High Bandwidth Microgripper with Integrated Force

Sensors and Position Estimation for the Grasp of Multi-stiffness Microcomponents Bilal Komati, Cédric Clévy, Member, IEEE and Philippe Lutz, Member, IEEE Abstract-At the microscale, small inertia and high dynamics of microparts increase the complexity of grasping, releasing and positioning tasks. The difficulty increases especially because the position, the dimensions and the stiffness of the micropart are unknown. In this paper, the use of a microgripper with integrated sensorized end-effectors with high dynamic capabilities is proposed to perform stable and accurate grasps of multistiffness microcomponents. A dynamic nonlinear force/position model of the complete microgripper while manipulating a microcomponent is developed. The model takes into consideration not only free motion and constrained motion, but also, contact transitions which is a key issue at the microscale due to the predominance of surface forces. It enables to estimate the position of the microgripper's end-effectors, the contact position of the microcomponent and the force applied on the microcomponent. Using the proposed microgripper and its model, both of the gripping forces are measured and the position of each of the microgripper's endeffectors is estimated. This enables to perform a stable grasp of the micropart by providing force and position feedback. Moreover, using the developed microgripper and its model, the characterization of the microcomponent can be performed by estimating its dimensions and its stiffness.
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I. INTRODUCTION

D URING the last decade, the need of micro and nano- technologies has grown [START_REF] Tolfree | Commercializing Micro-Nanotechnology Products[END_REF]. Recent works have shown that microassembly is a possible approach to fabricate complex hybrid 3-D microsystems [START_REF] Bargiel | Towards micro-assembly of hybrid moems components on a reconfigurable silicon free-space micro-optical bench[END_REF], [START_REF] Das | A multiscale assembly and packaging system for manufacturing of complex micro-nano devices[END_REF]. They also show the need of high speed manipulation [START_REF] Avci | High-speed automated manipulation of microobjects using a two-fingered microhand[END_REF] where pick-and-place tasks were performed in 1 s. Nevertheless, manipulation of microcomponents is a challenging task due to microscale specificities. These specificities are mainly manifested by the difficulty of sensors integration at this scale, the very small inertia of microsystems, their high dynamics and the predominance of surface forces (such as capillary, electrostatic and van der Waals forces) and contact forces (such as pull-off forces), but also, the lack of precise models. Therefore, the interaction between micromanipulation tools and the microcomponents is less predictable and much more complex than at the macroscale. In literature, it has been shown that forceguided microassembly [START_REF] Lu | A force-feedback control system for micro-assembly[END_REF], large displacement range and high
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bandwidth for both sensing and actuation constitute relevant approaches to perform complex microassembly tasks [START_REF] Chaillet | Microrobotics for Micromanipulation[END_REF]. The measurement of microscale forces is critical to obtain local and useful information like contact and adhesion forces. Previous works have shown the importance of measuring both of gripping forces to guarantee the stability of the component during microassembly [START_REF] Rabenorosoa | Study of forces during microassembly tasks using two-sensing-fingers grippers[END_REF], [START_REF] Komati | Automated guiding task of a flexible micropart using a two-sensing-finger microgripper[END_REF]. Sensing and actuation bandwidths are notably critical especially for contact transition. Indeed, when a micropart is placed between microgripper fingers, a contact may appear between one finger and the micropart before the other which can lead to the loss of the micropart due to the high dynamics of the microparts. Therefore, actuation and force measurement with high bandwidth from both sides is critical to succeed the grasping of the micropart by stopping the movement of the finger in contact with the micropart if the other finger has not reached the contact yet. Consequently, innovative handling tools and strategies that ensure gripping, releasing, and precise positioning of microparts using force, including contact detection and position measurements, are very promising topics and are investigated in this paper.

Many researches have concentrated on the design of novel microgrippers due to their importance for handling microobjects. The state of the art of two-fingers microgrippers is focused on three points: the actuation and sensing principles [START_REF] Das | A multiscale assembly and packaging system for manufacturing of complex micro-nano devices[END_REF], [START_REF] Rabenorosoa | Study of forces during microassembly tasks using two-sensing-fingers grippers[END_REF]- [START_REF] De Lit | A four-degree-of-freedom microprehensile microrobot on chip[END_REF], the number of active (actuated) fingers and sensing fingers [START_REF] Piriyanont | Force-controlled mems rotary microgripper[END_REF]- [START_REF] Beyeler | Monolithically fabricated microgripper with integrated force sensor for manipulating microobjects and biological cells aligned in an ultrasonic field[END_REF] and their control [START_REF] Xu | Precision position/force interaction control of a piezoelectric multimorph microgripper for microassembly[END_REF]. Thus, several existing microgrippers with force sensing are compared in Fig. 1. The comparison between the microgrippers concern the number of active fingers, number of force sensors, force sensing range and displacement range. Fig. 1 shows that there is a lack of microgrippers with two active fingers and two integrated sensors with big sensing range including both microscale forces and contact forces (from hundreds of nN up to hundreds of µN) with high bandwidth for sensing and actuation. Specific microgrippers are required to achieve complex, stable and dexterous microassembly tasks [START_REF] Savia | Contact micromanipulation-survey of strategies[END_REF]. Previous work shows the importance of having microgrippers with two multi-DOF actuated fingers to perform a complex and dexterous microspectrometer assembly [START_REF] Rabenorosoa | Precise motion control of a piezoelectric microgripper for microspectrometer assembly[END_REF]. Regarding the sensor and actuation bandwidth, few works provide dynamic characterization of the microgrippers. Hence, it is difficult to compare between the dynamic performances of existing microgrippers. Nevertheless, it is known that piezoelectric actuation and piezoresistive sensing present high dynamical capabilities when they are compared to electrostatic or electrothermal actuation and capacitive force sensing. Indeed, very high Surface and contact forces [START_REF] Wang | A monolithic compliant piezoelectricdriven microgripper: Design, modeling, and testing[END_REF] [19] [START_REF] Xu | A new compliant microgripper with integrated position and force sensing[END_REF] This work [START_REF] Beyeler | Monolithically fabricated microgripper with integrated force sensor for manipulating microobjects and biological cells aligned in an ultrasonic field[END_REF] [18] [22] [14]

