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Trajectory Planning for Industrial Robot Manipulators Considering

Assigned Velocity and Allowance Under Joint Acceleration Limit

S. Rohan Munasinghe, Masatoshi Nakamura, Satoru Goto, and Nobuhiro Kyura

Abstract: This paper presents an effective trajectory planning algorithm for industrial robot ma-
nipulators. Given the end-effector trajectory in Cartesian space, together with the relevant con-
straints and task specifications, the proposed method is capable of planning the optimum end-
effector trajectory. The proposed trajectory planning algorithm considers the joint acceleration
limit, end-effector velocity limits, and trajectory allowance. A feedforward compensator is also
incorporated in the proposed algorithm to counteract the delay in joint dynamics. The algorithm
is carefully designed so that it can be directly adopted with the existing industrial manipulators.
The proposed algorithm can be easily programmed for various tasks given the specifications and
constraints. A three-dimensional test trajectory was planned with the proposed algorithm and
tested with the Performer MK3s industrial manipulator. The results verified effective manipula-
tor performance within the constraints.

Keywords: Industrial robot manipulator, trajectory planning, acceleration constraint, assigned

velocity, trajectory allowance.

1. INTRODUCTION

In industrial robotics, trajectory planning is an im-
portant part, which determines how well the manipu-
lator performs a given task. Some of the initial work
on manipulator trajectory planning can be found in
[1], [2], and [3]. Once the end-effector and joint tra-
jectories are planned, any controller can be used to
actuate the manipulator to physically realize the
planed end-effector performance. Therefore, trajec-
tory planning should consider both controller limits
and task specifications so that the expected perform-
ance can be realized.

Most industrial robot manipulators today are actu-
ated by PI servo controllers and employed in proc-
esses such as welding, cutting, grinding, part handling,
etc. There are two major application categories in in-
dustrial robotics: (1) positional control and (2) trajec-
tory tracking. In positional control such as part han-
dling, pick and place, etc., the end-effector moves be-
tween two pre-specified Cartesian points, and the
path it takes in between is not of great importance. In
trajectory tracking control such as welding, cutting,
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painting etc., end-effector Cartesian path and some
task specifications are specified a priori. In both cate-
gories, joint position trajectories are planned off-line
and used to generate control inputs in on-line opera-
tion.

Though there is plenty of research on manipulator
trajectory planning, the emphasis on the industrial
manipulators and existing problems in the industry
has not been addressed sufficiently. Nakamura et.al.
[4] proposed a planning algorithm for trajectory
tracking considering joint acceleration constraint.
Munasinghe et. al. [5]. [6] considered assigned end-
effector velocity and joint acceleration limit in trajec-
tory planning for positional- control and trajectory
tracking tasks. Trajectory planning in [7], [8] are ob-
jectively similar to this research; however, they are
relatively complex to implement in industry.

The specification of trajectory allowance has be-
come an important consideration in industrial robotics
today. Allowance is now considered important even in
positional control tasks, not only to avoid possible
collisions with nearby objects but as a means to ex-
ploit the optimum end-effector trajectory. Therefore,
it is required that the trajectory allowance be consid-
ered in planning the end-effector trajectory. Moreover,
trajectory planning for corners while considering op-
timum velocity should be included in trajectory plan-
ning.

Therefore, this research aims at developing an ap-
propriate trajectory planning algorithm for industrial
robot manipulators by considering the relevant con-
straints and specifications. The proposed method
plans the end-effector trajectory considering maxi-
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mum joint acceleration, assigned velocity, and trajec-
tory allowance. Trajectory corners are planned with
optimum tangential velocity, whereas a pole-zero
cancellation compensator is used for delay dynamics
compensation. The proposed trajectory planner was
tested with the Performer MK3s industrial manipula-
tor. The results obtained verified the effectiveness of
the proposed method.

