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In many practical cases, such as in logistics applications, grasping and manipulation of objects must be carried out in confined spaces with obstacles. Limited room is then available to manoeuvre and robotic devices can lack dexterity or be impaired by their size when performing in such cluttered environments. In this paper, we address this issue by proposing a novel agile wrist based on a rolling joint with a ±180 • range of motion. This wrist is designed to manoeuvre in confined spaces, and in particular access hard-to-reach areas through entry apertures, while allowing the use of constraining grasping methods such as scooping. The architecture of this device is discussed and a prototype is built. A dedicated trajectory planning strategy based on a virtual centre of motion is proposed and an experimental evaluation with a challenging pick-and-place task is carried out.

considered, namely parallel grasping and scooping. Although parallel grasping can be used in a vast majority of cases, scooping is necessary for the grasping of flat objects, which are also relatively common in logistics (e.g. books). As shown in [START_REF] Babin | Picking, grasping, or scooping small objects lying on flat surfaces: A design approach[END_REF], scooping requires higher robot dexterity, which motivates the present work. In particular, achieving a task through small entry apertures is considered.

The rest of this paper is arranged as follows. A brief literature review is provided in section II. Then, in section III, we revisit the synthesis problem and an agile wrist with large ROM based on a rolling joint is proposed. The design and prototyping of the proposed wrist are presented in section IV. A strategy to exploit the redundancy introduced by the wrist to manipulate and grasp objects through a small aperture is then presented in section V. Finally, an experimental evaluation is conducted in section VI and conclusions are given in section VII.

II. BACKGROUND

As mentioned in the introduction, an extra dexterous wrist can significantly increase the capabilities of robots in cluttered environments [START_REF] Negrello | A Compact Soft Articulated Parallel Wrist for Grasping in Narrow Spaces[END_REF][START_REF] Ruotolo | Distal Hyperextension Is Handy: High Range of Motion in Cluttered Environments[END_REF][START_REF] Styles | End-Effector Mobility for Manipulators in Confined Spaces[END_REF]. Indeed, the additional wrist introduces redundancy that can be used to change the configuration of the robot-wrist system in order to avoid obstacles. In [START_REF] Styles | End-Effector Mobility for Manipulators in Confined Spaces[END_REF], preliminary results show that the addition of a wrist not only increases the available workspace, but also reduces the space needed by a robot arm to perform a given pose modulation. In order to show this result, the area swept by the robot arm during several tasks is computed with and without the use of the robotic wrist. A significant reduction of the area swept of more than 50% was observed when a change of orientation is considered. The relevance of adding a wrist to limit the range of motion of the robot is also reinforced by the studies made in [START_REF] Montagnani | Is it Finger or Wrist Dexterity That is Missing in Current Hand Prostheses?[END_REF] for wrists used in prosthetics. Indeed, it was shown that adding dexterity to the wrist was more convenient and efficient for grasping tasks than adding dexterity to the hand, since it reduces compensatory movements of the upper body.

A key issue then is the kinematic and mechanical design of the dexterous wrist, where compactness and large ROM are the main objectives. This problem was addressed in the literature on rehabilitation and exoskeletons [START_REF] Hussain | State-ofthe-Art Robotic Devices for Wrist Rehabilitation: Design and Control Aspects[END_REF], prosthetics [START_REF] Bajaj | State of the art in prosthetic wrists: Commercial and research devices[END_REF] and industrial robots (see references in section I). The devices proposed in the literature can generally be divided in three main groups, namely serial wrists [START_REF] Kaneko | Humanoid robot HRP-4 -Humanoid robotics platform with lightweight and slim body[END_REF][START_REF] Li | Modularization of 2-and 3-DoF Coupled Tendon-Driven Joints[END_REF], parallel architectures [START_REF] Fite | A Gas-Actuated Anthropomorphic Prosthesis for Transhumeral Amputees[END_REF][START_REF] Bazman | Dexterous and backdrivable parallel robotic forceps wrist for robotic surgery[END_REF][START_REF] Lee | A Novel 4-DoF Robotic Link Mechanism with E-CoSMo: Kinematics Based Torque Analysis[END_REF][START_REF] Grebenstein | The DLR hand arm system[END_REF], and spherical motors [START_REF] Hollis | A six-degree-of-freedom magnetically levitated variable compliance fine-motion wrist: design, modeling, and control[END_REF][START_REF] Liu | Analysis and Experiment of 5-DOF Decoupled Spherical Vernier-Gimballing Magnetically Suspended Flywheel (VGMSFW)[END_REF]. Other devices have also been proposed for instance for continuum robot [START_REF] Lin | Design and Implementation of a Cable-Driven Dexterous Continuum Manipulators in Confined Space Usage[END_REF]. However, it is only recently that their use in cluttered environments was systematically investigated [START_REF] Negrello | A Compact Soft Articulated Parallel Wrist for Grasping in Narrow Spaces[END_REF][START_REF] Ruotolo | Distal Hyperextension Is Handy: High Range of Motion in Cluttered Environments[END_REF][START_REF] Styles | End-Effector Mobility for Manipulators in Confined Spaces[END_REF]. Based on the observations made in these references, it can be concluded that, in order to target cluttered environments, dexterous wrists should be as slender and compact as possible and should have large ROM, especially for roll and yaw motions. These observations are used as guidelines in this work in order to ensure that the proposed wrist is as effective as possible in cluttered spaces. Additionally, the capability to enter the working space through a small aperture is also considered here as an important design criterion.