[17] [START_REF] Xu | Design, fabrication, and testing of an mems microgripper with dual-axis force sensor[END_REF] Maximal opening of the fingers (µm) Force range (N) Two-Actuated-Sensing-Fingers One-Actuated-One-Sensing Fingers Fig. 1: Comparison between existing microgrippers with integrated force sensors in terms of displacement range and force sensing range.

bandwidth up to 100 kHz can be achieved using piezoresistive force sensors [START_REF] Doll | High-bandwidth piezoresistive force probes with integrated thermal actuation[END_REF] where much lower bandwidths appear using other techniques such as 45 Hz [START_REF] Xu | Design and development of a novel compliant gripper with integrated position and grasping/interaction force sensing[END_REF] and 2.2 kHz [START_REF] Beyeler | A six-axis mems forcetorque sensor with micro-newton and nano-newtonmeter resolution[END_REF].

The objective of this paper is to propose a microgripper which can be used to perform more a complex, stable and dexterous microassembly by providing large and precise sensing and displacement ranges as shown in Fig. 1. Indeed, a twosmart-fingers-microgripper (TSFM) is proposed. Each of the two fingers is an active finger (based on piezoelectric actuator) with an integrated force sensor (exploiting the piezoresistive effect). In order to detect contact/non-contact transitions and to improve positioning of manipulated components, the position of the microgripper's end-effectors have to be measured or online estimated. To tackle the technological challenge of integrating both force and position sensors, we propose to estimate the position of the microgripper end-effectors online through a dynamic nonlinear model of the TSFM. The developed model enables the use of the TSFM for both dynamic and static applications by tracking both of the forces and positions.

To reach the objective of the paper which is to develop a new and characterized TSFM, the following paper organization is proposed. The specifications and the implementation of the Two-Sensing-Fingers-Microgripper (TSFM) are presented in Section II. The complete dynamic nonlinear model of the TSFM is developed in Section III leading to develop an estimator for the position of the microgripper's end-effectors. The model parameters are identified experimentally in Section IV. In section V, the model developed is tested experimentally up to potential use. Finally, Section VI concludes the paper.

II. SPECIFICATIONS, DESIGN AND IMPLEMENTATION OF THE TWO-SMART-FINGERS-MICROGRIPPER (TSFM)

The objective of this section is to present the specifications, the design and the fabrication of the proposed TSFM. The microgripper should be able to move with a large range and small resolution in order to be able to cover wide range of microassembly tasks. The microgripper displacement range is fixed to be from several nm to hundreds of µm as shown in Fig. 1. The force sensor should measure forces which are predominant at the microscale. These forces are between hundreds of nN and hundreds of µN [START_REF] Clévy | Signal Measurement and Estimation Techniques for Micro and Nanotechnology[END_REF], [START_REF] Rabenorosoa | Measurement of pull-off force for planar contact at the microscale[END_REF]. In addition, in microassembly context, previous works show that during microassembly, forces can reach several mN [START_REF] Komati | Automated guiding task of a flexible micropart using a two-sensing-finger microgripper[END_REF]. The dynamic behavior of both actuation and sensing is an important issue at the microscale. Indeed, interactions exist between the microgripper and microcomponents with small inertia leading to very high dynamics of microcomponents. Nevertheless, Most of the microgrippers use actuation and sensing techniques enabling small bandwidth. This fact limits the use of these microgrippers for high dynamics applications and for high speed microassembly. Consequently, and to satisfy the actuation, the sensing ranges and high bandwidth, the solution proposed in this paper is to develop a two-fingered microgripper where each finger is composed of a piezoelectric actuator [START_REF] De Lit | A four-degree-of-freedom microprehensile microrobot on chip[END_REF] and MEMS based piezoresistive force sensor with doped silicon strain gauges [START_REF] Komati | Prototyping of a highly performant and integrated piezoresistive force sensor for microscale applications[END_REF]. Piezoelectric actuation and piezoresistive force sensing techniques are used to provide high bandwidth actuation and sensing. The monolithic fabrication of such microgripper with piezoelectric material and silicon based piezoresistive force sensor stills a challenging task. In order to prevent high complexity of fabrication, piezoelectric actuator and piezoresistive force sensor are assembled. The force sensor is small where its dimensions are 1mm×100µm×10µm and has a resolution of 60 nN, a sensing range of 2 mN and a bandwidth of 8 kHz. The design of the whole TSFM is shown in Fig. 2. The force sensor is fixed on a rigid 350 µm thick silicon layer called socket. A principle scheme of the TSFM is presented in Fig. 3 where the actuator, the rigid part and the sensing parts are shown. The two fingers are supposed to be identical.

