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Philippe Bidaud Laboratoire de Robotique de Paris, 18 route du Panorama - BP 61, 92 265 Fontenay-aux-Roses Cedex [email protected] ABSTRACT Our work addresses on the global design of an active multi-link micro-catheter, provided with Shape Memory Alloy (SMA) micro actuators, which is developed in collaboration with the Laboratoire de Robotique de Paris. This constitutes our response to one medical major demand on such devices which will be usefull for surgical explorations and interventions. In this paper, we focus on simulation and optimization tools, based on an original simulation platform (OpenMASK), aiming at better designing such a catheter. The prototype model is evaluated by a dynamical simulation of the robotic system during the realization of a navigation task in its environment. A special focus is put on the mechanical model and on the interactions capabilities, such as contact, in a real medical data base for which a distance cartography is proposed. An autonomous control model, including a behavior description of the SMA actuators, is described and the efficiency of a multi-agent command, controlling the catheter conformation, is proved by some results of mechanical simulations including interaction with the ducts. Furthermore, the interest of such a simulator is presented by applying virtual prototyping techniques for the design optimization. This optimization process is achieved by using genetic algorithms at different stages with respect to the specified task. Keywords: Multi-body Modelization, Optimization, Virtual Prototyping, Catheter. 1 INTRODUCTION In this paper 1 , we focus on the global design, by means of virtual prototyping methods, of an active microcatheter, which is fully in the scope of surgeons demand for near future, because it enables the operating gesture 1 This work was supported by the Centre National de la Recherche Scientifique, France (CNRS/SPI).



to be assisted [1]. Thus prototypes of such systems exist for ten years [2], few work is dedicated to the computer aided design process of this kind of devices [3, 4]. We propose a brief description of the real prototype and outline the interest of designing a training simulator. The computational model proposed here is the one of this real prototype simultaneously designed in our laboratories [5, 6]. As this prototype has to be agile enough to crawl its way inside complex environments as human ducts, we have chosen to look for articulated links in its design. The simulator allows a virtual navigation of an endoscope mechanical model including a behaviour description of the SMA actuators. A numerical representation of the inspected network is rebuilt from a medical data base, obtained by Magnetic Resonance Imaging (MRI). This is conducted by a ”devoxelisation” process which leads to an interpolated distance cartography of the space, in order to minimize the computation time for interaction treatment. The contact detection algorithm allowing to determine these interaction forces between the endoscope model and this duct model is then presented. Let us notice that an important experimental work should be lead to identify the parameters of this contact model. A result will illustrate the simulation process. We will address two different control strategies and the efficiency of a multi-agent command approach for controlling the catheter conformation to the ducts is proved. We can use the simulator to optimize the design of the prototype. So, the simulator is coupled to genetic based algorithms. This allows to show the feasibility of an optimization process for geometric conditions, where the design is optimized with respect to accessibility conditions. We propose also an optimization process for dynamic conditions, where the design is evaluated by a dynamical simulation of the systems during the realization of an inspection task in the environment.
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DESCRIPTION OF THE SIMULATOR



2.3



Presentation of the simulator



2.1 Description of the prototype : from real to model



2.3.1



The developed prototype is a modular stiff polyarticulated structure as presented on figure 1. The chosen mechanism consists in a succession of modules related to each other by pin joints, which are alternatively oriented at 90◦ . This configuration allows a 3D motion of the structure. The endoscope head should contain a device allowing to obtain a multi-directional vision of the observed space, achieved by using a polymer gel actuated prism. As medical device, the whole system should be protected by a flexible polymer sheath. Each joint is provided with two antagonist electrically commanded SMA spring-like actuators allowing to control the relative orientation. The electrical power supplied to these SMA actuators is provided by a chip enabling to realize their command.



The management of the simulator is made on the OpenMASK 2 platform [7] developed at IRISA. The main objective of OpenMASK is to propose a modular simulation able to be executed on various material configurations. The platform manages the synchronization and the exchanges of data between the co-operative processes insuring a ”dilated real time”. 2.3.2



OPENMASK PLATFORM FOR SIMULATION



DYNAMIC MODULE WITH INTERACTION



A mechanical model of the proposed real prototype allows us to better understand its capabilities. The obtained dynamic equations are resolved by using C++ libraries [8]. The approach is based on six DOF object models and uses an iterative constraint correction method. The equation are solved by using a RungeKutta (2 or 4) algorithm. The interaction between a stiff body (the endoscope links on one hand) and a soft body (human tissues on the other hand) is also implemented as follow : • As geometrical detection is obviously time consuming, the first stage consists in a pre-processing method to build, from the rough MRI (Magnetic Resonance Imaging) medical database, an interpolated distance cartography in the space which is presented, for a slice of the duct, on figure 2 ;