2. INDUSTRIAL ROBOT MANIPULATOR

2.1. System overview

Fig. 1 illustrates a typical industrial robot manipu-
lator in three degrees of freedom (6,,6,,6,). The ref-
erence input generator implements trajectory planning
and constructs taught data (u,,u,,u,), which is the
time-based joint position trajectories. During opera-
tion, it reads joint feedback via an analog to digital
converter (ADC) while sending control input via a
digital to analog converter (DAC). The servo control-
ler reads control input w(t) and actuates each joint in-
dividually. The motion of the joints determines the
end-effector motion P(x,y,z) as given by

x=[L +L,sin@, + L, sin(, +6,)]cos 6,
y=I[L +L,sing, + L,sin(@, +6,)]sinb,, (1)
z=1L,cosb, + L, cos(6,+6,)

Inversely, for a given end-effector position, the corre-
sponding arm configuration can be determined by

6, =tan'(y/x)

6, = tan™ (c/ z) - cos™ crz+L-L ) )
2LNc +7°

8, =cos (> +7° - —L)/2L,L,)

where L, L,,and L, are link lengths of the manipu-

lator and c¢=./x"+y’ —L,. Differentiating (1) the
end-effector velocity can be related to joint velocities
as

x 6,
y|=1J1]6, 3)
z 8,

in that Jacobian J, is given by

N
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Fig. 1. A typical industrial robot manipulator.
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where S, =sin(8,), C, =cos(8,), S, , =sin(8, +6,), and
G, =cos(6,+6)).

Joint dynamics of serial link manipulators is highly
non-linear, coupled, and used in sophisticated com-
puted torque control schemes as formulated in La-
grange and Newton forms[9] with high computation
costs [10]. Due to the inherent complexity, these con-
trol schemes are used only in special applications. In-
dustrial robotics, on the other hand, adapt linear gain
PI servo control schemes [11], [12] as shown in Fig. 2

The linear manipulator dynamics is assured by lim-
iting values for joint acceleration and velocity. In a
typical servo controller as shown in Fig.2, the posi-
tion loop is P-controlled, whereas the velocity loop is
Pl-controlled. The operator has to tune the servo pa-
rameters K”and k' in order to realize optimum per-

formance. The effects due to varying inertial torques,
Coriolis and centripetal torques, and torques due to
friction and gravity are considered disturbances, and
the linear dynamics can be described by

O,(s) KK
U/s) $+2Kis+K/K}

“

2.2. Problem statement

The ultimate objective of robot manipulator control
is to achieve desirable end-effector performance. An
advanced trajectory planner, which considers

1. Manipulator constraints that assure linear joint
dynamics,

2. Specifications that describe desired end-effector
performance,
is required to construct appropriate taught data Ufs)
to assure desirable end-effector performance. Such a
trajectory planner should consider the following con-
straints and specifications:

U, (s} V(s ; S (s)
- , K“j . (  KT / 1/s /s >

Taught
data

Gy(s)
>

B(s)
/s /s [T

Servo Controtler ! Reference
and ' input
Robot manipulator generatot

Reference 1
input |
generator

Fig. 2. Second order servo model of manipulator
joint dynamics.
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Constraint (5) describes maximum joint acceleration,
where 6 and ™ stand for joint acceleration and its

limit. End-effector velocity specifications are given in
(6), where v, v , and y™ stand for end-effector

velocity, assigned velocity, and maximum tangential
velocity, respectively. This constraint specifies sepa-
rate end-effector velocities as it traverses straight
lines and circular corners. The trajectory allowance
specification is given in (7), where e and p repre-
sent position error and trajectory allowance in Carte-
sian space. Any trajectory within the allowance is ac-
ceptable, and therefore, the optimum trajectory could
be planned. The proposed trajectory planner main-
tains constraint (5) within the entire operation so that
joint dynamics comply with the model given in (4). It
also considers the assigned velocity and trajectory al-
lowance and plans the optimum trajectory to achieve
desirable end-effector performance.

2.2.1 Determination of joint acceleration limit

The determination process of maximum joint ac-
celeration is usually an iterative experimental proce-
dure in that many criteria could be adapted. Major
considerations that govern the maximum joint accel-
eration are the control input limit and current limit of
the servo power amplifier. The joint acceleration limit
can be experimentally determined with the violation
of any of these two limits. Control input limit viola-
tion depends on both trajectory planning criterion and
control system design. In addition, it cannot be con-
sidered as a valid constraint in trajectory planning.
However, the corresponding joint acceleration speci-
fies the limit of linearity, which can be included in
constraint (5). Once the joint acceleration limit has
been determined, linear dynamics can be guaranteed.
This procedure can be applied to most industrial ma-
nipulators conveniently to find the respective accel-
eration limits. Being an experimental procedure, this
criterion is model independent.