Several steps and precautions have to be considered in order to realize the TSFM. First, the components are very fragile, so special care needs to be done in order not to break the components. Second, mechanical fixation should be done between the actuator and a fixed support on the one hand and between the end-effector and the actuator on the other hand. Third, electric connections are required to apply voltage to the actuator and to retrieve the force sensor signal to an electronic circuit. Fourth, an electronic circuit needs to be done to condition the signal of the force sensor. The final result of the assembly is the packaged TSFM shown in Fig. 4, showing the piezoelectric actuators, the sensorized end-effector and a zoom on the piezoresistive force sensors. The proposed TSFM has presented interesting actuation and sensing performances when it is compared to existing microgrippers with integrated force sensors. Each finger of the TSFM is composed of an actuator and force sensor. The characteristics of the actuators and sensors are summarized in Table I. The stiffness of the force sensor is much smaller than that of the actuator. This is due to the need of flexibility in the force sensor in order to measure small forces. III. DYNAMIC NONLINEAR MODEL OF THE TSFM The objective of the proposed TSFM is to perform complex micromanipulation and microassembly tasks. The microgripper is composed of active materials with integrated force sensors and has interactions with the microparts to be manipulated. Thus, the voltage, the force and the displacement are three critical parameters which should be known at the same time to succeed the task. The voltage is known because it is the input of the TSFM and the force is measured through sensors. However, the displacement of the end-effectors is unknown and has to be estimated online. For this reason, a dynamic model has to be developed to complete the required information of voltage, force and displacement which is critical to predict the dynamic behavior of the TSFM and later to control the TSFM. Therefore, a dynamic nonlinear model is developed in this section to estimate the position of the end-effectors. The microgripper being composed of three elements (actuator, rigid part and force sensor), each will be modeled separately, then the whole model of the TSFM will be developed.

A. Manipulation scenarios

Two scenarios can be faced during the modeling of the whole TSFM:

• free motion step where the two fingers of the TSFM move without contact, • constrained motion step where there is a contact between each finger and the manipulated micropart.

One model will be developed for both cases in the following.

In a typical micromanipulation case, the microgripper's fingers move until they enter in contact with the microcomponent. The considered scenario is that one of the fingers of the microgripper enters in contact with the micropart and brings the micropart towards contact with the second finger in order to manipulate the micropart. The force measured by the force sensor increases once a contact appears (F s = 0). Fig. 5 shows four different cases for the system: (a) initial state where no motion of the finger and no applied voltage (V = 0 and U = 0), (b) free motion of the actuator without any contact, (c) just at transition between free and constrained motion of the finger (F s = 0), (d) constrained motion which happens after the contact (F s = 0).

Notice that the deflection of the actuator is always considered to be in a simple deflection mode as shown in Fig. 5-(d).

This assumption is done because the actuator is 10 times stiffer than the force sensor which means that the deflection due to contact force will be mainly at the force sensor.

The method to determine the model of the system is summarized in Fig. 6. First, the model of the piezoelectric actuator is presented alone taking into consideration the voltage applied on the actuator, the force and the moment as inputs of the system and the actuator's tip displacement y A and bending angle α A as outputs. Then, the end-effector is modeled as a lever system with length L = L r + L s with a mass-springdamper-system (see section III-C) where the outputs of the model are the displacement of the end-effector's tip C, y C , and gripping force F g at the force sensor's tip C. The last two outputs (i.e. y C and F g ) are then transformed using lever system to the actuator as force and moment. Indeed, an applied force, F s = -F g on the force sensor tip C induces reaction force and a moment on the actuator's tip A as follows:

F A = -F s + m s ÿC = F g + m s ÿC M A = -LF s = LF g (1)
where F g is the gripping force applied by the force sensor on the micropart and F s is the force measured by the force sensor. In the following, the model of each part of the TSFM is developed according to Fig. 6.

B. Dynamic nonlinear model of the piezoelectric actuator

Extensive researches have been made in the past years on the piezoelectric actuators including their design [START_REF] Wang | Design of a piezoelectric-actuated microgripper with a three-stage flexure-based amplification[END_REF], [START_REF] Choi | A three-degreeof-freedom thin-film pzt-actuated microactuator with large out-of-plane displacement[END_REF], models [START_REF] Chen | A monolithic self-sensing precision stage: Design, modeling, calibration, and hysteresis compensation[END_REF] and control [START_REF] Gu | Proxy-based slidingmode tracking control of piezoelectric-actuated nanopositioning stages[END_REF], [START_REF] Eielsen | Damping and tracking control schemes for nanopositioning[END_REF]. Several models have been developed for the piezoelectric actuators in literature [START_REF] Peng | Integrated pid-based sliding mode state estimation and control for piezoelectric actuators[END_REF]- [START_REF] Smits | The constituent equations of piezoelectric bimorphs[END_REF]. The main differences between the models are the method to model the nonlinearities and the dynamics of the system. In this section, a nonlinear dynamic model of the piezoelectric actuator is developed based on models presented in the stateof-the-art.

