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R-Min: a Fast Collaborative Underactuated Parallel Robot for Pick-and-Place Operations

This paper introduces an intrinsically safe parallel manipulator dedicated to fast pick-and-place operations, called R-Min. It has been designed to reduce the risk of injury during a collision with a human operator, while maintaining high speed and acceleration. The proposed architecture is based on a modification of the well-known planar five-bar mechanism, where additional passive joints are introduced to the distal links in order to create a planar seven-bar mechanism with two degrees of underactuation, so that it can passively reconfigure in case of collision. A supplementary passive leg, in which a tension spring is mounted, is added between the base and the end-effector in order to constrain the additional degrees of freedom.

A prototype of this new collaborative parallel robot is designed and its equilibrium configurations under several types of loadings are analyzed. Its dynamics is also studied. We analyze the impact force occurring during a collision between our prototype and the head of an operator and compare these results with those that would have been obtained with a rigid five-bar mechanism. Simulation results of impact during a standard pick-and-place trajectory of duration 0.3 s show that a regular five-bar mechanism would injure a human, while our robot would avoid the trauma.

I. INTRODUCTION

Since several years, collaborative robots have been gaining more attention due to the growing demand from the manufacturing industry for flexible and cost-efficient production lines. Collaborative robots are intended to be used without safety fences and share a working space with nearby operators.

Designing robots that safely interact with humans requires validated criteria that indicate acceptable level of pain or injury. In [START_REF] Mansfeld | Safety map: A unified representation for biomechanics impact data and robot instantaneous dynamic properties[END_REF], the authors provided an extensive summary of impact experiments from biomechanics and robotics literature aiming at evaluating the severity of contacts with the human head and chest. Indeed, most of the experiments have been carried out for the needs of the automative industry, and thus focused on particularly sensitive body regions: head and chest. A widely used criterion is the Head Injury Criterion (HIC) [START_REF] Versace | A review of the severity index[END_REF], [START_REF] Gao | Head injury criterion[END_REF], that permits to evaluate brain damages due to the evolution of head linear acceleration. This index has also been widely applied to the study of physical humanrobot interaction [START_REF] Zinn | A new actuation approach for human friendly robot design[END_REF]- [START_REF] Park | Designing optimally safe robot surface properties for minimizing the stress characteristics of Human-Robot collisions[END_REF]. The standard technical specification ISO/TS 15066 integrates force and pressure thresholds for {Sebastien.Briot,Alexandre.Goldsztejn}@ls2n.fr different body regions [START_REF]Robots and robotic devices -Collaborative robots[END_REF], based on experiments carried out on live test subjects [START_REF] Muttray | Bestimmung von druckschmerzschwellen an der mensch-maschineschnittstelle-aktueller stand der forschung[END_REF].

These injury criteria help robot designers to identify the risks and the directions of improvement in the design of safer robots. A first approach was on designing robots with lighter architecture [START_REF] Hirzinger | DLR's torque-controlled light weight robot iii-are we reaching the technological limits now?[END_REF], [START_REF] Kim | Anthropomorphic low-inertia high-stiffness manipulator for high-speed safe interaction[END_REF]. However, these robots remain stiff and, despite their improved sensor system and control, they must operate at low-speed to be able to react fast enough to a collision. A complementary approach consists in developing mechanically compliant joints in order to obtain intrinsically safe robot arms. Indeed, compliance permits to reduce the peak force during a collision. This can be achieved using serial elastic actuators (SEA) [START_REF] Pratt | Series elastic actuators[END_REF], or preferably, variable stiffness actuators (VSA) [START_REF] Bicchi | Fast and "soft-arm" tactics [robot arm design[END_REF], [START_REF] Yoon | Safe arm design with mr-based passive compliant joints and visco-elastic covering for service robot applications[END_REF]- [START_REF] Wolf | The DLR FSJ: Energy based design of a variable stiffness joint[END_REF], whose stiffness can be adapted to different kind of tasks and keep a safe behaviour. However VSA integrate small actuators and thus lead to complex, heavy and costly mechanisms. Another approach consists in using torque limiters [START_REF] Park | Safe link mechanism based on nonlinear stiffness for collision safety[END_REF]- [START_REF] Seriani | Development of ndof preloaded structures for impact mitigation in cobots[END_REF], that offer precise positioning in a normal operating mode, while allowing disengagement when a torque threshold is exceeded due to a collision. Such torque limiters have been for instance installed between a suspended manipulator and its endeffector in [START_REF] Lauzier | 3-dof cartesian force limiting device based on the delta architecture for safe physical human-robot interaction[END_REF].