2.2.2 Determination of assigned end-effector velocity

In manufacturing processes, tasks are resolved into
subtasks and performed by individual manipulators.
Then, it becomes necessary that the velocity be as-
signed to each manipulator so that the system of ma-
nipulators functions coherently while maintaining the
quality of production. The velocity specification,
however, is a complicated decision that has to be
taken by an expert human supervisor, and the trajec-
tory planner has to plan the realizable trajectory r(?),

giving a high priority to maintaining the assigned ve-
locity. Think of a gluing subtask; if the manipulator
performs it very slowly, the gluing chemical might set
before the pasting subtask starts. On the other hand, if
it performs very fast, the quality of the bond will be
poor. As such, the expert supervisor has to assign the
optimum end-effector velocity in between the two ex-
tremes to realize the best performance.

2.2.3 Determination of maximum tangential velocity
The end-effector velocity is significantly lowered as
it traverses Cartesian corners in order to avoid accel-
eration saturation. In the proposed trajectory planning
algorithm, a criterion of determining the optimum tan-
gential velocity has been included. This criterion de-

optimally and drives joint acceleration

max
4

to its limit without saturation. A complete theoretical
derivation of this criterion can be found in [14].

termines v

3. TRAJECTORY PLANNING FOR INDUS-
TRIAL ROBOT MANIPULATORS

3.1. Planning of the realizable trajectory r(¢)

The proposed trajectory planning algorithm is illus-
trated in Fig. 3. The objective trajectory O(s) is re-
solved into corners and straight line segments (a and
b in Fig. 3). Trajectories for corners and straight lines
are separately planned and merged together. Corners
are planned in Cartesian space using constraint (6)
and (7) and transformed into joint space using inverse
kinematics (2) (al in Fig. 3). Straight line segments
are planned in three subsegments, i.e. MJAS (maxi-
mum joint acceleration segment), MIDS (maximum
joint deceleration segment), and AVS (assigned veloc-
ity segment). MJAS and MJDS are planned using
constraint (5) provided v<y_ in (6) is not violated

(b2 in Fig. 3). AVS is planned with assigned end-
effector velocity (6) (b3 in Fig.3). Finally, MJAS,
AVS, and MJDS are merged and the straight line is
planned. Planned corners and straight lines are
merged in the respective sequence to obtain the real-
izable trajectory R(s). The realizable trajectory is
compensated by the delay dynamics compensator
F(s) and taught data U(s) is obtained.

3.1.1 Planning of trajectory corners:

Fig. 4(a) shows trajectory planning for a sharp cor-
ner ABC, considering trajectory allowance p. It is pro-
posed to introduce a circular arc in place of a sharp
corner, which can be planned within the concentric cy-
lindrical manifold with diameter 2p. When a circular
arc is introduced replacing a sharp corner as shown in
Fig. 5(b), the distance to be travelled is shortened by
DB’ + B’E — DHE(arc) = r{2cot(8/2) -+ B}, where
r is the radius of curvature and g is the corner angle.



International Journal of Control, Automation, and Systems Vol. 1, No. 1, March 2003 71

e S

55 gtrasgne 14

Inverse kinematics (2) ]

bl.
Trajectory
planning with (5)
check (6)7?

Kinematica (1)

Trajectizy
planning
with 6y
Inverse kinematics (2) |
AL b2 MIAE abd MIDS b3 AVS
planned Max. joint acceleration/ assigned velocity
Corner deceleration segments segment:
{‘ “Realizable trajectary T(t) }
(Delay dynamics compensator Fi¢s)
L o Taught data wit) {

Cartesian space D Joint space

Fig. 3. The proposed trajectory planning algorithm.