The model of the piezoelectric actuator developed in this paper consists of developing the expressions of the two outputs of the actuator (y A and α A shown in Fig. 5) where the applied voltage, force and moment on the tip A will be considered the inputs of the model (U, F A and M A ).

In this paper, several assumptions will be considered to develop the model of the piezoelectric actuator:

1) the dynamic behavior of the actuator is modeled by a linear second order transfer function D(s) with a static gain of 1 (i.e. D(0) = 1). Although the linear part of the actuator can be described by a higher order transfer function, a second order transfer function is sufficient to represent the dynamics and its use is popular in several applications [START_REF] Low | Modeling of a three-layer piezoelectric bimorph beam with hysteresis[END_REF], [START_REF] Rakotondrabe | Quadrilateral modelling and robust control of a nonlinear piezoelectric cantilever[END_REF], [START_REF] Xu | Model predictive discrete-time sliding mode control of a nanopositioning piezostage without modeling hysteresis[END_REF]; 2) the model of nonlinearities will be limited to the ratedependent hysteresis of the piezoelectric actuator. Consequently, the creep will not be modeled because its action occurs only in static domain. Moreover, the force sensing of the system provides some feedback to the system leading to taking the creep into consideration in the model when the object is manipulated; 3) the rate dependent hysteresis is modeled by a nonlinear static part (using Bouc-Wen hysteresis model) followed by the dynamics of the actuator as proven in [START_REF] Rakotondrabe | Quadrilateral modelling and robust control of a nonlinear piezoelectric cantilever[END_REF], [START_REF] Komati | Dynamic force/position modeling of a one-dof smart piezoelectric micro-finger with sensorized end-effector[END_REF].

Based on these assumptions (issued from trade-off choices), the resulting model of the rate-dependent nonlinearities of the piezoelectric actuator, Γ(U, s), can be given as follows:

Γ(U, s) = H s (U) • D(s) (2) 
where s is the Laplace variable, U is the applied voltage and H s (U) is an operator to represent a static hysteresis of the piezoelectric actuator modeled using Bouc-Wen hysteresis model. Bouc-Wen hysteresis model consists of a nonlinear first order differential equation mathematical model to describe the hysteresis of the system. The Bouc-Wen model has been modified in [START_REF] Low | Modeling of a three-layer piezoelectric bimorph beam with hysteresis[END_REF] to fit to the hysteresis of the piezoelectric actuator. It can be represented in the time domain by the following equation:

Ḣs (U) = λ u(t) -β | u(t)| H s (t) -γ u(t) |H s (t)| (3) 
where H s (t) is the operator of the Bouc-Wen hysteresis, u(t) is the applied voltage on the actuator, λ is a parameter which determines the amplitude of the hysteresis and β and γ are parameters which determine the shape of the hysteresis.

Based on models developed in [START_REF] Smits | The constituent equations of piezoelectric bimorphs[END_REF], [START_REF] Rakotondrabe | Quadrilateral modelling and robust control of a nonlinear piezoelectric cantilever[END_REF], [START_REF] Komati | Dynamic force/position modeling of a one-dof smart piezoelectric micro-finger with sensorized end-effector[END_REF], [START_REF] Ballas | Piezoelectric Multilayer Beam Bending Actuators: Static and Dynamic Behavior and Aspects of Sensor Integration[END_REF] and using (2), the model of the piezoelectric actuator can be written in the frequency domain as follows:

               y A (s) = d p U -H s (U) -s p F A - 3 2L a s p M A • D(s) α A (s) = 2 L a (d p U -H s (U)) - 3 2L a s p F A - 3 L 2 a s p M A • D(s) D(s) = 1 as 2 + bs + 1 ( 4 
) where s is the Laplace operator, y A and α A are respectively the displacement (deflection) and the bending angle at the tip of the actuator A; U is the applied voltage on the actuator; F A and M A are respectively the applied force and the applied moment on the tip A; d p is the piezoelectric constant; s p is the elastic constant; L a is the length of the actuator; a and b are two parameters of the transfer function D(s) which models the dynamic behavior of the actuator; H s (U) is an operator to represent the Bouc-Wen hysteresis as shown in [START_REF] Das | A multiscale assembly and packaging system for manufacturing of complex micro-nano devices[END_REF].

C. Model of the sensorized end-effector

The end-effector is composed of two parts: a rigid part made of 350 µm thick silicon layer (called socket) and the force sensor which has 10 µm of thickness. The rigid part tip of the end-effector is the point B (see Fig. 3) and the force sensor tip is the point C (see Fig. 3).

The rigid part can be considered as a lever system with a length of L r . Between points B and C of Fig. 3, there exists a flexible zone to measure the force. Then, the structure between B and C is modeled as a lever system with length L s and a mass-spring-damper system with mass m s , damping d s and stiffness k s . L s is the length of the force sensor between B and C.

