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Minimally invasive surgery and Interventional Radiology

Minimally invasive surgery or MIS, aims at minimizing the invasiveness of the medical procedures as compared to open surgery procedures. Open surgery often involves trauma due to blood loss, pain, scarring and leads to long recovery periods for the patient. MIS procedures tend to utilize single or multiple incisions on the patient's body wherein a tube like structure, a catheter or a needle is inserted. When possible, if open surgery can be replaced by a MIS procedure, it is recommended as it requires much shorter hospital stay and less expenses. Though MIS is promising in terms of its effectiveness and benefits to the patient, nonetheless it is not trivial in terms of the planning and application of the medical procedure. In an open surgery, the practitioner has a direct view and access to the organs and tissues of the patient's body. In comparison, during MIS procedures, practitioners have to rely on an imaging modality to visualize the instruments and their relative placement inside the body. For example, during laparoscopic surgery small cameras or a fibre optic system is utilized to transmit the inside picture to the surgeon. In this case, surgeons also lack the direct feel of tissues and interaction Chapter 1. Introduction forces which makes these procedures less intuitive for them. As a result, special training is necessary for MIS procedures as well.

Interventional radiology (IR) is a medical speciality where radiologists make use of several imaging modalities including ultrasound imaging, computed tomography (CT) and magnetic resonance imaging (MRI) to diagnose and treat the patients utilizing minimally invasive techniques. These procedures have been developed for various diseases and disorders including vascular, cancerous, hepatic, renal etc. Though traditionally these procedures have been carried out manually by the radiologist, efforts are being made for the robotization of these procedures. The prime reason behind these robotic initiatives is to improve upon the manual gestures of the radiologist which would otherwise be difficult owing to the constraints introduced by the utilized imaging modality.

The above mentioned imaging modalities differ in the physical principle used for tissue imaging. A brief description of the imaging modalities utilized in interventional radiology and the constraints imposed by them are as follows: a) Ultrasound imaging [START_REF] Carovac | Application of ultrasound in medicine[END_REF] (US) is based on the reflection of high frequency sound waves. Tissues of different density attenuate the sound signals differently and return them at separate time intervals. The robotic assistance employed for ultrasound imaging is primarily for improving the precision of the needle insertion. This modality does not introduce major material related constraints for the fabrication of the robotic device. As a result, the robotic assistants dedicated to ultrasound imaging are generally fabricated without much regard to the nature of materials. b) X-ray imaging [START_REF] Yu | Radiation dose reduction in computed tomography: techniques and future perspective[END_REF] (CT, fluoroscopy) uses ionizing radiations (X-rays) for imaging the patient organs. Different radiation absorption rates of the tissues and organs leads to varying contrasts. Fluoroscopy can allow for real time imaging of the tissues as compared to CT. But fluoroscopy provides much lower contrasts whereas high contrast images leading to better tissue differentiation is achievable by CT. The need for the robotization of the needle insertion procedure comes from the need to protect the medical staff from the harmful nature of X-rays. One important possible advantage of the robotized solution is therefore teleoperation, which lets the practitioner perform the procedures at a distance, away from the radiations. With this image modality, the metallic materials tend to have very high radiation absorption rates which creates artefacts within the images, and, as a result, robotic assistants should minimize the use of such elements and avoid any metallic parts in the imaging plane. c) MRI imaging [START_REF] Goh | Magnetic resonance imaging. application to family practice[END_REF] imposes strong magnetic static field and magnetic gradients within the tunnel where the patient is located. Sharp contrast images can be produced leading to much better tissue differentiation than US and even than CT. But MRI does not show air and hard bones where CT has much better results. The tunnel of the MRI after introduction of the patient severely restricts the space allowed for the manoeuvres of the practitioner. In MRI, a robotic assistant typically helps the radiologist to perform his movements more efficiently and accurately, with better ergonomics. The strong magnetic field does not allow
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any ferromagnetic material to be present within its vicinity. Hence, technological solutions targeted for MRI imaging need to utilize only non ferromagnetic materials, which is the most difficult challenge for robotic assistants, not only from a technical point of view, but also because of the extra costs it causes for each technological component.

In this thesis, prime focus is on the percutaneous procedures involving the insertion of needles under CT imaging guidance. The hepatic biopsy and hepatic tumor radiofrequency ablation (RFA) are two pertinent examples of procedures being targeted in the present work. Liver biopsy [START_REF] Ovchinsky | The liver biopsy in modern clinical practice: A pediatric point-of-view[END_REF] is a typical example of a diagnostic procedure which involves sampling of liver tissues with hollow needles for medical diagnosis. In liver RFA procedures [START_REF] Passera | Radiofrequency ablation of liver tumors: quantitative assessment of tumor coverage through CT image processing[END_REF], radiologist destroys small tumors with thin needle like electrodes using high frequency currents which heat and destroy the cancerous cells.

The manual clinical workflow for a typical percutaneous interventional procedure can be described in three major steps:

1) Preparatory phase (figure 1.1(a)):

Planning of the needle path: The location of the target organ/tumor is determined on the images obtained from the imaging modality and registration of the patient's anatomy is done. Thereafter a safe path for the needle is planned so as to avoid harming delicate and sensitive tissues.

Localisation of the point of entry: Finally, the entry point on the skin is chosen, marked and prepared for the incision. This point also serves as a center of rotation, as the needle is constrained to rotate about this point.

2) Needle positioning (figure 1.1(b)):

Translation and orientation of the needle: This act of the radiologist corresponds to translating the needle axis to the entry point and aligning the needle axis with the pre-determined line of insertion. Thereafter needle is slightly inserted through the skin at the marked entry point.

3) Needle insertion (figure 1.1(c)):

Verification with the image modality: Needle orientation and its alignment with the insertion axis is verified with the help of imaging modality.

Insertion of the needle in several steps: The needle insertion is divided into several strokes. Grasp and release of the needle is performed by the radiologist after and before each stroke. Between these strokes the needle is left to rotate freely around the entry point to limit the tissue lacerations which would result if the needle were firmly held. The radiologist may also perform image acquisitions between each insertion step to verify the needle position. 

Robotic needle insertion devices

This section is aimed at classifying the existing needle insertion devices (NID) and giving a broad overview of key functionalities which are expected of a NID, especially for CT guided needle insertion procedures. This would make it easier to compare the different NID within the defined framework and discuss what they are missing. It would become evident later that focus of this work is to provide a compact integration of existing and some very important missing functionalities in existing NID.

Classification

The classification of the needle insertion devices can be either based on the selected architecture or based on the fixation of robotic device in the operating room. NID can either have a serial, parallel or hybrid architecture. Where manual needle insertion is required, NID consists only of the needle positioning device without possibility of robotic needle insertion. Such NID have a serial or parallel architecture. For NID incorporating robotic needle insertion, the insertion mechanism is most often serially connected to the positioning device for security reasons making it an hybrid architecture. On the other hand, NID can be classified on the basis of whether they are attached to the table of the imaging device (table mounted systems TMS) or are mounted on the body of the patient (patient mounted systems PMS). Representative examples of TMS and PMS systems are shown in figure 1.2(a) and figure 1.3(a), respectively. TMS are generally of serial architecture, as shown in figure 1.2(b), and therefore can have large orientation and translational workspace, extra degrees of freedom (DOF) without much regard for compactness. On the downside they are generally with higher inertia, weight and without compensation for movement of the patient body surface. Hence, they can pose safety issues in case of sudden involuntary motion by the patient. On the other hand PMS are compact, portable, allow to partially compensate for the patient motion and have a parallel architecture, as shown in figure 1.3(b). Hence PMS are intrinsically safer. Owing to the primarily parallel structure, PMS have relatively smaller workspace and have to deal with the problem of singularity free workspace. With higher DOF and actuators on-board, size and weight of
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(a) Acubot, a table mounted NID with serial architecture [START_REF] Stoianovici | AcuBot: a robot for radiological interventions[END_REF].

(b) Acubot : schematics [START_REF] Stoianovici | AcuBot: a robot for radiological interventions[END_REF]. (a) Robopsy, a patient mounted NID with parallel architecture [START_REF] Walsh | A patientmounted, telerobotic tool for CT-Guided percutaneous interventions[END_REF].

(b) Robopsy : schematics [START_REF] Walsh | A patientmounted, telerobotic tool for CT-Guided percutaneous interventions[END_REF]. the NID increases considerably. The other reason for selecting the Acubot and Robopsy, as representative NID, here is that they incorporate the essential functionality of the remote center of motion (RCM). The presence of this RCM point allows the NID to rotate about a fixed point which coincides with the insertion point on the patient skin. This assumes special significance, in the particular case where the needle is slightly inserted inside the patient body and the radiologist tries to change the orientation of the needle. Even though the tissue stiffness may constrain the NID to rotate about the insertion point without need for RCM, it will lead to the tissue damage. Moreover, after the cut has been made on the patient skin, the opened area doesn't really correspond to a point. The presence of the RCM point allows the radiologist to choose a fixed point on the patient skin without depending on the tissue stiffness.

The manual workflow described in the previous section listed the common acts and movements of the radiologist. The idea behind the robotization of the percutaneous procedures is Chapter 1. Introduction not to replace the radiologist but to modify the workflow, with certain acts performed by a robotic assistant which could be either automatic or teleoperated. The modification in the manual workflow results from the introduction of the robotic assistant as an intermediate interface between the radiologist and the patient. Most importantly the preparatory phase in the overall workflow has to be adapted to account for the robotic assistant. For example the additional steps such as, preparation of the robot including its sterilization, placement of the robot relative to the patient and the registration of the robot along with patient anatomy has to be carried out. The robotic assistants therefore aim at replicating two important acts, namely needle positioning and needle insertion. Not every robotic assistant tries to replicate the needle insertion act and it remains manual and performed by the radiologist. For such NID, only needle positioning act is mimicked.

Key functionalities

As outlined in the previous sub-section, the constraints for the robotic assistant vary for each imaging modality, with MRI imposing the most severe constraints. A robotic assistant compatible with MRI would in most cases satisfy the main constraints of the CT and ultrasound but may not necessarily be adapted for the other imaging modalities, in particular because registration may differ from an imaging device to another. Requirements for CT compatible robotic assistant and the needed typical functionality integration are as follows:

1) Needle positioning: An integrated CT compatible robotic assistant should be capable of needle positioning, in order to protect the radiologist during the intervention. This includes needle axis orientation and translation to mimic the movements of the radiologist. The dedicated mechanism must have 2-3-DOF for the translation of the needle axis and 2-3-DOF for the orientation of the needle axis.

2) Needle grasp/release: The robotic assistant should be able to grasp and release the needle during the insertion procedures, which is required, in particular, to prevent tissue lacerations due to physiological motions. This highlights the need for a dedicated needle grasping device (NGD) which has been quite neglected in the development of recent NID.

3) Robotic needle insertion: A robotic assistant developed for CT should be capable of inserting the needles at a distance, so as to keep the radiologist away from the ionizing radiations. A minimum 1-DOF is needed for the insertion mechanism. It may have another 1-DOF for the needle steering as it has been shown to improve the accuracy of needle insertion [START_REF] Meltsner | Observations on rotating needle insertions using a brachytherapy robot[END_REF][START_REF] Badaan | Does needle rotation improve lesion targeting?[END_REF]. For other imaging modalities, the needle insertion part may be kept manual as the radiologist can be present close to the patient.

4) Teleoperation:

The act of needle insertion is a critical part of the overall insertion procedure. Therefore for reasons of safety, it is preferable that the radiologist performs it either manually or through telemanipulation using a haptic device. In such a scenario the radiologist has full control over the needle insertion part. However, the act of needle positioning can be fully automated, given the less critical nature of the operation. The choice of either manual or 1.2. Robotic needle insertion devices teleoperated needle insertion depends mainly on the imaging modality. For example, in case of MRI or ultrasound, the radiologist can be present near the patient and manually insert the needle. But in case of CT, the needle positioning and insertion should be teleoperated to provide optimum protection against the overexposure of the X-rays. Also, through teleoperation radiologist has an added benefit of getting a feedback of insertion forces through the haptic device.

5) Force feedback: During teleoperation, the radiologist benefits from force feedback to augment the visual perception which is not real-time in case of CT. As in manual practice, haptic feedback allows to detect the key characteristics of the needle insertion, such as tissues stiffness or membranes ruptures. The use of force measurements, and therefore the presence of a force sensor is preferable to implement safe force feedback or at least force monitoring. It allows higher accuracy and better restitution of the haptic cues.

6) Size/weight: Constraints arise from the size of the tunnel of the CT scanner, which demands the patient mounted robotic assistants to be light and small in size. The typical diameter of a CT scanner bore is about 700 -800mm and the remaining space after the introduction of the patient is typically about 200 -300mm.

7) Needle orientation:

The needle insertion may require in extreme cases an inclination of the needle by 60 deg, relative to the normal to the patient surface. Robotized needle insertion with capability of large orientation range offers a significant amount of flexibility to the radiologist for carrying out his natural movements.

8) Patient movement compensation:

As the patient breathes and the anaesthesia may be local, the errors due to patient body surface movement or accidental/sudden body movement must be compensated to not cause injuries. 9) Sterilization: NID and all of its components must be sterilized before they can be used in the operating room in contact with the patient and the medical staff. In such a case, modular design of the NID helps to make some components disposable and some components reusable after sterilization.

Typical examples

Several NID have been described in the literature which perform a subset of the functionalities listed above. This subset depends on the type of medical intervention and constraints of the imaging modality. For the needle positioning and needle insertion requirements, the number of DOF can also vary a lot depending on the architecture and the compromise in functionality. Few typical NID are discussed below in detail and compared against each other.

AcuBOT (figure 1.2(a)): is a TMS developed by [START_REF] Stoianovici | AcuBot: a robot for radiological interventions[END_REF] at the URobotics laboratory, Johns Hopkins University, USA. This system was developed for fluoroscopy and/or CT guided needle insertion interventions like needle biopsy and RFA procedures targeting the kidney. It has a gross pre-positioning unit which accounts for 3-DOF in translation. The decoupled 2-DOF in orientation is achieved by a RCM module allowing for orientation of (b) New LPR [START_REF] Hungr | Interventional radiology robot for CT and MRI guided percutaneous interventions[END_REF].

(c) Innomotion [START_REF] Melzer | INNOMOTION for percutaneous image-guided interventions[END_REF].

(d) MRBot [START_REF] Cunha | Toward adaptive stereotactic robotic brachytherapy for prostate cancer: demonstration of an adaptive workflow incorporating inverse planning and an MR stealth robot. Minimally invasive therapy & allied technologies[END_REF]. the needle about two perpendicular axes. It has another DOF for the robotized insertion of the needle. Even though providing a very large orientation range for the needle positioning, major requirements of needle grasp/release, teleoperation and haptic force feedback were not incorporated in this device.

Robopsy (figure 1.3(a)): is a PMS developed by [START_REF] Walsh | A patientmounted, telerobotic tool for CT-Guided percutaneous interventions[END_REF] at Massachusetts Institute of Technology, USA. This system is developed for CT guided percutaneous procedures targeting lung biopsies. It does not include the translational mobility for the needle positioning. Instead a compact structure with 2-DOF for the orientation and 1-DOF for the robotized needle insertion has been developed. This device does provide an extra DOF for the controlled teleoperated needle grasp/release. However, it has limited orientation capability (around 30 deg) and no haptic force feedback to the radiologist is provided. iSYS (figure 1.4(a)): is a TMS which has been commercialized by iSYS Medizintechnik GmbH [iSYS Medizintechnik, 2013] for CT guided percutaneous procedures. It utilizes relative movement between two parallel plates to achieve 2-DOF for translation and 2-DOF in orientation, in a very compact device. It lacks in the needle grasp/release functionality. Though it allows for the teleoperated control of needle positioning, the needle insertion itself remains manual. Furthermore, it can not provide the haptic force feedback which would give the 1.2. Robotic needle insertion devices radiologist feel of interaction forces between the needle and the tissues.

New LPR (figure 1.4(b)): is the second generation of the device developed by [START_REF] Hungr | Interventional radiology robot for CT and MRI guided percutaneous interventions[END_REF] at the TIMC laboratory, Grenoble, France. It is a device compatible with both MRI and CT. Parallel motion between two planes, as for iSYS, has been utilized to obtain 2-DOF for translation and 2-DOF in orientation. But it too lacks the key functionalities of needle grasp/release, haptic force feedback and the telemanipulated control of the needle positioning and insertion. Furthermore it has limited angulation range (24 deg) in orientation.

CT-Bot (figure 1.5): is a PMS developed by [START_REF] Maurin | A patient-mounted robotic platform for CT-scan guided procedures[END_REF] in our lab during past work for CT compatibility. The CT-Bot shown in figure 1.5(a) has 3-DOF in translation and 2-DOF in orientation. During this project a first version of a grasping device, shown in figure 1.5(b), was developed by [START_REF] Piccin | A force feedback teleoperated needle insertion device for percutaneous procedures[END_REF] and integrated with the insertion tool. The insertion tool, shown in figure 1.5(c), allowed for robotized needle insertion with force feedback through teleoperation with a 1-DOF master haptic interface. Though several functionalities were achieved with two separate subsystems, integration of them in a compact, small and light weight device however proved to be a difficult challenge.

(a) CT-Bot : Slave NID [START_REF] Maurin | A patient-mounted robotic platform for CT-scan guided procedures[END_REF].

(b) Rigid version of NGD [START_REF] Piccin | A force feedback teleoperated needle insertion device for percutaneous procedures[END_REF].

(c) Robotized needle insertion [START_REF] Piccin | A force feedback teleoperated needle insertion device for percutaneous procedures[END_REF]. 

Comparison of functionality integration

The functionality integration in the NID found in the literature is summarized in table 1.1. Two orientation ranges are given for NID in this table as the orientation workspace is not axi-symmetric for all of them. This table makes it easier to compare the existing robotic assistants, with CT compatibility and specific requirements in mind. None to few systems actually fulfil all of these key requirements. Most of them are rather focused on achieving one or other specific functionalities. The idea of teleoperation with haptic force feedback is central to the goal of providing robotic assistance in the interventional radiology procedures under CT imaging because it provides protection of the radiologist against X-rays and improved safety of the patient. The functionality of needle grasp and release during the intervention, as 
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proposed in the CT-Bot, is also very important with regard to patient's health and recovery. None of the existing systems fulfil both these requirements. Moreover, for the systems that come close to satisfying these requisites, the orientation range of the needle axis remains quite limited (less than 30 deg.), even though large orientation capability represents a real improvement. The current project in our lab, presented in the next section, aims to provide an integrated system, which would cover these key functionalities and is adapted specifically to the necessities arising from non-vascular interventional radiology procedures utilizing the CT modality.

ProteCT Project

This thesis work was performed within the context of the ProteCT project funded by Image guided hybrid surgery institute (IHU), Strasbourg. IHU Strasbourg is a center created under the "Programme Investissements d'Avenir" for the medical and surgical diagnosis and treatment of the pathologies of the digestive system. It not only provides healthcare for the patients with minimally invasive techniques but also acts as a research center while bringing people from different backgrounds including clinicians, researchers and engineers to develop novel instruments and medical procedures.

Objectives

The need for the ProteCT project arose from the fact that the radiologists and medical support staff come under repeated exposure to the X-Rays when performing minimally invasive procedures under CT. This situation is aggravated by the lack of trained radiologists and the increase in number of such procedures. Hence, protection or shielding of the radiologist from these X-rays becomes important so as to allow him/her to perform a number of interventions for long durations. Current practice of wearing heavy and cumbersome lead aprons for protection not only restricts the natural movements of the radiologist but also leads to fatigue. Moreover, it does not shield the whole body from these radiations. Therefore, robotization of interventional radiology procedures under CT is taken as an alternative solution for protecting the radiologist.

A complete robotized solution may be envisaged under the teleoperation scheme as shown in figure 1.6. This figure and the representation will be invoked at the beginning of next chapters to put the discussion of each element in the perspective of this broad layout. one way of protection is to enable the radiologist to perform his gestures from a distance. This can be fulfilled by utilizing a master device which the radiologist can operate to transfer his gestures, through teleoperation, to a slave robot. This slave robot is actually in contact with the patient and performs the acts of needle positioning and insertion. This capability of telemanipulation control was developed in our lab during the thesis work of [START_REF] Barbé | Téléopération avec retour d'efforts pour les interventions percutanées[END_REF]. The functionality of inserting the needles through telemanipulation was demonstrated successfully in the work of [START_REF] Piccin | A force feedback teleoperated needle insertion device for percutaneous procedures[END_REF], where in vivo needle insertion procedures were carried out on an anaesthetized swine.

Master device : there exist commercial products like Omega from Force Dimension with varying DOF which can be directly utilized as master haptic device. Due to redundancy in these haptic devices, the design of a dedicated haptic interface with adequate DOF may be better suited and adapted to the acts of interventional radiology. Two linear 1-DOF master interfaces were developed in our lab during work of [START_REF] Barbé | Design and evaluation of a linear haptic device[END_REF] and [Joinie- [START_REF] Joinie-Maurin | Design of a linear haptic display based on approximate straight line mechanisms[END_REF] for controlling the insertion DOF through teleoperation. Overall a minimum of 4-DOF is required for needle positioning and 1-DOF for needle insertion. The design and development of this master device is not part of this thesis work.

Thesis objectives and organization

Thesis objectives: The slave device is certainly the most complex component in the whole teleoperated robotized solution given its proximity with the patient and the CT scanner resulting in the issues of sterilization, compatibility with the imaging device and safety. The work of this thesis is primarily focused on the design and development of this slave device and its components, as emphasized in figure 1.6. A slave device equipped to replicate the radiologist acts, transferred through kinematic mapping, must satisfy certain basic functionalities. To integrate these functionalities into the slave device, a modular approach is employed in the ProteCT project to arrive at a subsystem corresponding to each particular functionality. The first subsystem is the positioning device which is needed for the orientation and translation of the needle axis. This positioning mechanism can have either 2-DOF or 4-DOF depending on whether or not translational mobility is considered. The CT-Bot was developed for needle positioning but it has 5-DOF including one redundant DOF. Due to higher DOF and difficulty of placement of actuators near the base of CT-Bot, a compact positioning device was not 1.3. ProteCT Project obtained. Therefore, in this thesis work efforts have been made to avoid the redundancy in the DOF of the positioning device, by synthesizing mechanisms with minimal required DOF, and to place the actuators near its base. The concept of needle grasping device for mimicking the needle grasp/release act was also developed during the CT-Bot project. In this thesis, building on the previous work with NGD, a new version of the NGD is proposed and experimentally validated. A different approach to the needle insertion mechanism is employed in this thesis work, as compared to CT-Bot, for compact integration and easy accessibility of the needle by the radiologist. Moreover, as the radiologist can not directly feel the interaction forces between the needle and tissues, a force sensor has to be integrated in the slave NID to feed the force information back to the radiologist. A commercial force sensor was employed during the CT-Bot project, which is not compatible with the CT imaging. Therefore for the ProteCT project, design and validation of a CT compatible and custom designed force sensor is taken up during this thesis work.

Thesis organization:

This thesis is focused on the design and development of the different subsystems constituting the slave device. The design and technological solutions to the bottlenecks, for fulfilment of targeted functionalities of the slave device, are presented. The thesis is organized into two main parts.

Part-I details the synthesis and design of the two positioning devices, one with 4-DOF and another with 2-DOF. The first chapter of this part (chapter 2) discusses the task of needle positioning. A minimalist task description and corresponding mobility is derived for this task. A generic task-based approach for the type synthesis of parallel mechanisms is described and applied for the synthesis and enumeration of different parallel mechanism candidates for the task of needle positioning. This synthesis considers both needle translation and orientation aspects of the needle positioning. As needle orientation capability is more important than the needle translation, candidate mechanisms with fewer DOF satisfying only the orientation capability can also be considered for the reduced task of needle positioning. Hence different candidates with fewer DOF satisfying only the orientation requirement and RCM capability are discussed. A novel dimensional synthesis algorithm is proposed in chapter 3 to take into account the constraints of compactness, workspace size, singularity free workspace right in the initial stages of the overall design process. The level of actuation torques and base reactions are calculated for the two selected candidate mechanisms which satisfy the full and reduced positioning requirements. A comparative analysis of these two candidates is carried out on the basis of workspace size, level of actuation torques and practical considerations. Finally the solution for the positioning device along with its CAD implementation in the ProteCT project is presented. The CAD implementation of this positioning device was developed by Benoit Wach during his master thesis [START_REF] Wach | Conception d'un robot d'assistance à l'insertion d'aiguille sous scanner x[END_REF].

Part-II focuses on the design of the insertion tool which consists of a needle insertion mechanism, a needle grasping device and a force sensor for haptic force feedback. The first chapter of this part (chapter 4) details the design and development of an adapted insertion mechanism. The designed insertion mechanism has an adapted conical form which makes use of the Sarrus Chapter 1. Introduction mechanism for the insertion DOF and linear piezoelectric motors for the actuation. Thereafter, the design, development and experimental assessment of two variants of the needle grasping devices are presented. The needle grasping devices are fabricated out of the polymer material for the CT compatibility and make use of either compliant or rigid parts for grasping the needle. Chapter 5 describes the design, development and experimental assessment of a custom built force sensor adapted to CT scanner requirements and suited specifically for the interventional radiology needle insertion procedures. To alleviate the force sensor from the viscoelastic effects due to utilization of the polymer material, a novel identification procedure is proposed for the modeling of the force sensor. Furthermore, a novel compensation algorithm is derived from the identified model and utilized to compensate for the hysteresis and other time-dependent behaviour found in the force sensor signal. Finally the solution for the insertion tool along with its CAD implementation in the ProteCT project is presented. The CAD implementation of the insertion tool were developed with François Schmitt who is a research engineer in the ProteCT project.

Part I Needle positioning device

Chapter 2. Synthesis of needle positioning mechanisms the needle axis in 3D space, using the mechanism to be synthesized. Let R b = (O b , x b , y b , z b ) be a fixed reference frame and R f = (O f , x f , y f , z f ) be the frame affixed to the moving platform of the mechanism. In this specific context, two practical points can serve to define L , namely an entry point E on the patient's skin and the point O f attached to the moving platform such that the direction of L coincides with z f . The entry point E is specified by the radiologist in the images acquired in a pre-operative stage, but it is sometimes necessary to readjust its position. Assuming that the point O b is the initial targeted entry point, a zone of operation around O b is defined by a plane Π tangent to the skin at point O b with a normal vector z b , as depicted in figure 2.1. After fixing the point E in Π, the needle is rotated around this point to obtain the required orientation for reaching the target zone. From the above task definition a complete task definition Task-I and a reduced task definition Task-II can be deduced. The Task-I is defined as having the requirement for needle axis translation and needle axis orientation, whereas Task-II requires only orientation of the needle axis. The mechanisms with reduced mobility require fewer actuators and are much easier to implement and realize practically. The kinematic structure of the mechanism for Task-I has at least 4-DOF or more precisely the mechanism may have a 2T2R (T-Translational and R-Rotational) mobility. Whereas for Task-II, the mechanism has at least 2-DOF and a 2R mobility. At the start of the procedure, the radiologist may wish to tilt the needle axis around the entry point while the needle has just been slightly inserted. Then, a key requirement is the presence of a RCM point which coincides with the entry point on the patient's skin. This facilitates the orientation of the mechanism without causing any tissue lacerations.