Most of the collaborative robots are of serial kinematic architectures, which constrains them to move at low speed in order to avoid injuring a human in case of collision, thus limiting their productivity. In order to increase the robot speed, parallel kinematic architectures [START_REF] Merlet | Parallel robots[END_REF] could be envisaged for collaborative robot design. Parallel robots are indeed famous for their great performance in terms of speed and acceleration [START_REF] Nabat | Par4: Very High Speed Parallel Robot for Pick and Place[END_REF], which are obtained because motors are mounted onto the base, thus allowing the design of very lightweight architectures.

Parallel robots have already been used for safe physical interactions. For instance, many haptic interfaces are made of parallel architectures [START_REF] Grange | The delta haptic device[END_REF]. In [START_REF] Zabihifar | Hybrid force/position control of a collaborative parallel robot using adaptive neural network[END_REF], the authors applied an hybrid force/position controller to a Delta robot in order to allow safe interactions. More recently in [START_REF] Campa | A 2 dof continuum parallel robot for pick & place collaborative tasks[END_REF], a collaborative parallel robot for pick-and-place tasks has been proposed. It is based on a regular five-bar mechanism whose distal links have been replaced by links made of soft material so that they can deform in case of collision, avoiding transmitting energy during impact. This concept is interesting, however collisions with the robot were not simulated nor experimented, and we have little information to conclude about the robot safety when impacts occur.

In this paper, we present another concept based on the combination of:

• additional passive joints inside the parallel robot kinematic chain, thus adding unconstrained degrees of freedom (dof) and allowing the robot to reconfigure itself in case of impact, • the use of a preload system which allows to passively drive the unconstrained robot dofs and kinematically constrain its configuration. We introduce a prototype based on this concept, called R-Min (acronym of Robot-Manipulator for safe physical Interactions), and analyze its behavior, especially when impacts occur with an operator.

II. KINEMATIC ARCHITECTURE DESCRIPTION AND

PROTOTYPING OF R-MIN ROBOT As explained in the introduction, our goal is to create a robot with low risk of injury in case it collides with a human while being able to increase the robot speed with respect to traditional collaborative robots. Therefore, we propose the following concept, which is based on a modified regular fivebar parallel mechanism.

A. Description of the kinematic architecture R-Min robot, presented in Fig. 1(a), is based on a modified five-bar parallel mechanism, which is widely used for pickand-place operations at high speed [START_REF] Campos | Development of a five-bar parallel robot with large workspace[END_REF]. This five-bar mechanism (Fig. 1(b)) is a parallel robot made of two actuated revolute joints located at points O i1 (i = 1, 2), and three passive revolute joints at points O 12 , O 22 and P . All joint axes are normal to the vertical plane P 0 : (O 11 , x, z). This robot has two dofs, two motors, and is then fully actuated and able to position the point P in the plane P 0 with a high rigidity. While being able to perform at high-speed/highaccelerations (15 G of acceleration at the end-effector [START_REF] Campos | Development of a five-bar parallel robot with large workspace[END_REF]), it is unable to collaborate with humans because of its high impedance.

As a result, in order to try to conserve the interesting speed properties while decreasing its impedance, we propose to modify the architecture of the five-bar mechanism as shown in Fig. 1(a). R-Min robot is thus composed of:

• a seven-bar parallel mechanism, with two actuated revolute joints located at points O i1 , and five passive revolute joints at points O i2 , O i3 and P (i = 1, 2).

