is to measure the normal force and tangential force in stationary position during the movement of the sensor (dynamic). This model of the system is a second order mass spring damper as shown in Stationary characterization In the rst instance, the system is assumed to be the free end of a spring subjected to a force. The operating principle of the system is to measure the displacement of the springs. A proportional relation F = kx links the displacement x from the free end to the normal force F applied at this point, via the stiness k. The single spring is usually used, for example in the Atomic Force Microscopes, and it has the disadvantage of changing the orientation of the tangential plane at the free end with the bending of the spring.

In our assembly, the consequence would be changing the orientation of the end eector based on the contact force, and modifying the directions of the applied forces.

The use of two springs embedded at each end keeps the parallelism between the embedding plans, thus maintaining the end eector in a constant orientation. Figure A.3 shows the behaviour of a two-spring system subjected to a normal force F . The distance d n of the free end is proportional to the applied force. Equation A.1 is used to roughly estimate the stiness k of the two-spring system according to the length L, width b, thickness e and the Young's modulus E of the material. three potentiometers of the electronic sensor for setting the zero, linearity and gain. An optical sensor from Micro-Epsilon NCDT1700 1 µm resolution and very good repeatability is used for characterization. Once set, the sensors have a linear characteristic slope of 1.2 mm V -1 for the EU6 sensor, and 0.6 mm V -1 for U3 sensor. Measurement error of these sensors does not exceed 0.3 µm to 0.15 µm for EU6 and U3, respectively.

The force transducers are characterized applying force via a pulley, as shown in The force transducer has a linear behaviour, as expected. The equations that represent the two lines for X and Z respectively are

Where S xref and S zref are the sensitivities of the system, in the same way b xref and b xref are the bias of the resting system. These values are calculated by linear regression, where A.2. Data acquisition and motor control 111

• Movement in the z axis manually controlled by a precision screw

• Measure of the reference forces f xref , f yref and f zref .

A.2 Data acquisition and motor control

In this section the control and data acquisition systems presented in this appendix are explained.

A.2.1 Data acquisition

The acquisition card NI PXI-6225 integrated into the chassis NI PXe-1071i is used to digitize the signal. This system has a programmable sampling frequency f e . The ltering unit includes an elliptical low-pass lter of the eighth order, with a programmable cut-o frequency. In general, the lter cut-o frequency is automatically adjusted to about fe 3 . Dierent programs are developed in LabVIEW to acquire the signals.

A.2.2 Motor control

To control the linear motors Lx80F40 Linax and Jenny Science presented in the previous appendixes, two XENAX controllers are used. The commands are programmed into a computer via an application developed in LabVIEW and they are sent via Ethernet to the controllers. In this system, the movement speed, the positions, and the time the system stays in one position could be xed, with the inconvenient that there is no feedback of position against time. Mots clés : Système tactile, détection de glissement, viscoélastique, intrinsèque, capteur de force multi-axe Abstract Tactile sensing and slip detection plays an important role in enabling robotic dexterous object manipulation. Thus developing a high-resolution fully integrated tactile sensor system is of great interest. This work deals the design and implementation of an intrinsic tactile sensing system based on a set of 3-axis force MEMs sensors and the detection of slippage with such system. In order to create a tactile system the 3-axis force sensors are protected by a coating, a study about the coating is made. Two dierent intrinsic systems based on an array of 3-axis force sensors are developed, the rst one is used a feasibility test of this kind of system. The second intrinsic system is adapted to a robotic nger with soft surface. The proposed systems measures three-force components, the normal torque to the contact surface, and the position of the contact centroid applied to its sensitive surface. Both systems are characterized and tested. The detection of slippage with an intrinsic tactile system is tested. The application of the limit surface theory and the viscoelastic model of contact make the detection of slippage. Keywords: Tactile system, slippage dectection, viscoelastic, intrinsic, multi-axis force sensor