A number of dedicated robotic systems have been developed during the last decade but there is still a need for improvements in the compactness and the functionality integration. While the TMS [START_REF] Stoianovici | AcuBot: a robot for radiological interventions[END_REF]iSYS Medizintechnik, 2013] usually satisfy all the requirements 2.2. Task-based synthesis methodology for parallel mechanisms of the needle positioning, they require additional passive or active gross pre-positioning units, which makes the overall system less compact. The PMS [START_REF] Robotics | Mazor Robotics Renaissance system for spine surgery[END_REF][START_REF] Walsh | A patientmounted, telerobotic tool for CT-Guided percutaneous interventions[END_REF] generally satisfy the reduced Task-II definition. The CT-Bot presented in the work of [START_REF] Maurin | A patient-mounted robotic platform for CT-scan guided procedures[END_REF] has a 3T2R mobility and satisfies the Task-I requirement but it has one extra DOF than required. The new LPR [START_REF] Hungr | Interventional radiology robot for CT and MRI guided percutaneous interventions[END_REF] is a PMS which has a minimal 2T2R mobility satisfying Task-I requirements. Not every such system is designed to ensure the entry point on the patient's skin as the RCM point. The work in [START_REF] Li | A family of remote center of motion mechanisms based on intersecting motion planes[END_REF] discusses a family of RCM mechanisms based on the intersecting motion planes. However, the RCM point in these mechanisms does not ensure spherical motion of the end-effector carrying the needle axis. Instead, a translational parasitic motion along the needle axis is present for most of these mechanisms which can not be decoupled from the needle positioning. It is not desirable to couple the needle positioning mechanism with the mechanism of needle insertion, as it does not allow for direct measurement of axial needle insertion forces. Few parallel mechanisms with 2T2R mobility have been reported in the literature and even less work has gone into mechanisms with this mobility for needle positioning requirements. For example, the mechanisms presented in [START_REF] Zhang | Type synthesis of uncoupled 2T2R parallel manipulators[END_REF][START_REF] Fan | A novel 2T2R 4-DOF parallel manipulator[END_REF][START_REF] Li | Type synthesis of 4-DOF parallel manipulators[END_REF][START_REF] Wang | The singularity research of a novel 2T2R parallel mechanism[END_REF] are developed for applications other than the needle positioning and hence, their mobility does not satisfy the requirements of the targeted procedure.

A task-based methodology utilizing the screw theory and motion patterns is presented for synthesis of adapted mechanisms. Starting from this minimal task definition Task-I and the reduced task definition Task-II, a constraint wrench system is determined for each task. Based on decomposition of the constraint wrench systems, the synthesis of serial legs is presented. Several novel candidate 2T2R mechanisms are obtained by combination of these serial legs and tested for full-cycle mobility and validity of selection of their actuated joints. This work has been published in the Elsevier journal of mechanism and machine theory and can be found here [Kumar et al., 2014a]. Finally, mechanisms corresponding to reduced mobility 2R and Task-II are considered and discussed for the task of needle axis orientation. Throughout the synthesis it is ensured that the resulting mechanisms have a RCM point.

Task-based synthesis methodology for parallel mechanisms

Generally, parallel mechanisms are synthesized beforehand and the applications to which they might be suited, are discovered later. An approach based on the application motivated task-based synthesis has however the potential to synthesize novel parallel mechanisms which are better suited to the needs of the application. A general parallel mechanism consists of at least two kinematic chains or legs connected from the base of the mechanism to the platform [START_REF] Merlet | Parallel Robots[END_REF]. The mobility of each kinematic chain is a superset of the mobility of the parallel mechanism. Therefore, the synthesis of parallel mechanisms has to start with the enumeration of these kinematic chains which includes both the serial and closed-loop types.

There are several methods available for the synthesis of parallel mechanisms which may fall
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into two large categories. The first one is based on the study of the motion of the moving platform, resulting from the intersection of motions provided by each leg. Depending on the representation chosen to describe the motion, powerful synthesis methods have been proposed based on the group theory [START_REF] Hervé | The lie group of rigid body displacements, a fundamental tool for mechanism design[END_REF][START_REF] Angeles | The qualitative synthesis of parallel manipulators[END_REF][START_REF] Li | Type synthesis of 3R2T 5-DOF parallel mechanisms using the lie group of displacements[END_REF][START_REF] Fan | Type synthesis of 2T2R, 1T2R and 2R parallel mechanisms[END_REF] or based on the theory of linear transformations [START_REF] Gogu | Structural synthesis of parallel robots[END_REF][START_REF] Gogu | Fully-isotropic parallel manipulators with five degrees of freedom[END_REF]. The second category uses a dual approach, since the focus is rather set on the constraints applied to the moving platform, which are formed by the union of the constraints imposed by each leg. Screw theory is often used for this approach since it can describe in a unified manner both motions and constraints acting on the rigid bodies. Several reference works have recently appeared on the subject of the type synthesis of the parallel mechanisms based on the screw theory [START_REF] Wolf | Screw theory tools for the synthesis of the geometry of a parallel robot for a given instantaneous task[END_REF][START_REF] Kong | Type synthesis of parallel mechanisms[END_REF][START_REF] Huang | Theory of parallel mechanisms[END_REF]. The synthesis of mechanisms using screw theory is based on the principle of reciprocity which implies finding the reciprocity conditions between screw systems, namely wrench and twist systems. This approach can be conducted algebraically [START_REF] Dai | A linear algebraic procedure in obtaining reciprocal screw systems[END_REF] and involves calculating the null bases of a given set of wrenches to derive the reciprocal twist systems. However, there also exists more geometric deductive reasoning leading to similar results which are widely used in research works focused on type synthesis of parallel mechanisms [Kong andGosselin, 2006, 2007].

The synthesis of mechanisms often starts with a mobility requirement pertaining to a given task. However, the concept of mobility [START_REF] Gogu | Mobility of mechanisms: a critical review[END_REF], stated as the number of independent coordinates to define the configuration of a mechanism, is not sufficient to characterize fully and accurately the motion capability of the mechanism. A more comprehensive description can be gained by considering the DOF partitioning into their rotational and translational components [START_REF] Srivatsan | Analysis of the degrees-of-freedom of spatial parallel manipulators in regular and singular configurations[END_REF][START_REF] Altuzarra | Analytical determination of the principal screws for general screw systems[END_REF]. The above approach is quite generic.

It is also applicable to mechanisms with variable mobility over the workspace and in singular configurations. Still, these methods are applied at instantaneous configurations and are not feasible to apply for each point of the workspace. In the present work, only mechanisms with invariable mobility are considered and this eliminates the need for calculating instantaneous mobilities over the whole workspace. Since screw theory produces mechanisms with instantaneous mobility only, some criterion has to be utilized to ascertain the invariability of the mobility. In this context, the concept of full-cycle mobility [START_REF] Gogu | Structural synthesis of parallel robots[END_REF][START_REF] Huang | Theory of parallel mechanisms[END_REF] is used as a criterion and can be verified using geometric properties via the screw theory instead of algebraic or numeric calculations. Without full-cycle mobility the mechanisms might exhibit different output motions and constraints in different configurations. This means that the mechanism will not exhibit the required mobility for finite configurations and will be rendered useless for the particular task it was synthesized.

Even with DOF partitioning of the mobility into rotational and translational components and the validation of the full-cycle mobility criterion, there could still exist an ambiguity in the description of the mobility of a mechanism. This is specially the case in the context of the mechanism synthesis presented later on, where two different motion patterns are identified corresponding to the same DOF partitioning and same mobility. This problem of mobility specification can be disambiguated using the tools of screw theory which provide a deeper
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insight into the motion of the end-effector and the constraints applied to it. The concept of motion pattern along with the virtual chain approach introduced by Kong and Gosselin [START_REF] Kong | Type synthesis of 4-DOF SP-equivalent parallel manipulators: A virtual chain approach[END_REF] helps to solve this issue of mobility specification. Though the concept of motion pattern is utilized in the present work, the synthesis method using virtual chains is not employed since it is not always possible to find a virtual chain for every motion pattern.

The synthesis of parallel mechanisms is not complete until the choice of the actuated joints has been validated. For satisfying the constraints as well as the mobility of the parallel mechanism, a minimum number of legs is required. Exceeding this number of legs imposes additional constraints on the mechanism but often it becomes necessary for locating the actuated joints near the base and enhancing the rigidity of the mechanism. These over-constraints introduce additional geometrical conditions on the placement of the joints axes in the mechanism. The effect of having these geometric conditions not met need to be investigated for ascertaining the mobility of the mechanism. As pointed out in [START_REF] Huang | A 3DOF rotational parallel manipulator without intersecting axes[END_REF], the construction of certain parallel mechanisms turns out to be a challenging task because the required geometric conditions are very difficult to meet and consequently the fabricated mechanism may not exhibit the expected mobility. Therefore, a set of preference rules will be proposed based on the feasibility and practical considerations, in order to obtain parallel mechanism candidates with reduced geometrical complexity.

Since the objective of a task-based synthesis procedure is to obtain mechanisms in the context of a practical application, one does not need to enumerate all possible candidates but to find the best candidate with the least architectural complexity.

Preference rules for leg composition

During the synthesis process, the following preference rules will be followed for the selection of serial legs :

1) Types of joints: the generated legs should avoid prismatic joints if possible.

2) Redundancy: the generated legs will be non-redundant to avoid extra actuators.

3) Overconstraints: the number of overconstraints for the parallel mechanism should be minimized.

4) Geometric conditions within a leg (decreasing order of preference): (a) Two revolute joints parallel to each other (RR) p .

(b) Three revolute joints parallel to each other (RRR) p .

(c) Two revolute joints intersecting each other at one point (RR) i .

(d) Three revolute joints intersecting each other at one point (RRR) i .

5)

Geometric conditions between legs (decreasing order of preference): (a) Parallelism between sets of (RR) p .
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(c) Sets of (RR) i intersect at one common point.

(d) Sets of (RRR) i intersect at one common point.

Synthesis procedure

Though type synthesis with the screw theory and motion pattern is a well established method, it has to be adapted for task specific synthesis problems. The task-based synthesis formulation presented below derives the motion patterns directly from the task-description rather than starting from an arbitrary constraint description. It also differs from establish approaches [START_REF] Kong | Type synthesis of 4-DOF SP-equivalent parallel manipulators: A virtual chain approach[END_REF] in utilizing the set of preference rules defined in previous subsection to synthesize mechanisms with least architectural complexity rather than total enumeration of mechanisms. This method is quite generic in the sense that it can be applied to any task description which can be formulated in terms of constraints and allowed reciprocal motion.

Step 1: Identification of the mobility requirements from the task definition (a) Identification of all possible motion patterns

Step 2: Corresponding to each motion pattern, identification and decomposition of its wrench system

Step 3: Generation of legs, serial or closed loops, conforming to the possible combination of the wrench systems (a) Identification of the legs with least architecture complexity based on the rules expressed in section 2.2.1

Step 4: Generation of candidate parallel mechanisms by possible combination of legs (a) Check for the full-cycle mobility criterion (b) Check for the validity of the choice of actuated joints

Step 5: If steps 4a and 4b are not satisfied go to step 3.

Though the steps 3 -4 are common in the synthesis process using screw theory, a task-based synthesis process requires steps 1 and 2 before proceeding with next steps.

Synthesis of legs

As a first step, the wrench system based on the motion pattern needs to be identified. Twists and wrenches of pitch h are denoted as $ h and $h respectively. Accordingly, wrench systems of order n formed by zero and infinite pitch wrenches are denoted as n-$0 and n-$∞ . A wrench generator corresponding to the desired motion pattern will be referred to as $h mp .

Serial legs with the expected properties will be composed of serial kinematic subchains, which
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include only revolute and prismatic joints. The principle of reciprocity imposes the following geometric conditions on the placement of the revolute and the prismatic joints within the subchains depending on the wrench system to be generated :

Condition 1 Each prismatic joint needs to be perpendicular to the direction of $0 mp .

Condition 2 Each revolute joint axis should be coplanar with the axis of $0 mp . This condition can be further refined into (a) Each revolute joint should either intersect the axis of the $0 mp or/and (b) Each revolute joint should be parallel to the axis of $0 mp .

Condition 3 Each revolute joint should be perpendicular to the direction of the $∞ mp .

(a As it can be noticed, Condition 1 applies only for prismatic joints whereas Condition 2 and Condition 3 apply for the revolute joints. From Condition 1 , there can be one or at most two prismatic joints which are perpendicular to the axis of $0 mp . From Condition 2 (a), two subchains as shown in figure 2.2(a) and 2.2(b), can be identified where either two or three revolute joints are intersecting the axis of $0 mp . From Condition 2 (b), two groups as shown in figure 2.3(a) and 2.3(b) can be identified, where either two or three revolute joints are parallel to the axis of $0 mp . In figure 2.2(b) and 2.3(b), the three revolute axes are not coplanar.

) (RR) i . (b) (RRR) i .

Wrench system/motion pattern for Task-I

Based on the 2T2R mobility described before, the required twist system for the mechanism is derived to be 2-$ 0 -2-$ ∞ . Hence, the reciprocal wrench system of the mechanism turns out to be 1-$0 -1-$∞ and is generated by two wrenches: i) a zero-pitch wrench $0 mp whose axis coincides with the line (E , z b ) and ii) an infinite-pitch wrench $∞ mp . These two constraint wrenches describe the required motion pattern for the task.

The direction of $∞

mp need not remain fixed and it can vary with the platform configuration. Two cases can be identified, as shown in figure 2.4(a) and 2.4(b), on the basis of two different motion patterns mp 1 and mp 2 respectively. In Case-1, the wrench $∞ mp 1 is configuration dependent but neither fixed relative to the base nor to the platform. In Case-2, the wrench $∞ mp 2 is also configuration dependent but has a direction always parallel to z f . In this Case-2, the mechanism prohibits rotation around the needle's axis z f in all configurations. As it can be noticed from the above results, two cases have the same mobility with the same DOF partitioning. But still, a clear distinction can be arrived between the two cases by using the concept of motion patterns. As it will be shown in later sections, different mechanism architectures will be synthesized from these two cases.

The generation of the wrench system 1-$0 -1-$∞ may be either done directly or using the combinations of elementary wrench systems 1-$0 and 1-$∞ . In the following discussion, the reciprocity of twist and wrench systems is used to synthesize legs providing a desired wrench system taking into account the aforementioned preference rules expressed in section 2.2.1.

Wrench system/motion pattern for Task-II

Based on the 2R mobility required for this reduced task definition, the required twist system for the mechanism is derived to be 2-$ 0 . Hence, the reciprocal wrench system of the mechanism turns out to be 3-$0 -1-$∞ and is generated by four wrenches: i) three zero-pitch wrench $0 mp 3 whose axes are coplanar with the line (E , z b ) and ii) an infinite-pitch wrench $∞ mp 3 . The presence of the RCM point dictates that three constraint wrenches in the system 3-$0 mp 3 intersect at the entry point E which also serves as the RCM point. These four constraint wrenches, as shown in figure 2.5, describe the required motion pattern for this task. It should be noted that since the two translational DOF are not considered here, the entry point coincides with the origin O b of the base frame.

Synthesis of legs

Figure 2.5 -Identified wrench system for Task-II.

Synthesis of legs corresponding to wrench system

1-$0 -1-$∞
For a non-redundant serial chain with wrench system 1-$0 -1-$∞ , the order of the wrench system is two. Hence, the number of joints amounts to n joints = 6 -2 = 4.

Unfortunately, there does not exist a serial chain with four revolute joints, which satisfies simultaneously the Condition 2 and Condition 3 . The only serial chain with wrench system 1-$0 -1-$∞ , corresponding to figure 2.4(a) has two prismatic joints (P-prismatic joint) conforming to Condition 1 , attached to the base and a (RR) i subchain attached to the platform, as shown in figure 2.6. There does not exist a serial chain with wrench system 1-$0 -1-$∞ corresponding to figure 2.4(b). Exhaustive enumeration of serial chains with wrench system 1-$0 and 1-$∞ is not done here as it can be readily found in literature by several authors [START_REF] Huang | Theory of parallel mechanisms[END_REF][START_REF] Kong | Type synthesis of parallel mechanisms[END_REF][START_REF] Fang | Structure synthesis of a class of 4-DoF and 5-DoF parallel manipulators with identical limb structures[END_REF]. In the following two sections, serial chains with only revolute joints are considered.

Synthesis of legs corresponding to wrench system 1-$0

Any non-redundant serial chain with this wrench system must have five joints. For a leg with only revolute joints which must satisfy Condition 2 , there exists the following two possibilities, by combining the subchains listed in figure 2.2 and 2.3:

1. (RRR) p (RR) i 2. (RR) p (RRR) i
The above mentioned combinations need to satisfy the requirement of the wrench system as well as that of the required mobility. Serial chain number 1 was selected, since it has the simplest geometric conditions on the placement of its joints based on the preference rules set At this step, it needs to be verified that the selected serial leg also has the correct twist system or the required mobility. When the twist systems 1-$ 0 -2-$ ∞ and 2-$ 0 for the two subchains are combined, as shown in figure 2.7, the desired 3-$ 0 -2-$ ∞ twist system for the serial chain is obtained, provided that the adjacent axes of the two subchains are set skew. Additionally, the order of composition of these revolute joints in the subchains is important for the correct motion pattern and the condition of full-cycle mobility. Hence, the subchains (RRR) p and (RR) i need to be attached to the base and to the platform respectively. These subchains respectively ensure that Condition 2 (b) and Condition 2 (a) are met. The resulting chain
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prohibits one translational DOF along z b and allows for rotations in all three directions.

Synthesis of legs corresponding to wrench system 1-$∞

The synthesis of legs with wrench system 1-$∞ is done to comply with the desired wrench systems $∞ mp 1 and $∞ mp 2 , as depicted in figure 2.4(a) and 2.4(b).

Case-1 -Wrench $∞ mp 1
A serial chain with this wrench system has five joints. From Condition 3 , it is known that all the revolute joints need to be perpendicular to the direction of $∞ mp 1 . There exists only one serial chain with only revolute joints, which satisfies this geometric condition. It consists of two subchains (RRR) p and (RR) p . Again, the arbitrary permutation of individual revolute joints within the leg is not allowed and only the permutation of the two subchains is permitted. Hence, we can have either (RRR) p (RR) p or (RR) p (RRR) p as possible placement of revolute joints from base to platform. The former arrangement is shown in figure 2.8.

When the twist systems 1-$ 0 -2-$ ∞ and 1-$ 0 -1-$ ∞ for the two subchains are combined, the desired 2-$ 0 -3-$ ∞ twist system for the serial chain is obtained, provided that the adjacent axes of the two subchains are set skew. The resulting chain prohibits 1-DOF of rotation and allows for translations in three directions. 

Case

-2 -Wrench $∞ mp 2
Generally, mobility specifications are formulated with respect to the fixed reference frame R b rather than a moving reference frame. But in Case-2, as shown in figure 2.4(b), the direction Chapter 2. Synthesis of needle positioning mechanisms of $∞ mp 2 is coincident with vector z f which is associated with the frame R f attached to the platform. One can note that the type synthesis of parallel mechanisms implicitly assumes that the constraints or motion patterns are defined with respect to a fixed reference frame. For taking into account the fact that the wrench system needs to be defined with respect to the platform frame R f , the kinematic inversion principle can be utilized during the synthesis process. After performing leg synthesis with respect to a fixed reference R b , the order of the joints within the leg is reversed from the base to the platform. The resulting leg obtained through kinematic inversion then features the desired wrench system expressed with respect to R f . Hence, one has to start with the synthesis of legs with the wrench system 1-$∞ along the direction of z b as shown in figure 2.9(b).

(a) Original-1-$∞ . (b) Modified-1-$∞ .
Figure 2.9 -Modification of the wrench system 1-$∞ .

Considering only revolute and prismatic joints, there exists no open loop serial chain with five joints, which corresponds to the wrench system 1-$∞ with a fixed direction relative to R b . The legs obtained in Case-1 have the wrench system 1-$∞ mp 1 but their direction is fixed neither relative to R b nor R f .

For the synthesis of this leg, the synthesis of serial chains with the wrench system 1-$0 -1-$∞ , as shown in figure 2.10(b), is first described. Such a 4-DOF leg has the desired component 1-$∞ as part of its wrench system. The wrench system 1-$0 -1-$∞ is equivalent to the linear combination of two wrench systems 1-$0 1 and 1-$0 2 with parallel directions, as shown in figure 2.10. The direction of the resulting 1-$∞ wrench system is then perpendicular to the plane formed by the axes of 1-$0 1 and 1-$0 2 . The synthesis of the serial chain with wrench system 1-$0 was earlier done in section 2.3.4, with the only difference that the axis of 1-$0 is now parallel to Thus, a kinematic loop B 1 B 2 A 2 A 1 generating a wrench system 1-$0 -1-$∞ is obtained, as shown in figure 2.11(a). Finally, the objective is to obtain a leg with a wrench system 1-$∞ , as shown in figure 2.9(b). In the kinematic loop B 1 B 2 A 2 A 1 , to remove the constraint wrench 1-$0 , it suffices to add a prismatic joint to the line B 1 B 2 with a direction parallel to the axes of 1-$0 1 and 1-$0 2 . Thus, after the addition of one prismatic joint to the kinematic loop B 1 B 2 A 2 A 1 , only one constraint wrench remains (that of 1-$∞ ) with a direction parallel to z b and defined with respect to R b . Thus, a closed loop kinematic chain 2-(RR) i (RRR) p -P with a wrench system 1-$∞ mp 2 is ob-Chapter 2. Synthesis of needle positioning mechanisms tained, as shown in figure 2.11(b). The wrench system 1-$∞ mp 2 has a direction parallel to z f and is defined with respect to R f , as required. To obtain another possibility for the closed loop kinematic chain, it suffices to replace the (RR) i (RRR) p chain with (RRR) i (RR) p , which imposes more stringent geometrical relationships than the former.
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(a) 1-$0 1 -1-$0 2 . (b) 1-$0 -1-$∞ .

2.3.6

Synthesis of legs corresponding to wrench system 3-$0 -1-$∞ For a non-redundant serial chain with wrench system 3-$0 -1-$∞ , the order of the wrench system is four. Hence, the number of joints amounts to n joints = 6 -4 = 2. The unique and the simplest serial chain with two revolute joints which satisfies simultaneously the Condition 2 and Condition 3 is the subchain (RR) i as shown in figure 2.12. Figure 2.12 -Selected chain with wrench system 3-$0 mp 3 -1-$∞ mp 3 .

Novel 2T2R mechanisms for Task-I

In the previous sections 2.3.3 to 2.3.5, the legs with reduced complexity were obtained for a given constraint wrench taking into account the preference rules set in section 2.2.1. In this section, several candidates are now successively examined with respect to the geometric conditions between legs, the condition of full-cycle mobility and the validity of the selection of the actuated joints.

2.4. Novel 2T2R mechanisms for Task-I

Architecture candidate I

For a fully parallel and symmetrical mechanism with identical legs, this 2T2R parallel mechanism would consist of four 2P2R legs with wrench system 1-$0 -1-$∞ , as depicted in figure 2.6. In this case, the 4-legged 2P2R parallel mechanism has overconstraints owing to the additional three legs.

Geometric conditions between and within the legs

Without loss of generality, within the leg j with j = 1 . . . 4, one can assume that prismatic joints are parallel to a plane Π. The axes of the two revolute joints of the subchain (RR) i of leg j intersect each other in E and form the plane Π j .

Between the legs, group of prismatic joints are parallel to plane Π. This condition ensures that the axes of $0 mp are parallel for all legs. The revolute joints of the subchain (RR) i in each leg intersect in E , which is common to all legs. This condition ensures that each axis of $0 mp has a common point of origin. To make certain that each leg generates the same $∞ mp 1 wrench system, the planes Π j need to be parallel in every configuration. As each plane Π j passes through the point of entry E , they have to be coincident.

Mobility check

A parallel mechanism synthesis conducted using screw theory does not necessarily produce mechanisms with full-cycle mobility, hence this has to be investigated. If all the conditions within and between legs, listed in section 2.4.1 are satisfied in all the configurations, then the parallel mechanism is said to have full-cycle mobility. Unfortunately, the last condition which requires that the planes Π j be coincident can only be satisfied in one configuration. Hence this 4-2P2R mechanism does not have full-cycle mobility and is not a valid candidate. As the 2P2R chain is the only possible leg choice with the 1-$0 -1-$∞ wrench system, a fully parallel mechanism with identical legs can not be obtained.

Architecture candidate II

As it could be concluded that the synthesis of 2T2R parallel mechanisms with identical legs is not possible, legs derived from elementary wrench systems are used to synthesize the 2T2R parallel mechanisms with different legs. In the above scenario, as a compromise between the rigidity and workspace, the number of overconstraints n oc is chosen to be equal to one.

For a non-overconstrained mechanism, there would be only two legs, each corresponding to the elementary wrench systems 1-$0 and 1-$∞ . With one overconstraint, the number of legs rises to three and the supplementary leg has to be chosen with a 1-$0 or 1-$∞ wrench system. The wrench system of this second candidate corresponds to the one depicted in figure 2.4(a).
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As it can be observed from figure 2.13, the chain A 1 B 1 is a (RRR) p (RR) i leg which has the wrench system 1-$0 . The chains A 2 B 2 and A 3 B 3 are the (RRR) p (RR) p legs which have the wrench system 1-$∞ corresponding to figure 2.4(a). With regard to the geometric analyses to come, the successive axes in the legs 1,2 and 3 will be referred to as e i k , where k = 1 . . . 3 indicates the leg number and i = 1 . . . 5 is for the five revolute joints from the base to the platform. If the axes e i k and e j k form a plane, it would be referred by Π i j k . The same nomenclature will be applied as well for the next mechanism candidates. 

Geometric conditions between and within the legs

This mechanism candidate has one leg with the wrench system 1-$0 and two legs with the wrench system 1-$∞ . Hence the overconstraint is that of the supplementary wrench system 1-$∞ .

For the leg (RRR) p (RR) i , the axes of the revolute joints within the subchain (RRR) p are parallel to the vector z b whereas those within the subchain (RR) i intersect in E .

For the legs (RRR) p (RR) p , the axes of the revolute joints within the subchain (RRR) p are parallel to vector x b whereas those within the subchain (RR) p are parallel to each other. Between the two (RRR) p (RR) p legs, the subchains (RRR) p have axes parallel to each other and similarly, the subchains (RR) p of the two legs have axes parallel to each other.

Mobility check

All the above conditions within and between legs are satisfied in all configurations, hence the parallel mechanism with a 1-(RRR) p (RR) i -2-(RRR) p (RR) p architecture has a full-cycle 2T2R 

Choice of the inputs

As four inputs are needed to control this 2T2R parallel mechanism and this candidate has three legs, one of the legs needs to be assigned two inputs. One input is assigned to each (RRR) p (RR) p leg and is located at the first revolute joint, namely e 12 , e 13 connected to the base whereas the other two inputs are assigned to the (RRR) p (RR) i leg and are located at the first two joints starting from the base, namely e 11 , e 21 . This choice of the inputs needs to be validated to ascertain whether the applied actuation wrenches lock every DOF in a general configuration.

A formulation of unique form of screw based Jacobian for lower mobility parallel manipulators is given in [START_REF] Hong | Formulation of unique form of screw based jacobian for lower mobility parallel manipulators[END_REF] but the proposed form of the Jacobian matrix includes only the actuation wrenches and not the constraint wrenches. Hence, the alternate form of direct Jacobian matrix described in [Huang et al., 2011a] is utilized, which includes the constraint wrenches. The validation of the actuated joints is conducted by analyzing the full direct Jacobian J xII of the mechanism candidate II, which can be obtained by stacking the four actuation wrenches $i,a and the two constraint wrenches $j,c of the parallel mechanism.