Therefore, increasing r gives a proportional length
shortening. Moreover, tangential velocity along the

circular arc is v, =\ar, where a. is the centripetal
acceleration. Thus, increasing r increases the limit of
V.. As speed reduction is not desirable, it is recom-

mended to increase the radius. In the proposed
method, the biggest radius which can be accommo-
dated within the given trajectory allowance is selected,
thereby optimizing the two criteria explained above.
The optimality criterion for planning the corner refers
to the largest radius of curvature within the allowance

manifold and the maximum tangential velocity v™.

Referring to Fig. 4(a), the largest possible circular tra-
Jectory should pass through H. Moreover, it should lie
on the plane of AABC. In order to construct this tra-
jectory, coordinates of A, B', and C’ are required, and
it can be worked out using co-ordinates of A, B, and C.
The planned circular trajectory at the corner is shown
in Fig. 4(b) in that radius of curvature r is given by

r=2p/{l-sin(B/2)}. (8)

With the knowledge of r and all required point co-
ordinates, the circular arc can be located accurately.
The maximum end-effector velocity y™ can be de-

termined so that none of the joints could violate con-
straint (5) along the circular arc. A detailed treatment
of this criterion can be found in [14], and only the cri-
terion equation is given here as

_ W=(xenyeuze)

C=(Xe,YeoZe)
=g, Ygazp)
» e
B=(xg,Yp.Zp}
A=(Xa,¥aZ4)
R Yaza)
| @
C=(xcuyenze)
0
g J
AS(XpYarZa)
(b)

Fig. 4. Trajectory planning for a corner(a). A sharp
corner ABC with given allowance, (b).
Rounded corner with the largest possible cir-
cular trajectory passing through inner point H.

v™ = min,[max, {|/8,/9,6) 1|6 <6 Voe &) (9)

where f is the corner and ¢,(6) is a function of the

arm configuration. Using uniform tangential velocity
motion, the circular arc is sampled at each
nd’;n=12..,N as denoted by M in Fig. 4(b), where

6’ =v"™t, is the angle increment corresponding to the

sampling interval f and N=(z—-pf)/6".

3.1.2 Planning of straight lines:

Once all corners have been planned, the necessary
straight line segments can be identified so that a
piece-wise continuous end-effector trajectory can be
constructed within the allowance manifold. Fig. 5 il-
lustrates the planning procedure for a straight line
segment pp,. Planning of a straight line has three

sub-segments to be planned, i.e. MJAS (maximum
joint acceleration segment), AVS (assigned velocity
segment), and MJDS (maximum joint deceleration
segment). The procedure is explained as follows.

PP, is segmented by a set of equidistant knot points
k=0,1,2.... Assume at the kth knot, joint j has a veloc-
ity ¢ (k) and that it should be moved by Ag,(k)>0

to reach the (k+/)th knot. It is also necessary to ac-
complish this motion within the minimum possible
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Fig. 5. Trajectory planning for a straight line.

time (" (k). Thus, uniform maximum acceleration

MOLON  Af (k) =6, (k)™ +0.56™ (¢™")*is used. by rear-

ranging and solving, it gives
r;‘““(k):{ éj(k)+2é,"“‘Aej(k)—éj(k)}/éjm‘ - However, if
A8,(k)y<0 , maximum  deceleration  motion

AB (k) =8, —0.56" (17" ) is used, and the corre-
sponding minimum time can be expressed by

i) ={ 82 () +267 46,00 + 6,0} s - The minimum

time duration between the two knot points should be
selected as the maximum of t}“‘" ;7 =1,2,3, so that all

joint get at least the minimum time to complete their
motions within the acceleration limit. Thus, the
minimum inter-knot time duration is given by

™" (k) = max{t]™ (k)} - (10)

This time duration is used to determine the uniform

joint accelerations of all joints for the motion between

the two knot points as given by

2A0, (k)= 6, (k)™ (k)
"oy

These uniform joint accelerations are used to plan in-

dividual joint trajectories between the two knot points

as give by

6,(k) = (11)

