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Abstract. Machine tools and robots have both evolved fundamentally and we can now question the
abilities of new industrial robots concerning accurate task realization under high constraints.
Requirements in terms of kinematic and dynamic capabilities in High Speed Machining (HSM) are
increasingly demanding. To face the challenge of performance improvement, parallel and hybrid
robotic architectures have emerged and a new generation of industrial serial robots with the ability
to perform machining tasks has been designed. In this paper, we propose to evaluate the
performance criteria of an industrial robot included in a kinematically redundant robotic cell
dedicated to a machining task. Firstly, we present the constraints of the machining process (speed,
accuracy etc.). We then detail the direct geometrical model and the kinematic model of a robot with
closed chain in the arm and we propose a procedure for managing kinematic redundancy whilst
integrating various criteria. Finally, we present the evolution of the criteria for a given trajectory in
order to define the best location for a rotary table and to analyze the manipulator’s stiffness.

Introduction

Machine-tools and robots have changed fundamentally in recent years due to the industrial context.
Requirements in terms of adaptability, productivity or quality are increasingly important. This has
led to the emergence of reconfigurable machine tools, hybrid and parallel robots but also the
development of a new generation of industrial robots, more suitable for machining operations.

This article presents their performance in machining applications. We first outline the problem
posed and we explain the advantages of using kinematic redundancy to improve kinematic capacity
and accuracy. In order to draw attention to the algorithm we have developed to optimize the
trajectory, we present the direct geometric model and the Jacobian of a robot with closed chain in
the arm. We then present the evolution of the criteria to establish the best location for a rotary table
as well as the best posture for the manipulator when conducting stiffness analysis.

Serial robot performance and its improvement

Nowadays, the use of industrial robots for machining tasks is still limited to soft materials (resin,
plaster). In fact, the cutting phenomenon causes diverse loading of variable amplitude, frequency
and direction. The lack of static and dynamic stiffness of a serial architecture results in structural
deformation and causes tool vibration, leading to geometrical defects. The process capability limits
highlight the low variable stiffness around 1N/um [1,2], their first natural frequency between 10Hz
and 30Hz [1,3] and the temperature influence on absolute accuracy [4]. The need to reduce
investment while increasing productivity pushes manufacturers to invest in new processes and they
expect industrial robots to perform accurate tasks. However, in 2005, Summers et al. tried to
machine aeronautical parts with an accuracy of 0.2mm without modifying the control [5]. The
objective was not achieved and pushed by the industrial context, robot manufacturers were forced to
improve their offer. Today, these improvements can be seen in the integration of more powerful
motors, stiffer gearboxes limiting vibration phenomena, and generally architectures dedicated to
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machining (e.g. use of parallelogram loops in the arm (Fig. 2b), integration of the spindle on the
fifth axis, etc...). Currently, absolute accuracy is around 0.lmm to 0.2mm, the repeatability is
0.07mm, with a torque of S00Nm on the wrist axes and angular velocities exceeding 100°/s with a
maximum payload superior to 150kg. With a cost reduction of 75% in comparison with 5 axis
machine tools, the new serial robot presents a better adaptability. In order to improve machining
accuracy, one method is to introduce and manage kinematic redundancy thus optimizing cell
behavior.

Kinematic redundancy

Redundancy has given rise to many optimization studies. In fact, adding an axis may enable both
enlargement of the workspace and obstacle avoidance whilst maintaining a space where specific
performances are expected. The literature provides a set of criteria to manage the redundancy such
as the distance from singular positions, joint limits, dexterity and stiffness improvement [6,7,8].

Figure 1: Behavior improvement in the singularity position (a, b), optimal positioning regarding
the task (c, d) [7]. Behavior improvement of a redundant robotic cell between pose without
optimization (e) and optimized pose (f) [6].

High speed machining (HSM)

HSM is the result of advances in the field of machining and is characterized by specific conditions.
Various works on the topic have shown that an increase in the cutting speed gives rise to a specific
decrease in cutting energy [9]. The work conditions improve the surface state, preserve material
integrity and reduce cutting forces. However, these conditions generate constraints, such as
increased spindle speed (N > 20000rpm), increased kinematic performance (Vy> 10m/min) and
increased structural stiffness. HSM conditions, although more complex and more sensitive to
settings, have to enable a good tool engagement. Moreover, it helps to satisfy the advance speed V;
to be as regular as possible equal to V'yimposed by the process.