The four actuation wrenches can be expressed as $i,a = s i s i × r i T where, s i denotes the direction of the actuation wrench and r i is the position vector directed from a point of the wrench axis to the origin O b . The two constraint wrenches $j,c produced by the mechanism where m 1 is the direction of the wrench system 1-$∞ mp 1 . Therefore the vectorial Jacobian of the parallel mechanism can be displayed as :

J xII =            s 1 × r 1 s 1 s 2 × r 2 s 2 s 3 × r 3 s 3 s 4 × r 4 s 4 z b × EO b z b m 1 0            .
It can be noticed that each row of this Jacobian is the transpose of the actuation and constraint wrenches written in axis coordinates. The choice of the selected inputs is invalid if the matrix J xII is singular in all configurations. Actuated joints e 11 , e 21 , e 12 , e 13 are shown in figure 2.13.

With the notations defined before section 2.4.2, a geometric interpretation of the actuation wrench system 4-$a can be obtained. The actuation wrenches $1,a and $2,a are each defined by the intersection of the planes taken in the pairs (Π 231 , Π 451 ) and (Π 131 , Π 451 ). Thus, it can be concluded that $1,a and $2,a both lie on the plane Π 451 and hence must intersect each other if not parallel to each other. Thus $1,a -$2,a forms a planar pencil of lines. Similarly, Chapter 2. Synthesis of needle positioning mechanisms actuation wrenches $3,a and $4,a are defined respectively by the intersection of the planes in the pairs (Π 232 , Π 452 ) and (Π 233 , Π 453 ). For simplicity it is assumed that each axes pair (e 41 , e 42 ) and (e 51 , e 52 ) contains coincident axes. This assumption makes Π 452 and Π 453 coincident. Following this, it can be concluded that $3,a -$4,a lies on the same plane and hence form a planar pencil of lines. The constraint wrench $1,c is a line passing through E and parallel to z b . The constraint wrench $2,c is a line orthogonal to the axes quintuple (e 12 , e 22 , e 32 , e 42 , e 52 ).

From the above discussion, the following three geometric conditions can be derived when the variety formed by 4-$a and 2-$c degenerates :

1. The wrenches $1,a and $2,a become coincident. This condition occurs, whenever planes (Π 131 , Π 231 ) become coincident. This condition occurs at the boundary of the workspace.

2. The wrenches $3,a and $4,a become coincident. This condition occurs, whenever planes (Π 232 , Π 233 ) become coincident. This condition occurs inside the workspace of the mechanism.

As the matrix J xII is not singular for every possible configuration of the platform, the choice of the inputs is valid.

Architecture candidate III

For the synthesis of parallel mechanism with mobility corresponding to figure 2.4(b), the number of overconstraints n oc is chosen to be zero. Hence, n legs = 2 + n oc equals two. The first leg corresponding to the wrench system 1-$0 is the same as the one chosen for candidate II. For the second leg with 1-$∞ Case-2, a closed loop kinematic chain with two points of attachment at the base, as shown in figure 2.11(b), is chosen. To comply with the nomenclature defined before section 2.4.2, this closed loop kinematic chain can be considered as consisting of two legs connecting the platform at the prismatic joint. Thus, the architecture 1-(RRR) p (RR) i -2-(RR) i (RRR) p -P is obtained as a parallel mechanism candidate with a wrench system corresponding to figure 2.4(b). A wire model of this candidate III is shown in figure 2.14.

Geometric conditions between and within the legs

For the first leg (RRR) p (RR) i , the axes of the revolute joints within the subchain (RRR) p are parallel to vector z b , whereas the axes of the revolute joints within the subchain (RR) i intersect in E , which in the reference configuration shown in figure 2.14, coincides with O b .

Within the second 2-(RR) i (RRR) p -P leg, which consists of the closed kinematic chain

A 2 A 3 B 3 B 2 ,
the axes of the revolute joints within the subchains (RRR) p are parallel to each other and to y f . The axes of the revolute joints within the subchains (RR) i intersect at points P 2 and P 3 , which lie on the axis (O b , x b ). The direction of the prismatic joint is parallel to the axes of the revolute joints in the subchains (RRR) p and to y f .

Novel 2T2R mechanisms for Task-I

Figure 2.14 -2T2R-Candidate III.

Mobility check

All the above conditions within and between legs are satisfied in all configurations, hence the architecture 1-(RRR) p (RR) i -2-(RR) i (RRR) p -P as 2T2R parallel mechanism has a full-cycle mobility.

Choice of the inputs

As with candidate II, four inputs are needed to control this 2T2R parallel mechanism. This candidate has two legs, with two inputs assigned to each. The (RRR) p (RR) i leg is assigned two inputs to the first two revolute joints from the base. The chain 2-(RR) i (RRR) p -P is assigned two inputs to the two revolute joints attached to the base. The actuated joints e 11 , e 21 ,e 12 and e 13 are shown in figure 2.14. The full direct Jacobian matrix J xIII for this candidate is displayed below :

J xIII =            s 1 × r 1 s 1 s 2 × r 2 s 2 m 1 0 m 2 0 z b × EO b z b z f 0           
As before, the first four rows of J xIII correspond to the four actuation wrenches $i,a with i = 1 . . . 4 and the last two rows correspond to the two constraint wrenches $i,c with i = 1 . . . 2.

Let the axis of the prismatic joint be denoted by e 6 . In addition, let the planes orthogonal to the axes e 22 and e 23 be denoted by π 1 and π 2 respectively and the planes orthogonal to the Chapter 2. Synthesis of needle positioning mechanisms axes sets {e 32 , e 42 , e 52 } and {e 33 , e 43 , e 53 } be denoted by π 3 and π 4 respectively. The planes π 3 and π 4 are perpendicular to y f and hence also parallel to each other.

With this notation, a geometric interpretation of the actuation wrench system 4-$a can be obtained. The description of the actuation wrenches $1,a and $2,a is same as for the candidate II, as one leg is common to all the candidates. The axes of the actuation wrenches $3,a and $4,a are the intersection of the plane couples (π 1 , π 3 ) and (π 2 , π 4 ), respectively. As the sets of axes {e 32 , e 42 , e 52 } and {e 33 , e 43 , e 53 } are parallel to each other, the planes π 3 and π 4 are also parallel to each other.

The axis of the constraint $1,c is a line passing through E and parallel to z b , whereas the axis of $2,c is a line parallel to z f and hence also parallel to π 3 and π 4 . Finally, the axes of $3,a , $4,a and $2,c are all parallel to the planes π 3 and π 4 , hence are linearly dependent in all configurations.

Thus, the matrix J xIII is singular in all configurations. Hence, the choice of inputs for the actuated joints is not valid for this architecture candidate.

Architecture candidate IV

As the choice of the inputs for the candidate III could not be validated, a second variant architecture candidate corresponding to the constraint wrench system shown in figure 2.4(b) is now proposed. This architecture is derived from candidate III in which the two subchains (RR) i (RRR) p in the loop A 2 A 3 B 3 B 2 have been replaced by two subchains (RRR) i (RR) p of higher complexity. These two subchains (RR) i (RRR) p and (RRR) i (RR) p are interchangeable as mentioned at the end of the section 2.3.5, since both have the same 1-$0 wrench system. The number of overconstraints n oc is zero which is same as for candidate III. A similar nomenclature applies as for the candidate III and a wire model of this candidate IV is shown in figure 2.15.

Figure 2.15 -2T2R-Candidate IV.
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The geometric conditions for the leg (RRR) p (RR) i are similar to those of candidate III. Within the second 2-(RRR) i (RR) p -P leg which consists of the closed kinematic chain A 2 A 3 B 3 B 2 , the axes of the revolute joints within the subchains (RR) p are parallel to y f , whereas the axes of the revolute joints within the subchains (RRR) i intersect at P 2 and P 3 . These latter points lie on the axis (O b , x b ). The direction of the prismatic joint is parallel to the axis of the revolute joints in the subchains (RR) p and to the vector y f .

Mobility check

All the above conditions within and between legs are satisfied in all configurations. Hence, the architecture candidate 1-(RRR) p (RR) i -2-(RRR) i (RR) p -P as a 2T2R parallel mechanism has a full-cycle mobility.

Choice of the inputs

As with previous candidates, four inputs are needed to control this 2T2R parallel mechanism.

The inputs assignment is similar to that of the candidate III leading to the four actuated joints e 11 , e 21 , e 12 and e 13 , as displayed in figure 2.15. The full direct Jacobian matrix J xIV for this candidate is given below :

J xIV =            s 1 × r 1 s 1 s 2 × r 2 s 2 s 3 × r 3 s 3 s 4 × r 4 s 4 z b × EO b z b z f 0           
where the actuation wrenches $1,a and $2,a are defined similarly to candidate II. However, the derivation of the actuation wrenches $3,a and $4,a is not straightforward as in previous cases.

Let us define two intermediate wrenches $ * 3,a and $ * 4,a whose axes are respectively the intersection of the plane couples (Π 232 , Π 452 ) and (Π 233 , Π 453 ). As it can be readily seen, the wrenches $ * 3,a and $ * 4,a are not reciprocal to the twist $ ∞ 6 associated with the prismatic joint which has a direction parallel to y f . Below, the expressions for $3,a and $4,a are given without any developed proof but it is easy to verify that these two actuation wrenches are reciprocal to $ ∞ 6 :

$3,a = $ * 3,a -( $ * 3,a •$ ∞ 6 ) $ * 1,c $4,a = $ * 4,a -( $ * 4,a •$ ∞ 6 ) $ * Chapter 2.
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where $ * 1,c and $ * 2,c are the lines passing through P 2 and P 3 respectively and parallel to the vector y f . The axes of $3,a and $4,a are both orthogonal to y f and parallel to the planes Π 452 and Π 453 , respectively. From the above discussion, the following geometric conditions leading to the degeneracy of the variety formed by the wrench systems 4-$a and 2-$c can be formulated :

1. The planes (Π 131 , Π 231 ) become coincident. In such a case, wrenches $1,a and $2,a become coincident. This condition is same as for the candidate II.

2. The planes Π 452 and Π 453 are coincident and parallel to the plane formed by x f and y f . In this case, $3,a and $4,a constitute a 2-system which includes a moment with a direction parallel to z f . Hence, the variety formed by $3,a , $4,a and $2,c degenerates to a 2-system.

As the matrix J xIV is not singular for every possible configuration of the platform, the choice of the inputs is valid for 1 From the above discussion on the four architecture candidates and from table 2.1, it could be inferred that the candidates II and IV are feasible candidates as they satisfy the essential criteria of full-cycle mobility and validity of the selection of the actuated joints. This concludes the part on synthesis of the 2T2R mechanisms for the task of needle positioning.

-(RRR) p (RR) i -2-(RRR) i (RR) p -P

2R mechanisms for Task-II

The interest of the 2R mechanisms for the needle orientation is due to its simplicity especially if a serial architecture is considered. They potentially can be much lighter, occupy less volume and have less demanding constraints in terms of number of actuators and input actuation torques. However, the serial architecture can be modified to include different realizations of the revolute joint in 2R serial chain, in order to address issues of placement of actuators and the RCM point. If the entry point on the skin can be decided and targeted using external features from the imaging device and is not altered after the robot mounting, the requirement for 2-DOF in translation for the needle positioning can be removed.

Different realizations of the 2R mechanism candidate

Even though there is a unique leg shown in figure 2.12 corresponding to the 2R mobility, still different realizations of this leg can be discussed. A 2-DOF mechanism for the orientation of the needle axis must include a RCM point so as to kinematically constrain the mechanism

2R mechanisms for Task-II

rotation around the entry point on the skin. Such a mechanism with two revolute joints has only one geometric condition that the axes must intersect in the RCM point. A revolute joint can also be implemented by two hollow discs rotating against each other about their common axis. This realization of the revolute joint does not require a physical revolute joint at the center thus allowing empty space for the needle to pass through. Two such realizations of the revolute joint can be combined serially to produce the required spherical motion if their axes are made to intersect at one point. The double ring RCM mechanism for robotic needle guidance [START_REF] Song | Design evaluation of a double ring RCM mechanism for robotic needle guidance in MRI-guided liver interventions[END_REF] makes use of such realization for needle orientation in MRI-guided liver interventions.

There also exist 1-DOF parallelogram based RCM mechanisms combined in series with a revolute joint to realize the desired 2-DOF RCM mechanisms for the Task-II. The implementation of this type of mechanisms for needle positioning procedures can be found in the literature.

In the work of [START_REF] Waspe | Design and validation of a robotic needle positioning system for small animal imaging applications[END_REF], a 1-DOF RCM parallelogram based mechanism in series with an intersecting revolute joint (figure 2.16(a)) is used for constructing a robotic needle positioning system for small animal imaging applications. Similar kinematics and mechanism can be found in the work of [START_REF] Cole | Design of a robotic system for MRI-guided deep brain stimulation electrode placement[END_REF]. In this work the mechanism (figure 2.16(b)) was designed for MRI-guided deep brain stimulation electrode placement. The interest for such realizations is to address the issue of placement of actuators, as will be described in detail in the next section. Moreover, with such realizations it is still possible to achieve large orientation ranges for needle axis orientation. 
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In our laboratory, there has been previous work of two master students in the past [START_REF] Roch | Conception d'un robot d'insertion d'aiguille sous scanner à rayons x[END_REF][START_REF] Hoffman | Conception et d´eveloppement d'un prototype du ct-bot[END_REF] which focussed on a compliant adaptation of the above parallelogram based RCM mechanism (figure 2.17) for the task of needle axis orientation. The first revolute joint was realized using two hollow circular discs rotating against each other about their common axis. This realization is beneficial with respect to stiffness and stability as the ground support is a circular disc. Compliant version was then preferred to ease the assembly and provide more accurate needle positioning by removing the joint backlash. However due to compliant revolute joints, the orientation range was quite limited.

Figure 2.17 -2R RCM with compliant joints.

Synthesis of 1-DOF parallelogram based RCM mechanism

The 2R RCM mechanisms in general can be constructed out of two 1-DOF RCM mechanisms.

As the two revolute joints in these 2R mechanisms need to be actuated, it could be beneficial for placement of actuators to have the RCM point situated at a distance from the actuated revolute joint axes. This deferred placement of the RCM point can be achieved by a simple four bar parallelogram mechanism. Though with such a simple mechanism one can obtain a deferred placement of RCM point and actuator placement, there is still a need for a physical revolute joint to be present at the RCM point. Ideally one would avoid a physical revolute joint at RCM point, as the needle has to pass through this point. This calls for the synthesis of 1-DOF RCM mechanisms where one can obtain a RCM point for the mechanism without a physical revolute joint passing through it.

A systematic synthesis approach for such 1-DOF RCM mechanisms was formulated in the work of [START_REF] Zong | Classification and type synthesis of 1-DOF remote center of motion mechanisms[END_REF]. We will utilize the proposed concept and the results presented in this paper to arrive at such a mechanism for our application. Zong defines the concept of virtual center (VC) mechanisms, virtual center of motion (VCM) and remote center of motion (RCM) mechanisms. The VC mechanisms possess at least a point which can rotate about a fixed point whereas for a VCM mechanism there is at least a link or collection of points which rotate about a fixed point. The RCM mechanisms are defined as having a fixed center of rotation which is distant from the mechanism. The RCM mechanisms are a subset of VCM mechanisms, where the center of rotation can be anywhere, inside or outside of the mechanism. The figure 2.18 shows a parallelogram VC mechanism which is perhaps the simplest VC mechanism, an extension of the simple four bar parallelogram mechanism. Here it can be seen that there is one point J on the mechanism which undergoes circular motion around the point E.

A theorem is proposed in the work of Zong for combining two or more VC mechanisms in order to obtain VCM or RCM mechanisms. The theorem states that: All of these variants also allow for actuated revolute joint here A or B near the base to be at an finite distance from the RCM point E.

2R mechanism candidate

For the current ProteCT project, the candidate mechanism for the Task-II is chosen as consisting of two hollow circular discs rotating against each other about their common axis as the implementation of the first R joint and a 1-DOF parallelogram based RCM mechanism with regular revolute joints as the second R joint. 

Geometric conditions within the leg

This is a hybrid architecture with a revolute joint in series with the parallelogram based 1-DOF RCM mechanism. So geometric conditions within this leg are more complex than that of a pure serial 2R chain. Axis of the virtual revolute joint, which is along z 2 , is determined by the intersection of planes formed by the axes couple (e 1 , e 2 ) and (e 6 , e 7 ). Axis of the first revolute joint and the second virtual joint of the 2R mechanism candidate must intersect in the point 

O

Choice of the inputs

As this mechanism has 2-DOF, two actuators must be placed to control it. The first actuator is placed at the first revolute joint. As the placement of actuator is preferred near the base of the mechanism for minimizing the inertia of moving parts, there are two choices for the placement of the second actuator. It can be placed either at the revolute joint A or at the revolute joint B. As the revolute joint at point B is further away from the insertion point E , it is selected for placement of the second actuator.
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Summary

This chapter was devoted to the synthesis of candidate mechanisms and obtaining feasible candidates for the task of needle positioning and the task of needle orientation. A generic task-based procedure for the synthesis of parallel mechanisms was presented and illustrated with the task of needle positioning. While stressing on the importance of the architecture kinematic complexity, a systematic methodology based on screw theory was demonstrated for the inclusion of preference rules at an early stage of the design process. Two different novel motion patterns, corresponding to 2T2R mobility, were derived for the first time and consequently, two entirely different parallel mechanisms having the same mobility were synthesized. As the 2T2R candidate II has lower complexity for geometrical conditions than the 2T2R candidate IV, it is retained for further study and analysis. Also the mechanisms with 2R mobility having RCM point were detailed for the task of needle orientation. Different realizations of the 2R serial chain were discussed and a suitable candidate for the task of needle orientation was selected.

These candidate mechanisms have simpler architecture in terms of geometric complexity but following the same synthesis procedure, it is possible to derive more complex variants that would fit the same task. The validity of the selection of actuated joints and the conditions of fullcycle mobility have been verified. This work also reinforces the understanding that the concept of mobility is not sufficient for mechanism synthesis purposes and should be complemented with motion patterns that convey more accurately the motions and constraints expected for the desired mechanism. During the synthesis process, the application of the principle of kinematic inversion was demonstrated for the synthesis of parallel mechanisms in special cases where the motion pattern is specified with respect to the end-effector reference frame. This method could be applied to other syntheses where motion or constraint description are given with respect to a moving reference frame instead of a base frame.

3 Dimensional synthesis of the positioning device Two positioning mechanisms, the 2T2R candidate II and the 2R candidate were proposed in the previous chapter as result of the architectural synthesis for the Task-I and Task-II definition.

In the context of our application, these candidate mechanisms will be placed in the tunnel of the CT scanner for the image-guided needle positioning. After the introduction of a patient in the tunnel of a CT scanner, the available height is less than 300 mm [START_REF] Walsh | A patientmounted, telerobotic tool for CT-Guided percutaneous interventions[END_REF]. The space inside the scanner becomes even less when we consider overall needle insertion device with its needle positioning device and its insertion tool. This requires such robotic devices to Chapter 3. Dimensional synthesis of the positioning device be very small in size and compact in form. In addition to such constraints, a large orientation workspace is required for the positioning of the needle, which is a difficult design challenge.

Mechanisms whether serial, parallel (as in the case of 2T2R mechanism candidate II) or hybrid (as in case of 2R mechanism candidate) admit singularities in their workspace. The workspace and the singularities are closely linked and both very sensitive to the structural parameters of the mechanism. Hence, a proper dimensional synthesis algorithm is very important, which involves finding dimensions of its structural parameters subject to design constraints and objectives. Most of these algorithms for dimensional synthesis are based on the evaluation of performance indices like isotropy, transmission or manipulability index [START_REF] San Martin | Mechanical design of a minimally invasive surgery trainer using the manipulability as measure of optimization[END_REF] or condition number [START_REF] Li | Optimal kinematic design of a planar parallel manipulator with high speed and high precision[END_REF].The major drawback with these algorithms is that their complexity increases rapidly with the number of structural parameters, as the effect of each structural parameter has to be analyzed by numerical computation of the Jacobian matrices while discretizing the parameter space. In the work of [START_REF] Arakelian | Increase of singularity-free zones in the workspace of parallel manipulators using mechanisms of variable structure[END_REF], singularity-free zones in the workspace of parallel manipulators are sought to be increased by using mechanisms of the variable structure. The variable structure of the legs helps to change the structural parameters and hence avoid the singularities. The mechanism behaves like a redundant manipulator with extra joints and links which can be locked by the use of electromagnetic clutches. This solution though effective for enlarging the workspace of parallel manipulators comes with disadvantages of increase in the number of actuators and a more complex mechanism.

Algorithms based on the kinematic mapping [START_REF] Ravani | Motion synthesis using kinematic mappings[END_REF]] and kinematic constraints [START_REF] Hayes | On the kinematic constraint surfaces of general three-legged planar robot platforms[END_REF] of the mechanism provide an alternative. In the works [START_REF] Purwar | Visual synthesis of RRR-and RPR-legged planar parallel manipulators using constraint manifold geometry[END_REF][START_REF] Wu | Kinematic acquisition of geometric constraints for task-oriented design of planar mechanisms[END_REF], a visual approach using specific trajectory and motion planning as criteria has proven successful for the design of planar mechanisms where motion description is simpler. This approach relies on the kinematic mapping from Cartesian to planar quaternions to express the kinematic constraints as constraint manifolds. It is not yet adapted for spatial parallel mechanisms like the 2T2R mechanism candidate II which has complex spatial motion owing to its mobility. It has constraints on the workspace size as opposed to any trajectory specific constraints due to the nature of the targeted application. Moreover, the trajectory specification through specific points for the planar mechanism is equivalent to the set of points representing the workspace and its size for a spatial mechanism. Therefore in this work, the kinematic constraint analysis and the workspace size are considered for the dimensional synthesis algorithm. The kinematic constraints of a serial, parallel or hybrid mechanism, which constrain its motion can be described by its singularities.

Using screw theory and a geometrical approach, it is possible to enumerate and describe these kinematic constraints in a vectorial form. This form is independent of the choice of the kinematic mapping and the parameterization used for representing intermediate reference frames of the mechanism. This leaves an open choice for use of either quaternions, Euler angles, Cartesian coordinates or a user-defined one, for kinematic mapping in order to represent the end-effector reference frame. Also, for parameterization of the intermediate reference frames, one has open choice of using either the Denavit-Hartenberg (DH) convention or using twists
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with screw motion.

This chapter deals with the dimensional synthesis of the positioning mechanisms synthesized in the chapter 2. A novel dimensional synthesis algorithm is presented which is based on the mechanism singularities. This work has been presented at the ASME IDETC 2014 conference and can be found here [START_REF] Kumar | Dimensional synthesis of a novel 2t2r parallel manipulator for medical applications[END_REF]. The modeling and design constraints for the two mechanism candidates are described. This modeling expresses the vectorial form of these singularities into mathematical equations. These constraint equations along with the design constraints are then used for the workspace analysis of these mechanisms leading to the calculation of their structural parameters. Finally a static analysis of these mechanisms is performed to obtain the necessary actuation torques with the calculated structural parameters.

Dimensional synthesis based on mechanism singularities

The dimensional synthesis of these candidate mechanisms is based on the objective of achieving the required workspace size, while maintaining the system compactness within certain limits. The needle positioning in free space has already been defined as the alignment of the needle's axis with the axis of insertion such that it passes through the entry point on the patient's skin. This whole task can be decomposed in two sequential steps: first the translation of the needle axis to match the entry point and the subsequent orientation of the needle axis about this entry point. Hence, the workspace definition for needle positioning can be considered to be the union of the constant-orientation translation workspace and of the constant-position orientation workspace. One interesting aspect for parallel mechanisms is that such a workspace is the intersection of the workspace of its individual legs, which can be studied independently [START_REF] Merlet | Parallel Robots[END_REF]. This is not true of a general workspace, e.g. for the reachable workspace. This special property removes any coupling between the structural parameters of the different legs and thus it simplifies the dimensional synthesis of the 2T2R mechanism candidate II. As the legs of the 2T2R mechanism candidate II have only revolute joints, the workspace boundary of each leg is the locus of its singularities [START_REF] Agrawal | Workspace boundaries of in-parallel manipulator systems[END_REF]. Thus the workspace of the 2T2R mechanism can be generated by plotting the loci of its singularity curves. The workspace size is limited by its external and internal boundaries. Where external boundaries need to be modified, the internal boundaries namely the voids need to be eliminated. Also, the additional curves due to the presence of parallel singularities need to be investigated.

Singularity analysis of the 2T2R mechanism candidate II

The figure 3.1, shows a simplified CAD model of the 2T2R mechanism candidate-II synthesized in section 2.4.2. This candidate mechanism has the least architectural complexity out of the two feasible candidates-II and IV. Hence, for further analysis and dimensional synthesis, this mechanism is studied and explored in more detail. . If the axes of $ 0 i k and $ 0 j k form a plane, it would be referred to as Π i j k .

Let the X and q be the column vector denoting the operational and joint coordinates. The velocity equation for the 2T2R parallel mechanism J X Ẋ = J q q needs to be considered for discussion of its singularities. The full direct Jacobian J X can be obtained by stacking the four actuation wrenches $i,a and the two constraint wrenches $j,c of the 2T2R parallel mechanism.

The four actuation wrenches can be expressed as $i,a = s i r i × s i T where s i denotes the direction of the actuation wrench and r i is the position vector directed from origin the O b to a point of the wrench axis. The two constraint wrenches $j,c produced by the mechanism

have the form $1,c = z b O b E × z b T and $2,c = 0 m 1 T
where m 1 is the direction of the wrench system 1-$∞ . Therefore, the J X and J q matrices of the 2T2R parallel mechanism can be displayed as :

J X =            s 1 r 1 × s 1 s 2 r 2 × s 2 s 3 r 3 × s 3 s 4 r 4 × s 4 z b O b E × z b 0 m 1            J q =            $1,a • $ 0 11 0 0 0 0 0 0 $2,a • $ 0 21 0 0 0 0 0 0 $3,a • $ 0 12 0 0 0 0 0 0 $4,a • $ 0 13 0 0 0 0 0 0 0 0 0 0 0 0 0 0           
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The parallel and serial singularities occur when the rank of J X and J q is less than six and four respectively but neither the symbolic form of J X , nor of J q , allow to derive the simplest representation of singularity conditions.

In the further subsections, a screw theory based inspection is used to obtain the geometrical form of the singularities, as this form is independent of the choice of the parametric representation and produces the simplest expression with the minimal number of structural parameters.

Serial singularity analysis of individual legs

As the legs 2 and 3 are kinematically identical, only serial singularities of legs 1 and 2 are discussed. The leg 1 is made up of two sub-units, (RRR) p and (RR) i . The twist system of leg 1 is the union of the twist system of these two sub-units. The twist system of the (RRR) p and (RR) i units is 1-$ 0 -2-$ ∞ and 2-$ 0 respectively. Hence, the twist system of this leg is 3-$ 0 -2-$ ∞ . Applying the principle of reciprocity, its wrench system is derived as 1-$∞ . Aside from this constraint wrench, extra constraint wrenches develop when the leg 1 is in singularity. The following conditions characterize the singularity of the leg 1 :

Singularity-11 (figure 3.2(a)): occurs when the normal to the plane Π 451 is perpendicular to z 31 and is given by the following equation: The leg 2 is made up of two sub-units, (RRR) p and (RR) p . The twist system of the (RRR) p and (RR) p units is 1-$ 0 -2-$ ∞ and 1-$ 0 -1-$ ∞ respectively. The wrench system of the leg 2 is derived as 1-$∞ . The following conditions characterize the singularity of leg 2 :

Singularity-12 (figure 3.2(c)): occurs when the normal to the plane Π 452 is perpendicular to 

Parallel singularity analysis

With the notations defined at the beginning of this section, a geometric interpretation of the actuation wrench system 4-$a can be obtained. The actuation wrenches $1,a and $2,a are each defined by the intersection of the planes taken in the pairs (Π 231 , Π 451 ) and (Π 131 , Π 451 ). Thus, it can be concluded that $1,a and $2,a both lie on the plane Π 451 and hence must intersect each other if not parallel to each other. Thus $1,a -$2,a forms a planar pencil of lines. Similarly, actuation wrenches $3,a and $4,a are defined respectively by the intersection of the planes in the pairs (Π 232 , Π 452 ) and (Π 233 , Π 453 ). The constraint wrench $1,c is a line passing through O b and parallel to z b . The constraint wrench $2,c is a line orthogonal to the axes quintuple (z 12 , z 22 , z 32 , z 42 , z 52 ). The conditions for the parallel singularity of 2T2R parallel mechanism are:

1. The wrenches $1,a and $2,a become coincident. This condition occurs whenever the planes (Π 231 ,Π 131 ) become coincident. This condition is identical to the serial elbow singularity of leg 1 expressed in equation (3.2).