6,(k,1)=6,(k)+6,(k)t;[kt <t < (k +1)t] (12)
6, (k1) =6,(k)+0,(k)t+0.56, (k); [kt <t < (k+ 1] (13)

in that joint velocity 9}. (k) can be determined using

the inverse of (3). This algorithm gradually raises the
end-effector velocity as it is repeatedly applied with
consecutive knot points k=0,1,2...; however, the end-
effector velocity should comply with constraint

v<v, in (6), which is about to be violated at P, as

shown in Fig.5. At this point, MJAS is terminated.
The same procedure is used starting from P, in the

reverse direction in order to plan MJDS, which is
terminated at P, . The remaining part PP, is the AVS,

which is planned with v=yv, as given by

x(t) v x(P;)
Yy |=| v |t+] ¥(P)) (14)
z(t) v z(P)
where v;, v’ and v are the velocity components
of v, along X, Y, and Z axes and

P, =(x(P,),y(P,),z(P,)) . The AVS is transformed in
to joint space using (2) and connected in between
MIJAS and MIDS so that the entire straight line PP,
is planned.

3.2. Compensation for delay dynamics

The realizable trajectory R(s) is compensated for
the delay dynamics as shown in Fig.3. The compensa-
tor can be designed based on pole-zero cancellation,
as described by

F )= ,u“uz)(sj +Kis+K!'Kv)
Kj[ Kj(S“"[Il)(S_,uz)

(15)

where 4,4, are the new poles assigned. These poles

are tuned by the practitioner in order to realize opti-
mum performance [15]. With the compensator, the
system joint dynamics reduces to F,(s)G,(s)=

L H{(s+4)(s+4,)} . Therefore, by tuning these
poles 4, and y,, the delay of joint dynamics can be
compensated for.

4. RESULTS AND DISCUSSION

4.1. Simulation and experimental conditions

The objective Cartesian trajectory o(f) was speci-
fied by the start point (0.35, 0.00, 0.10)[m], first cor-
ner (0.41, 0.10, 0.15)[m], second corner (0.28, -0.10,
0.30)[m], and end point (0.35, 0.00, 0.35)[m]. The
trajectory allowance and assigned velocity were set
by p=4[mm]and v, = 0.4[m/s]. Using v, and p,

few realizable trajectories were planned with different
joint acceleration limits é;““‘, j = 1,23, and the con-

trol input w(r) they produce during servoing are ob-
served as in Fig.6. -

As expected, higher acceleration limits cause
higher control inputs. However, the control input is
bounded within £5[V] (for the Performer MK3 sys-
tem used in this experiment), which is reached by
joint 3 as indicated by LA in Fig.6 for the acceleration
limit éj'_““*=11.8[rad/sz],j = 1,2,3. From (8), the calcu-

lated radii for the first and second corners were
3.74[mm] and 3.69[mm], respectively. Maximum
tangential velocities for the two corners were deter-
mined by (9) as 0.205[m/s] and 0.180[m/s]. Veloc-
ity loop gain was set by the manufacturer as
k!=150[1/s], and position loop gain was tuned to

Kkr=23[1/s], j = 1,2,3. Compensator poles were co-
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incidently set by g, = g, =—60.

Most industrial applications at present adapt the di-
rect sampling technique, the conventional trajectory
planning criterion. Simple speed reduction techniques
are also practiced without considering optimum set-
tings. To compare with the proposed method, a con-
ventional method was also simulated in that the tra-
jectory was uniformely sampled with the same as-
signed velocity v=v =0.4[m/s] used in the pro-

posed method.

4.2. Evaluation of results

The end-effector locii, performed by the conventional
and proposed methods are illustrated in Fig.7. Huge
locus deteriorations occur with the conventional
method, whereas the proposed method shows accu-
rate performance with the same assigned velocity. For
the proposed method, the end-effector Cartesian posi-
tion in the XYZ axes are illustrated in Fig.8(a)-(c),
and the error of the realized trajectory y(¢) is shown in

Joint 1 Joint 2 Joint 3

Control inout w(t) [V]

0.5 1 1.5 0 0.5 1 1.5 0 0.5 ] 1.5
Time |s| Time |5} Time [s]

b---- f Limits +/- 5 V]

Fig. 6. Control input w(r) of the three joints for
gm =11.8[rad/s’], j=1,2,3.