Then, the complete sensorized end-effector is modeled as a lever system with length L = L r +L s and a mass-spring-damper system. The tip D is the tip of the lever system with length L = L r + L s . The end-effector equivalent system is represented in Fig. 7 showing the tips A, B, C and D and the mass-springdamper. 

D. Model of the whole TSFM

In the case considered in this document, the force is applied at the tip of the force sensor C. Replacing (1) in ( 4), the following can be deduced:

                 Y A (s) = d p U -H s (U) -1 + 3L 2L a s p F g -m s s p s 2 Y C D(s) α A (s) = 2 L a (d p U -H s (U)) - 3 2L a + 3L L 2 a s p F g - 3 2L a m s s p s 2 Y C D(s)
(5) The position of the point D, y D , is calculated as follows:

y D = y A + L sin α A ≈ y A + Lα A (6) 
because we are working with small deflections and then sin α A ≈ α A . Replacing ( 5) in ( 6), the following can be deduced:

Y D = 1 + 2L L a (d p U -H s (U)) -1 + 3L L a + 3L 2 L 2 a s p F g - -1 + 3L 2L a m s s p s 2 Y C D(s) (7) 
In this case, as a force is applied at the tip of the force sensor which is modeled as a mass-spring-damper system, the applied force at the tip of the force sensor can be given as follows:

F s = -F g = m s ÿC (t) + b s ∆L + k s ∆L (8) 
where ∆L = y Cy D . Then, replacing ∆L in (8), the following can be deduced:

F s = -F g = m s ÿC + b s ( ẏC -ẏD ) + k s (y C -y D ) (9) 
On the other hand, using (9), the following can be deduced:

Y C = b s s + k s m s s 2 + b s s + k s Y D - 1 m s s 2 + b s s + k s F g (10) 
Replacing ( 7) in [START_REF] Wang | Design of a piezoelectric-actuated microgripper with a three-stage flexure-based amplification[END_REF], the displacement Y C can be given as follows:

Y C = G u (s) d p U -H s (U) -G f (s)F g (11) 
where:

           G u (s) = b 1 s + b 0 a 4 s 4 + a 3 s 3 + a 2 s 2 + a 1 s + a 0 G f (s) = c 2 s 2 + c 1 s + c 0 b 1 s + b 0 Ḣs (U) = λ U -β U H s (U) -γ U |H s (U)| (12) 
where:

                                             a 0 = k s , a 1 = bk s + b s , a 4 = am s a 2 = ak s + bb s + m s + 1 + 3L 2L a b s m s s p a 3 = bm s + ab s + 1 + 3L 2L a b s m s s p b 0 = 1 + 2L L a k s , b 1 = 1 + 2L L a b s c 0 = 1 + 1 + 3L L a + 3L 2 L 2 a s p k s c 1 = b + 1 + 3L L a + 3L 2 L 2 a s p b s c 2 = a (13) 
The models defined in [START_REF] Mcpherson | A force and displacement self-sensing piezoelectric mri-compatible tweezer end effector with an on-site calibration procedure[END_REF] is developed to estimate the position of the microgripper's end-effectors without adding additional external position sensors.

IV. IDENTIFICATION OF THE MODEL PARAMETERS OF THE TSFM

In order to identify the parameters of the TSFM, the experimental setup used will be firstly introduced. Then, the parameters of the sensorized end-effectors will be identified followed by the parameters of the piezoelectric actuator.

A. Experimental Setup

Several scenarios are tested in this section. Thus, different experimental setups are used. However, experimental setups generally include a TSFM, position and force sensors and positioning stages. TSFM has a displacement range of 100 µm for each finger and force sensing range going from 60 nN to 2 mN for each force sensor. Position sensors are two laser Keyence sensors with 20 nm of resolution and 250 µm of sensing range. They are used to measure the displacements of the TSFM fingers (points A and B). A force sensor FT-S270 from FemtoTools with a measuring range of 2000 µN and a resolution of 0.4 µN is used as reference sensor to measure the stiffness of the actuators and to calibrate the force sensors integrated in the TSFM. It comprises a probe tip of 3 mm in length and 50 µN in thickness that moves along its main direction once a force is applied at its tip. The displacement is converted into a voltage thanks to a capacitive variation measured by a dedicated circuit. The force sensor is mounted on a microrobotic structure composed of a fine positioning stage and a rotation stage. The fine positioning stage is a P-611.3 NanoCube with 100 µm range and 1 nm resolution. The rotation stage, a SmarAct SR-3610-S with 1.1 µ • resolution, is used to adjust the perpendicularity of contact between the reference force sensor and the force sensors of the TSFM. These two motion devices are equipped with internal position sensors and are closed loop controlled. The reference force sensor is moved using the positioning stage towards the actuators or piezoresistive force sensor in order to determine the stiffness of the actuator or the characteristics of the piezoresistive force sensors. All actuators and positioning stages are controlled and the voltage acquisition of the sensors are performed via a dSpace 1104 acquisition board with a sampling frequency of 20 kHz. The experimental setup used for each identification step will be presented when presenting the steps.

