On-line motion planning for medical applicationsC. Burghart, C. Wurll, D. Henrich, J. Raczkowsky, U. Rembold and H. W�rnInstitute of Process Control and RoboticsUniversity of Karlsruhe76128 Karlsruhe, Germany[burghart, wurll, dHenrich, rkowsky, rembold, woern@ira.uka.de]Abstract — Enhancing the quality of surgicalinterventions is one of the main goals of surgicalrobotics. Thus we have devised a surgical r o b o t i c system for maxillofacial surgery which can b e used as an intelligent intraoperative surgicaltool. Up to now a surgeon preoperatively p l a n s an intervention by studying twodimensional X - rays, thus neglecting the third dimension. I n course of the special research programme"Computer and Sensor Aided Surgery" a p l a n n i n g system has been developed at our institute, w h i c h allows the surgeon to plan an operation on athreedimensional computer model of the p a t i e n t . Transposing the preoperatively planned b o n e cuts, bore holes, cavities, and milled surfacesduring surgery still proves to be a problem, as n o adequate means are at hand: the actualperformance of the surgical intervention and t h e surgical outcome solely depend on the experienceand the skill of the operating surgeon. In t h i s paper we present our approach of a surgicalrobotic system to be used in m a x i l l o f a c i a l surgery. Special stress is being laid upon t h e modelling of the environment in the operatingtheatre and the motion planning of our surgicalr o b o t . I. INTRODUCTIONUsing a robot in surgery implies an adequate modellingof the patient and the intraoperative environment, theoperating field. As soon as a surgical robot autonomouslyperforms some steps of the surgical intervention like thecutting of bone, an adequate and safe motion planning hasto be employed. The issue of robot motion planning instatic environments has been studied for a couple of decadesand many important contributions to the problem havebeen made. However, motion planning in medical surgerycan often only be solved in dynamic environments, whichenhances the complexity of the problem enourmously.Therefore, powerful on-line motion planners for surgicalrobots with six degrees of freedom (DOF) are needed. Themotion planner requires on-line capability in order toimmediately react to dynamic changes in the environment(i.e. movements of the patient or the surgical instruments)instead of performing any time consuming off-linecomputations.A. Overall ConceptBefore applying a robot in surgery a specificthreedimensional patient model is needed. The requiredpatient data are gained by CT-scans which form the basis ofboth a volume and a surface model (Fig. 1). Then asurgical planning tool [1, 2] is used in order topreoperatively plan every step of a surgical operation andcompute bone cuts, bore holes, cavities, and milled freeformings.

Burghart II / 2Paper Id: SS-005/6can be described with respect to the coordinate frame of thenavigation system. As the robot’s endeffector is fitted withinfrared diodes as well, the top of the robot’s tool can bedescribed with respect to both the robot’s base and thenavigation system [4].

Burghart II / 3Paper Id: SS-005/6navigation system. The generated environment model canthen be integrated in the simulated operating theatre on aROBCAD server or it can be directly transferred to themotion planner. In the following the modelling of theoperating field by our platform is illustrated.

Burghart II / 4Paper Id: SS-005/6Thus we have simplified our method for modelling theoperating field even more. Instead of using a convex hull ofthe patient’s skull we generate a convex hull of the wholepatient (Fig. 10).

Burghart II / 5Paper Id: SS-005/6latter case the algorithm stops without a solution. In Fig.12 an example for a 2D search is given. The dots indicateinvestigated configurations and the arrows refer to thecorresponding successors.

1234

fiQGfiQS

Fig. 12. A*-search in the implicit C-space from the start configuration r Q S to the goal configuration r Q G.

