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Abstract This paper presents an algorithm to determine feasible force distributions
for parallel wire robots in closed-form. The force distributions are continuous along
trajectories and differentiable at most of the points. The computational efforts are
strictly bounded and small even for large numbers of wires. The algorithm is com-
pared to other approaches for calculation of force distribution in terms of the nu-
merical effort and their applicability for control purposes.

1 INTRODUCTION

Parallel wire robots are able to achieve very high velocities and accelerations due
to very small inertia. Furthermore, large workspace and high payloads are possible
due to the efficient force transmission through the wires. In the last decade, a lot
of research has been carried out to study both theory (see e.g. [1, 4, 5, 6, 12]) and
implementation [2, 7] of these robots.

For a mobile platform with n degrees-of-freedom, in general, at least m = n +1
wires are required to fully control the motion [12]. Therefore, many wire robots
are over-determined with respect to forward kinematics and under-determined with
respect to distribution of forces in the wires (Fig. 1). As a consequence, a major
issue in control is to calculate feasible force distributions in realtime. Furthermore,
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Some iterative procedures to solve this general problem have been proposed
[2, 12]. Especially for realtime control purposes, non-iterative methods with an ac-
ceptable amount of computation time were developed. Based on a barycentrical ap-
proach, their computation time is driven by triangulations in the r-dimensional space
[8] which becomemore complex for higher dimensions. Currently, the barycentrical
algorithm has been shown for redundancies up to r = m−n = 2.

In this work, it is shown how to calculate a solution for this problem in closed-
form for p = 2 with simple algebraic operations making an implementation in a
realtime system straight forward.

3.1 Force distribution in closed-form

In order to find solutions, the wire force vector f
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• It satisfies exactly the structure equation (3).
• It satisfies Verhoeven’s theorem, i.e. if A
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Fig. 2: a) Determination of feasible force distributions b) Comparison of the volume
of inner and enclosing m-spheres with the cube

3.3 Implementation Issues and Performance

Using the wire force f
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Fig. 3: The SEGESTA prototype

4 RESULTS

In this chapter, the presented algorithm is evaluated and compared to other known
approaches. As a result, this may provide a first guideline for selecting a force cal-
culation for a specific purpose.

In the past, different approaches were introduced to calculate force distributions,
and each one of them delivers force distributions with different characteristics while
requiring different computational effort, see [1] for an overview:

• Optimizer approach using a p-norm [2, 11, 12]
• Barycentric approach [8]
• Closed-form solution (presented here)
• Linear programming [10]

In the following sections, the barycentric approach as well as the optimizer approach
are compared to the closed-form solution. It is reasonable to evaluate the methods
by applying them to the real-time control system of the prototype SEGESTA.

The methods listed above are profiled with respect to their application on a re-
altime system. At the Chair for Mechatronics, University of Duisburg-Essen, the
prototype SEGESTA was developed during the last decade [3, 6]. Meanwhile, it is
equipped with m = 8 wires, directly driven by electronic commutated motors. To
ensure a reliable operation of the system, a realtime control system DS1005 by
dSPACE (PowerPC 705, 480 MHz) is used which is programmed in the MAT-
LAB/Simulink language. The geometrical properties of the SEGESTA prototype
(Fig. 3) are given in Tab. 1.

To get an overview regarding the performance of the force calculation methods
under consideration, they are compared using the screw-shaped trajectory pictured
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Table 1: SEGESTA’s geometrical parameters: platform vectors b
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(a) Barycentric approach
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(b) Closed-form approach
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(c) Optimizer approach

Fig. 4: Force distributions along the shown screw-shaped trajectory using different
force calculation algorithms

in Fig. 5. As shown in Fig. 4c, the optimizer approach delivers continuous solutions
along the whole trajectory. Furthermore, these force distributions lead to a rela-
tively low tension-level in the wires, i.e. they are optimal in the sense of minimality.
The barycentric approach also (Fig. 4a) delivers feasible continuous force distribu-
tions along the whole trajectory, but the computed force distributions lead to a much
higher tension level in the wires, i.e. the force distributions are optimal in the sense
of maximizing the distance to the force limits . The closed-form approach delivers
force distributions (Fig. 4b) that look very similar to the tensions calculated by the
barycentric approach, but it fails where the path lies very close to the workspace
boundary. This is an example for the case 3b, i.e. a feasible solution exists, but is
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Fig. 5: Screw-shaped trajectory in the workspace of SEGESTA
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Fig. 6: Computation time with dSPACE system