B. Identification of the sensorized end-effectors parameters

The parameters consist of the length of the lever system L, the mechanical parameters of the two force sensors m s , d s and k s and their sensitivity coefficients. The parameters of the two piezoresistive force sensors are identified experimentally before integrating the force sensors in the microgripper due to the difficulty of estimating the parameters of the force sensors after the integration and especially the dynamic parameters.

The length of the end-effector is determined by the designed mask used for the microfabrication. However, in order to determine the dynamic behavior of the sensor, a response of the force sensor is tested in free vibrations. Thus, a rigid object fixed on a microrobotic positioning stage enters in contact with the tip of the force sensor and applies a preload force of 150 µN for t > 0 and at time t = 0 the positioning stage is taken off abruptly to separate the contact. The free vibrations of the force sensor are registered using a sampling frequency of 20 kHz (which is the maximal sampling frequency of the dSpace1104 used). Oscillations occur as shown in Fig. 8 before the signal stabilizes to zero. The force sensor can be modeled as a second order system with damping. A Fast Fourier Transform (FFT) is applied to the acquisition signal in order to determine precisely the natural frequency of the force sensor. The result of the FFT is shown in Fig. 8. The natural frequency, f 0 , of the system is then determined to be 8520 Hz and a damping coefficient ξ = 0.006. The force sensor being modeled as a mass-spring-damper system, the parameters m s , b s and k s are identified and their values are shown in Table II. Also a sensitivity of 200 µN/V is obtained for the force sensors (for once refer to [START_REF] Komati | Prototyping of a highly performant and integrated piezoresistive force sensor for microscale applications[END_REF] which details the experimental procedure followed to identify it). 

C. Identification of the actuator parameters

After the identification of the parameters of the two piezoresistive force sensors, the parameters of the two piezoelectric actuators are identified in this section. The parameters are identified after the integration of the piezoresistive force sensors in the TSFM in order to take into consideration the effect of adding the force sensor to the actuator which influences the dynamic response of the actuator. The identification process concerns the identification of the parameters d p , s p , λ , β , γ, a and b shown in ( 4) and [START_REF] Das | A multiscale assembly and packaging system for manufacturing of complex micro-nano devices[END_REF]. The first five parameters can be identified in static mode while the others are identified dynamically.

1) Identification of the static parameters d p , λ , β and γ in free motion:: In this case, a voltage is applied to the piezoelectric actuator and the displacement of the TSFM tip B is measured using Keyence Laser sensor without any contact between the actuator and the microcomponent (step (b) of Fig. 5). The experimental setup used is shown in Fig. 9-(a). To identify these parameters, a sine wave with a frequency of 0.1 Hz and an amplitude of 100 V is applied to the actuator. The frequency 0.1 Hz is chosen in order to minimize the dynamic part of the actuator [START_REF] Rakotondrabe | Quadrilateral modelling and robust control of a nonlinear piezoelectric cantilever[END_REF], D(s), and to identify the static parameters. The amplitude of the sine wave 100 V is chosen to identify the parameters for the external loop of the hysteresis and then the model is validated for the internal loops. The displacement is measured at the tip B and not at the tip A due to the too small workspace at point A. For this reason, the model of the displacement at point B is calculated by [START_REF] Rabenorosoa | Study of forces during microassembly tasks using two-sensing-fingers grippers[END_REF] after replacing Y B by Y D and L by L r as follows:

Y B = 1 + 2L r L a (d p U -H s (U)) -1 + 3L r L a + 3L 2 r L 2 a s p F g -1 + 3L r 2L a m s s p s 2 Y C D(s) (14) 
Then, the parameters of the actuator, d p , λ , β and γ, defined in (4) can be identified using the nonlinear least square method in order to fit the experimental results of the displacement at the tip B with the model defined in [START_REF] Piriyanont | Force-controlled mems rotary microgripper[END_REF] for the hysteresis external loop. The model is then tested for the internal loops. A comparison between the model and the experiments after the parameter estimation is shown in Fig. 9-(b) for three different amplitudes of the sine waves (30V, 60V and 100V). Fig. 9-(b) shows that the Bouc Wen hysteresis model used to model the hysteresis of the piezoelectric actuator is able to model both internal and external loops of the hysteresis. The maximal relative error is less than 10% for the internal loop of 30 V and less than 5% for the external loop. This was expected because the parameters d p , λ , β and γ are calculated to fit the external loop.

2) Identification of the dynamic part D(s) and the constants a and b of the actuator in free motion:: In this case, a step voltage is applied to the actuator and the displacement of the smart finger's tip B is measured using a Keyence sensor. The same experimental setup presented in Fig. 9-(a) is used to identify the dynamical part of the actuator. The dynamical response, D(s), is identified using a normalized second order transfer function with a static gain of 1 as in [START_REF] Avci | High-speed automated manipulation of microobjects using a two-fingered microhand[END_REF]. The parameters to be identified are a and b. The normalized step responses of the model of the displacement of Y B given in [START_REF] Piriyanont | Force-controlled mems rotary microgripper[END_REF] and the experimental measurements are compared in Fig. 10 after the estimation of the parameters a and b. Fig. 10 shows that the choice of a second order transfer function to model the first mode of the dynamics of the actuator is sufficient despite the presence of some errors between the model and the experiments. The relative error is smaller than 10% which is an acceptable error of the trade off between the dynamics and model order.