All joint axes are normal to the vertical plane P 0 : (A, x, z). This mechanism has four dof (instead of two for the five-bar mechanism), but only two motors. It is thus underactuated, with two unconstrained dofs. This seven-bar mechanism is thus of little practicability due to its null stiffness. • therefore, we add a preload system made of a kinematic chain located between points A and P , which is composed of two passive revolute joints at A and P , whose axis are normal to the plane P 0 , a passive prismatic joint aligned along -→ AP lying in P 0 , and a compression spring exerting a compressing effort between the points A and P . This preload system plays the same role as elastic elements introduced in the design of underactuated hands [START_REF] Birglen | Underactuated robotic hands[END_REF], i.e. it is added here in order to passively drive the unconstrained dofs of the robot and kinematically constrain its configuration. Preloaded springs could have been installed on one passive joint of the seven-bar mechanism, but this would have increased the mass of bodies that are likely to collide with an operator. The selected solution of a preload bar located inside the two legs of the seven-bar mechanism is safer, since it does not allow the operator to collide with this bar and in the same time permits to obtain a lightweight design of the external legs.

Indeed, this preload system is able to tense the passive underactuated chain O 12 O 13 P O 23 O 22 , which is then more rigid than in the case of the single seven-bar mechanism. However, it will have much less stiffness than a traditional five-bar mechanism, thus making it a good candidate for a collaborative parallel robot.

B. Design of a prototype

Based on the aforementioned kinematic architecture, the CAD design of a prototype was performed Fig. 2. In Table I, the lengths, inertia and positions of centre of mass extracted from CAD are provided. The links lengths have been chosen such that, if the points O i2 , O i3 and P (i = 1 or 2) were aligned, the robot kinematics would be equivalent to the one of the five-bar mechanisms designed in [START_REF] Hill | Increasing energy efficiency of high-speed parallel robots by using variable stiffness springs and optimal motion generation[END_REF], [START_REF] Kaci | Robecolo: Optimal design of a wooden five-bar mechanism[END_REF].

The key features for the design of this prototype are:

• all links are made in aluminum hollow tubes of circular cross-section (external diameter of 30 mm, thickness of 5 mm for proximal links 11 and 21; external diameter of 20 mm, thickness of 2 mm for the other ones), • passive joints have been made with bronze plain bearings instead of ball bearings, to lighten the mechanism, • a traction spring of stiffness 80 N/m and free length 0.2 m, • two direct drive motors SIMOTICS S-1FL6 are used (max torque 70 Nm, rated torque 23.9 Nm).

This prototype will serve in order to test the performance (in this paper, in simulation) of this new type of collaborative robot in terms of efforts transmitted during an impact. However, the system is underactuated and thus has different equilibrium configurations that vary with the external loadings. Thus, before testing the effects of collision, let us analyze its reconfiguration properties when different kinds of loads are applied on it. x i,j is the distance from

S ij to O ij .
C. Self reconfiguration of the robot subject to external loads 1) Geometrico-static model: In what follows, we denote as:

• q a the vector of the active joint coordinates representing the motion of the motors located at O 11 and O 21 , • q d the vector of the unconstrained coordinates; Here we choose the motions of the revolute joints located at O 12 and O 22 as the unconstrained coordinates, • q p the vector of the remaining passive joint coordinates, • p the position of point P , which is considered as the end-effector location. The parallel manipulator considered here is underactuated. Its implicit geometric model is therefore written as: h(q a , q d , q p , p) = 0. For a fixed q a , there exists a dimension 2 manifold of solutions (q d , q p , p) to h(q a , q d , q p , p) = 0, which is typical of underactuated manipulators. The use of a spring constrains the mechanism to adopt one equilibrium configuration among a finite number of solutions within this manifold. These feasible solutions can be found by analyzing the local minima of the robot's potential energy which corresponds to the robot's equilibrium configurations, i.e., by establishing its geometrico-static model.

