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Key words: Endoscope, Modelization, Optimization, Virtual prototyping. Abstract In the field of minimally invasive surgery and exploration, a strong demand is to have active micro catheters helping the gesture to be assisted during surgical explorations and interventions. As it has to be agile enough to crawl its way inside complex environments, we develop a polyarticulated device actuated with shape memory alloy (SMA) actuators with the Laboratoire de Robotique de Paris. Prototypes of such systems exist for ten years, but few works are dedicated to the computer aided design process in this context. In this paper, a dynamical simulator, based on an original simulation platform (OpenMASK), for design of such endoscopic devices by means of virtual prototyping methods is proposed 1 . The involved model is the one of the above mentioned real prototype, which will be briefly described. The proposed design is evaluated by a dynamical simulation of the robotic systems during the realization of a navigation task in its environment, for which a numerical representation obtained by magnetic resonance imaging is used. A special focus is put on the mechanical model and on the interactions capabilities such as contact in this real medical data base. In order to minimize the computation time, a distance cartography of this data base is achieved. The navigation process should be driven by a force feedback interface device completed by an autonomous simulated control. This control model, including a behavior description of the SMA actuators, is described and the efficiency of a multi-agent command is proved. Some results of mechanical simulations including interaction with the ducts are then presented. Then, the interest of such a simulator is presented by applying virtual prototyping techniques, aiming at testing and optimizing the design. The optimization process is achieved by using genetic algorithms at different stages. As a conclusion, the results are discussed and some perspectives are proposed in order to optimize further the design of the proposed prototype with respect to the specified task. 1
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Introduction



In the field of minimally invasive surgery, a strong demand is expressed by the surgeons to have less invasive inspection and operation devices [1]. Micro robotics systems that will enable the operating gesture to be assisted thanks to active endoscopes provided with actuators, can then be considered. The use of such systems can be spread into wide fields of applications as for example the inspection of ducts in the nuclear field. The CNRS demonstrator ”micro inspect intra tube” project gave us the opportunity to develop a collaboration involving various organisms : • The LRP (Laboratoire de Robotique de Paris) interested in the conception of an endoscope with distributed SMA (Shape Memory Alloy) actuators ; ´ • The ENS (Ecole Normale Sup´erieure de Cachan - Antenne de Bretagne) and the IRISA (Institut de Recherche en Informatique et Syst`emes Al´eatoires) interested in the development of a simulator aiming at optimizing the developed prototypes.



Figure 1: Multilink active catheter



Figure 2: Polyarticulated endoscope



Classic flexible endoscopes are generally constituted of articulated links, actuated by four cables connected to the head of the endoscope. The motion is achieved by means of knurls, that are pulled by the surgeon. A new generation of active endoscopes was developed by Olympus [2]. The head orientation is controlled through flexion modules activated by SMA actuators. However, this system does not adapt its curvature to the environments. Developments of new prototypes, aiming at improving the navigation of endoscopes in the inspected ducts, are in progress. A prototype developed in Japan [3] is established by trays interconnected by SMA threads (figure 1). The orientation between two trays connected by three SMA threads is controlled by piloting the length of the above-mentioned thread. The prototype developed in the LRP [4] is a stiff polyarticulated structure (figure 2). The endoscope body has an outside diameter of 8 mm and its length is, because of its structure, indefinite. The chosen mechanism consists in a succession of modules articulated to each other by pin joints, which are alternatively oriented at 90◦ to allow 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. The whole system is usually protected by a metallic sheath for industrial endoscopes and by a flexible polymer sheath for medical devices. Each joint is provided with two antagonist SMA spring-like actuators allowing to change their relative orientation. An integrated circuit controlling the electrical power supplied to the SMA realizes the command.
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Dynamical simulator for prototype study



As mentioned above, thus prototypes of active devices exist for ten years, few work is dedicated to the computer aided design process of such endoscopes [5, 6]. In this section, we focus on the development of a dedicated simulator aiming at optimizing the proposed design and at virtually testing the prototype. The mechanical simulation model used and the organization in an original platform of simulation are developed here. Then the interaction model between the endoscope and the inspected channel is presented. The control module of SMA actuators with various command strategies is described and some interaction results between the endoscope model and an artery model, directly obtained from a medical acquisition (MRI) are then outlined. 2.1