III. TASK REQUIREMENTS AND WRIST ARCHITECTURE

A. Task requirements and assessment

The task considered in this work consists in grasping and manipulating objects in a cluttered environment. More specifically, environments in which entry can only be made through an aperture are targeted. This situation corresponds to practical applications that are common in logistics such as, for instance, grasping in partially closed boxes or drawers. Additionally, it can also be generalised to any situation where an obstacle obstructs the space in which the task must be carried out. In addition to working in cluttered spaces, the device must extend the capabilities of the robot to use multiple grasping methods in such spaces. In particular, scooping must be possible since it makes it possible to grasp a large variety of objects (e.g., books) with little movement of the carrier robot [START_REF] Babin | Picking, grasping, or scooping small objects lying on flat surfaces: A design approach[END_REF]. Compared to parallel grasping or caging, scooping is more demanding on the robotic system since stringent geometric constraints must be satisfied [START_REF] Babin | Picking, grasping, or scooping small objects lying on flat surfaces: A design approach[END_REF]. Indeed, to successfully carry out a scooping grasp, two orientation constraints must be satisfied, namely, the plane containing both fingers must be perpendicular to the rigid surface on which the object is resting, and the bottom finger must be inserted with an appropriate tilt angle. Such orientation constraints increase the required range of rotational motion of the end-effector, which reinforces the need for robotic wrist. Indeed, the dexterity of the wrist significantly increases the orientational workspace while reducing the needed robot motions [START_REF] Styles | End-Effector Mobility for Manipulators in Confined Spaces[END_REF], two issues that are paramount for the success of the considered task.

Carrying out a task in a cluttered environment requires the device to be compact and to limit the necessary space to achieve the needed motion. The choice of an architecture respecting these constraints has been studied in [START_REF] Negrello | A Compact Soft Articulated Parallel Wrist for Grasping in Narrow Spaces[END_REF] with the concept of reversed workspace. This approach consists in determining the space needed by some candidate devices to reach a given set of poses and then choosing the device that requires the smallest space. In the approach proposed here, this method is not directly used since two other important needs must be satisfied. First, the device must be able to enter the workspace through a narrow aperture. Therefore, it is more important to design a device that is narrow when entering the space and that can deploy once inside, rather than minimising the space needed to deploy. Second, as discussed in [START_REF] Ruotolo | Distal Hyperextension Is Handy: High Range of Motion in Cluttered Environments[END_REF], it is of great interest to maximise the ROM of the tilt motion of the wrist, not only to increase the orientational workspace, but also to enhance the manipulation capabilities and be able to reposition the grasped object as desired.

B. Kinematic architecture of the wrist

In [START_REF] Negrello | A Compact Soft Articulated Parallel Wrist for Grasping in Narrow Spaces[END_REF], it was shown, using the concept of reverse workspace, that the best suited 2-DOF wrist for compact motions was a spherical parallel mechanism. However, parallel mechanisms suffer from small workspace with respect to their footprint as shown by the ±90 • ROM obtained in [START_REF] Negrello | A Compact Soft Articulated Parallel Wrist for Grasping in Narrow Spaces[END_REF]. Instead, we propose to design the wrist as a serial architecture using a rolling joint [START_REF] Babin | Picking, grasping, or scooping small objects lying on flat surfaces: A design approach[END_REF][START_REF] Lacasse | On the design of a statically balanced serial robot using remote counterweights[END_REF] for the yaw motion. When designed properly, these joints yield a large ROM of ±180 • . Moreover, a rolling joint can be positioned in a straight shape making it narrow and well suited for entering small apertures. The volume that the manipulator requires to reorient itself may limit the benefits of the large ROM of the rolling joint. The concept of reversed workspace [START_REF] Negrello | A Compact Soft Articulated Parallel Wrist for Grasping in Narrow Spaces[END_REF] suggests that the gripper at the end of the wrist should be positioned as close as possible to the rolling joint centre.