The robot total potential plus the work associated to external forces f ext is denoted by V (f ext , q a , q d , q p , p). Obviously, variables q a , q d , q p and p are related by the geometric model h(q a , q d , q p , p) = 0. As a result, the extrema of the potential energy can be found by applying the Lagrange conditions dedicated to finding extrema of functions under equality constraints:

∇V (q a , f ext , q d , q p , p) + ∇h(q a , q d , q p , p) λ =0 h(q a , q d , q p , p) =0

where λ is a vector of Lagrange multipliers. Here, gradients include derivatives with respect to q d , q p and p. These equations include all local minimizers, as well as maximizers and saddle points, which must be excluded by checking the usual 2 nd -order conditions for local minimality.

Next Section studies the equilibrium configurations of the robot under different kinds of loadings.

2) Analysis of the robot equilibrium configurations: We have computed the prototype equilibrium configurations for several active joint configurations and loadings using the numerical solver IBEXSOLVE, which is distributed in the open source library IBEX (http://www.ibex-lib.org/). It implements a typical branch-and-prune algorithm [START_REF] Merlet | Solving the forward kinematics of a gough-type parallel manipulator with interval analysis[END_REF], [START_REF] Caro | A Branch and Prune Algorithm for the Computation of Generalized Aspects of Parallel Robots[END_REF] relying on numerical constraint programming, i.e., contractors like HC4 and interval Newton operators [START_REF] Jaulin | Applied interval analysis: with examples in parameter and state estimation, robust control and robotics[END_REF], which is able to compute all solutions of Eq. ( 1) with certification.

Results are shown in Figs. 3 and4. It appears that, when the robot is subject to gravity effects only (Fig. 3(a)) or with an additional vertical force directed downwards (Fig. 3(b)), which would be equivalent to the robot payload, points O i2 , O i3 and P are near to be aligned, i.e. spring plus the external loadings tense the passive bars. When a force with an upward component is applied either at the end-effector P or on a passive link (Fig. 3(c-d)), which would be equivalent to forces appearing during an impact, the robot encounters large displacements of its bodies during its internal reconfiguration. As a result, when the robot is subject to types of loadings appearing during the manipulation of objects (i.e. downward forces), the end-effector location is close to the one that would be attained by a five-bar mechanism with distal links whose lengths are equal to Oi2Oi3 + Oi3P , which is convenient for pick-and-place operations planning. On the contrary, when the robot is subject to types of loadings appearing during an impact with a human (i.e. forces with an upward component), the robot encounters large internal reconfigurations and thus, potentially, is likely to avoid transmitting a large part of its energy during impact thanks to this reconfiguration. These properties makes him a good candidate for safe physical interactions during pickand-place operations.

It should be also noted that the analysis of several configurations showed that displacements of the point on which the force is applied are bigger when the force is applied on the distal links (Fig. 3(d)) rather than on the end-effector (Fig. 3(c)). So intuitively, an impact on the links may lead to less energy transmission during collision than an impact on the end-effector. This hypothesis will be proven later.

Finally, the robot may have several equilibrium configurations for a given active joint position and a given loading (Fig. 4). However, the aspects corresponding to each configuration are generally separated, thus preventing the robot to jump from a configuration to another one.

III. ANALYSIS OF THE ROBOT DYNAMICS

In this Section, the dynamic model of the presented robot is described. The system being underactuated, this dynamic model is necessary in order to predict the state of the robot during its motion.

A. Dynamic model

The dynamic model of the underactuated parallel robot can be computed by following straightforwardly the approach proposed in [START_REF] Briot | Dynamics of parallel robots[END_REF]. It takes the following final form:

τ = M 11 qa + M 12 qd + h 1 (q a , q d , qa , qd ) (2) 
0 = M T 12 qa + M 22 qd + h 2 (q a , q d , qa , qd ) (3) 
where:

• τ is the vector of the motor input torques, For a known active joint trajectory (q a , qa , qa ), the inverse dynamic model of the robot allows the computation of the unconstrained joint motion (q d , qd , qd ) from the resolution of the nonlinear ODE [START_REF] Gao | Head injury criterion[END_REF]. Once this motion is known, the input torques τ can be deduced from Eq. ( 2).