Modeling of the redundant robotic cell

The task to be carried out has 5 dimensions characterized by the position of a point and the
orientation of the tool axis. The degree of functional redundancy r,1is 1. This degree is represented
by the angle of reorientation 4 of the effector around the tool axis (Fig. 2a). We integrate into the
robotic cell a 2 axis rotary table. This 8-axis architecture has a degree of structural redundancy 7
equal to 2 represented by the two external controlled axes g7 and gs (Fig. 2¢). A TCS (Traveling
Coordinate System) type model was created (Fig. 3) [9]. The parallelogram closed loop of the
IRB6660 enhances both the accuracy and the load carrying capacity of the robot. The manipulator is
composed of 9 joints and 9 links (Fig. 2b). We have 1 independent closed loop. The joints are either
active or passive: 6 active joints g=/q;...qs/ equal to the number of the robot’s degrees of freedom
and 3 passive joints (qp1, qp2, geci)-
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Figure 2: Industrial robot IRB 6660 with HSM spindle (a), Architecture of IRB 6660 (b),
representation of the redundant robotic cell (c)

Figure 3: Robotic structure diagram and the closed loop in the arm with the notation used in the
TCS model [9]

Direct Geometrical Model
The TCS direct geometrical model is represented by the following transformations from OyX,YyZ,

to 06X6Y 6Z6:
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Ay operator defining the pose of the end-effector is expressed as follows:

Ao = R§1(910)- T} (B)-Riva (921) Ty (52)-R33 (932) T35 (b3).- R34 (043). Ty (a4).Rirs (054)-R36 (065)  (2)
ﬁ—J ﬁ—/
Ao App A3 A3y Ays As6

Where

P30 = P31 — Py 3)
Inverse Geometrical Model
To define the inverse geometrical model, we use the classical Paul’s method. The pose Uj of the
end-effector and Ays are known. It consists in successively multiplying the two parts of the equation
by the matrix 4;;.; (j will go from 1 to 5), to isolate and identify the different articular values.

Kinematic model

The kinematic model provides the velocity of the terminal link corresponding to the specified
velocities of the active joints. As the joints of a tree structured robot are actuated and independent,
the kinematic model for these robots can be obtained by applying the techniques developed for
serial robots to each main branch. We first compute the kinematic model of the direct chain
between the end effector and the base by proceeding as for a serial robot. With the various
operators, the kinematic model is:

{pvl =[7,]la) @)

7]

Py, the translation velocity vector of the robot end-effector, expressed in the coordinate system p,

P the rotation velocity vector of the robot end-effector, expressed in the coordinate system p,
g the joint velocity vector composed of the relative velocities in the robot’s kinematic pairs

[p J h] the Jacobian matrix

h the velocity reference point of the robot end effector.

With A=p=3, we obtain:

3 -
LJ =Prlalwitn [dl=lpe &1 0w 0 Pu ) ()
3
- by —b,.Cy, 0 0 —-by a,C —bSsy —a4.C54S43“qb10_
0 b5, 0 0 b;.Cys b;.Cy3.Csy P21
rv} _ 0 bCy 0 0 —a,.S4 —a,.Cy3.Csy [ ©)
‘o 3 0 1 0 Su3 Cy3-Csy Pa3
S31 0 0 1 0 Ss4 Ps4
Csy, 0 0 0 Cy3 —843.Cs4 1 @6s |

]

Where Cz;=cos(921), S21=sin( 21), Cs21=cos(@21+ ¢32), S321=sin(p21+ ¢32), ...

Equation 3 gives:

P32 =P31— P21 (7)
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The Jacobian [p J h} can be calculated by using the canonical or any other Jacobian of type [ €J e}
[10]:

AR [ape} [ape}[A rhe] o,

[ape} .[EJe] where 4, :{[’”Oe]p [ape ﬂ and [/\ ’”he] is the matrix of

the cross product. (8)

Formalizing the optimization process

The problem of following trajectories with a redundant robot amounts to finding the parameters x
which satisfy various constraints related to the task, the robot configuration and the capability
expected. The problem can be expressed as:

Let f:xeR" > f(x)e Rk
Find {x*} which minimizes f ‘ (x)i=1.k

Under A:x+— h(x)<0and under g: x> g(x)=0
Where 7 is the problem size and £ is the number of criteria )

Criteria for redundancy management

Regarding the machining quality, the objective is to place the structure in the configuration which
minimizes its deformation under the stress effect and allows greater capacity for the robot in terms
of the end effector speed V> Vyimposed in the advance direction d throughout the trajectory.