Moreover, it has been shown in experiments that the parameters a and b of the second transfer function are quasiindependent of the amplitude of the applied voltage (several step responses with different amplitudes have been applied to the actuator). The maximal variation of parameters is 3% 3) Identification of the elastic parameter s p of the actuator: In this case, the reference force sensor from FemtoTools is mounted on a sensorized NanoCube micropositioning stage to come into contact with the piezoelectric actuator's tip B as shown in Fig. 11-(a). Due to the small operation zone, the force is applied at the tip B because it is difficult to apply the force on the tip A directly. Then using [START_REF] Rabenorosoa | Study of forces during microassembly tasks using two-sensing-fingers grippers[END_REF] (when no voltage is applied and static behavior is considered), the model at tip B can be written as follows:

Y B = -1 + 3L r L a + 3L 2 r L 2 a s p F g (15) 
Thus, according to [START_REF] Wang | A monolithic compliant piezoelectricdriven microgripper: Design, modeling, and testing[END_REF], the elastic constant s p can be estimated using the measurements of the force applied on the tip B, F g and the displacement of the tip B, y B . All the identified parameters are summarized in Table II. 

V. EXPERIMENTAL VALIDATION OF THE MODEL OF THE TSFM

In this section, the model developed in section III is compared to experiments. Then several application using this microgripper will be presented.

A. Validation of the dynamical model of the hysteresis of the actuator in free motion

In this case, sine waves with different frequencies are applied to move the TSFM fingers while measuring the displacement of the tip B using the same experimental procedure in Fig. 9-(a). The experimental measurements are compared with the model of the actuator after identification of the parameters. The results of the comparison are shown in Fig. 12 which shows that the model is able to estimate the position including the dynamic hysteresis of the actuator. The model can estimate the actuator displacement for several frequencies with errors less than 10%. The 10% error can be reached for high dynamics with minor loop hysteresis. 

B. Validation of the model of the whole TSFM

A sine wave is applied to move the TSFM fingers. The displacement of the TSFM tip C is estimated using [START_REF] Mcpherson | A force and displacement self-sensing piezoelectric mri-compatible tweezer end effector with an on-site calibration procedure[END_REF].

Initially, no contact exists between the fingers and micropart (contact force is null and the fingers are in a free motion). Then, a contact happens at U = 44 V (Fig. 13), the system switches to constrained motion, the force starts to increase and the shape of the displacement changes after the contact. Then, at U = 50 V, the force starts to decrease until separating the contact at U = 35 V. The model and experiments are compared in Fig. 13 where both free motion model and constrained motion are shown. The model developed in [START_REF] Mcpherson | A force and displacement self-sensing piezoelectric mri-compatible tweezer end effector with an on-site calibration procedure[END_REF] estimates precisely with errors less 5% for both free motion model and constrained motion. Thus, the model developed in [START_REF] Mcpherson | A force and displacement self-sensing piezoelectric mri-compatible tweezer end effector with an on-site calibration procedure[END_REF] to estimate the position of the TSFM fingers is validated experimentally.

C. Estimation of the location of the micropart between the fingers of the TSFM and measurement of the width of the micropart

The location of the micropart is estimated using the model defined in [START_REF] Mcpherson | A force and displacement self-sensing piezoelectric mri-compatible tweezer end effector with an on-site calibration procedure[END_REF] and the force information. When a non zero force appears in one of the force sensors signals, the position of the end-effector corresponding to the non zero force information corresponds to the location of the micropart from one side between the fingers of the TSFM. The same procedure is repeated using the other finger of the TSFM to locate the micropart form the other side between the fingers of the TSFM. This position information is of great interest because it enables to know the initial shape of the micropart to be able to apply the desired force and to verify the safety of the micropart after manipulation. Notice that due to the force sensor noise which is less than 2 µN, a threshold of 5 µN is fixed to set a non zero force information.

To validate this method, a flexible micropart, with width 300 µm, is placed between the fingers of the TSFM. The width of the micropart is known by the designed fabrication mask. Using Fig. 13, the location of the end-effector's tip C where the force F g becomes bigger than the threshold 5 µN is 62.42 µm and using the other finger, the location is 39.4 µm.

The initial gap between the two fingers is 400 µm, then the measured width of the micropart is: w = 400 -(62.42 + 39.4) = 298.18 µm

The error on the estimation is less than 2 µm. The same experiment is repeated for several microparts (different sizes, varying form, different location between the fingers and different stiffness) and the errors on the estimation were always less than 5 µm in the worst case where the model errors are maximal.