B. Robot dynamic behavior in a pick-and-place operation

Based on the parameters provided in Tab. I, the inverse dynamic model of our robot has been computed and simulated along a reference trajectory presented in Fig. 5.

This trajectory, which is a typical pick-and-place trajectory characterized by an horizontal displacement of 305 mm and a variation of altitude of 25 mm, was defined for the motion of the end-effector of a 2-dof high-speed fully actuated robot designed in [START_REF] Germain | Optimal design of the irsbot-2 based on an optimized test trajectory[END_REF]. Here, we use this trajectory in order to compute a reference trajectory for the active joints by the use of the inverse kinematics, assuming that the points O i2 , O i3 and P would be perfectly aligned for both legs. As a result, due to its underactuation and despite the preload mechanism, the end-effector of the robot will not be able to perfectly follow this reference trajectory. The tracking error depends on the stiffness of the spring of preload system.

The dynamic model is simulated using this reference trajectory. The output error of the end-effector position is presented on Fig. 5. The robot follows the input trajectory thanks to the spring with a maximal error of around 2 cm. This seems big, but this issue can be solved by using adequate controllers, like sliding modes [START_REF] Idrees | Sliding mode control design for stabilization of underactuated mechanical systems[END_REF].

Next section deals with the analysis of the robot during an impact.

IV. ROBOT IMPACT MODELLING AND ANALYSIS

In this Section, the aptitude for safe physical interaction of the presented robot is analyzed and compared with those of the five-bar mechanism. In this vein, the severity of a transient physical contact between the robot and a human head is evaluated through simulations.

A. Description of the simulation protocol

In order to evaluate the behaviour of R-Min robot in case of a collision with a human, simulations were carried out using the software ADAMS. Two models of robots have been developed, the model of our collaborative robot and of an equivalent five-bar mechanism, in order to evaluate the interest of the proposed concept.

The ADAMS model of the collaborative robot is based on the prototype presented in Fig. 2 and uses the geometric, mass and inertia parameters given in Tab. I. The ADAMS model of the five-bar mechanism is obtained from the model of the collaborative robot, but by imposing the revolute joints at points O i3 (i = 1, 2) to be blocked. Moreover, the preload system was removed for fairer comparison purpose.

In all presented simulations, we imposed that the five-bar mechanism follows the reference trajectory shown in Fig. 5 from point I to point J. In an industrial context, for small payloads (a few grams), it is pretty standard that a robot performs this trajectory (two-ways) several times per second (3 to 4 times per second) [START_REF] Germain | Optimal design of the irsbot-2 based on an optimized test trajectory[END_REF], [START_REF] Gauthier | Optimization of a test trajectory for scara systems[END_REF]. Here, we limit the velocity along the trajectory, which is too fast in case of an impact with an operator, and we allow the robots to perform a one-way trajectory in 0.3 s, which is still much faster than standard trajectories performed by serial collaborative robots. We will see later that this new speed is already high enough so that an impact with a human and a rigid five-bar could cause trauma.

For the collaborative robot, we replayed the same trajectory, but in the joint space. Obviously, due to its underactuated nature and despite the preload mechanism, the trajectory followed by its end-effector cannot be exactly the reference trajectory. However, the end-effector velocities of both robots are close enough to allow comparisons of impact effects.

In what follows, we choose to investigate a contact between the robot and a human head, since it is one of the most critical body parts to be protected from trauma. The head is modeled as a ball of radius R = 0.1 m with a mass of 4.4 kg [START_REF]Robots and robotic devices -Collaborative robots[END_REF]. When a collision occurs, the model is designed such that the head is free to move after the impact, in order to simulate an unconstrained transient contact scenario. Simulations are stopped 0.1 s after the first impact. Indeed, in a practical application case, a collaborative robot would detect an impact and rapidly stop or decelerate its motion in order to minimize the consequences of the impact for the human.