In order to exploit the large ROM of the rolling joint for the considered tasks, it is necessary to add two roll motions, i.e., twist motions, allowing the reorientation of the rolling joint with respect to the robot by an angle θ w and the reorientation of the gripper with respect to the wrist by an angle θ g . To illustrate this need, an example is presented in Fig. 1. In case a), the object must be scooped from the side and the tilt motion (a yaw motion) allows to reach behind an obstacle without requiring a roll motion of the gripper. In cases b) and c), the object must be grasped from above. The wrist must then be twisted with θ w = 90 • in order to obtain a pitch motion from the motion achieved by the rolling joint. Moreover, in b), because of the orientation of the gripper with respect to the wrist, scooping cannot be achieved. A reorientation of the gripper through roll motion is then necessary as shown in c). A conventional revolute joint is chosen for the roll motion of the gripper. Such a joint is typically the last joint of a serial robot. Therefore, we consider in the following that the roll motion of the wrist is carried out by the robot. Even after adding the wrist, reaching distant objects in narrow spaces can be difficult or even impossible because of the size of the robot. A long and narrow part, referred to as the offset, is then added between the rolling joint and the robot. In the end, a 2-DOF wrist with one yaw motion and one roll motion is selected and its architecture is illustrated in Fig. 2. The scooping method requires that the gripper touches the rigid surface on which the object is resting and contacts with the environment are then inevitable. In this paper, we consider that the compliance needed to manage these contacts is embedded in the gripper as is often the case in the literature [START_REF] Babin | Picking, grasping, or scooping small objects lying on flat surfaces: A design approach[END_REF]. However, it is worth noting that compliance has also sometimes been introduced in robotic wrists [START_REF] Negrello | A Compact Soft Articulated Parallel Wrist for Grasping in Narrow Spaces[END_REF][START_REF] Lee | Tendon-Driven Compliant Prosthetic Wrist Consisting of Three Rows Based on the Concept of Tensegrity Structure[END_REF].

IV. DESIGN OF THE AGILE WRIST

The prototype of the proposed wrist and its dimensions are depicted in Fig. 3 while several configurations are shown in Fig. 4. The prototype (including the offset) weighs 1.7 kg and is composed of three parts: the offset, the rolling joint and the roll joint.

The offset allows the insertion of the device through apertures but also allows the large ROM of the wrist by preventing collisions with the gripper when extreme angles are reached. It is composed of a 38 mm diameter aluminium tube which is mounted on the robot and the rolling joint with two machined aluminium parts. Note that the part used to mount the wrist on the robot is not depicted in Fig. 3.

The rolling joint carries out the ±180 • yaw motion and is built using 3D printed epicyclic gears. The mechanism is made symmetrical with respect to the centre plane of the wrist to better distribute the interaction forces throughout the structure. The rack is fixed to the actuated shaft on the input part which is driven by a RE-max24 Maxon motor. A three-stage power transmission is used to produce the necessary torque. Firstly, the motor has its own gearbox of 84:1 reduction ratio. Secondly, it is followed by spur gears with a ratio of 3:5 and a double thread worm gear of 15:1 reduction ratio.

The roll joint is composed of an actuated revolute joint and the gripper mount. This revolute joint can carry out unlimited rotations unless the gripper requires cables for power and sensors. The roll joint is also actuated using a RE-max24

Maxon motor with a 84:1 gear box. Spur gears inducing a 55:18 reduction ratio allow to drive the shaft of the roll joint. For integration purposes, the motor has been placed partially outside of the output 3D-printed part and is screwed on this part. A free space has then been carved in the input, so that the yaw joint can move freely without collision. Fig. 3: Prototype of the agile wrist and its dimensions. LS stands for Limit Switch and RJ for Rolling Joint.

A length l r = 70 mm is chosen as a trade-off between compacity and ease of integration. Indeed, the diameter of the epicyclic gears is also equal to l r . This length then depends on the dimensions needed to integrate all the mechanical components. The offset length l of f depends on the endeffector that is mounted on the wrist. This distance must be selected as small as possible while still being long enough to be able to carry out the desired task since a trade-off between the torques and load applied to the robot and the ability to reach distant objects must be reached. For our experiments, the selected offset length is l of f = 240 mm.