2. The wrenches $3,a and $4,a lie in the same plane when planes in pair (Π 232 ,Π 233 ) are coincident. Two different parallel singularities can be identified when the following additional conditions are taken into account: (a) The wrenches $3,a and $4,a become coincident when the planes in pair (Π 452 ,Π 453 ) are 3.1. Dimensional synthesis based on mechanism singularities coincident.

$3,a = ± $4,a (3.5)

But if the planes in the pair (Π 452 ,Π 453 ) are put non coincident in the reference assembly configuration, they remain non coincident for every platform configuration. Hence, this parallel singularity can be avoided by choosing different structural parameters defining the point of placement of legs 2 and 3 on the base, as expressed later in equation (3.11). Greater the difference in these structural parameters, better will be the distance from this parallel singularity.

(b) The wrenches $3,a and $4,a have parallel axis directions. Then the system of actuation wrenches $3,a -$4,a becomes equivalent to a force $3,a and a pure moment $∞ 4,a * . As the constraint wrench $2,c is a pure moment, a parallel singularity occurs when direction of the actuation wrench $∞ 4,a * is the same as $2,c . The equation (3.6) states explicitly the components of $∞ 4,a * and $2,c in vectorial representation:

$2,c = 0 m 1 T $∞ 4,a * = 0 m 2 * T where m 1 = z 32 ×z 42 m 2 * = (t 32 -t 22 )×z 32 . (3.6)
Therefore, the equation for this parallel singularity can be derived as follows:

m 1 × m 2 * = 0 or (z 32 × z 42 ) × [(t 32 -t 22 ) × z 32 ] = 0. (3.7) Figure 3.3 -Parallel singularity 2.
3. There is no constraint singularity as $1,c and $2,c are linearly independent in every configuration.
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Singularity analysis of the 2R mechanism candidate

The 2R mechanism candidate has a hybrid structure as compared to a pure serial or a pure parallel architecture. There is no serial singularity as the twist system 2 -$ 0 of the mechanism does not degenerate throughout its configuration range. But there exists a parallel singularity for the parallelogram based 1-DOF RCM mechanism. It was stated in section 2. 

Dimensional synthesis algorithm

The dimensional synthesis algorithm to be described is based on the premise that serial singularities restrict the motion of the end-effector by producing extra constraint wrenches. This in turn limits the workspace of the mechanism. Hence the locii of the serial singularities also describe the boundaries of the workspace. By manipulating and modifying the singularities locii, one can obtain the required workspace size. Though the parallel singularities do not restrict the workspace, they have important consequences on the actuator torques in those configurations. Hence the locii of the parallel singularity curves should be made exterior to the required workspace boundaries.

The dimensional synthesis algorithm for the mechanisms with revolute joints, whether serial or parallel, can be described as follows:

Step 1: Derivation of both serial and parallel singularity conditions from a screw based inspection as opposed to derivation from the symbolic form of the matrix J X or J q , as it will lead to the simplest form for the singularity conditions.

Dimensional synthesis based on mechanism singularities

Step 2: Use of the DH parameters and resolution of the inverse kinematics to obtain the equations relating the operational coordinates and the structural parameters, corresponding to each singularity.

Step 3: Division of the singularity equations to separate curves corresponding to voids and curves corresponding to external boundaries.

Step 4: Modification of the singularity curves.

(a) Eliminate or minimize the void formation.

(b) Optimize or extend the external boundaries up to the required limits.

Step 5: Resolution of the equations corresponding to the singularity curves and design constraints, in order to find the set of DH parameters for the mechanism.

This dimensional synthesis algorithm provides an a priori formulation based on constraint analysis by including both the kinematic constraints introduced by serial singularities and constraints on the limits of actuation moments, reaction forces introduced by parallel singularities.

It is in stark contrast with the a posteriori methods based on performance indices which are iterative and computationally very expensive. A framework for identification and elimination of the voids has also been provided in this algorithm which is absent from other algorithms. Different parametrizations for the mechanism and the end-effector can be chosen which suit the mechanism and the task description better. This algorithm can be more effectively applied for lower mobility mechanisms, as the complexity of this algorithm is dependent on the number of operational parameters. Though in the present work only the mechanisms with revolute joints are considered, it can be extended to mechanisms with prismatic joints and with joint limits as well. Moreover, more general workspaces like reachable workspace can be considered though with a higher complexity and possibly a strong coupling between structural parameters of different legs. It should be remarked here that this algorithm does not take into account link interferences.

Even with these singularity equations (3.1)-(3.7) for the 2T2R mechanism candidate II and equation (3.8) for the 2R mechanism candidate, the problem of dimensional synthesis is underconstrained and one needs to introduce some design constraints which in our case would correspond to the overall size of the positioning mechanism. The complexity of this algorithm does not increase with the increase in the number of structural parameters, as it amounts to solving the same number of equations. It will be evident in later sections, that each of singularity equation (3. 
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Modeling and design constraints

Mathematical modeling

As the legs 2 and 3 are identical, the models for only legs 1 and 2 are described. For the mathematical modeling of this 2T2R parallel mechanism, the modified Denavit-Hartenberg parameters [START_REF] Khalil | A new geometric notation for open and closed-loop robots[END_REF] To avoid the parallel singularity condition (3.5), the following design constraint needs to be satisfied where r 13 for leg 3 is the corresponding parameter to r 12 of leg 2:

θ i 1 θ r i 1 α i 1 d i 1 r i 1 θ p1 = 0 θ r p1 = 0 0 0 0 θ 11 θ r 11 = 0 0 0 0 θ 21 θ r 21 = -π 2 0 d 21 0 θ 31 θ r 31 0 d 31 r 31 θ 41 θ r 41 α 41 d 41 r 41 θ 51 θ r 51 α 51 0 0 θ f 1 = π 2 θ r f 1 = π 2 α f 1 0 0 (a) leg 1. θ i 2 θ r i 2 α i 2 d i 2 r i 2 θ p2 = π 2 θ r p2 = π 2 0 0 r p2 θ 12 θ r 12 π/2 d 12 r 12 θ 22 θ r 22 0 d 22 0 θ 32 θ r 32 0 d 32 0 θ 42 θ r 42 π/2 d 42 0 θ 52 θ r 52 0 d 52 r 52 θ f 2 = 0 θ r f 2 = 0 π/2 d f 2 r f 2 (b) leg 2.
r 12 = r 13 . (3.11)
It should be kept in mind that out of the design parameters in D P 1 and D P 2 , all the parameters are not independent. The assembly in the reference configuration, as shown in figure 3.6, imposes six independent constraints for each leg. But at the start, it is not possible to identify which parameters should be assumed independent. Hence, the entire set of design parameters is considered at the beginning of the algorithm.

Parameterization of the End-Effector of the 2T2R parallel mechanism

The homogeneous matrix representing the end-effector reference frame is : The operational coordinates m 13 , m 23 , p x , p y are chosen as the four independent parameters which describe the configuration of the end-effector. These four operational parameters would be utilized to plot and discuss the workspace boundaries of the 2T2R parallel mechanism and its legs. In the reference configuration of the 2T2R parallel mechanism, as shown in figure 3.6, the values of operational coordinates are: m 13 = 0, m 23 = 0, p x = 0, p y = 0.

0 T f =      

Inverse kinematics solution for the 2T2R mechanism candidate II

The inverse kinematics solution for the two legs of the 2T2R mechanism candidate II are developed and presented in appendix A. terms of the end-effector parameterization as described below:

m 33 = cos θ =⇒ m 2 13 + m 2 23 = 1 -m 2 33 = sin 2 θ m and p 2 x + p 2 y = r 2 . (3.13)
The structural parameters of the 2T2R parallel mechanism are sought, which would lead to the design goal of the workspace mentioned earlier. For percutaneous procedures, the size of the orientation workspace is more important than the size of the translational workspace. Hence, for each leg, the orientation workspace is discussed first and then the resulting constraints are applied to obtain the translational workspace. x 31 × x 41 = 0 =⇒ sin θ 41 = 0 (3.16a)

-1 ≤ cos θ 41 ≤ +1 (3.16b)
Also, a closed-form solution for θ 41 is known from the solution of the inverse kinematics.

Assuming that cos α 51 = 0 the developed expressions for equation (3.16b), resulting from the solution of inverse kinematics for this leg, are presented below :

-

m 31 sin α f 1 -m 33 cos α f 1 + cos(α 41 -α 51 ) ≥ 0 (3.17a) -m 31 sin α f 1 -m 33 cos α f 1 + cos(α 41 + α 51 ) ≤ 0. (3.17b)
Equation (3.17) clearly identify the parameters affecting the orientation workspace of the leg 1 and is independent of the position of the end-effector. It is difficult to predict which expression represents the outer boundary and which expression represents the void. Plotting with the inverse kinematics model (IKM) is done to clarify that, with the following arbitrary chosen values of the parameters : values of the parameters, in the figure 3.9(b), which include the constraints derived from the optimization of the orientation workspace :

α 41 = π 6 α 51 = π 4 α f 1 = π 3 . ( 3 
α 41 = α 51 = α f 1 = π 4 d 21 = d 31 = 50 mm. (3.21)
With the above values of the parameters, p xc = -50 mm and p yc = 50 mm is obtained. The achieved translational workspace is within the brown circle of diameter 40 mm, as shown in figure 3.9(b) and it keeps a minimum distance of approximately 10 mm from either singularity.

The dependent structural parameters obtained after solving the system of equations , arising from assembling the leg 1 in the reference configuration as shown in figure 3.6(a), are : The analysis of leg 2 would be carried out in a different manner than the leg 1, as some of the obtained analytical expressions have a more complex form and the two singularities of leg 2 are coupled to each other.

θ
Reformulating the Singularity-12, as described by equation (3.3) and considering the intermediate reference frames of leg 2, provides equation (3.23a):

x 42 • (z 42 × z 32 ) = 0 =⇒ cos θ 42 = 0 (3.23a) -1 ≤ sin θ 42 ≤ +1.
(3.23b)
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The developed expressions for equation (3.23b) can be written as:

d 52 + r 12 + d f 2 1 -m 2 13 + m 13 r f 2 ≥ p x (3.24a) -d 52 + r 12 + d f 2 1 -m 2 13 + m 13 r f 2 ≤ p x . (3.24b)
To ensure equation (3.24) produces real values at equality for every point in the desired translational workspace W t , following condition equation (3.25) must be fulfilled :

Di scr = -p x + r 12 -d 52 + d 2 f 2 + r 2 f 2 ≥ 0. (3.25)
where Discr is the discriminant of the quadratic equation in m 13 obtained from equation (3.24b) at equality. To ensure that equation (3.25) is satisfied for the range, -20 mm ≤ p x ≤ 20 mm, it is assumed that equation (3.25) is at equality for p x = 22 mm. Hence, the following condition is obtained.

Di scr = -22 + r 12 -d 52 + d 2 f 2 + r 2 f 2 = 0 (3.26)
Reformulating Singularity-22, which is described by equation (3.4), leads to equation (3.27a).

x 12 × x 22 = 0 =⇒ sin θ 22 = 0 (3.27a) -1 ≤ cos θ 22 ≤ +1 (3.27b)
The full expression for equation (3.27b) is too complex to be detailed here and it is a function of all four operational parameters. This equation is obtained from inverse kinematics solution for the angle θ 22 .

Reformulating the parallel singularity condition, which is described by equation (3.7), leads to equation (3.28a). The inequality for avoiding the parallel singularity is given by equation (3.28b).

x 32 × (x 22 × z 32 ) = x 22 (x 32 • z 32 ) -z 32 (x 32 • x 22 ) = 0 =⇒ x 32 • x 22 = 0 =⇒ cos θ 32 = 0 (3.28a) -1 ≤ sin θ 32 ≤ +1 (3.28b)
The full expression for the equation (3.28) is too complex to be detailed here, but its derivation follows that of the inverse kinematics solution for joint angle θ 32 .

The figure 3.10 shows the IKM plot of leg 2 for the orientation workspace with the following arbitrary chosen values of parameters : 

r p2 = 0,
∂L l i m ∂p x < 0, ∂R l i m ∂p x < 0, ∂P i nt ∂p x < 0, ∂P i nt ∂p y > 0 (3.30)
Hence, the worst case scenarios are given below at the boundary of the desired translational workspace W t , where m 13l i m = 0.5 corresponds to size of the desired orientation workspace

W O : L l i m (-20 mm) = -m 13l i m R l i m (+20 mm) = m 13l i m , P i nt (+20 mm, -20 mm) = m 13l i m (3.31)
We consider the intersection of two lines m 13 = 0 and m 23 = 0 with the parallel singularity curve represented by equation (3.28). This gives two points each on the m 23 and m 13 axis which are assumed to lie on the boundary of the desired orientation and translational workspace. These The following independent parameters were chosen before solving the system of equations for legs 2 and 3: Figure 3.12 -Preliminary prototype.

d 42 = d 43 = 5, r p2 = r p3 = 20, r f 2 = r f 3 = -

Static analysis

Recalling the velocity equation for the 2T2R parallel mechanism from section 3.1.1 it can be written as J X Ẋ = J q q, where the two matrices J X and J q can be displayed as :

J X = $1,a $2,a $3,a $4,a $1,c $2,c T J q =                $1,a • $ 0 11 0 0 0 0 0 0 $2,a • $ 0 21 0 0 0 0 0 0 $3,a • $ 0 12 0 0 0 0 0 0 $4,a • $ 0 13 0 0 0 0 0 0 0 0 0 0 0 0 0 0               
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Static equilibrium of the 2T2R mechanism under action of the external wrench $ext has to be achieved by the set of four actuation wrenches 4-$a and two constraint wrenches 2-$c .

The following equation gives the decomposition of the $ext in the space spanned by the 4-$a and 2-$c , where the components of I decom corresponds to the norm of four actuation and two constraint wrenches, respectively:

I decom = J X -T $ext (3.36)
The equation (3.36) gives a relationship between the norm of the constraint wrenches, the actuation wrenches and the structural parameters of the mechanism. A closed form symbolic expression for the J X -T is very difficult to obtain for a spatial mechanism like the 2T2R mechanism. This difficulty does not allow the static analysis constraints such as limits on the norm of constraint wrenches and the actuations wrenches to be considered at the beginning of the dimensional synthesis procedure. However, for simple planar parallel manipulators it is possible to obtain a closed form solution for the J X -T . In the work of [START_REF] Briot | Investigation on the effort transmission in planar parallel manipulators[END_REF], a closed form formulation for the J X -T is used to investigate the effort transmission in planar parallel mechanisms including the limits on the norms of the reaction forces.

The four actuation moments can be calculated by the following equation:

M 1 M 2 M 3 M 4 0 0 T = J q T I decom (3.37)
Based on the modeling described before, in section 3.2.1, for the 2T2R mechanism and the values of the structural parameters obtained during dimensional synthesis procedure, it is possible to calculate numerically the actuation moments and the norm of the constraint and actuation wrenches for a given end-effector position. It is of special interest to see the evolution of the actuation moments through the workspace, especially for getting an idea of the maximum actuator torque required, which would dictate the choice of actuation technology. For calculation of the actuation torques, a combined effect of gravity and axial insertion forces along z f is considered. The magnitude of the axial insertion forces is assumed to be 15N. The force due to gravity is assumed to be 5N. The center of gravity of the mechanism is assumed to lie on the insertion axis at a distance of 130mm from the origin O b . Under the action of the this external wrench the torque feasible workspace was calculated and plotted for nine positions of the entry point in figure 3.13. The maximum of the four actuation moments restricted to the radiologist while he/she manipulates the master device which is very much unacceptable given the nature of the application.

M max = max (M 1 , M 2 , M 3 , M 4 )
The values of very high actuation moments are the configurations where the Jacobian matrix J X degenerates. The degeneration of this matrix is also associated to the parallel singularity configurations. Though, the parallel singularity conditions derived by screw theory were presented and taken into account at the beginning of the dimension synthesis procedure, very high actuation moments indicate that not all parallel singularity conditions were enumerated.
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This is due to the asymmetrical nature of the 2T2R parallel mechanism with two different leg types for which the system spanned by 4-$a and 2-$c wrenches does not degenerate in a regular and predictable manner. This leads to isolated singularity configurations which are very difficult to predict by application of screw theory. This limitation is however not present in symmetrical fully parallel mechanisms, where systematic enumeration of parallel singularity conditions by screw theory is possible.

Dimensional synthesis of the 2R mechanism

Modeling and design constraints

The 2R mechanism candidate consists of a revolute joint in series with a 1-DOF parallelogram based RCM mechanism. For purpose of workspace analysis, 2R mechanism candidate is modeled as consisting of the first revolute joint and and the virtual revolute joint shown in red in figure 2.21. Three reference frames R 1 , R 2 and R f are introduced and set according to the modified DH convention [START_REF] Khalil | A new geometric notation for open and closed-loop robots[END_REF]. The figure 3.14 shows the modeling of the 2R mechanism candidate along with its structural parameters. The axis of the first revolute joint is along z 1 passing through O b and is associated with the reference frame R 1 .

The axis of the second virtual revolute joint is along z 2 passing through O b and is associated with the reference frame R 2 . The axis of the end-effector, coincident with the needle axis is along z f passing through O b and is associated with the reference frame R f . The modified DH Figure 3.14 -Modeling of the 2R mechanism candidate.

parameters for the 2R mechanism candidate are given in table 3.2.

Chapter 3. Dimensional synthesis of the positioning device . This angle α is intended to help place the RCM point on the patient's skin surface which might not be at the same level as the base of the mechanism. The insertion tool which contains the needle axis makes up for most of the weight in the mechanism and its design has a symmetry around the needle axis as we will see later. Therefore the center of gravity G of the mechanism, is assumed to be lying on the insertion axis. The insertion axis does not necessary has to coincide with the line O b J H . So another variable γ is defined, which describes the angle between the insertion axis and z b . The angle β between the line O b J H and the insertion axis along z f gives the freedom to place it at an offset angle from the line O b J H .

θ i α i d i r i θ 1 0 0 0 θ 2 π/2 0 0 θ f = 0 π/2 0 0 Table 3.2 -

Parameterization of the end-effector of the 2R mechanism

The homogeneous matrix representing the end-effector reference frame is : where the terms m 32 and p x , p y and p z can be seen to be zero. Overall there are two independent parameters in the homogeneous matrix corresponding to 2-DOF of the 2R mechanism.

0 T f =       cos θ 1 cos θ 2 sin θ 1 cos θ 1 sin θ 2 0 sin θ 1 cos θ 2 -cos θ 1 sin θ 1 sin θ 2 0 sin θ 2 0 -cos θ 2 0 0 0 0 1       =      
The column vector z f = m 13 m 23 m 33 T represents the components of the vector z f attached to the end-effector and coincident with the needle axis. The operational coordinates m 13 , m 23 are chosen as the two independent parameters which describe the configuration of the end-effector. These two operational parameters would be utilized to discuss the workspace boundaries of the 2R mechanism.

Inverse kinematics solution for the 2R mechanism candidate

Inverse kinematics problem amounts to solving for θ 1 and θ 2 given the two operational coordinates m 13 , m 23 . From equation(3.38), the values of joint variables can be calculated as
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function of the operational coordinates:

θ 1 = arctan2(m 23 , m 13 ) θ 2 = arccos(-m 33 ) (3.39)
Thus there are two inverse kinematics solutions for the 2R mechanism with the assumption that m 33 > 0, as we are only interested in positive values of angle which z f makes with z b . As m 33 = cos γ, the equation θ 2 = arccos(-m 33 ) gives two solution for θ 2 as θ 2 = π ± γ. It can be verified that the solution corresponding to the schematics, as shown in figure 3.14, is θ 2 = π+γ.

Workspace analysis of the 2R mechanism candidate

There are no serial singularities for this mechanism which would affect the workspace of this mechanism candidate. However, there is a parallel singularity which was described in section 3.1.2. The vectorial representation of this parallel singularity is given by equation (3.8).

Restating equation (3.8) by utilizing the modeling adopted for the 2R mechanism and since θ 2 = π + γ, we get the following equation (3.40):

cos γ -α -β = 0 (3.40)
The mechanism singularities are met when γ = α + β ± π 2 .

There is no theoretical limit to the value of the joint angle θ 1 by the parallel singularity condition. However, the limits of the angle θ 2 are determined by equation (3.40). The limits on the value of γ can be obtained as follows:

α + β -π/2 ≤ γ ≤ α + β + π/2 (3.41)
Since we are interested only in limits to the positive value of γ, and as α and β are both positive, there is no parallel singularity for values of γ less than 90 deg. For the application of needle orientation, a value of γ = 60 deg is more than sufficient. In fact, this orientation range has not yet been achieved by the existing needle positioning mechanisms in the literature, where the typical value is 30 deg as was also chosen for the dimensional synthesis of the 2T2R parallel mechanism in earlier sections. Thus the achievable workspace for this candidate mechanism would rather be limited by practical challenges such as the interference and the collision between the links of the mechanism.

Static analysis

Apart from the workspace constraints, actuation requirements for the 2R mechanism candidate need to be investigated upon the action of the external forces. The axial needle insertion force F in along the z f and the force due to gravity mg along -z b are the external forces considered for the static analysis of this mechanism. The assumption is made that the base of the mechanism is fixed to the ground. The vector of external forces is given by F ext = F in + mg.
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The first revolute joint of the 2R mechanism candidate which is along z 1 is actuated. The second actuator is placed at the revolute joint, at point B, in the 1-DOF parallelogram based RCM mechanism. Let the vector of actuation moments for two joints be given by [M 1 M 2 ] T . The axis of the first revolute joint z 1 is along z b . The center of gravity is assumed to lie on the insertion axis at a distance d from O b , as shown in figure 3.14. The external wrench F ext lie in a plane passing through O b and containing the z 1 axis. Thus the external wrench F ext is reciprocal to the twist corresponding to the first revolute joint. Hence under static equilibrium

M 1 = 0.
For calculation of the actuation moment M 2 we proceed with the static analysis of the planar parallelogram mechanism. First we break the mechanism into five bars namely, BC, CDJ, ADF, HF and HJ as shown in figure 3.15. Each revolute joint is assumed to be frictionless hence there Figure 3.15 -Bar by bar analysis with their free body diagrams.

are only reaction forces which are projected along z 1 and x 1 in two orthogonal components. There are a total of 5 rigid bodies in a plane which leads to 15 independent equations. There are in total of 7 pivot points leading to 14 independent reaction forces. Together with the actuation torque M 2 , there are 15 variables to be solved from a system of 15 equations. As the number of variables and the number of equations are same, a unique solution can be found for non-singular configurations.

The expression of the actuation torque M 2 is derived to be :

M 2 = -mg d sin γ (3.42)
Thus this actuation torque depends only on the force due to gravity, distance of the center of gravity from the origin and the angle insertion axis makes with z b . As it can be seen structural parameters of the mechanism have no effect on both actuation torques M 1 and M 2 . The expression for the calculated reaction forces at the joints A, B, C, D, F, J, H can be found in the appendix B.

Solution for the ProteCT project

For obtaining a collision free orientation range of γ = +60 deg, the following structural parameters were chosen and arrived after several iterations from the CAD design of the prototype. the actuation torque and the reaction forces in five revolute joints can be calculated and are plot in figure 3.16. The maximum values of the actuation torque and the maximum value of the norm of these reaction forces from these plots serve for selection of actuators and bearings for individual joints.

Solution for the ProteCT project

Comparison between the 2R and 2T2R mechanism candidate

The two positioning mechanism candidates 2T2R and 2R were discussed in this chapter along with their dimensional synthesis leading to workspace and static analysis. The interest of the Chapter 3. Dimensional synthesis of the positioning device 2T2R mechanism comes from the functionality to change the entry point on the surface of the patient's skin. However, serious drawbacks associated with ill-conditioned Jacobian matrices within the workspace were discovered. Suitability of the mechanism as the slave device during the teleoperation also came into question, as not all points in the reachable workspace can be reached without encountering very high actuation torques. Relatively higher level of actuation torques for the reachable points in the workspace reduced the feasibility of the selection of a suitable actuation technology, especially given the constraints of size and weight of the overall mechanism. Having a motor with higher actuation torque output means having bigger, heavier motor with bigger gearboxes. Moreover, the mechanism requires four such actuators accompanied by their gearboxes. Though the achieved workspace for the 2T2R mechanism candidate conformed to the typical requirements, it was difficult to achieve larger orientation ranges (> 30 deg) without increasing the overall height of the mechanism.

On the other hand 2R mechanism's workspace was found to be free from any singularities, serial or parallel within the desired workspace. Therefore, the utilization of the 2R mechanism candidate as the slave device would pose no problem for teleoperation. Also, the level of actuation torques were found to be much smaller for the 2R mechanism which enabled the choice of a suitable actuation and transmission technology while respecting the size and weight constraints. Also due to fewer DOF, the 2R mechanism needs only two actuators onboard which also facilitates their placement while avoiding intersection with the imaging plane of the CT scanner. A much larger workspace in orientation 60 deg, than the typical range 30 deg, can be achieved by the 2R mechanism candidate. Given the time constraints within the ProteCT project and the feasibility of practical implementation, the 2R mechanism candidate was retained for further analysis including the embodiment design.

CAD of the 2R positioning device

The CAD implementation of the 2R positioning device was developed by Benoit Wach during the course of his master thesis [START_REF] Wach | Conception d'un robot d'assistance à l'insertion d'aiguille sous scanner x[END_REF] carried out under the ProteCT project and the fabrication of the prototype is being outsourced. The figure 3.17(a) shows the base of the positioning device for strapping onto the patient body. The placement of two actuators on the base can be seen in figure 3.17(b). The first R joint would be realised by utilizing ball bearings on which a large spur gear with 250 teeth is attached rigidly. The transmission from the first rotary actuator is done through a coupling between a smaller spur gear with 28 teeth and the larger spur gear with a reduction factor of 8.9. The transmission from the second rotary actuator to the revolute joint is done through a worm drive. This makes it possible to use a small brushless servo actuator (31g, φ13 × 37mm) with low actuation torque of 0.11mN•m whose output actuation torque was magnified by a reduction factor of 10, as a result of the worm drive coupling. For the actuation of the first revolute joint, the brushless servo motor with same specifications is used. The 

Summary

As a result of the dimensional synthesis, the structural parameters of the 2T2R mechanism were calculated corresponding to the desired workspace requirements. Despite achieving the typical workspace size, the static analysis of the 2T2R mechanism candidate revealed limitations, specially for the choice of a suitable actuation and transmission technology for the application. Despite interest for such a 2T2R mechanism for the needle positioning, it could not be retained as solution for the needle positioning device for the ProteCT project. Modeling for the 2R mechanism candidate was also described. The workspace analysis revealed that despite a parallel singularity, a large orientation workspace is possible. Static analysis of the 2R mechanism was carried out taking into consideration its parallelogram structure.