Interests of a simulator



The simulator objective is to realize virtual navigation in a patient body, modelized by a reconstruction of the digestive tract obtained by MRI. The feelings will be maximal by using graphic and haptic interfaces provided by the virtual reality techniques. The interests of the simulator are triple : • Teaching to young surgeons : the training on simulator is obviously more accessible, less expensive and less risky and should allow to experiment pathologic cases ; • Preoperative training : the simulator will allow the surgeon to virtually repeat the operation on the patient, before the real operation ; • Virtual prototyping [5] : furthermore, the simulator allows to virtually test the tool quality with respect to a given operation task. So, by optimization techniques based on genetic algorithms, we can test which is the best candidate to achieve this task, and propose an outstanding endoscope. 2.2



Models and implementation on the OpenMASK platform



The management of the simulator is made on the OpenMASK platform [7] which is developed by the SIAMES project at IRISA and delivered as OpenSource Software 2 . The OpenMASK main objective is to propose a modular simulation environment which can be executed on various hardware configurations. The platform manages the synchronization and the exchanges of data between the co-operative processes insuring a ”dilated real time” in its standard version. It is developed by using the specificities of the object-oriented programming. The synoptic of its organization is presented on figure 3. 2.3



Dynamic module and interaction with the environment



As the first objective is to understand the capabilities of the proposed prototype (mentioned in section 1), the mechanical model is the one of the real prototype. The dynamic equations are solved by using C++ libraries [8]. The state of each object is represented by a six DOF vector. For each time step, the position and velocities are updated by using an integrator algorithm, as Euler or Runge-Kutta 2, according to the Newton-Euler laws of motion. Then, as the joints are translated into term of geometrical constraints, an iterative constraint correction method is used by means of a Newton Raphson algorithm. 2



http://www.openmask.org
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Figure 3: MASK : Modular Animation and Simulation Kit Various models [6, 9] are proposed to describe the behavior of human organs or tissues, including nonlinear behavior and relaxation. A first approach, because the interaction occurs between a stiff body imposing the motion (the links of the endoscope on one hand) and a soft body (human tissues on the other hand), is to compute the reaction force by a compliance method. This method is applicable with respect to the dynamical model and furthermore is a rapid computation method, which is in the scope of our objective to realize ”real-time” simulations. • The first stage of the reaction force computation is ensured by a geometric collision detection. The links of the endoscope model are represented by interaction points for which collision is tested by calculating the distances from each interaction point to each voxel of the human duct model in order to determine the distance from the point to the tube. This computation is obviously time consuming, so a pre-processing method to build distance cartography in the space has been developed. The figure 4 represents the interpolated distances calculated from the MRI original data for a slice of the channel.



Figure 4: Distance cartography-slice • The second stage consists in applying the interaction effort : let us denote by dist the penetration depth computed above, by ~n the inward normal to the duct model, by k the global elasticity module of the duct and by f the global viscosity of the duct. These last two parameters have to be identified
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by a not yet defined experimental protocol which may be inspired from the above mentioned models. The expression of the interaction effort is then : F~ = −k · dist · ~n − f · (~v · ~n) · ~n 2.4



(1)



Endoscope command module



As proposed in figure 3, the mechanical system controller module is described here. The interest of active devices lies on the possibility to pilot the orientation of the links in order to allow an easier introduction into the duct. The adopted model for this ability is based on the geometrical description of the connections between two neighboring segments as well as on the geometrical and behavioral characteristics of the SMA actuators as proposed in [10]. On figure 5, it is shown that, for an endoscope constituted by 15 segments for which orders of 10◦ orientation are assigned, the system has a response time of 0.4s and is precise as the orders are reached.