D. Stiffness measurement

Using the TSFM, the stiffness of the micropart can also be online estimated which is an important issue for manipulation and automation. Based on the gripping force measurement from both sides and the end-effectors displacement estimation from both sides, the stiffness of the micropart can be estimated using the following equation:

ke = F g δ ( 16 
)
where ke is the estimated stiffness of the micropart, F g is the measured gripping force from both sides and δ is the total deformation of the micropart from both sides. Using this method, three optical microparts made of silicon with different dimensions, as those presented in [START_REF] Bargiel | Towards micro-assembly of hybrid moems components on a reconfigurable silicon free-space micro-optical bench[END_REF] where a spring element exists in the micropart, have been used for stiffness measurement where the errors of estimation have been less than 5% as shown in Table III 

VI. CONCLUSION

The objective of this paper has been to propose a microgripper for dexterous, accurate, complex and high dynamics microassembly tasks. For this reason, a new integrated microgripper with sensorized end-effectors is designed and calibrated. Each finger of the microgripper is composed of a piezoelectric actuator and a sensorized end-effector leading to what has been called Two-Smart-Fingers-Microgripper (TSFM). The performances of this TSFM are very promising thanks to the actuation range going from nm up to 100 µm and sensing range going from 60 nN and up to 2 mN. These performances are carried out by each finger. The microgripper also presents high bandwidth for both actuation (more than 1 kHz) and force sensing (8.5 kHz) which is promising for dynamic applications. A dynamic force/position model of the complete microgripper has been developed taking into consideration the free and constrained motion scenarios as well as non contact/contact transition. The model provides an online estimation of the displacement of the microgripper's end-effectors leading to model the contact transition. This microgripper enables the manipulation of microcomponents whose size and stiffness are unkown a priori. Some applications of the microgripper have been tested in this paper using the measurement of gripping forces and the estimation of the microgripper's end-effectors. This estimation enables to estimate online micropart's width and stiffness which appears as a key point for micromanipulation purposes. The error on the estimation of the micropart width was less than 5 µm and the stiffness was less than 5%.

The presented microgripper can be used for a wide range of applications starting from teleoperated microassembly and going to the full automation of the microassembly. It enables to perform more complex tasks than existing microgrippers by adding the possibility of measuring both of the gripping forces and the displacements of the end-effectors which is of great interest in micromanipulation and microassembly. Characterization of microparts is another possible application of the proposed microgripper.

Future works consist of using the microgripper to achieve automated microassembly tasks.
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 2 Fig. 2: Integration of the sensorized end-effectors into a piezoelectric actuator to realize the TSFM.

Fig. 3 :

 3 Fig. 3: Complete scheme of the two-smart-fingers microgripper (TSFM).
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 4 Fig. 4: Two-smart-fingers microgripper (TSFM).
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 256 Fig. 5: Equivalent dynamic scheme of the TSFM in four cases: (a) initial state (F s = 0 and U = 0) (b) free motion with an applied voltage to the finger (F s = 0 and U = 0), (c) just at the transition between free motion and constrained motion (F s = 0) and (d) constrained motion after contact (F s = 0).

Fig. 7 :

 7 Fig. 7: Equivalent scheme of the sensorized end-effector.

Fig. 8 :

 8 Fig.8: The time signal and the FFT signal of the signal measured by the force sensor when free vibrations are applied to the force sensor.
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 910 Fig. 9: (a) Experimental setup used for the identification of the static parameters of the actuators showing a displacement sensor measuring the actuator tip displacement; (b) Comparison between the Bouc-Wen static hysteresis model and experimental results for many sine voltages with three different amplitudes 30V, 60V and 100V at a frequency 0.1 Hz.

Fig. 11 :

 11 Fig. 11: Experimental setup and results of the identification of the actuator's elastic constant s p : (a) experimental setup, (b) comparison between the measurement and the model of the force relative to the displacement leading to the identification of s p , (c) comparison between the model and the experimental results of the displacement of the tip B y B when a force is applied at the tip B after identifying s p .

Fig. 11 -

 11 (b) and 11-(c) compare respectively the measured force and displacement with the estimated force and displacement using the model in[START_REF] Wang | A monolithic compliant piezoelectricdriven microgripper: Design, modeling, and testing[END_REF] after replacing the identified value of s p . The model estimates precisely the position without errors in Fig.11-(c). Regarding the force estimation in Fig.11-(b), errors up to hundreds of µN appear when the force sensor approaches to the microgripper finger due to the pull-in effect. However, the error converges rapidly to zero after contact and the model is able to estimate precisely the force.

Fig. 12 :

 12 Fig. 12: Comparison between the displacement model of the tip B y B and experimental results for sine voltages with an amplitude of 100V and with different frequencies where no force is applied: (a) 10Hz, (b) 50Hz, (c) 100Hz and (d) 500Hz.

Fig. 13 :

 13 Fig.13: Comparison between the model of the displacement of the TSFM tips C given in[START_REF] Mcpherson | A force and displacement self-sensing piezoelectric mri-compatible tweezer end effector with an on-site calibration procedure[END_REF] and experimental measurements. The measurement force is also shown.

TABLE I :

 I Performances of the TSFM fingers.

TABLE II :

 II The values of the identified parameters of each of the two fingers.

  . It enables to cover wide range of stiffness for microparts.

	Stiffness	Measured (N/m)	Estimated (N/m)	Error
	Micropart 1	12.1	11.7	3%
	Micropart 2	72.5	71.05	2%
	Micropart 3	469	445.55	5%

TABLE III :

 III Comparison between the measured and estimated stiffnesses for three microparts.