The values of the actuation moments and the reaction forces were found to be reasonable for choice of suitable actuation technologies and bearings for the joints. Therefore this 2R mechanism candidate was selected as the needle positioning device for the project despite the lack of needle positioning. A final CAD implementation of the prototype is presented with the integrated actuation and transmission technology.

An integrated dimensional synthesis algorithm which includes i) the generation of the workspace ii) the identification and the localization of the sensitive structural parameters to each singularity iii) the identification and the elimination of the voids was used for determining the structural parameters of 2T2R parallel mechanism candidate II. The systematic division of singularities into voids and external boundaries as well as the derivation of the inequality expressions for avoiding singularities is presented. As illustrated in this chapter, this method can be specially effective for the dimensional synthesis of lower mobility mechanisms, where the operational parameters are fewer in number. The static equilibrium conditions are closely linked to the degeneration of the Jacobian matrix which are also the parallel singularity conditions. Though the workspace requirements were successfully taken into account at the initial stages of the dimensional synthesis procedure, the requirements corresponding to the static equilibrium are still too complex to be considered, especially for asymmetric parallel mechanisms. This is partly due to difficulty in enumerating all possible parallel singularity conditions geometrically in vectorial form from the screw theory. For asymmetric parallel mechanisms, the degeneration of the Jacobian matrix is not regular and there can be isolated singularity configurations. In such cases, we can only evaluate the static equilibrium once the dimensional synthesis procedure has been completed. Better results are expected if this dimensional synthesis algorithm is employed for symmetric fully parallel mechanisms, where the systematic enumeration of parallel singularity configurations is possible via screw theory. Insertion tool is perhaps the most important and critical part of the overall robotic needle insertion device. The functionalities of needle positioning and haptic force feedback discussed before have only the enabling effect on the final act of inserting the needle itself. The needle has to be grasped or fixed to the robotic device before insertion can take place. Conventionally, needle has been attached rigidly to the robotic device which is then inserted via a proper insertion mechanism. But the acts of the radiologists as observed during the manual workflow show that the insertion of the needle does not take place in a single step, but rather in a series of steps. Between these steps, needle is released and grasped again to allow it to move freely. This ensures that there are limited tissue lacerations due to a rigid needle placed inside the body trying to inhibit the movement of patient's organs during non-insertion phase. This necessitates the use of needle grasping devices which can mimic this functionality.

From literature survey several systems dedicated to needle insertion that consequently provide solutions for needle grasping, could be identified. The most frequent working principle involves opposing rollers to perform simultaneously the needle grasping as well as its insertion motion (e.g. Refs [START_REF] Stoianovici | AcuBot: a robot for radiological interventions[END_REF][START_REF] Walsh | A patientmounted, telerobotic tool for CT-Guided percutaneous interventions[END_REF]). However, axial insertion force measurement turns out to be very difficult or even impossible with this principle since the Chapter 4. Design and development of the insertion tool force measurement highly depends on the friction conditions with the needle barrel. To add this important functionality of axial insertion force measurement to a needle insertion device, it seems necessary to uncouple the needle displacement from its grasping. The schematic, in figure 4.1, shows the cycle of decoupled insertion and grasp/release of the needle. For instance, the axial force measurement issue is addressed in the system developed by [START_REF] Badaan | Does needle rotation improve lesion targeting?[END_REF] with a custom built force sensor set on the transmission chain of the insertion motion. In this system, the grippers are snapped manually on the needle before the insertion starts and can be reopened on demand to release the needle. However, it does not provide a controlled feature for re-centering and gripping back the needle during insertion.

During the prior work in the lab, two versions of NGD were developed. The first miniaturechuck-based device which used a blocking part to avoid any movement of the needle was presented in [START_REF] Piccin | A robotized needle insertion device for percutaneous procedures[END_REF]. In this design, the functionality to release and re-grasp the needle during the insertion procedure was overlooked. In the second iteration presented in [START_REF] Piccin | A force feedback teleoperated needle insertion device for percutaneous procedures[END_REF], the needle grasping device design was taken up to include the previously missing functionality. During this thesis, a third variant of the NGD was designed and experimentally validated. This version improved upon the gripping force and the stiffness requirements by utilizing deformable parts. In this chapter, the task of needle insertion is separated into two separate functionalities of needle grasping and insertion. This allows to measure the axial needle insertion force, as mentioned earlier, which will be developed in the chapter 5. After a discussion on the possible mechanism candidates for the needle insertion, CAD implementation of the chosen insertion mechanism with choice of the actuation technology is presented. A general framework for the synthesis of the NGD is presented. The design of the rigid body NGD developed previously in the lab [START_REF] Piccin | A force feedback teleoperated needle insertion device for percutaneous procedures[END_REF] 

Requirements for the insertion tool

The available space between a CT-scanner ring and a patient is a limiting factor as it was evoked during the design of the positioning device. Depending on the patient's build, the available space for the robotic assistant is at most of the order of 200mm. As this space is just enough to accommodate the length of most biopsy needles, the size of the insertion tool should be as small as possible. In addition, it is beneficial to comply with existing surgical needles, in terms of diameter and length, and thus avoid the use of a needle specific device.

Another important feature for the insertion tool is the capacity to allow a wide opening around the needle. Given the space constraints mentioned before, the limit for the size of the insertion mechanism is set to 100mm. Moreover, the insertion mechanism should at least allow a stroke length of 25mm. The NGD should allow the centering of the needle during re-grasping. On the side of force transmission, the grasping device should sustain a maximum insertion action of 15N without letting the needle slip. Concerning the material requirement, the grasping device and insertion mechanism should not generate artefacts in CT scanner images so its construction needs to set a good level of radiolucency.

Insertion mechanism

As stated earlier, the most important functionality of the insertion tool is the ability to insert the needles inside body of the patient. The insertion DOF has to be achieved by a 1-DOF translation mechanism for guiding the needle along the insertion axis. This 1-DOF in translation can be achieved by a simple prismatic joint. A prismatic joint is most commonly realized by a simple linear guide. Metallic linear guides though very efficient in terms of friction between the sliding surfaces, are heavy and not compatible with the CT imaging. A linear guide fabricated out of polymer would require lubrification which is not recommended due to possibility of contaminating the sterilized environment of the operating room. The transmission using helical gears and screw mechanism, as used in the work [START_REF] Piccin | A force feedback teleoperated needle insertion device for percutaneous procedures[END_REF], are not compact and can introduce inaccuracies due to the backlash in the gear coupling. In the work of [START_REF] Hungr | A 3-d ultrasound robotic prostate brachytherapy system with prostate motion tracking[END_REF], rail and ball screw along with a rotary brushless DC servo motor are used for the insertion mechanism and its actuation. Usage of metallic DC servo motors with the insertion tool is not desirable due to artefacts produced by them with CT imaging. Mechanism with belt and pulley system actuated by piezomotors are used for the insertion mechanism in the work of [START_REF] Seifabadi | Design of a teleoperated needle steering system for MRI-guided prostate interventions[END_REF], which is not compact and can introduce inaccuracies due to flexibility and slippage of the belt on the pulley. In the work of [START_REF] Walsh | A patientmounted, telerobotic tool for CT-Guided percutaneous interventions[END_REF], rollers are used for combined action of gripping and insertion of the needle, which does not allow for direct measurement of axial insertion forces. A mechanism based on linkages with a prismatic and revolute joints is used in the work of [START_REF] Badaan | Does needle rotation improve lesion targeting?[END_REF] for needle insertion, which produces an approximate straight line. This mechanism is asymmetric and consists of prismatic joints which introduces problems with the friction. Moreover, for our application we are interested in mechanisms which produce the exact straight line as compared to the approximate straight line mechanisms, as the guidance of the needle along the exact trajectory is very important for reasons of safety. Choosing a mechanism primarily with revolute joints for the transmission helps to avoid aforementioned drawbacks and be more accurate while maintaining a fixed needle axis orientation.

In the family of exact straight line mechanisms with revolute joints, there are many planar mechanisms based on linkages like the Peaucellier's linkage (figure 4.3a), Hart's A-frame (figure 4.3b). The Sarrus mechanism depicted in the (figure 4.3c) has a parallel 3-D structure and consists of two serial kinematic chains with three revolute joints each. Though the most common variant of the Sarrus mechanism produces a vertical straight line motion, other variants of the Sarrus mechanism producing tilted straight line motion can also be obtained, as described in the work [START_REF] Li | A family of remote center of motion mechanisms based on intersecting motion planes[END_REF]. As stated in section 4.1, the insertion mechanism 

Insertion mechanism

should allow a opening around the needle axis in order to let it pass through. Out of the three mechanisms, the Sarrus mechanism can satisfy this requirement. Due to the parallel 3-D structure, the Sarrus mechanism is preferred for the insertion mechanism in place of 2-D planar mechanisms. Also the symmetry of the legs in Sarrus mechanism around the needle axis allows for better rigidity as compared to asymmetrical planar mechanisms.

The Sarrus mechanism along with a cylindrical joint is chosen as the insertion mechanism for implementation of the electric actuation. The obvious solution is to actuate one of the revolute joints directly by placing an electric rotary motor. This solution would require heavier and bulkier motors along with transmission for the level of input motor torque which is not small for producing the insertion forces at the level of 15N. Therefore the base and the platform of the Sarrus mechanism are connected by the two linear piezoelectric motors for actuation of the one translational DOF. The linear piezoelectric motors from the PiezoMotor AB company can produce a nominal force output of 10N. These piezoelectric motors weight less than 30g with two linear piezoelectric motors which are used for the actuation. As the insertion device has not been fabricated yet, the final prototype could not be shown.

Needle grasping device design

To establish the functional structure of a NGD, mainly four elementary subfunctions is considered, which can be formulated as ( 1) put obstacles around the needle, ( 2) move obstacles radially, (3) transmit motion to the obstacles and ( 4) actuate moving obstacles. This decomposition tends to formulate the essential problems at a higher level of abstraction in order to leave open possible solutions and make a systematic approach easier [START_REF] Pahl | Engineering Design -A Systematic Approach[END_REF]. The Table 4.1 presents several solution principles for the NGD subfunctions.

Table 4.1 -Solution principles for the subfunctions of a NGD.

In the first row, the columns 1 to 5 describe several design principles to fulfill the subfunction SF 1 . The simplest embodiment for this subfunction requires at least two opposing obstacles acting radially on the needle as described in the sketches 1 to 3. The solutions 4 and 5 suggest a higher number of obstacles in operation for gripping the needle barrel. Another important design option refers to how obstacles move with respect to the needle and how many contact points each obstacle does have with the needle.

Needle grasping device design

In the second row of the table are presented some options to realize the motion of the obstacles. Basic ideas depicted in the first two columns correspond to a simple pivoting or translation of the obstacle. The solution principle 3 moves the obstacle using a radial slider driven by a slot-follower element. Columns 4 and 5 present two possible planar and spatial linkages that could serve for the obstacle motion. At this stage, the required motion to impart to the obstacles could be a rotation or a translation. Therefore, the last two rows of the table describe possible choices for actuation and transmission of the required motion to the obstacles.

In light of the proposed classification scheme, the gripping device of the Robopsy system [START_REF] Walsh | A patientmounted, telerobotic tool for CT-Guided percutaneous interventions[END_REF] corresponds to the solution variant of the first column, namely 1.1-2.1-3.1-4.1 whereas the two grasping devices developed in prior research work of the lab [START_REF] Piccin | A robotized needle insertion device for percutaneous procedures[END_REF][START_REF] Piccin | A force feedback teleoperated needle insertion device for percutaneous procedures[END_REF] can be related to the variants 1.4-2.3-3.1-4.1 and 1.3-2.3-3.2-4.1. In section 4.3.1, construction details of the rigid-body NGD first presented in [START_REF] Piccin | A force feedback teleoperated needle insertion device for percutaneous procedures[END_REF] will be briefly given. A new design candidate based on the solution variant 1.5-2.5-3.2-4.1 will be discussed in more detail along with its design and experimental assessment. This solution variant is selected because the option 5 corresponding to SF 1 provides a line contact whereas point contact is obtained with other options. The transmission using worm gear is more compact than using spur gears for same reduction ratio, so the option 2 corresponding to SF 3 is selected. Also the transmission using belt and pulleys has disadvantages of slipping and therefore lacks in accuracy of transmitted motion. Rotary motor is better suited and is more compact than the linear motor, hence the option 1 corresponding to SF 4 is chosen.

Rigid-body NGD

The NGD presented in [START_REF] Piccin | A force feedback teleoperated needle insertion device for percutaneous procedures[END_REF] is used as a starting point to detail its construction issues. The proposed chuck comprises of a main body, two jaws, two pairs of rods and a gear as described in figure 4.5. During the tightening of the chuck, the displacement of each jaw is a translation along the direction followed by the rods 1 and 2 inside the slots 1 and 2 on the main body. Simultaneously, each chuck is driven by the slots 3 constructed within the bore of the gear and followed by the rods 1 (which are longer than the rods 2) when the gear is rotated about its axis.

The central problem for designing this type of NGD consists in constructing adequate slots on the gear to obtain the desired grasping function. The construction of the slots 3 within the gear must be compatible with the translation of the jaws within the main body. This problem can be reformulated geometrically using a kinematic inversion for the chuck mechanism. The gear is now considered as fixed to the ground and a jaw is moving with a combined motion of translation and rotation. During this displacement, the line ∆ coincident with the axis of the rod 1 intersects the cylinder C formed by the bore of the gear and the resulting curves can be used to cut the appropriate slots 3 in the gear. To this end, it is required to determine the equations of these curves.

Let us denote R = (O, x, y, z) a reference frame, such that the cylinder C has (O, z) as its axis Depending on the value of r with respect to R, there may be no solution (r > R), one single point solution when r = R or two solution points (A and A ) when r < R. This last case is studied, since the other ones are of no practical interest. In this case, the moving line ∆
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generates two spatial curves Γ and Γ traced on C corresponding to the set of points A and A . It should be noted that each of two points A and A are symmetric with respect to the axis (O, n).

The intersection curves Γ and Γ can be described by the vector function

Γ ε (θ, r, z) = r n + ε R 2 -r 2 u + z z (4.1)
where r , θ and z are functions of a parameter t chosen in the interval [0; 1] and where the value ε, taken in set {-1; +1}, determines the curve Γ or Γ . For sake of simplicity the functions were chosen linear with respect to t as following:

       r (t ) = r max t θ(t ) = θ max t z(t ) = z max t (4.2) (4.3) (4.4)
where r max , θ max and z max denote constant parameters describing the final position of ∆. To fulfill a slot-follower function for each jaw it is necessary to generate two couples of curves Γ and Γ with sufficient axial offset along the cylinder axis to ensure a minimum wall thickness between the slots and to avoid any curve crossing. The influential parameter to validate this condition is the angle of rotation θ max which was set to 140 deg.

The resulting NGD can provide a theoretical grasping force F exerted by each opposing jaw on the needle barrel which is related to the driving torque τ m applied by the motor

F = nθ max n j r max τ m (4.5)
where n and n j denote respectively the number of teeth of the gear and the number of jaws (here, n j = 2).

Chapter 4. Design and development of the insertion tool

Flexible-body NGD

The second NGD that is considered here uses thermoplastic flexible parts. In this design variant the number of moving obstacles is increased to three. Constituting parts of this NGD are shown in figure 4.8 and include a main body on which, three flexible jaws equipped with high grip neoprene pads, are hinged. Each jaw is then connected to the gear via a pin joint. Simultaneously, the gear is guided in rotation with respect to the main body part. The geometry of the jaw has been iterated to provided two interrelated models, namely a pseudo-rigid-body model [START_REF] Howell | Compliant mechanisms[END_REF] and the corresponding flexible and monolithic form of the model as described in figure 4.9. 

Needle grasping device design

Pseudo-rigid-body modeling

To investigate the NGD behaviour and iterate its design, a pseudo-rigid-body model has been constructed in which each jaw was segmented into three rigid links connected by pin joints as indicated in figure 4.9(a). During the NGD operation, the end point A 1 of a flexible jaw is hinged to the fixed main body part whereas the other end point B 1 is driven on a circle by the rotating gear as depicted in figure 4.10. The NGD closes with a 90 deg rotation of the gear and allows a maximum clearance included within a cylinder with diameter 24 mm. The theoretical grasping force of each jaw can be calculated using equation (4.5) with θ max = 90 deg, r max = 12 mm and n j = 3.

The pseudo-rigid-body modeling was not formulated to arrive at an approximate model for calculating the associated deformation as result of the movement of jaws, as a detailed numerical FEA model, described in next section, can give more accurate results. However, the pseudo-rigid modeling allowed to simulate the movement of jaws in Pro/Engineer, which otherwise would be not possible. The pseudo-rigid modeling was done as an intermediate step to verify the functioning of the NGD with the CAD design, before moving on to the detailed FEA calculations for obtaining the deformation and stress levels.

Flexible-body modeling

When considering the jaws as deformable bodies, the closing of the NGD causes a coordinated motion and deflection of the three jaws around the needle. In the case of thermoplastic parts such as those considered in this NGD, the low material stiffness and yield strength could create the conditions for nonlinear behaviours to occur [START_REF] Trantina | Structural analysis of thermoplastic components[END_REF]. However, in the proposed NGD design, the dominant source of non-linearities comes from geometry and the occurrence of contact conditions between the jaws and the needle. Thus, it is assumed here that the problem includes mainly geometric and contact nonlinearities and can be consistently solved using linear material behaviour. As a result, the large displacement imposed to the jaws generates stresses and strains on the deformable parts which need to be calculated to check both the NGD functionality and the parts failure. For this purpose, two Chapter 4. Design and development of the insertion tool operating phases for the modeling of the flexible NGD are considered which are following : i) the motion of the jaws in free space during the NGD closing and ii) the interaction with the needle barrel during the grasping itself. This loading scenario requires the modeling of large strains induced by the large displacement of the jaws rotated by the gear. This problem has been solved with a nonlinear FEA code allowing contact analysis.

Meshing

The geometry of the parts were imported from CAD and included a segment of the needle and the three jaws equipped with high grip pads. The resulting mesh shown in figure 4.11(a) uses 4-node tetrahedral elements for the jaws and the neoprene pads and 6node wedge elements for the needle. Meshing of the jaws and the pads has been refined in regions where large stress gradients are expected such as in the contact area. The total number of nodes for the entire model is 36 270. Each part of the FEA model was assigned with the corresponding material namely polymer resin for the jaws (PX220, Axson Tech. Inc.), neoprene for the pads and stainless steel for the needle. The polymer resin was chosen to be compatible with the fabrication process described in subsection 4.3.2. 

Boundary and loading conditions

The modeling of the pin joints at both ends of each jaw is conducted using rigid body elements. A node at the hole center is rigidly connected to all the nodes on the hole circumference as indicated in figure 4.11 (b). This technique blocks the node motion in the radial direction but leaves them free to rotate about the hole center.

The points A i and B i (i = 1..3) are respectively attached to the fixed main body part and the Loading conditions on the jaws are applied in the form of imposed displacements of the points B i along a circular path centered with the needle axis.

Results

The resolution of the problem with three moving jaws has been solved. firstly the displacements of the jaws during the closing of the NGD was understood. The figure 4.12(a) and (b) present the displacements of the deformed shapes of the NGD with an indication of the starting configuration plotted in wireframe display style. As the first contact between the grip pads and the needle is gained at the configuration θ = 88deg, the analysis has been continued until θ = 120deg. 

Fabricated prototype

The flexible NGD has been fabricated using rapid prototyping techniques. The most critical parts in the NGD are the jaws due to the high level of strain and displacement applied on them. Consequently, the required mechanical properties for the yaws turned out to be difficult to obtain with classical 3D printing machines. Starting from a master part corresponding to the jaw fabricated with a conventional 3D printing machine, a silicon mold was constructed and a small series of parts could then be obtained using vacuum casting.

Experimental assessment of the NGD

Experimental assessment of the NGD

The most important functional characteristics of the proposed NGD, is their ability to maintain the grip on the needle over the range of forces and the range of rate of force variation applied to it. The objective of the experiments is to characterize the grasping capability of both of the proposed NGD and assess the maximum force sustained by the NGD, without allowing the needle to slip. In real medical applications, the rate of change of force may vary depending upon the density of tissues encountered. For example, at the rupture of tissues there are sudden changes in force over very small periods of time.

Experimental setup

The experimental set-up consists of a traction machine from Zwick, GmbH (Z005 THN -Allround Line), capable of applying varying magnitudes of force and rates of change of force to the cross-head. An 18 gauge (1.3 mm), polished, stainless steel needle is held between the jaws which is attached to the cross-head. Both of the NGD are actuated by a Harmonic Drive DC servo motor (RH-5A-5502), which is controlled by another computer via I/O cards. a force sensor, the needle, two NGD and a passive manipulator for holding the NGD rigidly during experiment, can be seen. A force is applied to the cross-head by the traction machine, which in turn applies the force on the needle grasped tightly between the NGD. During the experiments, there is no slipping between the proximal end of the needle and the chuck jaws of the traction machine, so that the NGD experiences the same amount of force. The input current to the motor was maintained constant, so as to maintain a constant grasping force for each experiment. Also length of the needle, at which the NGD grasp it, is same for all experiments. This was done to maintain the same constant set of conditions at the beginning of each experiment.

Results

In this section, results of the traction experiments conducted on the proposed NGD and a qualitative and quantitative comparison of their respective performances, are presented. A total of 58 experiments were conducted on the rigid-body NGD and total of 46 experiments on the flexible NGD. For the rigid-body NGD, experiments were stopped after slipping of 4 mm, whereas for flexible NGD, experiments were stopped after slipping of 6 mm. Same can be observed in figure 4.16(b). 
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During needle insertion two distinctive phases in the force profile could be observed i) a phase of constant rate of change of force when the needle is being inserted gradually through tissue of uniform density ii) a phase where force suddenly decreases over very small period of time, for example during tissue ruptures or sudden changes in tissue density. Therefore, experiments were designed in two parts: i) The input rate of change of force was kept constant, This part is named simple compression loading. ii)The different segments in the input force profile, each segment with a varying rate of change of force, were introduced. This part is named variable loading.

For the simple compression loading, the rate of change of force was kept constant, as shown in figure 4.16. The typical results for Rigid-NGD and for Flexible-NGD are presented. In figure 4.16(a), it can be observed that both of the NGD are capable to comply with the input force, as the curves for the input and the output fall on each other, until a certain threshold force, when the slipping occurs. Also it can be observed, that the value of the threshold force for flexible NGD is much higher than that for rigid body NGD. For the variable loading, the force was allowed to decrease sharply, hence creating a rate of change of force of the order 1kN/s, the magnitude of which agrees with in vivo experimental Chapter 4. Design and development of the insertion tool data presented in [START_REF] Piccin | A force feedback teleoperated needle insertion device for percutaneous procedures[END_REF].

In figure 4.17(a) and 4.17(b), two such instances of sharp decrease in forces were allowed. It can be observed that before this sharp change, compliance of the NGD with input force profile is very good. At the first decrease, It is observed that there is a short time delay between the input and the output. There is rough compliance with the upper and the lower levels of the force but time taken is evidently larger. This effect is more pronounced after second decrease of the force and It can be clearly noticed, that there is some time delay between the input force and output traction force, but again there is rough compliance with the upper and the lower levels of force. For the flexible NGD and the curve shown in figure 4.17(a) average of absolute difference for the upper and the lower levels of the force is less than 0.02 N and 0.5 N respectively. For the rigid NGD and the curve shown in figure 4.17(b) average of absolute difference for the upper and the lower levels of force is less than 0.1 N and 0.2 N respectively. Therefore, both of the NGD are capable of reproducing sudden change in input force as output, without letting the needle slip though with a time delay, importance of which grows with number of such sudden changes in force. In a way this points to a limit of the rate of change of force to which NGD can comply with. The experiments are allowed to continue after the sudden changes in input force, to test for threshold force at which slipping occurs. 

Summary

During needle insertion, stiffness plays an important role, for needle must not slip when there are sudden and big changes in the force. Stiffness here is defined as slope of the straight line passing from the point on curve in figure 4.16(b) through the origin. In figure 4.18(a) and figure 4.18(b), the quantitative measures of the stiffness at different levels of the input force are presented. This figure also describes the average value of slipping for both NGD at different force levels, which can be obtained by dividing the force level with average stiffness value. Threshold value of force, at which the needle starts slipping is not very well defined. Ideally it should be defined as the force at which instantaneous slope of the curve shown in figure 4.16(b) is nearing to zero. Here threshold value for slipping has been defined as the force at which the needle has slipped by 0.5 mm. This definition is more conservative than ideal one and required for safety considerations. The magnitude of the force for this threshold value is less than that of the ideal threshold value. In figure 4.18 the limit of the 13 N for the flexible NGD and the limit of the 5 N for the rigid-body NGD were chosen, because at these force limits, respective NGD have slipped on an average of less than 0.5 mm. As evident from this figure, the average stiffness of the sample decreases as force increases.

A comparative study of the above figures suggests that the flexible NGD outperforms the rigid-body NGD both in the value of the threshold force and the stiffness values. These results are of course influenced by several factors which might be improved by, for example, using a material of higher coefficient of friction between the NGD and the needle, to improve the traction force.

Summary

This chapter discussed the design and development of the insertion tool with the capability of needle insertion and needle grasp/release. However these two functionalities were achieved by two separate subsystems for allowing measurement of axial needle insertion forces. The needle insertion mechanisms used in the literature were discussed. Among linkage based mechanisms producing a straight line, with revolute joints, the Sarrus mechanism was chosen to serve as the insertion mechanism. The linear piezoelectric actuators were selected for actuation of the insertion mechanism. Finally the CAD implementation of the insertion mechanism was presented. The availability of the NGD appears to be a limiting factor to the development of robotized needle insertion assistants. The development of the NGD aims to incorporate the important act of needle grasp/release in the new robotized workflow. The work prior to thesis, relating to the design and development of NGD, was discussed briefly. The design and development of a new variant of the NGD based on flexible parts was presented. A comparative experimental assessment of this NGD and the prior version based on rigid parts was carried out. This study showed improved performance of the flexible NGD both with respect to the maximum level of force sustained and the overall stiffness characteristics. The flexible NGD also has a wider aperture to allow free motion of the needle when it is required by the medical procedure but remains compatible with needle re-grasping.

Chapter 5. Force sensor for measurement of axial needle insertion forces

In the previous chapter 4, design and development of the insertion mechanism and the NGD as part of the insertion tool were covered. The insertion tool also comprises the force sensor for measurement of axial insertion forces and providing haptic force feedback to the radiologist. As the radiologist is not in direct contact with the patient, haptic force feedback [START_REF] Okamura | Methods for haptic feedback in teleoperated robot-assisted surgery[END_REF] is needed to help him in a bilateral teleoperation scenario. Apart from visual feedback from the CT imaging modality, the fine perception of interaction forces between the needle and tissues might help the radiologist in his/her gestures and decisions, as discussed in many contributions like [START_REF] Gwilliam | Effects of haptic and graphical force feedback on teleoperated palpation[END_REF][START_REF] Talasaz | Effect of force feedback on performance of roboticsassisted suturing[END_REF][START_REF] Gerovich | The effect of visual and haptic feedback on computer-assisted needle insertion[END_REF]. With this feedback, the radiologist can better detect the transitions between different organs or tissue layers of different density. The key events, such as tissue rupture where there is a sudden decrease in the level of interaction forces, can be immediately felt by the radiologist. Force sensors are recommended for providing this force feedback to the surgeon due to their higher accuracy leading to a better restitution of the haptic cues. Though forces sensors are not the only means to provide the force feedback. In the work of [START_REF] Herder | A laparoscopic grasper with force perception[END_REF][START_REF] Tolou | Concept and modeling of a statically balanced compliant laparoscopic grasper[END_REF] statically balanced compliant laparoscopic graspers are used to provide force feedback to the practitioner. This solution to provide the force feedback is not feasible in the teleoperation scenario where the insertion tool is not controlled manually but through a haptic master device.