The parameters of the impact model between the robot and the head are described in the next Section.

B. Severity of injury and impact modelling

In order to characterize the dangerousness of the impact for the head, we compute the HIC which is a metric that can quantitatively indicate the acceptable acceleration applied to the brain with respect to impact duration [START_REF] Versace | A review of the severity index[END_REF], [START_REF] Gao | Head injury criterion[END_REF]. A value of 1000 or greater represents an extremely severe injury, while a value of 100 can be considered acceptable during a normal operation of a machine physically interacting with humans [START_REF] Bicchi | Fast and "soft-arm" tactics [robot arm design[END_REF].

In order to predict the behaviour of the two colliding bodies, we use the Hertz model. This model considers perfectly elastic bodies and relates the normal contact force f n as a power function of the penetration :

f n = Kδ p ( 4 
)
where δ is the relative penetration of the contacting bodies, K is the contact stiffness and p a power coefficient. The contact stiffness parameter can be computed from the geometric and material characteristics of the contacting surfaces [START_REF] Machado | Compliant contact force models in multibody dynamics: Evolution of the hertz contact theory[END_REF], whereas the power exponent needs to be evaluated from experimental works. The simulation uses the stiffness and exponent parameters given in [START_REF] Park | Designing optimally safe robot surface properties for minimizing the stress characteristics of Human-Robot collisions[END_REF] for a contact between a robot and a head bone (K = 9.6 • 10 8 N/m 2.65 , p = 2.65).

C. Influence of the head position

The simulations of impact for several head positions are presented in this Section. The head is positioned at four different locations. For each head initial position, the impact occurs at around the middle of the trajectory, but at different locations of the robot links. For the collaborative robot, impact takes place respectively :

• Case 1: at the middle of the link 12,

• Case 2: at joint in O 13 , • Case 3: at the middle of the link 13, • Case 4: at joint in P . Similar cases are simulated with the five-bar mechanism. Impact will never be considered with the proximal bars which are rigidly linked to the motors, because we assume that, in a practical industrial design, they can be easily protected by a safety hood in order to avoid any collision with an operator.

In Table II, the results in terms of (a) velocity of the robot at the point of impact right before the impact, (b) velocity of the head right after the impact, (c) peak force during impact, (d) duration of impact and (e) HIC value for the collaborative robot are provided. In Table III, same types of information are provided for the five-bar mechanism.

For both robots, the worst case scenario appears when the head is impacted by the end-effector. However, while the five-bar mechanism may cause trauma to an operator (HIC value of 153 being larger than the accepted limit value of 100 [START_REF] Bicchi | Fast and "soft-arm" tactics [robot arm design[END_REF]), our collaborative robot will be far from the critical value of the HIC (HIC=4). This is due to the combination of several factors, among which:

• in equivalent impact configurations, whereas impact velocities are pretty similar, the impact force appearing during the contact with our collaborative robot is much lower than with the rigid five-bar mechanism, • the impact duration with the collaborative robot is smaller than with the rigid robot: indeed, it can be observed that in the case of the collaborative robot, right after an impact, there is a rebound of the collided link, rebound which is possible due to the underactuated nature of our robot (Fig. 6). This rebound is not possible with the rigid five-bar mechanism, which thus transmits more energy to the head during the impact. It should be also noted that, for the collaborative robot, the lower impact force and HIC value appear when contacting near the passive revolute joint at O 13 . Indeed, a small force applied at this point leads to large motions of the robot links as shown in Section II-C.2. This allows better energy dissipation during an impact.

D. Influence of the spring stiffness and of the robot speed

In this Section, we analyze the effects for the collaborative robot of a change (a) in the spring stiffness and (b) in the duration of the reference trajectory, when impacting at the end-effector. The evolution of the HIC and of the peak impact force are provided in Fig. 7. It appears that worst case scenario does not happen when the robot is moving faster, but that there is a maximal robot speed for which the HIC and peak force are maximal and start to decrease. This is due to a combination of several factors:

• for lower speed trajectories, the links between O 22 , O 23 and P are almost aligned at any time before the contact, thanks to the compression force exerted by the spring. These links thus behave as a single rigid body which does not reconfigure that much with the impact, • for higher speed trajectories, the links between O 22 , O 23 and P are not aligned anymore before the contact because inertia effects get larger. The configuration of these links authorizes a larger reconfiguration of the robot after the impact, thus decreasing the transmitted energy. These phenomena, which explain the decrease of HIC and impact force at higher robot speeds, are illustrated in the video attached to the paper.