Kinematic criteria

The kinematic performance criteria of manipulators allow us to define the ability to move and to
generate a particular speed from its current position. Dubey et al. [11] introduce two matrices W,
and W,, positive and diagonal, which permit to split the relative influence of the end effector speed
and the articular speed. The application allows us to define the values of W, and W,. If a preferred
direction is expected from the end effector, W, can be weighted. However, the advance direction d
is modified by the performance of the robot represented by various criteria (accuracy, kinematic,
joint limit, singularity) and the use of kinematic redundancy: W, is therefore chosen as an identity
matrix. However, to take into account the maximal speed of the articulation g; 4 (Fig. 7a), J, is

defined from the Jacobian matrix J as:

Ty =Wy 2w with W (i) =

and W,.(i,))=1  i=1.6 (10)

4i max
We use a Cj criterion concerning the speed capacity given by [11]:

T T'\—-1
Ck:ud(JvJv) Ug (11)

with u,; a unit speed vector in the advance direction d. The robot’s speed ratio R [11] is the ratio

between the operational speed’s norm N and the articular speed’s norm‘q'v‘ :
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WM
| prgd (12)

To highlight the importance of this criterion, results are presented in Fig. 5.

R

Criteria of joint limits

The joint limit criteria enable the joints to be used around their middle position giu,y. A scalar
function, whose effect is to increase the distance from the joint limit, enables the definition of a
criterion Cy:

2

C,= 3| ——"% | with gusthe maximum value of the axis (13)
i=\ 4imoy — 9iM

Singularity avoidance criteria

In the robot’s workspace, some positions exist where the end-effector loses one or several degrees

of freedom called articular singularity obtained when the determinant of the Jacobian is zero.

From eq. 14, 3 singular configurations can be defined

(b +ay.Cyp —b3.835, +b,.C51) =0 (15)
Cs4 =0 (17)

Eq. 15 is associated with shoulder singularity where the first rotation axis passes by the wrist center
point. In this singular configuration, 4 actuated revolute joints intersect at the same point. Fig. 4a
shows that this singularity is outside of the workspace. Eq. 16 is associated with elbow singularity
where a line intersects the joint axes (2, 3). Fig. 4b shows that this configuration is reached close to
the workspace boundary. In this case, the criterion of joint limits (Eq. 13) is used to avoid this
singularity. Eq. 17 defines wrist singularity where axes 4 and 6 are superposed. However,
singularity avoidance may have a formulation similar to that of the avoidance of joint limits. The
goal is to maximize the distance to the singular configuration. This criterion C; with g, designating
the singular configuration can be written as:

Cs =la—as] (18)

Figure 4: Shoulder singularity cannot be reached in the workspace (a), elbow singularity (b),
wrist singularity (c)
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Accuracy criteria

Many studies have considered that static deformations are mainly located in the joint [12,13,14].
According to Dumas et al. [14], the Cartesian stiffness matrix of a robot depends on its
configuration, the stiffness of its components, its control and the stiffness of the axes. To simplify
the problem, the elements are considered as non-shrinking elements and the study focuses on a
small region of the workspace. Chen [15] defines the K, cartesian stiffness matrix by the relation:

T=K dX (19)

T is a six-dimensional set composed of the forces and torques applied to the end effector. dX is a
six-dimensional set composed of the translational and rotational displacements of the end effector.
They are expressed in the robot frame. As Ky, the joint stiffness matrix, is defined in a posture with
good kinematic performance (dexterity) and away from the singular position, K., a complementary
stiffness matrix is negligible [16] and K, the Cartesian stiffness matrix can be written as:

K. =JT(Kyg-Kk,)J™" with K,G,i)=k, i=1..6 and Kc=[0] (20)

A criterion C,; is introduced to focus the displacement on the stiffest joints:

Cay =max(E — ) ey

A criterion C,, is also introduced related to the minimization of the cantilever of the robot in a
simplified approach:

C,p =mitlg, +g3| (22)

Resolution method

The optimization problem is solved by determining, for each pose, the angle 4 around the tool axis,
g7 and gs the axis position of the rotary table (Fig. 6). We use the classic method of solving
redundancy by using the projection onto the kernel of the Jacobian matrix [6]:

Gg=J ' x+(I-J"J)z (23)
Jh

Where J© =J7 (JJ T )_lis the pseudo-inverse of J, z is a vector of the same dimensions as ¢, [ is

the identity matrix (of dimension ¢) and J, is the projection matrix of z on the kernel of J. Vector z
in this case is defined as the gradient of an objective function C, constructed by aggregating the
original objectives thus avoiding the construction of a Pareto front. One of the difficulties of
aggregation methods is the choice of the weighting assigned to each criterion. To change the
relative importance of each criterion according to the need, we use a method with variable
weightings [17]. The form of the objective function becomes:

Cz' (Q) B Cz' min (24)
C -C

i min

k . _ _
C(q) =D wi(Ci(x)(Ci(g)) with  Ci(q)=
i=1

i max

with Wl-(c_l-(q)) the weighting function which depends on the criteria ¢;, which goes from 0 to 1.
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Software integration

Models and resolution methods are computed under Matlab®. Part design and tool path generation
are realized using CATIA® V5. We generate a file used by a 5-axis machine tool including tool end
position and orientation. This file is readable by Matlab®”. The software we develop with Matlab®
allows us to generate and to test the trajectory, to optimize it and to see the influence of the
parameters by integrating the various optimization criteria defined in this paper. RobotStudio®
validates the results.

Simulation results

According to our constraints, the posture with the best performance needs to be found. As an
example, Figure 5 presents the values of the normalized kinematic criteria Ry, while realizing the
trajectory AB on the Y-axis, and the normalized accuracy criteria C,; for the trajectory AB. It helps
to understand how the robot’s configuration affects the kinematic performances and the stiffness of
the architecture. Moreover, the results show the conflicting goals of high feed rate V', and high
stiffness. This can be illustrated by the good kinematic behavior and low stiffness (Fig. 5¢) and
conversely (Fig. 5d).

450 250 50 450 250 50 450 250 50 450 250 <50
Figure 5: Evaluation of the criterion Ry, and Cy; from A(1350,-450,750) to B(1350,0,750)

These results present the advantages of working with a horizontal spindle [18]. In the case of the
posture of Fig. 5a (posture 1), the main axes to cover the displacement are axes 1 and 5. For the
posture of Fig. 5b (posture 2), the main axes are therefore 1 and 6. Ry, is higher in posture 2
because axis 6 is faster than axis 5 (Fig. 6a). Research on robot machining shows that stiffness is an
important point to take into account when enhancing the accuracy and the quality of machined
parts, and, in this respect, posture 1 seems to be the near-optimal configuration. So, in this
configuration, a deeper study of dexterity needs to be undertaken. At point 4, we realize a rotation
around the axis tool and the evaluation of the kinematic criteria is done on the displacement on the
Y- and Z-axes. The result presents good kinematic behavior for an angle a equal to 45°. The
stiffness study will therefore be realized in this configuration. Focusing on the main criteria
(kinematic and cantilever), this first result allows us to define an acceptable location for our rotary
table. The stiffness study in the configuration in Fig. 6 and the realization of machining parts will
allow us to evaluate the efficiency of the optimization and the defined criteria.
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Figure 7: Maximum axis speed (a) - Final configuration of the robotic cell (b)

Conclusion

This work focuses on the evaluation of the robotic performance dedicated to a machining task. The
main aim is to define a good location for the rotary table taking into account various criteria and the
spindle environment. This requires prior characterization of the geometric, kinematic and dynamic
behavior. By studying kinematic performances and robot’s cantilever, we define the posture to
analyze the stiffness. A good location of the rotary table is also presented. This architecture allows
us to machine parts while the robot is working in a space with pre-defined performance. Trials on
aluminum parts will allow validation of the criteria used during optimization and verification of the
performance we can expect of such a redundant robotic cell.
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