The direct utilization of off-the-shelf commercial force sensors is not possible due to limitations imposed by the imaging modalities like CT or MRI on usable materials. Since MRI uses high magnetic fields, no ferromagnetic material can be present within its close surroundings.

The imaging through X-rays produces artefacts in the image due to presence of predominantly metallic elements in the commercial force sensors. This distorts the image containing needle axis and may render it useless for extracting the needle axis position and orientation. The constraints of the MRI are more strict than those of CT which does not require total elimination of the electrical components. Several works [START_REF] Gassert | MRI/fMRI-compatible robotic system with force feedback for interaction with human motion[END_REF][START_REF] Gassert | Sensors for applications in magnetic resonance environments[END_REF][START_REF] Polygerinos | Triaxial catheter-tip force sensor for MRI-Guided cardiac procedures[END_REF] can be found on MRI compatible force sensors utilizing polymers as material and a sensing principle based on light to avoid any electrical components. The range of the measured forces and the DOF of these sensors vary depending on the medical intervention. Utilizing a polymer as a force sensor material introduces non-linearities, which can significantly affect its accuracy and performance if they are not properly modeled and accounted for. The above papers do report hysteresis but no modeling and compensation is proposed. In the work [START_REF] Tan | Triaxial MRI-Compatible fiber-optic force sensor[END_REF], the development and modeling of a triaxial force sensor for MRI compatibility is presented. To compensate for the hysteresis effects in particular, a nonlinear model using play operator of Prandtl-Ishlinskii [Al Janaideh and Krejci, 2013] has been used. The nonlinear models could potentially be less robust to noise, more complicated to model and sensitive to direction of loading. This approach models the hysteresis but may not model truly the nonlinearities of the system. A physical linear viscoelastic model involving springs and dashpots such as found in work of [START_REF] Palli | Modeling, identification, and control of tendon-based actuation systems[END_REF] can provide a good approximation of the inherent nonlinearities including hysteresis.

Requirements for a CT compatible force sensor

This chapter presents a new solution for a CT compatible force sensor with the ulterior motive of providing haptic force feedback to the radiologist, in the context of minimally invasive interventional radiology. This force sensor is part of the overall insertion tool which is mounted on the slave positioning device, as described in figure 5.1. The requirements and the technical specifications of the required sensor are detailed and enumerated. Based on this information, the design of the force sensor and its flexure element is taken up and verified by a finite element simulation. First the static calibration and results for the quasistatic experiments are given which reveal the hysteresis and the time-dependent viscoelastic effects. Hence, a systematic identification procedure for the choice of a viscoelastic model has been proposed by considering the creep behaviour of the sensor and comparing it to the existing viscoelastic models. Thereafter, the parameters of the chosen viscoelastic model are obtained by curve fitting of the experimental creep response to its theoretical response. A novel compensation law has been proposed to correct the sensor signal from errors arising from these viscoelastic effects. This compensation law is robust to noise, computationally inexpensive and applicable to the sensor signal in real-time. Finally, this compensation law is applied to sensor signal arising from quasi-static to dynamic experiments including harmonic analysis. Upon comparison with simple elastic model with no compensation, the sensor signal with compensation shows much decreased levels of hysteresis and an improved dynamic response. A preliminary version of the work presented in this chapter has been presented at the IEEE/ASME AIM 2014 conference [START_REF] Kumar | Design, development and preliminary assessment of a force sensor for robotized medical applications[END_REF]] and an extended version has been submitted to the IEEE journal of transactions on mechatronics for review.

Requirements for a CT compatible force sensor

Based on the literature review and the task of needle insertion, the following key requirements and technical specifications can be arrived:

a) Size: The designed force sensor is an integral part of the robotic assistant which may take the form of a table-mounted [START_REF] Stoianovici | AcuBot: a robot for radiological interventions[END_REF] or patient-mounted [START_REF] Maurin | A patient-mounted robotic platform for CT-scan guided procedures[END_REF] Chapter 5. Force sensor for measurement of axial needle insertion forces system. Mounting the robotic assistant on the patient leads to a more compact design with smaller footprint. After the introduction of a patient in the tunnel of a CT scanner, the available height is less than 300 mm [START_REF] Walsh | A patientmounted, telerobotic tool for CT-Guided percutaneous interventions[END_REF]. This constrains the size of the robotic assistant and all of its components. As a result, the force sensor has to be as compact as possible and a maximum volume of 25 × 25 × 25 mm has been put as the constraint on the size of the force sensor.

b) Transparency of the insertion force transmission:

There could be scenarios, where the force sensor does not lie directly along the axis of insertion and involves intermediate mechanisms for transmission of the insertion forces. In such cases, the effect of friction in the transmission mechanism and the nature of the underlying mechanism itself changes the insertion force signal. This strategy does not ensure the transparency of transmission of the actual insertion force. It is preferable to have the force sensor lying along the insertion axis and to avoid the use of intermediate mechanisms. This would in turn require that the force sensor has a through hole at its center for allowing passage of the needle.

c) Material -CT scanner compatibility: CT scanner compatibility does not require a total elimination of the metallic parts. The appropriate CT image acquisition requires the imaging plane of the CT scanner to be free from interference of any artefacts. As the force sensor geometry needs to be defined so as to surround the needle barrel, its constitutive materials should be radiolucent. Hence, a polymer based material has to be chosen for fabrication of the prototype.

d) DOF of the sensor:

The work of [START_REF] Maurin | In vivo study of forces during needle insertions[END_REF] studied the in vivo evolution of forces during needle insertion in an anesthetized swine. The measure of forces and moments along the transverse directions were found to be in the order of 10 -3 N and 10 -3 Nmm, respectively, which is very small compared to the order of magnitude of the axial forces/moments. Hence, the component of the force in the axial direction is sufficient to give the radiologist the needed feedback for detecting the key events such as tissue rupture or traversing through tissue layers of different density. Hence, a 1-DOF sensor is sought to be designed, which can measure the axial forces while rejecting the moment disturbances along the same axis.

e) Technical specifications: The study in [START_REF] Maurin | In vivo study of forces during needle insertions[END_REF]] also showed that the magnitude of the axial forces during needle insertion can go up to 4N with skin puncture. Hence, the nominal rated force for the force sensor has been kept as 10N. A range of [0.1; 25]N would be explored during experiments to provide a security factor. For the purpose of haptic feedback, high levels of precision and accuracy are not required though resolution and bandwidth of the force sensor should be enough to capture the haptic information. For a direct access to an organ, the axial force measurement can go up to 0.7N with a change of 0.1N during the event of capsule puncture. The work of [START_REF] Graña | Modelling and control of an ERF-Based needle insertion training platform[END_REF] revealed after a frequency analysis that the power of insertion forces signal is concentrated in the frequency range of [0; 3]Hz. Hence, a bandwidth up to 3Hz would ensure that relevant frequency content in the insertion force signal is not attenuated. Considering a typical insertion length of a single stroke 25 mm, the deflection of the force sensor in the axial direction has to be much lower (lower than 0.5mm). An axial stiffness of greater than 100N/mm would give a deformation of 0.25mm for
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an applied force of 25N. A high rotational stiffness is required for rejecting the axial moment load disturbances. Hysteresis levels due to viscoelastic effects in the polymer based material has to be minimized.

f) Choice of the sensing principle: The sensing principles based on the reflection/refraction of light and optical fibres [START_REF] Gassert | Sensors for applications in magnetic resonance environments[END_REF][START_REF] Su | A 3-axis optical force/torque sensor for prostate needle placement in magnetic resonance imaging environments[END_REF] are widely utilized for the MRI compatible force sensors owing to its stringent requirements. A uniaxial force sensor using optical fibres compatible with ultrasound imaging was developed for minimally invasive beating heart surgery in the work [START_REF] Yip | A robust uniaxial force sensor for minimally invasive surgery[END_REF]. However, optical fibres are difficult to route on the moving parts of the robotic assistant. In addition, they require an extra amplification mechanism as very small deformations can not be measured directly. This raises the difficulty of ensuring good transparency of the insertion force transmission, as discussed before in this section. On the other hand, the CT scanner compatibility is less constrained and allows the use of sensing principles other than based on optics. In the work [START_REF] Shah | Robotically assisted needle driver: evaluation of safety release, force profiles, and needle spin in a swine abdominal model[END_REF], a three axis, CT compatible force sensor based on strain gages has been presented for integration with a robotic assistant. With this embodiment, the insertion force is not directly applied on the flexure member of the sensor and thus hinders the desired force transmission transparency due to utilization of the intermediate mechanisms, as discussed in paragraph b).

Because electric wires are easier to route on the moving parts than optical fibres and do not alter the CT image quality, the adopted measurement principle may be based on resistive sensing. Due to the working principle of strain gages, very small strains can be measured without the need for any amplification mechanism. Moreover, strain gages have the advantages of smaller size and easy integration to a flexible element. Hence, force sensing based on strain gages is selected for the measurement of insertion forces in this work.
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Choice of architecture

The classification of flexure elements for force sensing has been extensively studied in the field of force measurement [START_REF] Stefanescu | Handbook of Force Transducers: Principles and Components[END_REF]. For the desired range of forces ([0.1; 10] N), the best arrangement for flexure elements should preferably provide complementary tensile and compressive strains. The simplest embodiment for such deformations can be easily obtained using a beam submitted to flexion. The flexure elements should enable a small displacement of the force sensor platform along the direction of the needle axis in order to cause the insertion force to develop a work. This displacement needs to be minimized to keep the flexure elements within their elastic domain of operation as well as to maintain the accuracy of positioning of the distal tip of the needle. The displacements along transverse directions and the rotations along any directions must be as small as possible to reject unwanted contributions of the mechanical actions acting on the needle. The simplest mechanism obeying the aforementioned objectives would have only 1-DOF in translation.

The direct construction of such one translational kinematic function using sliding surfaces, eg.

Chapter 5. Force sensor for measurement of axial needle insertion forces with one or more P joints, is not desirable and would provide incompatible high friction and jamming. A classical constructive approach to limit these drawbacks consists in using linkages with revolute joints in the place of sliders. Within the family of straight-line mechanisms, the Sarrus linkage was found to be an appropriate candidate for the application, since it could allow enough space for the through passage of the needle. This type of mechanism has already been used for other purposes implying large translational motions. For instance, a fully compliant Sarrus mechanism was selected in [START_REF] Hoover | Analysis of off-axis performance of compliant mechanisms with applications to mobile millirobot design[END_REF] to design large displacement translational units for mobile robots. Our goal in this work will be to use the translational property of the Sarrus mechanism around a given static configuration with only small displacements. The Sarrus linkage is an overconstrained parallel mechanism with a 2-3R architecture consisting of two legs. Each leg has a set of three parallel adjacent revolute joints. The directions of joints in each leg form a non-zero angle with each other generally fixed at π 2 as described in figure 5.2(a). The mobility of this mechanism is 1-DOF in translation and it's direction is parallel to the z-axis of the base. To improve the overall rigidity of the assembly, the number of legs can be augmented to three or more. In the present work, the study has been limited to the case of a 4-leg Sarrus mechanism in which two additional 3R legs can be mirrored with a plane of symmetry as shown in figure 5.2(b). As this duplication of legs augments the capacity of this one translational DOF mechanism to better sustain any mechanical actions but the forces along the axis (O f , z), this 4-3R architecture for the force sensor is retained.

Synthesis of the flexure element

The ideal rigid body model of the 4-leg Sarrus mechanism can be converted into a corresponding compliant model by replacing some of its revolute joints with equivalent deformable joints. This rigid-body replacement synthesis approach [START_REF] Howell | Compliant mechanisms[END_REF] for compliant mechanism 5.2. Design of the force sensor design takes advantage of a known rigid body mechanism and transforms some parts of the mechanism into flexible members. For sensing both tensile and compressive strains, the two links of each 3R chain are replaced by one single flexure element as depicted in figure 5.3. are denoted by w, h and e 1 , while its curved shape is given by a circular arc of radius r 1 .

To account for the second revolute joint of the original Sarrus mechanism and favor the localized bending of the flexure members, the central part of each arm has a thinner thickness e 2 = 0.8e 1 . The four arms A i are connected at both ends to the base and the platform by pin joints with axes (A i , y i ) and (B i , y i ). Given the objective of smaller size required for the force sensor, the design variables h and w are considered as fixed parameters. When submitting the Chapter 5. Force sensor for measurement of axial needle insertion forces force sensor platform to a force loading along -z, the arms bend and the maximum tensile and compressive strains develop on the central thinner part of the outer and inner surfaces S 1 and S 2 of the flexible arms. Hence, the thinner central part of these surfaces will be selected for bonding the strain gages.

Material characterization

The material of the flexure element has to be radiolucent. Since the fabrication of the force sensor prototype was done using a rapid prototyping machine, the resulting properties of the fabricated material might differ from the material specification datasheet provided by the supplier. Part geometry and fabrication conditions such as part orientation on the tray are highly influencing factors on the resulting mechanical behaviour. Hence, material characterization pertaining to the Young's modulus and yield strength was carried out on samples using uniaxial tensile loadings in accordance with the ISO 527-1 standard. The test samples were produced in the same material and a similar orientation than the one used for fabricating the flexure elements. The selected material was a DM-8530-Grey60 polypropylene-like digital material used with a Connex 350 rapid prototyping machine. The test results have identified a tensile modulus of 750 MPa and a yield strength of 22.5 MPa.

CSM Force sensor simulation

A simulation setup has been constructed for checking the response of the CSM to various loading cases under different geometric configuration of the flexible arms driven by the structural parameters r 1 and e 1 . Given the geometry of the CSM, the beam or plate theory can not be used to obtain a closed-form structural model. Based on the CAD model depicted in figure 5.3, a finite element model of the assembly has been prepared. The simulation model includes the four arms A i , the platform P and also describes the axes of the pin joints connecting the arms to the base and the platform.

Boundary and loading conditions

The simulated actions on the CSM platform are represented by a wrench $ composed of a force F passing through the point O f and a moment M. The pin joints located at A i and B i on each arm have been modeled using beam elements describing the joint axes for which the rotation freedom about their axis has been released. The stiffness of these beam elements was set to fulfill the rigidity assumption for the axes of the pin joints. Lastly, the rigid modes of the base part have been blocked.
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Model setup

As the CSM is assumed to undergo small displacements around its initial configuration, it can be studied using linear elasticity and the effects of the most general action $ can be obtained by linear superposition of the effects of unit forces and moments projected along the x, y and z axes. As it will be detailed later, stress and strain levels are expected to stay largely under the yield point of the material and thus, the material properties are assumed to be linear and elastic.

Simulation results

The effects of an axial force applied to the CSM platform at point O f and along -z have been studied. General behaviour of the CSM Several simulations have been conducted for different variants of the arms using variable values of the thickness e 1 and the radius r 1 and show that the strains of the CSM are always concentrated in the central part of each arm as depicted in figure 5.5. As expected, the outer and inner surfaces of the arms are respectively submitted to tension and compression. Furthermore, the compressive strain level is always higher by a 1.5 factor than that of the tensile strain whatever the tested parameters e 1 and r 1 . Lastly, the strains remain nearly unchanged along the y i direction.

Influence of the design parameters e 1 and r 1 The figure 5.6 shows both tensile and compressive strains of the arm when the CSM is submitted to an axial force F z = -25z N with the values of the design parameters (e 1 , r 1 ) taken in {1.8; 2.0; 2.2}×{14; 16; 18; 25; 28}. The variations of e 1 and r 1 affect the resulting stiffness of the CSM in a nonlinear manner despite the assumption of small displacements. Logically, it can be noted that the increase of the arm thickness e 1 raises the stiffness of the CSM and in turn reduces the strain level |ε zz |. In the same line, augmenting the radius r 1 also leads to a stiffer CSM since the arms would experience more Chapter 5. Force sensor for measurement of axial needle insertion forces compression than bending. As bending rigidity is generally lower than compression rigidity, the design parameters should be chosen so as to favor the bending behaviour in order to gain a wider range of strain variation. Hence, the radius can be chosen such as r 1 ≤ 18 mm. Selection of r 1 and e 1 The simulations show that the maximum strains for the worst case (F = 25N, e 1 = 1.8, r 1 = 14) rise to |ε zz | max = 10 -2 which is compatible with the 5 • 10 -2 strain limit of most standard strain gages. However, to sustain occasional overloads without a risk of failure, we decided to set the maximum strain to |ε zz | max = 6 • 10 -3 . This restricts the possible parameter sets to (e 1 = 2.0, r 1 = 18), (e 1 = 2.2, r 1 = 16) and (e 1 = 2.2, r 1 = 18). To improve the strain sensitivity at low force loadings, the set (e 1 = 2.0, r 1 = 18) was finally selected since the other two design sets with e 1 = 2.2 have lower strains.

CSM stiffness

The table 5.1 presents The calculated translational and torsional stiffness of the CSM along and about z as well as the platform displacement and rotation when submitted to a 25N axial force and a 25mN•m moment along and about the same direction. The calculated stiffness and the platform displacement along z when submitted to 25N axial force turns out to be 156N/mm and 0.16mm, respectively. This displacement along z is less than 0.5mm. The calculated torsional stiffness and the rotation of the CSM about z when submitted to a 25mN•m moment turns out be 6.7 10 5 mN•m/rad and 3.7 10 -4 rad, respectively. Under this load, the maximum strain at the place where the gages will be located is |ε zz | max = 1.1 10 -7 . The platform rotation as well as the corresponding strains in the arms remain negligible, thus this torsional load does not disturb the axial force measurement. When submitted to an axial moment M z , the platform rotation about (O f , z) as well as the strains in the arms remain negligible and thus does not disturb the axial force measurement.

Fabricated prototype

The parts composing the CSM with (e 1 = 2.0, r 1 = 18) have been fabricated in rapid prototyping with a Connex 350 machine and assembled using carbon axles (figure 5.7) To facilitate the gage setup, dual-pattern gages were chosen and glued onto the outer surface S 1 of the arm A 1 and the inner surface S 2 of the arm A 3 to form the four branches of a Wheatstone bridge.

Dual-pattern gages were preferred over single element gages owing to less inaccuracies and errors while sticking the gages to the bonding surfaces of the CSM. The dimension of each gage is 7.4 × 5.8mm. Chapter 5. Force sensor for measurement of axial needle insertion forces

Quasi-static characterization of the sensor

In this section, an experimental setup for quasi-static analysis of the force sensor is described.

The initial results for the quasi-static characterization are first given, which brought to light the hysteresis effect in the force-deformation curve leading to the conclusion that a more elaborate model than the simple elastic one need to be used for the validation of the CSM force sensor.

Experimental setup

The first experimental setup utilized in quasi-static loading conditions is shown in figure 5.8. The essential components of the experimental setup, namely the cross-head, the calibrated force sensor (XForce HP 50N with an accuracy class 0.5 to ISO 5893 and NF ISO 7500-1) and the prototype CSM force sensor, can be seen in figure 5.8. It consists of a testing machine from Zwick, GmbH (Z005 THN -Allround Line). The cross-head of the testing machine applies unidirectional force on the platform of the CSM along -z. Though extremely accurate, this setup can not provide arbitrary input force profile such as harmonic excitations. A second experimental setup for assessing dynamic response of the CSM force sensor will be described in section 5.5. In both experimental setups, the voltage signal from the full Wheatstone bridge of the prototype is sent to a CPJ/CPJ2S analog signal conditioner from Scaime, which amplifies the signal. This amplified signal is in turn acquired by a computer.

5.

3. Quasi-static characterization of the sensor

Static experiment

This first experiment corresponds to what is generally called the sensor calibration. Different loads within the range 0.5, 1, 1.5, 2, 3, 4 • • • 10 N are applied to the prototype and each load gives one point of the static characteristics. Between two different loads, the time delay is far sufficient for the sensor signal to be stable. Each value gives one point of the static characteristics, that is pictured in figure 5.9. A least square fit is applied to obtain the gain and offset required to derive the force value from the electrical measurement. The coefficient of determination for this fit is 0.993. The obtained gain is 0.37V/N. The linearity error of the force sensor is calculated to be 4.6%. With this fitting, the maximum deviation of the designed sensor output value remained within ±0.5N with respect to the ideal sensor value. The sensor has lower accuracy when measuring smaller values. Accuracy of the sensor might improve if a non-linear fitting is used to compensate for the non-linearities.

Constant force rate input experiment

In this second experiment, a sequence of linear force profiles is applied to the force sensor by the traction machine. The applied force increases linearly up to 25N at a rate of 1N/s. Then it decreases linearly to 0N (slightly more, so as to maintain contact) at -1N/s. The applied force is measured by the traction machine force sensor, while the electrical signal of the prototype force sensor is acquired separately and synchronized. The force and electrical measurement curves are respectively presented in figure 5.10(a) and (b). The rate of increase/decrease of the two measurements are compared. This is performed in the most linear part of the response, so as to characterize the sensor gain value. A total of 32 calibration curves were used which resulted in the 64 slope values. The slopes in the output curves were calculated. A mean slope value of 0.33V/s was calculated corresponding to the rate of change of 1N/s. This gives finally a mean gain value of 0.33V/N. The calibrated curve with this mean gain value is shown in figure 5.10(c). The force applied by the testing machine vs the CSM force sensor voltage which coresponds to the prototype deformation is plot in figure 5.11 and shows an hysteresis. It can be observed that the CSM force sensor deformation is lagged with respect to the applied force during the reverse loading and that the initial deformation is not totally recovered at the end of the test. This effect is typical of the viscoelastic behaviour [START_REF] Krishnamachari | Applied stress analysis of plastics: a mechanical engineering approach[END_REF] found in the polymer materials. This emphasizes the fact that an approximation of the sensor model to a pure spring does not account for the error due to non-linearities. Therefore a more comprehensive viscoelastic model needs to be used for modeling of the prototype to minimize the error due to hysteresis and compensate for nonlinearities before proceeding to dynamic characterization and final validation of the CSM force sensor. It could however be refined by estimating the viscoelasticity of the system. 

Viscoelastic modeling

An adapted viscoelastic model would lead to a better understanding of the sensor behaviour, as compared to a simple elastic model. This will also give a compensation method to account for the hysteresis and the time-dependent effects such as drift in the sensor signal value during cyclic loadings, as discussed in section 5.4.3.

Viscoelastic model selection

A linear viscoelastic model can be described by an ordinary linear differential equation χ expressed as

χ(F, Ḟ , • • • , γ, γ, • • • ) = 0 (5.1)
where F and γ denote the applied force and resulting deformation respectively. There are two main tests one can perform for the identification of the viscoelastic model χ:

1. Relaxation experiment: In this test the deformation is kept constant while the force levels are measured as a function of time.

χ(F, Ḟ , • • • , γ = γ 0 ) = 0 (5.2)
2. Creep experiment: In this test the force levels are kept constant while the deformation levels are measured as a function of time.

χ(F = F 0 , γ, γ, • • • ) = 0 (5.3)
Since the output of the force sensor is a tension corresponding to the deformation γ, the creep experiment must be used to identify the model χ. This test also allows to investigate the response of the CSM force sensor to a step force input.

Different linear viscoelastic models and their respective time response to a creep test [START_REF] Krishnamachari | Applied stress analysis of plastics: a mechanical engineering approach[END_REF] are shown in figure 5.12. The symbols k i and η i represent the stiffness and damping coefficients of the models. Even though the basic 2-parameter Maxwell and Kelvin models can describe the time-dependent behaviour, their combination with additional dashpots or springs provides overall better results for modeling viscoelastic behaviour. For instance, the Zener model also called the standard viscoelastic model enriches the Kelvin model with instantaneous elasticity. However, the deformation in the creep response of the Zener model becomes constant as time increases. To account for the fact that for certain viscoelastic materials, the deformation keeps increasing slowly as time increases, the Burgers model has been introduced. By matching the creep response of the actual prototype with one of these models or some other model, one could obtain an approximate viscoelastic model for the compensation of the output signal of the CSM force sensor. It should be noted here that the deformation γ corresponds to the sensor output, which is measured in voltage. 12(d). Thus the identified model for describing the behaviour of the CSM force sensor is that of the Burgers.
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Identification of the Burgers model parameters

The equation representing the Burgers model χ burgers is given by

F k 2 η 1 + Ḟ 1 + k 2 k 1 + η 2 η 1 + F η 2 k 1 = k 2 γ + η 2 γ.
(5.4)

Before formulating the compensation law, the four constant parameters k 1 , k 2 , η 1 and η 2 in equation ( 5.4) need to be identified using the creep response. For an input F = F c , equation (5.4) reduces to

F c k 2 η 1 = k 2 γ + η 2 γ (5.5)
which can be solved analytically for γ with the initial conditions γ(0) = F c k 1 and γ(0

) = F c 1 η 1 + 1 η 2 .
The resulting solution to equation (5.5) is given by

γ(t ) = F c 1 k 1 + 1 k 2 1 -e -k 2 t η 2 + t η 1 (5.6)
where the three terms in the bracket correspond to i) the instantaneous elasticity due to the k 1 spring, ii) the lagged elasticity due to the k 2 spring and η 2 dashpot of the Kelvin model, iii) the viscous effect of the η 1 dashpot.

The four coefficients in equation ( 5 k 2 equal to 8.51 s. The static stiffness coefficient can be calculated as follows :

k s = k 1 k 2 k 1 + k 2 (5.8)
where the inverse of the k s represents the static gain which is calculated to be 0.31 V/N. Hereafter, all the comparison between the uncompensated signal and the compensated sensor signal will be done using this value of the static gain. It should be noted that this value of the static gain is close to the gain values of 0.33 V/N and 0.36 V/N obtained experimentally from the quasi-static experiments described in section 5.3.

Compensation law for the CSM force sensor

To take into account the viscoelastic behaviour, a compensation law needs to be derived from the Burgers model. From equation ( 5.4), it is not possible to derive an analytical solution for F given an arbitrary input γ, Thus a numerical solution needs to be developed to compute F in real time.

The applied force corresponding to an arbitrary deformation history can be obtained using the Boltzmann superposition principle which reflects the assumed linearity of the viscoelastic behaviour. The corresponding equation writes:

F (t ) = t 0 G(t -τ) γ(τ)d τ (5.9)
where G(t ) = F r (t ) γ c is the relaxation modulus of the respective viscoelastic model. The equation for deriving the relaxation response F r (t ) is obtained from Eqn (5.4) for the input γ = γ c :

F r k 2 η 1 + Ḟr 1 + k 2 k 1 + η 2 η 1 + Fr η 2 k 1 = 0.
(5.10)

The relaxation modulus is derived to be of the form: 5.11) where i) r 1 and r 2 are the roots of the polynomial

G(t ) = a 1 e -r 1 t + a 2 e -r 2 t (
η 2 k 1 r 2 -1 + k 2 k 1 + η 2 η 1 r + k 2 η 1 = 0, ii
) a 1 and a 2 are constant coefficients defined using the initial conditions, namely G( 0

) = k 1 and Ġ(0) = -k 2 1 1 η 1 + 1 η 2 .
The obtained numerical values are:

a 1 = 3.23 N/V a 2 = 1.57 N/V r 1 = 0.699 • 10 -3 s -1 r 2 = 0.173 s -1 .
(5.12)
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The equation (5.9) in its original form requires the derivative of the input signal which might make it sensitive to noise. Hence, the alternative relation is obtained by using integration by parts:

F (t ) = γ(t )G(0) - t 0 Ġ(t -τ)γ(τ)d τ.
(5.13)

After substituting the equation ( 5.11) into equation ( 5.13) and after discretizing, the compensation law is obtained to process the sensor signal:

F i = γ i G(0) -a 1 r 1 e -r 1 t i i j =1 e r 1 t j γ j T s -a 2 r 2 e -r 2 t i i j =1
e r 2 t j γ j T s (5.14) where T s is the sampling period. This form is free from the derivative term, so it would be robust against the noise and higher frequency terms. To validate the above compensation law, it was applied to the output signal resulting from cyclic constant force rate experiments.