Figure 1: Schematic view of the prototype 2.2



Interest of the simulator



The simulator objective is to be able to navigate virtually in a patient body, from the reconstruction of the digestive tract obtained by a MRI. By using the techniques of virtual reality, the feeling of dumping will be maximal by using graphic and haptic interfaces. The interest of the simulator is so triple: • Young surgeons training : the training on simulator is obviously more accessible, less expensive and less risked ; • Preoperative training : the simulator will allow the surgeon to virtually repeat the task to be made on the patient to operate ; • Virtual prototyping : the simulator allows to test the tool to estimate its quality for a given task. We try so afterward to determine, by optimization techniques based on genetic algorithms, which is the best candidate to achieve this task, so as to propose to the surgeon an outstanding endoscope.



Figure 2: Pre-processed Medical database (one slice) • The second stage consists in collision detection between the endoscope and the channel. Each link surface is represented by interaction points for which collision are geometrically detected by computing the distance to each voxel of the data 2 OpenMASK, which stands for Modular Animation and Simulation Kit, is delivered as OpenSource Software : http://www.openmask.org
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base. The above proposed interpolation allows to save time during this stage ; • The third stage : in case of collision, a classical compliance effort is applied to the link, which is proportional to the penetration depth and to the penetration velocity. This model, which parameters need to be identified by experimental measurement, seems to be a good one with respect to the stiffness difference between the rigid catheter and the soft human ducts. A simulation result is presented on figure 3.



Figure 4: Response time



Figure 3: Insertion in a medical database 2.3.3



ENDOSCOPE COMMAND



The ability to pilot the orientation of the links allows an easier introduction in the virtual duct and constitutes the major interest of using active devices. So, we have developed a module defining a controller which commands the mechanical model. The controller is based on the geometrical description of the connections between two neighboring links and on the behavioral characteristics of the SMA actuators, for which a model as been proposed in [5]. The behaviour of the controller for a 15 links catheter and orientation order of 10◦ , illustrated on figure 4, shows a response time of 0.4s and a good precision. The stability is good for the links located near to the head. The links located near to the basis shows oscillations which are due to the important inertia supported. To take benefit of the active property of the catheter, two different command strategies are proposed. Their objective is to automatically adapt the endoscope curvature to the shape of the inspected ducts. In the real world, this will allow to minimize the contact between the endoscopic device and the inspected channel, in order to minimize wound during the operation. • Trajectory follow-up : the operator, thanks to the display system, specify the trajectory. This trajectory may also be specified as the mean line of the inspected duct. The command is determined step



by step to allow the links to approach in best this trajectory. So the endoscope progression occurs without any contact and for this reason needs to be considered. But, this method is only valid if the inspected channel has a constant geometry. This is not the case for surgical inspection because of breathing or heartbeat. Nevertheless, this method will be used as conformation basis for the dynamic optimization process proposed in the following. As expected, the simulation results present no contact between the endoscope and the duct and will not be presented here. • Multi-agent approach : this approach aims to have an automatic conformation of the endoscope controlled by contact detection. The proposed solution consists in splitting the steering mechanism into independent sub-systems, which constitutes the agents [9]. This distributed modular solution is independent from the structure length and should minimize the amount of information exchanged between the agents. The principle, presented on figure 5 for a two dimensional model, is quite simple. If an effort is detected on one of the links, which, in real world, will be achieved by piezoelectric film sensors, an order is sent to the preceding joint so as to decrease this interaction effort, and the opposite order is affected to the next joint. The effect is, on one hand, to minimize the contact effort and, on the other hand, to ensure an unchanged orientation of the endoscope head. Numerical tests on stability shows that the agent should be constituted of at least two consecutive links. The three dimensional extension consists, because of the relative orientations of the pin joints, in four links agents. An endoscope piloted with this strategy is proposed, for a three dimensional model, on figure 6. This method, based on the contact detection, seems to be adapted to human ducts inspections and strongly limits the interaction efforts.
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forming a simulation in order to evaluate the objective, or cost, function ; • The best candidates are selected, by using partially unpredictable selection. This allow to keep mainly the candidates with a good performance, with respect to the specified task, but furthermore to have less good candidates which could lead to good descent ; Figure 5: Multi-agent approach (2D principle)