The rotation of each motor is measured using incremental encoders with 2048 counts in quadrature. The registration is carried out using limit switches which are also used to implement safety stops. For this prototype, we chose to attach the wiring on top of the wrist to simplify the mechanical design. However, cable management could be worked on to integrate the wiring routing inside the wrist and obtain a tidier device. V. TRAJECTORY PLANNING STRATEGY FOR CLUTTERED ENVIRONMENTS Manipulation through an aperture has already been considered, in particular in surgical robotics for laparoscopy in which procedures inside the body are performed through small incision points. In most cases, however, the robotic devices used are highly redundant or continuously deformable. We propose here a similar approach by constraining the device to always pass through a point O positioned in the aperture when manipulating inside the cluttered environment. This point O acts as a Virtual Centre of Motion (VCM) as depicted in Fig. 5. Therefore, with an appropriate choice of the position of O, the device is able to carry out the task without colliding with the environment. The goal of the trajectory planning strategy is to bring the gripper to a desired pose from which the grasp will be successful. The inverse kinematics are then needed. For this purpose, the whole system is here described as a macro-mini system, the macro being the robot and the mini being the wrist and the gripper. The kinematics are then computed in two steps. First, the mini is studied. Knowing the desired pose of the gripper, i.e., vector u g and the position of point E, as well as the position of the VCM O (see Fig. 5), the distance r and the tilt angle ϕ are computed. After that, the macro is considered and, using the computed pose of the wrist, the robot's end-effector pose is found, i.e., frame R(K, x k , y k , z k ). This strategy has the benefit of decoupling the kinematics of the wrist and gripper from that of the robot, and thus it can easily be adapted to different systems. Additionally, it avoids the Roll-Pitch-Roll wrist singularity.

The detailed procedure is now described.

End-effector orientation and u g : In this procedure, the endeffector orientation is defined by the ZYX Euler angles making it easy to interpret in relation to the Roll-Yaw-Pitch motions typically used for wrist motions. The desired angles θ x , θ y , θ z are the inputs and u g is computed with

u g = R e (θ x , θ y , θ z )e x (1) 
with R e (θ x , θ y , θ z ) the rotation matrix corresponding to the Euler angle triplet (θ x , θ y , θ z ) and e x the unit vector defined along the x axis. 

Here, the solution of Eq. (3) for r and ϕ is found numerically using the Newton-Raphson algorithm. For this method an initial guess is necessary. We assume that the wrist is initially in a straight shape, a configuration which is best suited to go through the entry aperture in the first place. In this straight configuration ϕ and r can be easily computed using Eq. ( 2).

After that, for each new point of the trajectory, the preceding solution is used as the new initial guess. Note that this method is only applied for r ≥ 0, i.e., when the rack is fully inside the cluttered environment.

Reconstruction of the robot's end-effector pose: Using the computed values of r and ϕ, K, x k , y k and z k are found in R p . Knowing the transformation M 0p , they are then transformed back in frame R 0 . Note that an offset on the orientation of the robot can be introduced by changing the mounting orientation of the wrist.

Computation of the roll joint coordinate θ g : Knowing R 0p , the Euler angle θ xc defining the current roll orientation of the end-effector is computed. Then, θ g is found with

θ g = θ x -θ xc ( 5 
)
with θ x the desired angle.

VI. EXPERIMENTAL CASE STUDY A. Considered task and implementation

In order to demonstrate the capabilities of the proposed wrist, a pick-and-place task is carried out using the prototype wrist. The task consists in grasping an object surrounded by obstacles with the scooping method. The object is then moved to a target point behind an obstacle while maintaining a constant orientation. Although challenging to achieve by itself, this task is additionally carried out inside a box in which the system can only enter through a small aperture.

A 7-DOF Kuka LWR4+ robotic arm is used for the experiment. The desired end-effector pose of this arm is computed using the procedure described in section V. Only 6 DOFs are necessary from the Kuka to position and orient the wrist. Therefore, the redundant joint of the Kuka arm is not used and the joint coordinates are computed from the desired pose using the inverse kinematics and a Newton-Raphson algorithm. The trajectory carried out throughout the whole experiment is generated by manually setting way points (no camera is used). The position trajectory between two points is then synthesised in the Cartesian space using a fifth-degree polynomial. For this case study, point O is considered fixed at the centre of the entry aperture. Therefore, all redundant degrees of freedom introduced by the wrist are constrained. In practice, the position of point O could be constrained to a certain area -instead of being fixed -defined according to the size of the aperture, which would provide more freedom to the robot and wrist system. Therefore, it can be said that the case treated here is the most restrictive.