V. CONCLUSIONS AND FUTURE WORKS

In this paper, we introduced an intrinsically safe parallel manipulator for fast pick-and-place operations, called R-Min. R-Min has been designed so that the risk of injury during a collision with a human operator is reduced, while maintaining high speed and acceleration capacities. The proposed architecture is based on an underactuated parallel kinematic chain constrained by a mechanical preload system mounted between the base and the end-effector. The robot is thus able to passively self-reconfigure during a collision. A prototype of this new collaborative parallel robot was designed and its equilibrium configurations were studied under several types of loadings, as well as its dynamics. We analyzed the impact force and the HIC occurring during a collision between our prototype and the head of an operator and compared these results with those that would have been obtained with a rigid five-bar mechanism. Simulation results of impact during a standard pick-and-place trajectory showed that R-Min is intrinsically much safer than a regular rigid five-bar mechanism.

Our future works will concern the experimental validation of our simulation results, and the decrease of tracking errors by optimizing the design and developing proper control approaches. We also plan to extend the proposed concept to the design of collaborative parallel robots with more degrees of freedom.
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 1 Fig. 1. Kinematic chains of (a) R-Min robot, (b) a five-bar mechanism. Grey joints are the active joints.
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 2 Fig. 2. CAD modeling of the R-Min prototype.
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 34 Fig. 3. Equilibrium configurations of the prototype under different loadings in a symmetric configuration of the active links: equilibrium under gravity load (a) only, (b) plus a vertical descendant force of 20 N applied at the end-effector, (c) plus a diagonal ascendant force of 20 N applied at the end-effector, (d) plus a force of 20 N normal to link 12, applied at O 13 . Dotted black lines represent the distal links when they stay fully aligned.
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 5 Fig. 5. Reference and actual trajectory achieved by the robot end-effector (left-hand side scale); Tracking error (right-hand side).
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 167 Fig. 6. Illustration of an impact at the end-effector.

TABLE I DIMENSIONS

 I AND MASS PROPERTIES OF THE PROTOTYPE LINKS

	Link	Length	Mass	Inertia 1	COM 2
	(1&2;1)	0.28	1.29	0.0168	0.0768
	(1&2;2)	0.2	0.24	0.002	0.012
	(1&2;3)	0.2	0.19	0.0015	0.01
	(-;4)	0.82	0.42	0.0386	-0.31
	(-;5)	-	0.81	0.0026	0.023

(i; j) l i,j (m) m i,j (kg) J i,j (kg.m 2 )

x i,j (m)

1 

Moments of inertia around y are provided at the COM.

2 

Center of masses S ij

TABLE II IMPACT

 II BETWEEN THE COLLABORATIVE ROBOT AND THE HEAD

	Case	Impact	Head	Peak	HIC	Duration
		Velocity	Velocity	Force		
		(m/s)	(m/s)	(N)		(ms)
	1	0.73	0.14	142	≈ 0	10
	2	1.05	0.10	162	≈ 0	7
	3	0.91	0.32	295	≈ 0	13
	4	1.20	0.45	530	4	9

TABLE III IMPACT

 III BETWEEN THE RIGID FIVE-BAR MECHANISM AND THE HEAD

	Case	Impact	Head	Peak	HIC	Duration
		Velocity	Velocity	Force		
		(m/s)	(m/s)	(N)		(ms)
	1	0.08	0.45	72	≈ 0	66
	2	0.70	1.12	648	7	18
	3	0.73	1.61	861	15	20
	4	1.50	2.86	2280	153	14