• Among the so obtained population, the crossover is performed in order to generate a new population being intended in replacing the first one ; • In order not to impoverish the genetic content of the population a non determinist mutator is applied ; • The obtained population constitutes the initialization of the next algorithm step ;



Figure 6: Result for multi-agent approach 2.3.4



OPTIMIZATION BY GENETIC ALGORITHMS



The techniques of virtual prototyping aim at improving the quality of the developed prototypes. In order to test the product functionalities, which could not easily be tested on real prototypes, we use the simulation process above described. The quality of the model, with respect to the task to accomplish (for example : a navigation task) can be measured by an objective function. This function could take into account the developed energy to accomplish the task, which represents the comfort of the surgeon during the operation, and the magnitude of the developed efforts during contact phases, which represents the security of this operation. In order to minimize the objective function, which leads to a better device, we use genetic algorithms [10] which have a good solution space exploration capability and leads to acceptable design solutions. Genetic algorithms imitate the natural process of species evolution [11] : an individual survives only if it can adapt to the surrounding environment. When it reproduces, its genes are transmitted to its descent. Among these genes, some mutates naturally. The whole involved process is presented on figure 7. So the algorithm is defined as follow :



• Convergence criterion may be defined as the number of generation, which ensures that the algorithm stops but does not ensure a strict convergence. Nevertheless, this test shows good results. Another criterion may be based on the average evolution of the population quality between to steps, insuring controlled convergence with inconvenience of possibly being endless. As usual with optimization processes, we have to define optimization variables : for the catheter case, with the modular proposed structure, we can choose the length of each link, the number of used links. This could lead to conceive the best prototype for one given inspection task.



• Initialization of the population, this step is performed only once ; • The evaluation of each candidate is done by per-



Figure 7: Genetic algorithms
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As the computation time, involved by this method, is obviously a punishing factor, leading to limit the investigation domain, we have chosen to define various complexity optimization levels : • The first level consists in a purely geometrical analysis : at this step, for which a result into a 3D-duct model is presented on figure 8, we use an objective function built on the length and the number of links. During the progression, the en-



Figure 9: Improvement function



Figure 8: Result for 3D geometrical optimisation doscope should interact at least with the patient tissues, so a trajectory is defined by the average line of the channel to inspect. For this given trajectory, the algorithm aims at defining a prototype which presents a good trajectory following capability, with a minimum number of links. Thus the objective function is defined by : f = good · i · exp−k·dist



(1)



where i represents the index of the highest trajectory point reached by the endoscope head. It is saturated with the point index corresponding to the desired position. dist corresponds to the sum of the gaps from endoscope to trajectory during progress. good is a function, represented on figure 9, increasing the endoscope quality when it has a small number of links in order to decrease the complexity of the structure : good =



2 ·(π−arctan(k·(nartic −nmax )))(2) π



• The second one is a degraded mechanical optimization : at this stage, the good candidates issued from the first step presents a good conformation to the trajectory. The purpose is here to determine the actuators parameters insuring a good follow-up of trajectory. It is called a degraded mechanical simulation in the sense that the mechanical model of the device is used but no interaction with the duct is taken into account. This is the purpose of the third step ;



• The third step lies on a complete mechanical optimization : at this step, we dispose of models which have the ability to follow correctly the predefined trajectory, avoiding the contact. The complete simulation is initialized with the lengths obtained during the first stage and with the mechanical and actuators parameters resulting from the second one. The interaction model is then introduced, and the objective function is the one related to the task to accomplish. It should lead to the best endoscope for this task and furthermore could take into account the mobility of the inspected duct. This approach is still in progress.



2.4



Brief discussion on the results



The simulation with multi-agent controller, presented on figure 6, proves the validity of this approach for minimizing contacts into the ducts, furthermore it can easily be extended to the case where the ducts are not rigid but elastically, or visco-elastically deformable, as in reality. In the presented example on figure 8, for optimization, each generation is composed of 40 individuals, and the computation is carried out on 80 generations. This number is chosen as convergence criterion for the optimization process. The optimization variable is the length of each link, which can be chosen between 4 to 18mm, by step of 2mm (coded on 3 bits). The number of used links is variable. The computation time, using a 800 MHz Pentium III with 256 Mo of RAM, is around 3 minutes. The optimal solution presented is a 31 segments endoscope and the maximum distance from links to the trajectory is 5 mm. This optimization stage gives satisfactory results : indeed, the procedure does not find the trivial solution which is the endoscope made up of the segments of the smallest size, which solution is the closest to the trajectory but which results in an endoscope having a great number of segments.
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CONCLUSION AND FUTURE WORKS TOWARD VIRTUAL PROTOTYPING