B. Design of a custom compact gripper

A simple and compact gripper suited for cluttered environments is also developed. It is inspired from a previous work of our research team [START_REF] Babin | Picking, grasping, or scooping small objects lying on flat surfaces: A design approach[END_REF]. This gripper is depicted, mounted on the wrist, in Fig. 6. The gripper is composed of a passive and compliant thumb which can comply to the rigid surface while scooping. This compliance allows to safely come in contact with the environment without requiring a force-controlled device. An actuated finger is used to pinch the object. Its tip is mounted on a compliant hinge joint in order to better manage the contact with the object during grasping. This gripper is 77 mm long, 63 mm wide and 61 mm tall when fully open and has a mass of 140 g. The maximal opening is 43 mm. It is driven by a RE-max17 Maxon motor with a double stage gearbox of 24:1 and 3:2 reduction ratios. Fig. 6: The custom compact gripper mounted on the wrist.

C. Control hardware and software

The experimental setup and the electronic architecture are illustrated in Fig. 7. The desired positions of the wrist and the gripper are sent to EPOS4 drivers from Maxon and the control is carried out by an embedded PID controller in each driver. A Raspberry Pi 4B computer controls the Kuka robot by sending the desired joint positions to the robot controller using the Fast Research Interface (FRI) library provided by the manufacturer. The FRI library allows for a controllerresponder type communication at 1 kHz, where the Raspberry Pi (responder) answers to the requests sent by the Kuka robot controller (controller). The Raspberry Pi equipped with an EtherCAT shield (EasyCAT HAT) and the EPOS drivers communicate with a real-time computer sending the desired positions via an EtherCAT fieldbus. The communication between the different control devices cannot be synchronised with the current electronic architecture. Therefore, to guarantee a lowjitter communication between the real-time controller and the Kuka robot, the sampling rate of the reference Kuka trajectory should be limited. Here, the trajectory is sampled at 100 Hz. Note that this limitation is specific to the Kuka robot used for these experiments and to the EtherCAT responder device (EasyCAT HAT). The electronic architecture could be modified with adequate hardware to improve the sampling rate. However, this low operating frequency is not limiting for our task since it is performed at a relatively slow speed.

D. Task sequence and results

The box, the object to be grasped, the target position and the obstacles are shown in Fig. 8. The box is 460 mm long, 410 mm wide and 300 mm tall. The opening is positioned at the centre of the top face and is a circle-shaped hole with a diameter of 150 mm. For safety, this opening is Fig. 7: Photograph of the experimental setup with the wrist and the compact gripper mounted on the robot and electronic architecture of the setup. implemented as a hole in a piece of cardboard that rests on cables tensioned by weights on the side of the box. Therefore, if a contact between the robot and the edge of the opening occurs, the cardboard simply slips on the cables, which deform to comply to the contact. The length l of f and thus the offset's dimensions are chosen according to the size of this box as l of f = 300 mm. A length l e = 162 mm is used considering the custom gripper. The object to be grasped is a small box of tissues of dimensions 75×50×30 mm 3 and has a mass of 25 g. This object is placed in a corner of the box without touching the sides as shown in Fig. 8. Hence, using a scooping grasp is the most appropriate way of grasping it. Next to it stand different boxes which act as obstacles. Finally, a red box on which the object must be placed is added on the other side of the obstacles. The large box as well as the tissues are placed approximately before the experiment.

The grasping and manipulation task is divided into 6 main steps which are tabulated in Table I and specific actions of the experiment are illustrated in Fig. 8. A video of the complete experiment accompanies the paper.

VII. DISCUSSION AND FUTURE WORK

A. Discussion

Thanks to the added wrist, the test task was successfully carried out. It is worth noting that some vibrations of the gripper have been observed. These vibrations are due to a The closed gripper and the wrist made straight enter the box through the opening. This straight shape allows the system to enter into narrow spaces and deploy once inside.

C

The gripper is positioned and oriented to be able to grasp the object with a scooping grasp.

C

The object is grasped using scooping.

D

The object is moved inside the box to avoid obstacles while keeping it in a constant orientation.

E

The object is placed on the red box.