not found since it lies outside the inner sphere. The calculation times are given in
Fig 6. Therefore, the closed-form force calculation is suitable for realtime control as
long as the end effector remains inside the (restricted) workspace, which is covered
by the closed-form approach. In this case the closed-form approach is superior to
the others in terms of calculation time. This holds especially for high redundancies,
where the barycentric approach tends to be slow, due to the triangulation in high
dimensions. The usage of the optimizer approach is dangerous in realtime control
for all redundancies due to the – in general – non predictable worst case runtime.
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5 CONCLUSION

In this paper a new closed-form solution for the distribution of force for parallel
wire robots is presented. This algorithm is capable to be applied for robots with
arbitrarily many wires. Different properties are investigated with respect to the ar-
eas of application. For realtime force control of wire robots the calculation time of
the algorithm is strictly bounded. Furthermore, the algorithm leads to continuous
solutions along a trajectory. In a certain region, the solution is even differentiable.
Contrary, the algorithm can be used in workspace determination. Interestingly, the
presented formula reveals the influence of applied loads on the determined force
distribution. The introduced approach is very fast and simple to implement.

References

1. Tobias Bruckmann, Lars Mikelsons, Thorsten Brandt, Manfred Hiller, and Dieter Schramm.
Wire robots part i - kinematics, analysis and design. In Parallel Manipulators - New Develop-
ments, ARS Robotic Books, Vienna, Austria, 2008. I-Tech Education and Publishing.

2. Tobias Bruckmann, Andreas Pott, and Manfred Hiller. Calculating force distributions for re-
dundantly actuated tendon-based Stewart platforms. In Advances in Robot Kinematics, pages
403–412, Ljubljana, Slovenia, 2006. Springer-Verlag.

3. Shiqing Fang. Design, Modeling and Motion Control of Tendon-Based Parallel Manipulators.
Fortschritt-Berichte VDI, Reihe 8, Nr. 1076. VDI Verlag, Düsseldorf, 2005.

4. Clément Gosselin. On the determination of the force distribution in overconstrained cable-
driven parallel mechanisms. In Proceedings of the Second International Workshop on Fun-
damental Issues and Future Research Directions for Parallel Mechanisms and Manipulators,
pages 9–17, Montpellier, France, 2008.

5. M. Gouttefarde, J.-P. Merlet, and D. Daney. Wrench-feasible workspace of parallel cable-
driven mechanisms. In IEEE International Conference on Robotics and Automation, pages
1492–1497, Roma, Italy, 2007.

6. Manfred Hiller, Shiqing Fang, Sonja Mielczarek, Richard Verhoeven, and Daniel Franitza. De-
sign, analysis and realization of tendon-based parallel manipulators. Mechanism and Machine
Theory, 40(4):429–445, April 2005.

7. Jean-Pierre Merlet and David Daney. A new design for wire-driven parallel robot. In 2nd Int.
Congress, Design and Modelling of mechanical systems, 2007.

8. Lars Mikelsons, Tobias Bruckmann, Dieter Schramm, and Manfred Hiller. A real-time ca-
pable force calculation algorithm for redundant tendon-based parallel manipulators. In IEEE
International Conference on Robotics and Automation, Pasadena, 2008.

9. Aiguo Ming and Toshiro Higuchi. Study on multiple degree-of-freedom positioning mech-
anism using wires (part 1) – concept, design and control. Int. Journal of the Jap. Soc. for
Precision Engineering, 28(2):131–138, June 1994.

10. S. R. Oh and S. K. Agrawal. Cable suspended planar robots with redundant cables: Controllers
with positive tensions. In IEEE Transactions on Robotics, 2005.

11. J. A. Snyman and A. M. Hay. Analysis and optimization of a planar tendon-driven parallel
manipulator. In Advances in Robot Kinematics, pages 303–312, Sestri Levante, Italy, 2004.
Kluwer Academic Publishers.

12. Richard Verhoeven. Analysis of the Workspace of Tendon-based Stewart Platforms. PhD
thesis, University of Duisburg-Essen, 2004.

View publication statsView publication stats

https://www.researchgate.net/publication/200552050