We have developed a simulator allowing to compute the progression of a polyarticulated endoscope, based on an under development real prototype, actuated by SMA actuators with identified behavior model. This simulator is based on a mechanical description of the device and on the interacting environment, specific to the considered patient, through a medical MRI acquisition. As mentioned in the introduction, an experimental work is to be done in order to identify the contact model parameters. Different control strategies for the actuators have been proposed, which results have been presented and which give good results to minimize the contact between the catheter model and the patient data base. In order to improve the accuracy of the considered prototypes the use of the simulator seems to be a good direction especially when coupled to optimization process. We have proposed different optimization approaches by genetic algorithms and developed some results. Geometrical optimization gives cheering results : it has been shown to predetermine endoscope segments lengths. The second stage of degraded mechanical optimization should allow to identify mechanical parameters adapted for the actuators choice. This optimization procedure will be very similar to the geometrical optimization one, last generation of which will be used to initialize this second stage. Springs and damps will be added to the already calculated lengths. They will be evaluated with criteria taking into account displacements, eigen frequencies and damping in order to obtain satisfactory within the minimum of generation steps, since here time of test for each individual will be considerably increased. Then, they will be generalized to the whole system parameters, as segments diameter or thrusts value, in order to be able to propose the most powerful structure to the surgeon. The lake of interfacing capabilities, especially in the haptic domain, needs to be examined. It is expected that such devices should improve the control over the catheter in order to define ”real” tasks to accomplish in real time. This would also allow to feel the contact between the catheter and the ducts in order to produce a training simulator. REFERENCES [1] M. Cohn, L. Crawford, J. Wendlandt, and S. S. Sastry, “Surgical applications of milli-robots,” Journal of robotic systems, vol. 12, no. 6, pp. 401– 416, 1995. [2] S. Takehana, Y. Ueda, M. Gotanda, T. Sakurai, and H. Adachi, “Apparatus for bending an insertion section of an endoscope using a sma.” United States Patent 05/06/1990 US4930494, June 1990. [3] G. Dumont, F. Chapelle, and P. Bidaud, “Toward



virtual prototyping of active endoscopes,” in Proceedings of ISR2001 (International Symposium on Robotics), (Seoul, Korea), pp. 821–826, IFR (International Federation of Robotics), Apr. 2001. 19-21 april 2001. [4] K. Ikuta, K. Iritani, and J. Fukuyama, “Mobile virtual endoscope system with haptic and visual information for non-invasive inspection training,” in Proceedings of the 2001 ICRA (International conference on robotics and automation), (Seoul, Korea), pp. 2037–2044, IEEE, 2001. [5] J. Szewczyk, V. D. Sars, P. Bidaud, and G. Dumont, “An active tubular polyarticulated microsystem for flexible endoscope,” in proceedings of ISER2000 (7th International Symposium on Experimental Robotics), (Hawaii), Dec. 2000. 10-13 december 2000. [6] C. K¨uhl, G. Dumont, P. Mognol, S. Gouleau, and B. Furet, “Active catheter prototyping : From virtual to real,” in Proceedings Of IDMME2002, (Clermont-Ferrand, France), AIP-Primeca, may 2002. [7] B. Arnaldi, S. Donikian, A. Chauffaut, R. Cozot, and G. Thomas, “Real time simulation platform for dynamic systems,” in IROS’97 (International Conference on Intelligent Robots and Systems). Workshop on Dynamic Simulation: Methods and Applications, Sept. 1997. [8] B. Barenburg, Designing A Class Library For Interactive Simulation Of Rigid Bodies. PhD thesis, Eindhoven University, 2000. [9] D. Duhaut, “Using a multi-agent approach to solve the inverse kinematics,” in Proceedings of the IROS 1993 (Intelligent Robot and System Conference), pp. 2002–2007, IROS, 1993. [10] M. Wall, “Galib : a c++ library of genetic algorithm components,” tech. rep., Massachusetts Institute of Technology, Mechanical Engineering Department, 1996. [11] C. Darwin, The origin of species. 1859.
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