F

The gripper and the wrist are positioned at the centre of the box and oriented to assume the straight shape without touching the box. The system then exits the box in the same way that it entered it.

TABLE I:

The main steps of the considered grasping and manipulation task: number, associated actions and description.

small mechanical backlash introduced in the rolling joint because of the 3D printed gears which did not reach the expected manufacturing tolerances. Moreover, the offset introduces a long lever arm with a significant mass at its end. Significant torques are then applied at the end link of the robotic arm, thereby making any vibrations of the arm noticeable. While the custom gripper allowed to carry out the desired task, it is worth noting that its use for scooping requires careful planning and improvements could be made through mechanical design. Referring to the desired joint coordinates of the wrist, it can be observed that not only this added distal dexterity is necessary for this task but that the large range of motion is also very important. Indeed, constraining the orientation of the object when it is grasped and moved, such as in this experiment, requires a large range of rotation of the wrist joints (more than 140 • ), which commercially available robotic wrists cannot reach.

In a nutshell, a 2-DOF wrist with ±180 • ROM exploiting a rolling joint was designed in this paper. The choice of this architecture is based on the needs of a grasping and manipulation task in cluttered environments. A dedicated trajectory planning strategy was developed and experimentally evaluated with a challenging task. Grasping and manipulation were successfully carried out and the expected performance of the device was reached, demonstrating the validity of this approach to enhance grasping and manipulation in cluttered environments.

B. Perspectives and future work

In the proposed concept, only the wrist entered the cluttered space. Therefore, the demonstrated capabilities could be obtained with other robots, i.e., the Kuka robot could be replaced by another system with for instance other serial, parallel, cable-driven parallel or even mobile robots. Moreover, the gripper can be easily replaced. Hence, a wide range of robots and end-effectors can be considered with this wrist, making it suited for many contexts and potentially leading to applications beyond object grasping.

In this paper, the VCM O was considered fixed. Although this choice was relevant to evaluate the most restrictive case and thus the hardest experimental situation, it may not be necessary for every application, for instance if the aperture is large enough. A generic procedure exploiting the redundant degrees of freedom to optimise the position of O can be developed, making this strategy more versatile. Moreover, in order to further increase the capabilities of the wrist, the fixed offset could be replaced with a prismatic joint that would allow to vary its length during the performance of a task.

Another perspective of this work is to further path planning generation. In this work, the way points were manually and a priori set. Autonomous generation of the trajectory could be implemented and even more complex environments may then be considered.

Finally, the tilt motions of the proposed wrist were achieved using a 1-DOF mechanism. However, it may be interesting to include additional degrees of redundancy for obstacle avoidance as it is done with continuum robots. Future work can include the determination of the best approaches to design such devices for grasping in cluttered environments.
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 1 Fig. 1: Need of a roll motion to carry out scooping thanks to the large tilt ROM. a) Case 1: grasping an object on the side, top view, θ w = 0 • and θ g = 0 • . b) and c) Case 2: grasping an object from above, side view, θ w = 90 • , b) θ g = 0 • and c) θ g = 90 • .

Fig. 2 :

 2 Fig. 2: Architecture of the proposed wrist.
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 4 Fig. 4: Photographs of the wrist in different configurations. From left to right: ϕ = 0 • , ϕ = -90 • , ϕ = -180 • .
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 5 Fig. 5: Modelling of the VCM constraint.

  Computation of the yaw joint coordinate ϕ and length r: The wrist has a planar architecture. Hence, it is contained in the same plane P w as u g , O and K in which the computation of ϕ and r is carried out. Knowing --→ OE and u g , the plane's frame R p (E, x p , y p , z p ) is computed. If u g and --→ OE are collinear, then the wrist is in a straight shape and we can write ϕ = 0 and r = |OE| -l r -l e (2) with | • | the Euclidean norm, l r the length of the rack of the rolling joint and l e the distance between an axis of the rolling joint and the end-effector position (see Fig. 5). If not, the transformation matrix M 0p between the world frame R 0 and the plane's frame R p is computed. Points E and O are expressed in R p and are noted E w and O w , respectively. Working in the plane P w , ϕ and r are computed using the first two scalar equations of the vector equation e w -l e R 0p u g + l r R ϕ/2 e x + rR ϕ e x -o w = 0 (3) with e w (resp. o w ) the position of point E w (resp. O w ), R 0p the rotation part of M 0p and
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 8 Fig. 8: Considered cluttered environment, task sequence, joint coordinates of the wrist and photographs of the experiment.
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