Fig.13. Collision detection by distance computation in the workspaceCollisions are detected by a fast hierarchical distancecomputation in the 3D workspace, based on the givenCAD model of the environment and the robot [8] (Fig. 13).The cartesian distances are then transformed into jointintervals in order to define the status ("free" or "prohibited")of the regarded configuration. Similar joint intervals whichimplicate an efficient distance exploitation are obtained bythe optimal joint discretization, which is automaticallycomputed based on the method of [9]. A detailed descriptionof the motion planner can be found in [5]. In order to takeadvantage of the inverse kinematics, the search algorithmsupports multiple goals in the C-space, thus automaticallyselecting the suitable goal configuration [10]. Thediscretization of the C-space reduces the search space [11]and additionally accelerates the motion planning.A. ResultsThe computation of the environment model afterdetecting the positions of the surgical hooks and the patientonly lasts 2 seconds. This includes the data transfer andvisualization in ROBCAD. Another 20 seconds are neededfor planning the robot’s trajetory. Finally the visualizationof the planned movements require an additional 3 seconds.The speed of the motion planner mainly depends on thenumber of processors used and on the complexity of themodelled environment. Usually the motion planner runs ona parallel computer with nine processors [12,13], but themotion planner now also runs on an SGI workstationwhich is used for our medical applications.IV. CONCLUSIONAs the outcome of a surgical intervention inmaxillofacial surgery solely depends on the experience ofthe operating surgeon, we have been developing a surgicalrobotic system, which can be used as an intelligent surgicalinstrument. Motion planning and the modelling of theintraoperative environment prove to be complex due topossible movements of the patient and the soft tissuestructures. Thus our approach uses a triangulated surfacemodel of the patient, a CAD model of the operating theatreand the surgical robot, the hooks in the operating field anda monitoring device in order to generate an appropriateenvironment model, which is the input of our motionplaner. The robot’s trajectories can then be computed on-line during surgery, depending on the actual situation onthe operating table.Future work includes the evaluation of the modelledenvironment and the performance of the motion planner.Special stress is being laid upon the development andintegration of further safety mechanisms. Additionally, weintend to test the presented surgical robotic system in othermedical applications.V. ACKNOWLEDGMENTThis research has been performed at the Institute ofProcess Control and Robotics headed by Prof. Dr.-Ing. H.W�rn and Prof. Dr.-Ing. U. Rembold at the University ofKarlsruhe. The work is being funded by the GermanResearch Foundation, as it is part of the special researchprogramme "Information Technology in Medicine -Computer and Sensor Aided Surgery� and of the centre ofintelligence "Efficient algorithms for discrete problems andtheir applications". Further information can be found in theWeb at http://wwwipr.ira.uka.de/[~paro|~megi].VI. REFERENCES[1]Burghart C., M�nchenberg J., Rembold U.: ªA System for RobotAssisted Maxillofacial Surgery�, In: Proceedings of MedicineMeets Virtual Reality (MMVR 6), San Diego, California,Accepted Paper, 1998.[2]Bohner P., Hassfeld S., Holler C.: "Operation planning in cranio-maxillo-facial surgery", Journal of Computer Aided Surgery,Volume 2, No. 3, 1997.[3]Hein B.: "Dynamische Zugangsplanung eines Roboters zu einemchirurgischem Operationsfeld", Masters Thesis, Institute ofProcess Control and Robotics, University of Karlsruhe, Germany,March 1998.[4]Burghart C., Raczkowsky J., Rembold U., Woern H.: ªRobot Cellfor Craniofacial Surgery�, IECON’98, Aachen, 1998.[5]Wurll C., Henrich H., W�rn H.: ªParallel motion planning forindustrial robots in dynamic environments�, Robotics«98, ThirdASCE Specialty Conference on Robotics for ChallengingEnvironments, Albuquerque, New Mexico, April 26-30, 1998.

Burghart II / 6Paper Id: SS-005/6[6]Grabowski H., Burghart C.: "Generating Finite Element Meshesfrom Volumetric Medical Images", In Proceedings of the 2ndIARP International Workshop on Medical Robotics, Heidelberg,1997.[7]Hart P.E., Nilsson N.J., Raphael B.: ªA formal basis for theheuristic determination of minmum cost paths�, IEEE Trans. Syst.Sci. Cybern, pp. 100-107, 1968 -> A*, Ref. aus [Korf90].[8]Henrich D., Cheng X., "Fast Distance Computation for On-lineCollision Detection with Multi-Arm Robots", IEEE InternationalConference on Robotics and Automation, Nice, France, May 10.-15., pp. 2514-2519, 1992.[9]Qin C., Henrich D.: ªPath planning for industrial robot arms - Aparallel randomized approach�, In Proc. of the InternationalSymposium on Intelligent Robotic Systems (SIRS«96), Lissabon,Portugal, pp. 65-72, July 22-26, 1996.[10]Henrich D., Wurll Ch., Woern H.: "Multi-directional search goalswitching for robot path planning ". In: The 11th InternationalConference on Industrial & Engineering Applications of ArtificialIntelligence & Expert Systems (IEA/AIE’98), Castellan, Spain,July 1-4, 1998.[11]Henrich D., Wurll Ch., Woern H.: �Heuristic Hierarchical MotionPlanning in Dynamic Environments�. IECON’98: The 24th AnnualConference of the IEEE Industrial Electronics Society, Aachen,Germany, August 31 - Sept. 4, 1998.[12]Henrich D., "Parallel processing approaches to motion planning -An overview", IEEE Int. Conf. on Robotics and Automation,Minnessota, USA, pp. 3289-3294, 1996.[13]Henrich D., ªFast motion planning by parallel processing - Areview�, Accepted for: Journal of Intelligent and Robotic Systems,1997.