The input triangle sawtooth force profile is given in red in figure 5.15. The output of the CSM force sensor (in black), obtained without compensation, shows a drift of the minimum and maximum values, which is increasing with each cycle. At the end of the fourth cycle, the minimum has increased from 0 to 4 N. The compensated output force profile is shown in blue, where the level of the minimum for each of the four cycles has been brought near to zero values. Also the drift in the maxima of the sensor response has been corrected in the compensated force profile.

In figure 5.16, a comparison of the hysteresis levels is done between the signals with and without compensation. Both signals have been normalized for relative comparison of the hysteresis levels. The level of hysteresis is calculated to be approximately 20% and 4.5% for the uncompensated and the compensated signal, respectively. As a result, there is significant improvement in the hysteresis levels when using this viscoelastic model. 

Sensor resolution

A resolution of 0.1N was stated in the specification to be achieved by the sensor. A rectangular wave signal of 0.1N was applied as an input to determine the prototype resolution. To avoid the issue of loss of contact between the testing machine and the CSM force sensor, a constant preload of 3.75N was applied in addition to the cyclic loading.

In response to the input of 0.1N maintained for 40s for every cycle, the sensor response was recorded along with compensation for four cycles with a sampling period of 0.1s. Average and standard deviation of the sensor values were calculated be 0.08N and 0.013N, respectively.

Dynamic characterization of the force sensor

In this section, a second experimental setup is used to complement the quasi-static analysis of the force sensor. The results are given using the compensation model and compared against the results without compensation.

Figure 5.17 -Experimental setup for dynamic loadings.

Dynamic characterization of the force sensor

Experimental setup

To determine the sensor sensor reponse under arbitrary loadings, the setup shown in figure 5.17 has been utilized. It consists of a 2-DOF system (X-Y table from Nanomotion) with a calibrated force sensor (Scaime-K1107-20N). Only 1-DOF of the X-Y table is used, so as to apply axial forces to the prototype sensor as an input.

Step response

The CSM force is submitted to a 5N step input and the output is studied. figure 5.18 shows how the compensation improves the dynamic response of the sensor. The rise time of the step response for the compensated signal and uncompensated signal is 0.3s and 11.5s, respectively. It can also be observed that the slow increase with time is corrected after compensation and the resulting force measurement remains constant later on. 

Harmonic response

An harmonic analysis was performed over the frequency range [0.01;10] Hz. The vibrations in the setup increased notably at higher frequencies, hence the study was limited to frequency of 10 Hz. Figure 5.19 shows the Bode magnitude plot with and without compensation. There is a definite improvement in the frequency response at lower frequencies. At higher frequencies, the response seems to be comparable for both as effects due to dashpots are negligible. The offset between the two curves at higher frequencies is due to lower value of the static gain. The bandwidth (measured at -3dB point) for the uncompensated signal is roughly around 2Hz, whereas the bandwidth of the compensated signal is more than 8Hz. The resulting increase in the bandwidth is due to the upward shift in the response at lower frequencies. 

Validation

A final validation of the prototype force sensor was performed using an input force profile obtained from an actual in vivo needle insertion procedure carried out on an anesthetized swine (figure 5.20). This force profile was earlier presented and used in [START_REF] Piccin | A force feedback teleoperated needle insertion device for percutaneous procedures[END_REF]. The fit between the applied force and the measured force signal is much better with viscoelastic compensation than without compensation. This is reflected in the coefficient of the determi- nation for this fit, which is calculated to be 0.966 and 0.835 with and without compensation, respectively. In figure 5.20, most of the haptic information including the transients which are very important to feel key events such as ruptures of tissues are present, with very limited attenuation. Hence, the developed CSM force sensor can be effectively used for haptic force feedback in a bilateral teleoperation scenario.

5.6. Solution for the ProteCT project

Solution for the ProteCT project

This chapter concluded the design and development of the CSM force sensor for measurement of the axial insertion forces. In the preceding chapter 4 of the part-II, the design and development of the NGD and insertion mechanism was discussed. However, the integration of these three components constituting the insertion tool were not discussed yet. This section briefly describes the integration of the three elements of the insertion tool namely NGD, insertion mechanism and the CSM force sensor. The three devices need to be connected so as to ensure the three functionalities namely needle grasping, measurement of axial insertion forces and the insertion of the needle. The three devices are connected in series to give it an approximate conical form which is beneficial for avoiding collisions, in case large orientation of the needle is needed. The insertion mechanism is placed first followed by CSM force sensor and then the NGD. The NGD is placed at the bottom with the force sensor on its top. The CAD implementation of the assembly is shown in figure 5. 

Summary

The requirements for the design of a force sensor compatible with CT scanner were clearly laid out. The design of a new flexible element for uniaxial force sensing has been proposed starting from a rigid body model of a Sarrus mechanism. The design of the force sensor ensured that many stringent constraints such as through hole for the passage of the needle, radiolucency, compactness, high stiffness were satisfied. The numerical model of the force sensor verified its theoretical working in the elastic range. It also helped choose the structural design parameters for the fabrication of the prototype. A complete characterization of the force sensor was done through quasi-static and dynamic analysis. A systematic viscoelastic model identification was done to model the time-dependent effects due to the polymer based material of the force sensor. A novel robust, computationally effective compensation law was derived from a linear viscoelastic model to improve the CSM force sensor response. The compensated CSM force sensor signal has much lower levels of the hysteresis and a much improved dynamic response. Through experimental evaluation, the requirements arising from the needle insertion procedures in interventional radiology set out in the beginning of the chapter have been shown to be met.

Though the CSM force sensor was developed for CT compatibility and for specific medical procedures, it could be adapted and utilized for wide variety of applications where uni-axial force sensing is a requirement. The viscoelastic model identification through representative creep response presented in this chapter can be used to model and compensate for the timedependent response in sensors utilizing a wide variety of polymer based materials. This seems to be a promising alternative to using non-linear models for modeling the viscoelastic effects including hysteresis of the sensors fabricated out of polymer materials. For signals with varying frequency content, compensated signal corrects automatically for the gain of the sensor as compared to using single static or harmonic gain for all type of signals. Concluding the part on the design and development of the insertion tool, the integration of the three devices namely, NGD, insertion mechanism and the CSM force sensor and its CAD implementation was presented. This integration ensures a conical form of the insertion tool for achieving large orientation ranges and the basic functionalities of needle release/grasp, needle insertion and measurement of the axial insertion forces. 

Conclusion

Thesis summary

The work of this thesis was carried out under the broad framework of the ProteCT project which aims at protecting the radiologist from overexposure of the X-rays during percutaneous procedures under CT scanner. This framework aims to put in place a teleoperated robotized procedure in which a master device is controlled at a distance by the radiologist and the procedure performed by a slave robotic device mounted on the patient. During this thesis, the work focused upon the design and the development of the slave robotic assistant. The slave robotic assistant was designed to ensure different functionalities which mimic the movements of the radiologist in a manual procedure. These functionalities are namely, needle positioning, needle insertion, needle release/grasp and the axial needle insertion forces measurement. Each functionality is achieved by the development of a dedicated device which caters to certain specific requirements keeping in perspective the integration of these devices into the slave robotic assistant. The design and technologies issues pertaining the size of the slave robotic assistant, the choice of actuators and the level of input actuation torques were raised throughout the manuscript.

For the design and development of the needle positioning device, the task was formulated based on the definition of the mechanism motion constraints. This enabled to perform a systematic synthesis of mechanisms dedicated for the task of needle positioning. The synthesized mechanisms ensured the inclusion of the RCM point which is an essential feature for the robotized percutaneous procedures. A systematic dimensional synthesis of the chosen Chapter 6. Conclusion candidate mechanisms was carried out to limit the size of the mechanism and to determine the level of input actuation torques and reaction forces for the technological solution to the choice of actuators and other standard components such as bearings. A CAD embodiment of the designed positioning device chosen as solution for the ProteCT project was described.

A list of requirements for the design of the insertion tool composed of a insertion mechanism, a force sensor and a NGD was laid out. Based on these specifications, the design of a new variant of the NGD using flexible parts was carried out. A prototype of this NGD, fabricated using polymer parts, was subjected to the experimental assessment to validate its functioning. The flexible variant of the NGD outperformed the prior rigid version of the NGD with respect to the level of axial force sustained and the stiffness characteristics. The force sensor design using plastic parts was carried out to improve upon the transparency of the insertion tool under the CT scanner. A viscoelastic model for the force sensor was developed using a systematic model identification procedure to reduce the hysteresis and other time-dependent effects due to the plastic material used for its fabrication. Experimental assessment of the force sensor under quasi-static and dynamic conditions validated its functioning with respect to the desired technical specifications. A CAD embodiment of the integrated insertion tool along with the insertion mechanism, the CSM force sensor and the new variant of the NGD was presented.

Contributions

The different devices proposed in this thesis which constitute the slave robotic assistant provided various design and technical contributions to the robotized solution developed for the teleoperated percutaneous procedures under the ProteCT project. Apart from the contributions to needs in the medical context, the work in this thesis also contributed to the area of synthesis and design of the lower mobility parallel mechanisms.

For design of the needle positioning device, a generic task-based synthesis methodology was proposed. The novelty of this synthesis method lies in the utilization of the constraint wrench description derived from the task definition as a starting point for the mechanism synthesis. A set of preference rules were defined to characterize the mechanism architectural complexity with an end point of synthesizing practically realizable mechanisms. The combined usage of screw theory and concept of motion patterns illustrated how the limitations of the concept of mobility can be overcome and could be used to disambiguate between two mechanisms with the same mobility but very different end-effector motion descriptions. Moreover, the principle of kinematic inversion was applied to formulate motion patterns relative to a moving frame. Utilizing this synthesis methodology a new family of 2T2R parallel mechanisms, targeted for the robotized percutaneous needle insertion procedures, were synthesized for the first time.

A novel dimensional synthesis algorithm for calculating the structural parameters of the lower mobility parallel mechanisms was developed. This dimensional synthesis algorithm took a different approach by manipulating the boundaries of the singularities, obtained through screw theory-based inspection, to achieve the desired workspace size. For limiting the level of 6.3. Perspectives input actuation torques and the reaction forces, the parallel singularities were also included in the algorithm along with the serial singularities. Based on the modeling and analysis of the mechanisms presented in this work, technological solution for the actuators and bearings for joints were chosen for the embodiment design of the needle positioning device for the ProteCT project.

The work in this thesis built on the prior work and versions of the NGD already developed in our lab. A new variant of the NGD based on the flexible parts was designed according to the requirements for the percutaneous procedures. The novelty of this NGD arises from the combined functionalities of needle grasp/release and and re-centering of the needle while regrasping. Also the design of the NGD decoupled the needle grasping with the needle insertion itself. The experimental assessment of the fabricated prototype validated the functioning of the NGD. The design and development of the NGD fills an important functionality gap which is present in the current robotic assistants designed for percutaneous procedures.

As a result of decoupling between the needle insertion and needle grasping, measurement of axial needle insertion forces became feasible. A custom-built force sensor based on the Sarrus mechanism was designed and experimentally validated under quasi-static and dynamic loading conditions. Novelty of the work lies in the design of a flexible element which was fabricated out of prototyped plastic parts to enhance the transparency in the CT scanner. The systematic viscoelastic model identification procedure using the creep response led to the selection of a linear viscoelastic model as compared to complex non-linear models, which was used to model the hysteresis and time-dependent effects. A novel compensation law was proposed based on this modeling which improved the dynamic response and the hysteresis levels of the force sensor by a factor of 4.

Perspectives

The work in this thesis lays foundation for the development of clinical prototype of the complete robotic assistant for providing robotized solutions to the percutaneous procedures within the context of interventional radiology.

Though a particular mechanism candidate was selected for the positioning device, several mechanisms dedicated to the robotized needle positioning were synthesized. The task-based synthesis methodology along with its set of preference rules can be applied for synthesis of mechanisms adapted for other task descriptions as well. Though mostly legs with serial types were considered for synthesis of the parallel mechanisms, closed-loop mechanisms can also be considered which would enlarge the scope of the synthesis procedure.

The dimensional synthesis algorithm can be easily applied to other lower-mobility parallel mechanisms especially for special types of workspaces like constant-orientation or constant-position workspace. The extension to the more general workspace like the reachable workspace are also possible but would result in the coupling of structural parameters of different legs. Though the dimensional synthesis algorithm considered only the mechanisms Chapter 6. Conclusion with revolute joints, the analysis can be extended to the mechanisms with prismatic joints by considering the joints limits. The static analysis of the 2T2R parallel mechanism showed very ill-conditioned Jacobian matrices suggesting configurations close to the parallel singularity. This shows that not all the parallel singularity conditions were accounted for using the screw theory. However, this should not be seen as the limitation of the method, rather the irregular behaviour of the system spanned by actuation and constraint wrenches for the asymmetrical 2T2R parallel mechanism. For fully parallel mechanism with identical leg types, systematic enumeration of all parallel singularity conditions is possible via screw theory. Therefore, the dimensional synthesis method is expected to achieve much better results for the levels of actuation moments and constraint wrenches. It should be remarked here that the approach using indices like isotropy, manipulability which depend upon the explicit numerical calculation of the Jacobian matrix is inherently linked to the parallel singularity analysis. This is evident from the fact that indices values worsen close to the parallel singularity due to degeneration of the Jacobian matrices. However the index based methods become computationally too expensive as the number of structural parameters increases. A combination of this index based approach and the geometrical approach using singularities, presented in this thesis, perhaps could lead to better results for dimensional synthesis of asymmetrical parallel mechanisms.

Though a new variant of the NGD based on the flexible parts was developed, there exists possibility to obtain several other variants with different actuation principles by combining different solution principles proposed in this work. The use of the dedicated NGD for percutaneous procedures is expected to minimize the tissue lacerations and achieve faster recovery times for the patient. It also takes the robotic assistants a step closer to mimicking the actual movements of the radiologist in a clinical setting. Despite the fact that the CSM force sensor was designed for interventional radiology procedures under CT scanner, the designed flexible element can be used for wide variety of applications where uni-axial force sensing is needed. The viscoelastic modeling of the flexible element presented in this work can be used to model force sensors made from a wide variety of polymer materials. This is especially relevant for the force sensors designed for MRI, where similar problems with the viscoelastic effects are encountered. This approach of using linear viscoelastic models seems as a promising alternative to using non-linear models for compensation of the hysteresis.

Even though the prototypes of the NGD and the force sensor were validated through experiments separately, the experiments with the overall insertion tool still needs to be done. In this work, the implementation of the positioning device and insertion tool as an integrated slave robotic assistant were not covered. This thesis also did not discuss the registration issues related to the slave robotic assistant. However, details of the CAD implementation of the slave robotic assistant along with the markers for registration can be found in the master's thesis work of [START_REF] Wach | Conception d'un robot d'assistance à l'insertion d'aiguille sous scanner x[END_REF]. The fabrication of the complete slave robotic assistant could not be completed during the thesis work due to the time constraints. A dedicated master console was designed with two rotational DOF and one insertion DOF which was not part of this thesis work. The experimental validation of the slave robotic assistant along with the haptic master device in clinical settings will further validate the design concepts developed in this thesis.

Publications

Publications

The following works were published during this thesis or have been submitted for review: Peer-reviewed journal papers: 

A Inverse kinematics solution for the 2T2R mechanism candidate II

This appendix presents the inverse kinematics solution for the two legs of the 2T2R mechanism candidate II discussed in section 3.2.2. The symbolic calculation of the inverse kinematics solution for the 2T2R mechanism candidate II was developed in Maple software.

A.1 Inverse kinematics solution for leg 1

Let the matrix i 1 T j 1 refer to the transformation matrix from the frame i to the frame j , where The reaction forces at joint D are derived to be: The reaction forces at joint H are derived to be: Bien que la synthèse de mécanismes par la théorie des torseurs soit une méthode bien établie, elle nécessite toutefois des adaptations pour permettre la synthèse d'architectures basée sur une description de tâche. La formulation proposée pour résoudre le problème de synthèse s'appuie sur l'identification d'un système de torseurs d'effort directement déduit de la tâche.

R
Cette méthode est complétée par un ensemble de règles permettant la sélection des architectures les moins complexes tout en évitant les énumérations exhaustives d'architectures candidates. Cette méthode est très générique dans le sens où elle peut être appliquée à toute description de tâche formulée en termes de système de torseurs dual au système de torseurs cinématiques désiré pour la tâche. La procédure de synthèse proposée se décompose comme suit:

Étape 1: Identification de la mobilité requise à partir de la définition de tâche (a) Identification de tous les types de mouvements possibles 

C.2.2 Algorithme de synthèse dimensionnelle

Cet algorithme de synthèse dimensionnelle fournit une formulation a priori basée sur l'analyse des contraintes provenant aussi bien des singularités série du mécanisme, des limites imposées par l'actionnement que des forces de réaction introduites par les singularités parallèles. Son principe se distingue nettement des méthodes d'analyse a posteriori basées sur des indices de performance qui sont itératifs et très coûteux en temps de calcul. Un cadre pour l'identification et l'élimination des vides dans l'espace de travail fait également partie de l'algorithme ce qui le distingue encore des autres approches. Différents paramétrages pour le mécanisme et l'effecteur peuvent être choisis afin de s'adapter au mieux à la description de la tâche. Cet algorithme peut être appliqué de manière plus efficace aux mécanismes de mobilité inférieure à six étant donné que sa complexité est fonction du nombre de paramètres structurels. Bien que le présent mémoire ne traite que des mécanismes à liaisons de révolution, il peut être étendu à des mécanismes présentant des liaisons prismatiques et avec une prise en compte des limites articulaires. En outre, des espaces de travail plus généraux comme l'espace de travail accessible pourraient être considérés mais avec une plus grande complexité. Il faut toutefois noter que cet algorithme ne tient pas compte des problématiques de collision et d'interférence apparaissant lors de la conception volumique des pièces composant le mécanisme. L'algorithme de synthèse dimensionnelle proposé pour les mécanismes à liaisons de révolution de type série ou parallèle peut être décrit comme suit: Étape 1: Obtention des formes les plus simples des conditions de singularité série et parallèle à partir d'une analyse géométrique des torseurs par opposition à une approche basée sur le calcul symbolique des jacobiennes J X et J q .

Étape 2: Utilisation des paramètres de Denavit-Hartenberg (DH) et résolution des problèmes cinématiques inverses pour obtenir les équations reliant les paramètres opérationnels aux paramètres structurels, pour chaque singularité.

Étape 3: Partition des équations de singularité pour identifier les lieux géométriques de singularité distincts correspondant aux vides et ceux correspondant aux frontières extérieures de l'espace de travail. 

C.4 Conclusion

Le travail de cette thèse a été réalisé dans le cadre général du projet ProteCT qui vise à protéger le radiologue de la surexposition aux rayons X pendant les procédures percutanées sous scanner. Ce projet vise à mettre en place une procédure robotisée téléopéré dans laquelle un dispositif maître est contrôlé à distance par le radiologue et la procédure effectuée par un dispositif robotique esclave monté sur le patient. Au cours de cette thèse, le travail a porté sur la conception et le développement de l'esclave assistant robotique. L'esclave assistant a été conçu pour assurer des fonctionnalités différentes qui imitent les gestes du radiologue dans une procédure manuelle. Ces fonctionnalités sont principalement le positionnement de l'aiguille, sa préhension, son insertion et la mesure des forces d'insertion.

Pour la conception et le développement du dispositif de positionnement de l'aiguille, la tâche a été formulée sur la base de la définition des mobilités désirées pour le mécanisme. 

Contributions

Les différents dispositifs proposés dans cette thèse qui constituent l'assistant robotique esclave fournissent diverses contributions à la solution développée pour les procédures percutanées téléopérés dans le cadre du projet ProteCT. Outre les contributions aux besoins dans le contexte médical, le travail dans cette thèse a également contribué à la zone de synthèse et de conception des mécanismes parallèles de mobilité inférieur.

Pour la conception du dispositif de positionnement de l'aiguille, une méthodologie de synthèse d'architecture basée sur une description générique des tâches a été proposée. La nouveauté de ce procédé de synthèse réside dans l'utilisation de la description des contraintes déduites de la définition de tâche en tant que point de départ pour la synthèse du mécanisme. Un ensemble de règles de préférence ont été définies pour caractériser la complexité architecturale du mécanisme. En utilisant cette méthode, une nouvelle famille de mécanismes parallèles 2T2R, dédiée aux procédures d'insertion d'aiguille percutanées robotisées a été synthétisée pour la première fois. Un algorithme de synthèse dimensionnelle original pour des mécanismes parallèles à mobilité réduite a été développé en se basant sur l'étude des
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 11 Figure 1.1 -Manual work flow for percutaneous procedures.
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 12 Figure 1.2 -Representative table mounted device.
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 1 Figure 1.3 -Representative patient mounted device.
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 1 Introduction (a) iSYS [iSYS Medizintechnik, 2013].
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 1 Figure 1.4 -More Needle insertion devices.
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 15 Figure 1.5 -CT-Bot Solution for teleoperated perctuaneous procedures.
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 11 Figure 1.6 -Schematics : Telerobotic interventional procedures under CT scanner.
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 21 Figure 2.1 -Task definition for needle positioning.
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 22 Figure 2.2 -Subchains with intersecting axes.
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 23 Figure 2.3 -Subchains with parallel axes.
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 2 Synthesis of needle positioning mechanisms(a) Case-1.(b) Case-2.
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 2 Figure 2.4 -Identified wrench systems for Task-I.
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 2 Figure 2.6 -Selected 2P2R chain with wrench system 1-$0 -1-$∞ .
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 2 Figure 2.7 -Selected (RRR) p (RR) i chain with wrench system 1-$0 .
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 28 Figure 2.8 -Selected chain with wrench system 1-$∞ mp 1 .
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 2 Figure 2.10 -Two equivalent wrench systems 1-$0 1 -1-$0 2 and 1-$0 -1-$∞ .

  (a) closed kinematic chain. (b) Inverted closed kinematic chain.

Figure 2 .

 2 Figure 2.11 -Kinematic Inversion.
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 2 Figure 2.13 -2T2R-Candidate II.

  have the form $1,c = z b z b × EO b T and $2,c = 0 m 1 T

  (a)[START_REF] Waspe | Design and validation of a robotic needle positioning system for small animal imaging applications[END_REF].(b)[START_REF] Cole | Design of a robotic system for MRI-guided deep brain stimulation electrode placement[END_REF].
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 2 Figure 2.16 -Implementation of the 2R RCM with parallelogram based 1-DOF RCM mechanism.

Figure 2 .

 2 Figure 2.18 -Parallelogram VC mechanism, adapted from [Zong et al., 2008].

Figure 2 .

 2 Figure 2.21 -2R mechanism candidate for Task-II.

  b which is the desired RCM point for the mechanism. ABC D, J DF H and O b AD J must form three parallelograms. The parallelogram based RCM mechanism is equivalent to the single four bar O b AD J mechanism.

Chapter 3 .

 3 Figure 3.1 -Simplified CAD model of the 2T2R parallel mechanism candidate-II in its reference configuration.

  (z 41 × z 51 ) • z 31 = 0. (3.1) In this case, the twist system of the leg degenerates to 2-$ 0 -2-$ ∞ . The extra constraint moment, denoted as $∞ 11,c , at singularity is shown in figure 3.2(a). Singularity-21 (figure 3.2(b)) : occurs when the three joint axes z 11 , z 21 and z 31 are coplanar: (t 31t 21 ) × (t 21t 11 ) = 0. (3.2) This is the well-known elbow singularity occurring in serial mechanisms with revolute joints. In this case, the twist system of the leg degenerates to 3-$ 0 -1-$ ∞ . The extra constraint force $0 21,c at singularity is shown in figure 3.2(b).

  52t 42 ) × z 42 ] • z 32 = 0. (3.3) In this case, the twist system of the leg degenerates to 2-$ 0 -2-$ ∞ . The extra constraint force Chapter 3. Dimensional synthesis of the positioning device $0 12,c at singularity is shown in figure 3.2(c). Singularity-22 (figure 3.2(d)): is the typical elbow singularity and it occurs when the z 12 , z 22 and z 32 are coplanar:(t 32t 22 ) × (t 22t 12 ) = 0.(3.4)In this case, the twist system of the leg degenerates to 2-$ 0 -2-$ ∞ . The extra constraint force $0 22,c at singularity is shown in figure3.2(d).
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 32 Figure 3.2 -Singularities for legs 1 and 2.

  5.3 that this mechanism is equivalent to the parallelogram four bar O b AD J mechanism with a virtual revolute joint at O b . The condition for this parallel singularity is illustrated in figure 3.4, as the configuration where the parallelogram four bar O b AD J is flattened (figure 3.4(b)): (JO b × AO b = 0). (3.8) (a) Non-singular configuration. (b) Singular configuration.

Figure 3

 3 Figure 3.4 -Parallel constraint singularity for the 2R mechanism candidate.
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 5 Figure 3.5 -Schematic representation of the dimensional synthesis algorithm.

  (a) leg 1 in reference configuration.(b) leg 2 in reference configuration.
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 36 Figure 3.6 -Structural parameters for the legs of the 2T2R mechanism.

  m 12 and p z are zero. The condition m 12 = 0 arises from the constraint 1-$∞ provided by the legs 2 and 3, which restrict 1-DOF of rotation. The condition p z = 0 arises from the constraint 1-$0 provided by the leg 1, which restricts the translation of the entry point E along the z-axis. Overall there are four independent parameters in the homogeneous matrix corresponding to 4-DOF of the 2T2R manipulator. The column vector z f = m 13 m 23 m 33 T represents the components of the vector z f attached to the end-effector and coincident with the needle axis. The origin O f is chosen at the entry point E = (p x , p y ) on the needle axis.

  range for percutaneous procedures lies within a cone of axis along z b with a θ m = 30 deg half-angle, whereas a typical translational range is within a circular area of radius r m = 20 mm centered at O b . Within the ProteCT project, the aim was to increase this typical orientation range θ m from 30 deg to 60 deg. With the design constraints imposed in section 3.2.1, especially with the limit on height of the mechanism, no feasible solutions existed for the dimensional synthesis of the 2T2R mechanism for θ m = 60 deg. Therefore, dimensional synthesis of the 2T2R mechanism candidate was carried out with the typical value of θ m = 30 deg. Let us denote these typical orientation and translation workspaces by W O and W t for further referencing. The prime objective of this dimensional synthesis is to achieve the required workspace size as shown in figure3.7. This goal can also be defined in (a) Workspace requirement. (b) Constant-position orientation workspace. (c) Constant-orientation translational workspace.

Figure 3 . 7 -

 37 Figure 3.7 -Desired workspace as design goal.
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 3 Dimensional synthesis of the positioning deviceWorkspace analysis of leg 1In this and the next subsection, the expressions for the singularity equation (3.1) to equation (3.4) are reformulated to allow for the representation in terms of the DH parameterization. The developed expressions will be utilized to discuss the workspace boundaries and the elimination of voids. Reformulating the Singularity-11 described by equation (3.1) and considering the intermediate reference frames of leg 1 leads to:x 41 • z 31 = 0.(3.14)However the angle between x 41 and z 31 does not represent directly any angle from the DH parameters of the leg 1. The following equality for the intermediate reference frames of DH parameterization holds and can easily be proved :x 31 × x 41 = (x 41 • z 31 )z 41 . (3.15) Now substituting equation (3.14) into equation (3.15) yields equation (3.16a). Using equation (3.16b) rather than equation (3.16a) has two advantages. First, it allows to break the singularity locus into two separate curves at the equality. Second, it gives the inequality for avoiding the singularity.

