7 . Conclusion

Kinematically redundant serial robots are increasingly gaining attention for industrial
applications due to their extraordinary versatility and compliance especially in structured
workspaces. As shorter cycle times yield improved cost-eﬀectiveness of robotic operations,
the requirement for time-optimimal trajectories along predeﬁned task space paths arises.
Because of topological diﬀerences to conventional non-redundant manipulators additional
complexity is added to the task of trajectory planning.
While methods for point-to-point trajectory planning for kinematically redundant serial
manipulators can be found in special literature, only a small number of approaches to
ﬁnding trajectories along predﬁned geometric paths exists. Results obtained using methods that yield strict time-optimal trajectories are mostly not directly applicable to real
manipulators as the continuity level of the resulting trajectories is low which can induce
oscillations and may not be feasible due to the physical limits of the robot drives. Other
approaches yield trajectories of arbitrary continuity but lack procedural eﬃciency.
This thesis presents two fundamentally diﬀerent approaches to solve the problem of ﬁnding minimum-time trajectories for kinematically redundant manipulators along predeﬁned
task space paths. In the ﬁrst method the trajectory of the parameter that parametrizes
the task space path is described as a time-dependent B-spline curve. The trajectories
of the individual robot joints are then computed by means of ﬁrst and second-order
inverse kinematics approaches. Additionally, those trajectories are improved by exploit87
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ing a kinematically redundant manipulator’s capability of performing null-space motion.
Time-optimality is pursued by means of an optimization problem in which the trajectory
end time is minimized and which is inequality constrained by physical and technological
limitations of the robot. The second procedure presented in this thesis is based on a
separation approach known from literature in which a kinematically redundant robot’s
joints are devided in two sets. For one selected robot joint a time-dependent B-spline
curve is assumed as its trajectory. A separate B-spline trajectory with the same end time
is assumed for the task space path parameter. From the task space path trajectory and
the trajectory of the separated joint it is now possible to determine the trajectories of
the remaining joints by means of analytical inverse kinematics. Trajectories with minimum end time are a result of an optimization process with the control points of the
trajectories of the path parameter and the separated joint as parameters. Physical and
technological restrictions of the manipulator are incorporated as inequality constraints to
the optimization problem.
The presented methods for obtaining minimum-time trajectories were applied to two
diﬀerent examples of kniematically redundant serial manipulators, a planar three-link
SCARA and a spatial industrial robot with seven degrees of freedom. For the approach
based on numerical inverse kinematics it was found that the convergence of the optimization problem is slow and thus the computation times exceed feasible limits on current
hardware due to the formulation. A possible direction of future work may be to investigate whether reformulating the optimzation problem leads to increased eﬃciency. Applying the separation-based method yielded time-optimal trajectories with respect to the
given constraints. In special cases it even outperformed an approach from literature that
generally yields trajectories with shorter end time due to lower continuity requirements.
Encouraging results were obtained that can be further improved by modifying certain
parameters of the methodology. Another opportunity is the investigation of continuation methods for analytical inverse kinematics solutions enabling the separation-based
algorithm to be applied to task space paths of increased complexity.
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