Z-axis [m]

X-axis [m]

Z-axis [m]

0.3%
0.3

025
02

0.18
0.-

0.23

0.32
0.34

X-axis [m]

(b)
Fig. 7. End-effector locus in Cartesian space (a) con-
ventional method (simulation) and (b) pro-
posed method (experiment) using the same as-
signed velocity v = 0.4 [m/s].

Fig.8(d). The realized trajectory y(f) shows a close
agreement with the planned realizable trajectory r(z)
in all three co-ordinates. The root mean square error
remains about 1.7[mm] with the peak 2.9{mm)]. Joint
accelerations and end-effector velocity results are
compared with the conventional method as illustrated
in Fig.9. The three columns illustrate simulation re-
sults of the conventional method, simulation results
of the proposed method, and experimental results of
the proposed method, respectively. The first three
rows illustrate joint acceleration results, whereas the
fourth row illustrates the end-effector velocity. The
following evaluations could be drawn by inspection
of Fig.9.

1. Simulation and experimental results of the pro-
posed method comply with each other. It indicates the
appropriateness of the joint dynamic model and valid
selection of constraint limits.

2. The conventional method causes acceleration
saturation as partly indicated by Ct, C2, and C3 in
Fig.9(a),(d), and (g). This behavior could be antici-
pated without an appropriate trajectory planning at
the corners. Acceleration saturation has caused end-
effector velocity fluctuations and overshoots as indi-
cated by C4 in Fig.9().

3. The proposed method maintains joint accelera-
tion within limits as can be seen in Fig.9(b)-(h). It
plans the realizable trajectory r(¢) optimally in that at
least one joint is actuated with maximum acceleration
or deceleration, provided the end-effector velocity
complies with (6).

4. At the corners, the proposed method determines
maximum end-effector velocities ™ as indicated by

V1 and V2 in Fig.9(k), which drives joint 3 to maxi-
mum joint acceleration and deceleration as indicated

— 05 ||||||1|||||||||(a) —_ TIT P T T V[V y o T ooT
E™ 1 = )
;0.47\/—_ ;

= 5]

£ =

= =

30.3— - 5 -

2 1 foif
><0'2—lllllllllllllli]lll—- > “ENSE NN FNEVE F RN
0 0.5 1 1.5 0 0.5 i 1.5

Time [s] Time [s]

g d
EO'4IIII|II"I_I—I"IIII|II(L) LR R R R R LR
= _ —
< £ 4
1 E
2 B 7]
= [ -
¢ E -
g 23]

N AN SN SR ANl NEN 0 T ST T ST NS W
0.5 1 1.5 0 0.5 i 1.5
Time [s] Time [s]

|—~‘ Realized trajectory y(t)

Fig. 8. End-effector performance in Cartesian three-
dimension.
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Fig. 9. Results of joint accelerations and end-effector
velocity.

of v™ by (9) maximizes the end-effector velocity
without violating constraint (5).

4.3. Discussion

The realizable trajectory r(¢) is planned with sepa-
rate treatments for corners and straight lines. The
most applicable constraints in industrial robotics;
e.g.maximum joint acceleration, assigned end-
effector velocity, and trajectory allowance are consid-
ered in the proposed trajectory planning algorithm. A
feedforward compensator is used to compensate the
realizable trajectory against the delay in joint dynam-
ics. With all these features, the proposed method is
capable of planning the optimum realizable trajectory
within the constraints. This research considered only
end-effector position trajectory; however, orientation
control can also be incorporated in the proposed tra-
jectory planner. As all joints are decoupled and con-
trolled by independent PI servo drives, the first three
links can be utilized as the major position control, and
the other links can be used for major orientation con-
trol. The mutual effects between position and orienta-
tion kinematics can be solved and included in the al-
gorithm.

5. CONCLUSIONS

This research presents a new trajectory planning
algorithm for industrial robot manipulators, which
considers most relevant constraints. The improved
performance has been demonstrated and proven by
experimentation with an industrial robot manipulator
in which a complex three-dimensional end-effector
trajectory was performed accurately. The proposed
algorithm appears as a feedforward block in the con-

trol system. Thus, it can be incorporated with existing
industrial manipulators without a significant hardware
alteration, cost, or risk. The proposed method can be
applied to most industrial applications for effective
planning of end-effector trajectories.
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