3. 2 .

 2 .18)The figure3.8(a) shows the inverse kinematics plot where reachable and unreachable points are presented in blue and red colors respectively. In this figure, the formation of void can be clearly seen. figure 3.8(b) shows the plot of equation (3.17a) and equation (3.17b) at equality, where the void and the external workspace boundary are presented in black and green colors respectively. The same color convention will be applied for describing external boundaries, Dimensional synthesis of the 2T2R mechanism candidate II (a) IKM Plot. (b) Boundary Plot.
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 31 Figure 3.8 -Typical orientation workspace of the leg 1.
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 3 Figure 3.9 -Desired workspace for the leg 1.

  31 = θ 41 = θ 51 = 1.99 rad (3.22a) d 41 = -24.80 r 31 = 66.22 r 41 = -93.65 mm. (3.22b) Workspace analysis of legs 2 and 3

  Figure 3.10 -Typical orientation workspace of the leg 2.

3. 2 .

 2 Dimensional synthesis of the 2T2R mechanism candidate II four points are given in the equation (3.32). P 1 23 (-20 mm, +20 mm) = m 13l i m P 2 23 (-20 mm, -20 mm) = -m 13l i m P 1 13 (-20 mm, -20 mm) = +m 13l i m P 2 13 (-20 mm, -20 mm) = -m 13l i m (3.32)

  rest of the dependent parameters with equation (3.9b), equation (3.26), equation (3.31), equation (3.32), equation (3.33) and the equations derived from the assembly of the legs 2 and 3 in reference configuration, as shown in figure 3.6(b), the unknown parameters in equation (3.10a) are obtained: θ r 12 = 1.34, θ r 13 = 1.40, θ r 22 = 2.58, θ r 23 = -2.40, θ r 32 = -2.35, θ r 33 = 2.57, θ r 42 = -0.04, θ r 43 = .1, θ r 52 = 1.61, θ r 53 = 1.47 r ad (3.34a) d 12 = 36.65, d 13 = -39.25, d 22 = 54.99, d 23 = 43.05, d 32 = 54.99, d 33 = 43.05, d 52 = 80.26, d 53 = 89.23, d f 2 = 23.40, d f 3 = 0, r 12 = -20.00, r 13 = -8.78, r 52 = -10.20, r 53 = 8.89 mm (3.34b) The area inside the brown circle represents the desired common W O obtained for the legs 2 and 3, as shown in figure 3.11, for different values of p x and p y . As it can be seen that even in worst scenarios depicted in figure 3.11(b) and 3.11(c), the desired orientation workspace W O is obtained for every point in the translational workspace W t . (a) (p x , p y ) = (0, 0). (b) p x = 20, p y = -20 mm. (c) p x = -20, p y = -20 mm.

Figure 3 .

 3 Figure 3.11 -Common orientation workspace W O of the legs 2 and 3.

  was calculated. The set of red points represent the unreachable workspace. The set of blue points represent the reachable workspace where the M max < 2N•m. The set of yellow points represent the reachable workspace where the 2 < M max < 10N•m. The set of black crosses represent the reachable points where the Jacobian matrix J X is very ill-conditioned and the actuation moments are very high and M max > 10N•m. The area inside the brown circle is the desired orientation workspace W O . The incidence of these isolated black crosses and yellow points pose problems for the choice of a technological solution for the actuation, especially given the teleoperation scenario of the slave positioning device. The configurations corresponding to the black points within the workspace would have to be Chapter 3. Dimensional synthesis of the positioning device (a) (p x , p y ) = (-20, 20). (b) (p x , p y ) = (0, 20). (c) (p x , p y ) = (20, 20). (d) (p x , p y ) = (-20, 0). (e) (p x , p y ) = (0, 0). (f) (p x , p y ) = (20, 0). (g) (p x , p y ) = (-20, -20). (h) (p x , p y ) = (0, -20). (i) (p x , p y ) = (20, -20).

Figure 3 .

 3 Figure 3.13 -Torque feasible workspace for the 2T2R mechanism candidate at boundaries of the translational workspace W t .

  DH parameters for the 2R mechanism candidate. The RCM point is defined by the origin O b of the base frame coincident with point E. The plane perpendicular to z 2 and passing through O b determines the plane of the parallelogram mechanism. The line O b AB makes an angle α with x 1

m

  11 m 12 m 13 p x m 21 m 22 m 23 p y m 31 m 32 m 33 p z

(a 1 ,

 1 a 2 , a 3 , a 4 ) = (45 mm, 100 mm, 18 mm, 40 mm) (α, β) = (35 deg, 30 deg) (3.43) For calculation of the actuation torques, reaction forces and their evolution over the range of γ = 0..60 deg, a combined effect of gravity and axial insertion forces along z f is considered. The magnitude of the axial insertion forces is assumed to be 15N. The force due to gravity is assumed to be 5N. The center of gravity of the mechanism is assumed to lie on the insertion axis at a distance of d = 130mm from the origin O b . With these values of the structural parameters, (a) Actuation torque M 2 (b) Norm of reaction forces at joints A, B, D, H, J.

Figure 3 .

 3 Figure 3.16 -Variation of the actuation moment and the norm of joint reaction forces.

  figure 3.18(a) shows the CAD of the parallelogram mechanism with the value of structural parameters given in equation (3.43). The overall CAD of the 2R positioning device is shown in figure 3.18(b). Parts shown in the CAD are either 3.4. Solution for the ProteCT project commercial products in polymer materials like PEEK or would be prototyped/fabricated in polymer material. This ensures that apart from the two motors most of the positioning device remains transparent under the CT scanner.(a) Base for strapping the slave device on to the patient. (b) Base with two actuators.
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 3 Figure3.17 -CAD of base of the positioning device[START_REF] Wach | Conception d'un robot d'assistance à l'insertion d'aiguille sous scanner x[END_REF].

Figure 3 .

 3 Figure 3.18 -CAD design of the positioning device [Wach, 2014].
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 41 Figure 4.1 -Decoupled insertion followed by grasp/release.
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 42 Figure 4.2 -The needle grasping device within the general layout of teleoperated percutaneous procedures.
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 43 Figure 4.3 -Examples of straight line mechanisms.

  Figure 4.4 -CAD implementation of the insertion mechanism with two linear piezo motors (With François Schmitt).
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 4 Figure 4.5 -Exploded CAD view of a rigid-body NGD[START_REF] Piccin | A force feedback teleoperated needle insertion device for percutaneous procedures[END_REF].
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 46 Figure 4.6 -Parameterization of the moving line ∆.

  figure 4.7 depicts the intersection curves Γ and Γ , defining the geometry of the slots 3 drawn for some values of the rotation angle θ max .
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 4 Figure 4.7 -Intersection curves Γ and Γ for some values of θ max .
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 4 Figure 4.8 -Exploded CAD view of the flexible NGD with the servo actuator.
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 4 Figure 4.9 -CAD view of one flexible jaw in (a) pseudo-rigid-body form (b) and in monolithic form .
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 4 Figure 4.10 -CAD topview of the flexible NGD operation.

Figure 4 .

 4 Figure 4.11 -(a) Mesh for one of the flexible jaw and a portion of the needle, (b) Boundary conditions and loads applied on the flexible NGD.

4. 3 .

 3 Needle grasping device design rotating gear. Contacts are set between the jaws and the grip pads (indicated as glue contacts in figure 4.11 (a)) whereas contact areas between the grip pads and the needle barrel are specified in the model and denoted touch contact in figure 4.11(a).

Figure 4 .

 4 Figure 4.12 -Displacements distribution for the flexible NGD at (a) intermediate position θ = 60 deg and (b) at final position θ max = 120 deg .

Figure 4 .

 4 Figure 4.14 -Von Mises stresses calculated for the flexible NGD at the angular position θ = 103 deg: (a) front view and (b) back view .

Figure 4 .

 4 Figure 4.15 -Description of Experimental Setup.

Figure 4

 4 Figure 4.16 -Results of the Simple compression Loading.

Figure 4 .

 4 Figure 4.17 -Results of the Variable Loading.

Figure 4

 4 Figure 4.18 -Stiffness Characteristics of the NGD.

Figure 5 . 1 -

 51 Figure 5.1 -The force sensor within the general layout of the teleoperated percutaneous procedures.

Figure 5 . 2 -

 52 Figure 5.2 -(a) Sarrus mechanism (b) and its mirrored version with four legs.

Figure 5 .

 5 Figure 5.3 -Compliant Sarrus mechanism (a) CAD view (b) exploded view.

Figure 5 . 5 -

 55 Figure 5.5 -Strain ( zz ) of the flexible arm under unit load along -z.

Figure 5 .

 5 Figure 5.6 -Variation of the strain ( zz ) in function of r 1 and e 1 , for a 25N force applied along -z.

1 -

 1 Simulation results under loading conditions: axial force -25z N, axial moment -25z mN • m.

Figure 5 . 7 -

 57 Figure 5.7 -Fabricated prototype.

Figure 5 . 8 -

 58 Figure 5.8 -Experimental setup for quasi-static loadings.

  Figure 5.9 -Static calibration.

Chapter 5 .Figure 5 .

 55 Figure 5.10 -(a) Calibration curve (b) output curve (c) calibrated curve.

  Figure 5.11 -Force/Voltage plot showing hysteresis.

Chapter 5 .

 5 Figure 5.12 -Linear viscoelastic models and their creep response (a) Maxwell (b) Kelvin (c) Zener (d) Burgers.

Figure 5 .Figure 5 .

 55 Figure 5.13 shows the output of the CSM force sensor as response to the creep test with a constant force input of F c = 5N . A careful observation shows a slow increase in the deformation

Figure 5 .Chapter 5 .

 55 Figure 5.14 -Fitting of the experimental creep profile with the Burgers model.

Figure 5 .

 5 Figure 5.15 -CSM submitted to a triangle sawtooth force (red): output with (blue) and without compensation (black).

Chapter 5 .Figure 5 .

 55 Figure 5.16 -Hysteresis comparison.

Figure 5 .

 5 Figure 5.18 -Response to a step input of 5N.

Chapter 5 .Figure 5 .

 55 Figure 5.19 -Bode magnitude plot.

Figure 5 .

 5 Figure 5.20 -Response to the experimental force profile as input.

  21(a). This arrangement ensures that the axial needle insertion forces are transmitted directly to the CSM force sensor without need for any intermediate mechanisms. The insertion mechanism which is the top most part ensures the translation of the assembly, including CSM force sensor and the NGD holding the needle, along the insertion axis. The CAD implementation of the insertion tool is shown in figure5.21(b) and it has been developed with François Schmitt who is a research engineer of the ProteCT project. The overall height of the insertion tool is limited to 137mm.

  Figure 5.21 -CAD implementation of the insertion tool(with François Schmitt).
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 111111 , j range from 0, p, 1, 2, • • • , 5, f where the indices p and f are associated with the base and end-effector reference frames as indicated in table3.1(a).The inverse kinematics solution for leg 1 amounts to solving for the set of joint angles θ 11 , θ 21 , • • • , θ 51 given the transformation matrix M (equation (A.1)) representing the endeffector configuration. Let θ p1 = 0 and θ f 1 = π/2 which are free to be defined by the user. 01 T 41 (3, 3) -M f 1 T 41 (3, 3) = 0, the following equation can be obtained which gives two values for θ 51 :m 32 sin α 51 sin θ 51m 31 cos α f1m 33 sin α f1 sin α 51 cos θ 51 m 31 sin α f1 + m 33 cos α f1 cos α 51 + cos α 41 = 0 (A.2)From the equalities 01 T 41 (3, 1) -M f 1 T 41 (3, 1) = 0 and 01 T 41 (3, 2) -M f 1 T 41 (3, 2) = 0, the following equations can be obtained which determine uniquely θ 41 given a value of θ 51 obtainedB Reaction forces for the parallelogram mechanism of the 2R mechanism candidateThis appendix presents the expression for the calculated reaction forces at the joints A, B, C, D, F, J, H of the parallelogram mechanism of the 2R mechanism candidate discussed in section 3.3.4. The symbolic calculation presented in this appendix was developed in Maple software.The reaction forces at the joint A are derived to be:R ax = -2 cos α + βγ a 1 mg d sin α + γa 1 mg d sin αγ + a 1 a 2 F in sin α + β a 1 a 2 F in sin α + β -2 γa 2 a 3 mg sin α + βγ + a 2 a 3 mg sin αβ + γ a 2 a 3 F in sin α + β -2 γ + a 2 a 3 F in sin αβ (B.1a) R az = 1 2a 1 a 2 cos α + βγ a 1 a 2 F in cos α + β -2 γ + a 1 a 2 F in cos α + β +2 a 1 a 2 mg cos αγ + β -a 1 mg d cos αγ +a 1 mg d cos α + γ +a 2 a 3 F in cos αβ + a 2 a 3 F in cos α + β -2 γ + a 2 a 3 mg cos αβ + γ + a 2 a 3 mg cos α + βγ (B.1b)The reaction forces at joint B are derived to be:R bx = -2 cos α + βγ a 1 mg d cos α sin γ + a 2 a 3 mg cos α sin βγ + a 2 a 3 F in cos α cos γ sin βγ + a 2 a 3 F in sin α sin γ sin βγ (B.2a) R bz = -2 cos α + βγ a 1 mg d sin α sin γ + a 2 a 3 Fin sin α sin γ cos βγ + a 2 a 3 mg cos βγ cos α + a 2 a 3 F in cos α cos γ cos βγ (B.2b) Appendix B. Reaction forces for the parallelogram mechanism of the 2R mechanism candidate

1 a

 1 α + βγ a 2 F in cos γ sin βγ + a 2 mg sin βγ + a 2 F in sin γ cos βγ + mg d sin γ (B.4b)The reaction forces at joint J are derived to be:R jx = -4 cos α + βγ a 2 F in cos α cos γ sin βγa 2 mg cos (α) sin -γ + β a 2 F in cos α sin γ cos βγmg d cos α sin γa 4 F in cos α sin γ cos βγ + a 4 F in sin α sin γ sin βγ (B.5a) R jz =1a 4 cos α + βγ a 4 mg sin α sin βγa 4 mg cos α cos βγ a 4 F in cos α cos γ cos βγ + a 2 F in sin α cos γ sin βγ + a 2 mg sin α sin βγ + a 2 F in sin γ sin α cos βγ + mg d sin γ sin α + a 4 F in sin α cos γ sin βγ (B.5b)The reaction forces at joint C can be obtained from the reaction forces at joint B by the relationR cx = -R bx and R cz = -R bz .Similarly, the reaction forces at joint F can be obtained from the reaction forces at joint H by the relation R fx = -R hx and R fz = -R hz . C.1. Introduction blindage du radiologue de ces rayons X devient important afin de permettre lui / elle d'effectuer un certain nombre d'interventions pour de longues durées. La pratique actuelle de porter lourds et encombrants tabliers de plomb pour la protection non seulement limite les mouvements naturels du radiologiste, mais conduit également à la fatigue. Une solution robotisée complète peut être envisagée dans le cadre du système de téléopération comme le montre la figure C.3 qui permet d'identifier trois principaux thèmes à savoir la télémanipulation, le développement du dispositif maître et le développement du dispositif esclave. La télémanipulation et le développement du dispositif maître ne font pas partie de ce travail de thèse qui s'est focalisé sur le développement des éléments constitutifs du dispositif esclave indiqués en rouge sur la figure C.3.

Figure C. 3 -

 3 Figure C.3 -Schéma d'organisation pour des procédures interventionnelles télérobotiques sous scanner CT.

Étape 2 :Étape 5 :C. 2 .

 252 Pour chaque type de mouvement, identification et décomposition de son système de torseurs d'effort associé Étape 3: Génération de jambes, à chaînes cinématiques ouvertes ou fermées, conformes au système de torseurs d'effort souhaité (a) Identification des jambes présentant la moindre complexité d'architecture Étape 4: Génération de mécanismes parallèles par combinaison de jambes (a) Vérification du critère de mobilité générale (b) Vérification de la validité du choix des articulations motorisées Si les étapes 4a et 4b ne sont pas satisfaites revenir à l'étape 3 Types de mouvements pour les tâches T 1 et T 2 Dans un premier temps, le système de torseurs d'effort correspondant au type de mouvement désiré doit être identifié. Les torseurs cinématique et d'effort de pas h sont respectivement désignés par $ h et $h . En conséquence, les systèmes de torseurs d'effort d'ordre n de pas nul et infini seront notés n-$0 et n-$∞ . Un générateur du torseur d'effort correspondant au motif de mouvement mp sera désigné par $h mp . En conséquence, les systèmes de clés d'ordre n formés par zéro et l'infini clés de hauteur sont appelés n-$0 et n-$∞ . Un générateur de clé correspondant au motif de mouvement désiré être dénommée $h mp . Sur la base de la définition de tâches T 1 et T 2 , trois différents types de mouvements peuvent être obtenus. La figure C.5 montre les trois systèmes de torseurs d'effort déduits de la description des tâches T 1 et T 2 . Dispositif pour la positionnement d'aiguille

Étape 4 :Étape 5 :

 45 Figure C.9 -Évolution des moments d'actionnement et des forces de réaction.

Figure

  Figure C.11 -Description de l'installation expérimentale.

  Figure C.12 -Résultats pour un chargement en compression simple.

  Cela a permis d'effectuer une synthèse systématique des architectures mécaniques dédiées à la tâche de positionnement d'aiguille. Une synthèse dimensionnelle des mécanismes a été effectuée pour limiter la taille du dispositif et pour déterminer à la fois le niveau des couples d'actionnement et les forces de réaction aux liaisons pour réaliser le choix des actionneurs et des autres composants standards de guidage et transmission. Un cahier des charges pour la conception de l'outil d'insertion composé d'un mécanisme d'insertion, d'un capteur de force et du NGD été établi. Sur la base de ces spécifications, la conception et l'évaluation expérimentale d'une nouvelle variante de NGD utilisant des pièces flexibles a été réalisée. La conception du capteur de force à l'aide de pièces en matériau polymère, la modélisation de son comportement et son évaluation expérimentale a été effectuée pour améliorer la transparence de l'outil d'insertion sous le scanner CT.
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Table

  

Table 2 .

 2 as 2T2R parallel mechanism.

	Candidate	I	II	III	IV
	Motion Pattern	mp 1 mp 1 mp 2 mp 2
	Full-cycle mobility	No	Yes	Yes	Yes
	Choice of actuation valid	-	Yes	No	Yes

1 -Summary of candidate mechanisms.

3.2. Dimensional synthesis of the 2T2R mechanism candidate II

  are used, since it can readily take into account mechanisms with closed chains or parallel architecture. The DH parameters are given in table3.1, where as the structural parameters for the legs 1 and 2 are given in figure 3.6. The red and blue lines in the figure represent the z and x axes of the DH convention, where as green lines represent the structural parameters. The reference frames R pk are intermediate frames other than the base frame, shown in table3.1, which help to position the point of attachment of each leg on the base. The R f k are the frames attached to the end-effector of the 2T2R manipulator, shown in table 3.1, which help to derive the loop-closure relations. The angle θ i k and θ r i k are the i th angles, presented in table 3.1, between the successive x-axes of the DH model, in the general and reference configuration of the leg k (shown in figure3.6), respectively. The notation for the parameters of the leg 3 would follow those of leg 2, with the subscript k = 3.From table 3.1, the set of design parameters D P 1 for leg 1 is given in equation (3.9a). Some design constraints D C 1 , given in equation (3.9b), are also imposed to take into account the size of the parallel mechanism and to avoid obtaining values practically difficult to realize. For

Table 3 .

 3 1 -DH parameters for the legs of the 2T2R mechanism.

4.1. Requirements for the insertion tool

  is briefly discussed. Thereafter, the new version of the NGD is presented in detail. An experimental assessment is carried out to compare the different versions of the NGD. The corresponding needle grasping device is mounted as part of the insertion tool on the robotic assistant as indicated in figure 4.2. The work presented on NGD in this chapter was done with Professor Olivier Piccin and Professor Laurence Meylheuc of National Institute of Applied Sciences (INSA), Strasbourg and can be found in[START_REF] Piccin | Design, development and preliminary assessment of grasping devices for robotized medical applications[END_REF]. The design and simulation of the NGD, including the FEA analysis, were developed by Professor Olivier Piccin and Professor Laurence Meylheuc.

  dx = 1 a 1 a 2 a 4 cos α + βγ -a 1 a 2 2 F in cos α cos γ sin βγ -a 1 a 2 2 mg cos α sin βγ a 1 a 2 mg d cos α sin γa 1 a 4 mg d cos α sin γa 1 a 2 2 F in cos α sin γ cos βγ a 1 a 2 a 4 F in cos α sin γ cos βγ + a 1 a 2 a 4 F in sin α sin γ sin βγ + a 2 a 3 a 4 mg cos α sin βγ + a 2 a 3 a 4 F in cos α cos γ sin βγ + a 2 a 3 a 4 F in sin α sin γ sin βγ (B.3a) a 1 a 2 a 4 cos α + βγ a 1 a 2 a 4 F in sin α cos γ sin βγ +a 1 a 2 a 4 mg sin α sin βγ + a 1 a 2 2 F in sin α cos γ sin βγ + a 1 a 2 2 mg sin α sin βγ + a 1 a 2 mg d sin α sin γ + a 1 a 4 mg d sin α sin γ + a 1 a 2 2 F in sin α sin γ cos βγa 2 a 3 a 4 F in cos βγ sin γ sin α a 2 a 3 a 4 mg cos α cos βγa 2 a 3 a 4 F in cos α cos γ cos βγa 1 a 2 a 4 mg cos α cos βγa 1 a 2 a 4 F in cos α cos γ cos βγ (B.3b)

	R dz =	-1
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Part II Insertion tool

Appendix A. Inverse kinematics solution for the 2T2R mechanism candidate II previously: sin α 41 cos θ 41 + m 32 cos α 51 sin θ 51m 31 cos α f1m 33 sin α f1 cos α 51 cos θ 51 + m 31 sin α f1 + m 33 cos α f1 sin α 51 = 0 (A.3a) sin α 41 sin θ 41 + m 32 cos θ 51 + m 31 cos α f1m 33 sin α f1 sin θ 51 = 0 (A.3b) From the equalities p1 T 31 [START_REF] Li | Type synthesis of 3R2T 5-DOF parallel mechanisms using the lie group of displacements[END_REF]4) -p1 T 01 M f 1 T 31 [START_REF] Li | Type synthesis of 3R2T 5-DOF parallel mechanisms using the lie group of displacements[END_REF]4) = 0 and p1 T 31 (2,4) -p1 T 01 M f 1 T 31 (2,4) = 0 , the following equations can be obtained which determine θ 11 and θ 21 given the values of θ 41 and θ 51 obtained previously: From the equalities 01 T 41 [START_REF] Li | Type synthesis of 3R2T 5-DOF parallel mechanisms using the lie group of displacements[END_REF]3) -M f 1 T 41 [START_REF] Li | Type synthesis of 3R2T 5-DOF parallel mechanisms using the lie group of displacements[END_REF]3) = 0 and 01 T 41 (2, 3) -M f 1 T 41 (2,3) There are two solutions each corresponding to equation (A.2) and equation (A.4), so leg 1 admits a total of four solutions to the inverse kinematics problem, given an end-effector configuration.

A.2. Inverse kinematics solution for leg 2

A.2 Inverse kinematics solution for leg 2

Let the i 2 T j 2 refer to the transformation matrix from the frame i to the frame j , where i , j range from 0, p, 1, 2, • • • , 5, f where p and f refer to the base and end-effector reference frames as indicated in table 3. 1(b).

The inverse kinematics solution for Leg 2 amounts to solving for set of joint angles θ 12 , θ 22 , • • • , θ 52 given the transformation matrix M (equation (A.6)) representing the end-effector configuration. Let θ p2 = π/2 and θ f 2 = 0 which are free to be defined by the user. 

From the equalities 02 T 32 (1, 3) -M f 2 T 32 (1, 3) = 0 and 02 T 32 (2, 3) -M f 2 T 32 (2, 3) = 0, the following equations can be obtained which determine uniquely the sum of two angles θ 42 + θ 52 :

-m 11 sin (θ 42 + θ 52 ) + m 13 cos (θ 42

From the equalities 02 T 32 (2, 2) -M f 2 T 32 (2, 2) = 0 and 02 T 32 (3, 2) -M f 2 T 32 (3, 2) = 0, the following equations can be obtained which determine uniquely the sum of three angles θ 12 +θ 22 +θ 33 :

- There are two solutions each correponding to equation (A.9) and equation (A.10), so leg 2 also admits a total of four solutions like leg 1 to the inverse kinematics problem, given an end-effector configuration. (a) Acubot, un NID monté sur une table à architecture série [START_REF] Stoianovici | AcuBot: a robot for radiological interventions[END_REF].

C Résumé en français

(b) Robopsy, un NID monté sur patient à architecture parallèle [START_REF] Walsh | A patientmounted, telerobotic tool for CT-Guided percutaneous interventions[END_REF]. Appendix C. Résumé en français lieux géométriques de singularité par observation des systèmes de torseurs avec une prise en compte des objectifs de taille désirée pour l'espace de travail. Pour limiter le niveau des couples d'actionnement et les forces de réaction, l'analyse des singularités parallèles a également été incluse dans l'algorithme en complément des singularités série.

Une nouvelle variante de NGD utilisant des parties flexibles a été conçue selon les exigences imposées par les procédures percutanées. Cette conception permet de relâcher/reprendre l'aiguille en assurant un recentrage et un passage élargi autour de l'aiguille en dehors des phases d'insertion. Un capteur de force intégré personnalisé basé sur un mécanisme Sarrus compliant a été conçu et validé expérimentalement dans des conditions de chargement quasistatiques et dynamiques avec une prise en compte de son comportement viscoélastique. Une originalité de cette conception réside dans l'emploi de matériaux polymères prototypés pour améliorer la transparence dans le scanner.

Perspectives

Le travail de cette thèse établit des bases pour la poursuite du développement d'un prototype clinique de l'assistant robotique complet destiné à la réalisation de procédures percutanées dans le contexte de la radiologie interventionnelle.

La méthodologie de synthèse basée sur les tâches avec son ensemble de règles de préférence peut être appliquée pour la synthèse de mécanismes dédiés à d'autres variétés de tâche. Bien que seuls des mécanismes parallèles présentant des jambes à architecture série aient été considérés dans cette étude, la procédure de synthèse proposée pourrait être étendue à des mécanismes comportant des jambes à architecture complexe. L'algorithme de synthèse dimensionnelle peut également être facilement appliquée à des mécanismes parallèles à mobilité inférieure en considérant d'autres types d'espace de travail notamment l'espace de travail accessible. Bien que l'algorithme de synthèse dimensionnelle proposé ne considère que des mécanismes comprenant des liaisons de révolution, son application peut être envisagée sur des mécanismes comportant des liaisons prismatiques avec prise en compte des butées articulaires.

Sur la base du NGD compliant présenté, d'autres variantes de construction pourraient être obtenues en combinant différents principes de solutions proposées dans ce travail. Malgré le fait que le capteur de force CSM ait été conçu pour des procédures de radiologie interventionnelle, l'élément flexible proposé pourrait être utilisé pour de nombreuses applications où seule une mesure d'effort uni-axiale est nécessaire. La modélisation viscoélastique du CSM présenté dans ce travail peut être utilisé pour modéliser des capteurs de force fabriqués à partir d'une grande variété de matériaux polymères. Finalement, des prototypes du NGD et du capteur d'effort compliant ayant été construits et validés expérimentalement d'une manière séparée, il reste à finaliser l'intégration de ces composants pour tester et valider le dispositif d'insertion dans son ensemble.