Figure 5: Response time Once this model is tested and as the objective is to automatically adapt the configuration of the device to the geometry of the inspected ducts, two different strategies are proposed and analyzed : • Trajectory follow-up : Thanks to the image supplied by the display system, a primary trajectory to follow can be determined by the operator. In order to fit in best this trajectory represented by regularly spaced passage points, the orders to assign to each joint are computed step by step as proposed on figure 6. This strategy allows the endoscope to progress into the duct without having any contact at all (figure 7). Nevertheless, this method has drawbacks because it creates an irregular movement and is valid only if the inspected channel has a constant geometry. In the case of a surgical inspection, the way through the ducts is modified in position and shape during time (breath of the patient, heartbeat...) and the pre-defined trajectory is not correct anymore. Then it is important to examine another progression method. A method based on genetic algorithms, which we will be proposed later in this paper, seems to improve the endoscope progression with a smoother movement. • Multi-agent approach : The idea is here to use contact detection for controlling the automatic conformation of the endo-
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Figure 6: Trajectory follow-up



Figure 7: Simulation result



scope.The used solution relies on the splitting of the steering mechanism into independent subsystems considered as agents [11]. This is a very simple and modular solution independent of the length of the structure. Moreover, it is a strictly distributed approach minimizing the quantity of information exchanged between the agents. Let us consider a link in the mechanism on which an effort, due to contact interaction, is applied. In order to decrease this interaction effort, an order is assigned to the previous joint in the system. Then the opposite order is affected to the next joint resulting in an unchanged orientation of the endoscope following links. This principle, presented on figure 8, is illustrated by the answer of a structure decomposed into agents constituted of two consecutive links and joints. In three dimensions, considering the alternated orientation of the pin joints of the system, four links and joints compose agents. The figure 9 illustrates this control strategy. This method is well adapted to inspections of human networks and allows, even if there are contact zones, to strongly limit the importance of the interaction efforts.



Figure 8: Multi-agent approach (2D principle) Figure 9: Simulation result



2.5 Conclusion on simulator description A dynamical simulator based on a complete mechanical description of a polyarticulated active endoscope has been presented. On figure 10 such an endoscope progressing with interactions in an environment recreated from a pre-processed MRI medical database is proposed. The feasibility of two command strategies (trajectory follow-up and multi-agent approach) and their limits have been highlighted. Considering the speed of the simulator, the simulation results are relatively encouraging : for a simulation frequency fixed to 1 kHz, a simulation time for an endoscope of 15 articulations as been obtained which is 30 times slower (on a Ultra10 station with a 400 MHz Ultra SparcI processor and 512 Mo of RAM)
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Figure 10: Insertion in a medical database than the real time. This could be strongly improved by using a more powerful machine and by optimizing the computer code. A significant work must be undertaken to define a graphic interface giving a dumping feeling to the user, as well as an haptic interface to increase the handling feeling of a real endoscope.



3 Virtual prototyping The main virtual prototyping objectives are the virtual test of the product functionalities [12] which could not easily be tested on a real prototype, in order to ensure a lower cost production. Indeed, the final goal is to limit the number of real prototypes because they are obviously much more expensive than virtual prototypes. As the designed model has to be tested, the simulator must represent with accuracy the mechanical behavior of the structure. The quality of this structure can be measured by defining an objective function and an automatic protocol aiming at seeking the best structure for a given task. We chose to carry out this optimization work by using genetic algorithms [13] because these algorithms present a good compromise between exploration and exploitation. 3.1



Methodology and geometrical optimization



The virtual test of an endoscope has been shown to be relatively long. As the optimization procedure involves a great number of endoscopes tests, one of the major problems lies in the computation time. We propose to split the optimization procedure into three steps : • Purely geometrical optimization : for this first stage, we have chosen to only optimize the length and the number of links constituting the device. The objective is to determine the lengths of each link in order to have a good trajectory conformation with the minimum of links. This stage will be developed here but not the two following ones which are now under investigation ; • Degraded mechanical optimization : as the interaction module is computation time consuming, the trajectory follow-up is performed without using it. This stage allows, only for the good candidates issued from the first step, a predetermination of the actuators parameters insuring the trajectory follow-up ;
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• Complete mechanical optimization : the complete simulator, initialized with the lengths and the mechanical parameters resulting from the two preceding stages, is then used to determine the best endoscope for the objective. Genetic algorithms imitate the natural process of species evolution : an individual survives only if it can adapt to the surrounding environment [14]. When it reproduces, its genes are transmitted to its descent. Among these genes, some mutates naturally. The whole used process model is presented on figure 11. In the first stage of the optimization, we have to define an objective (or cost) function. It is based on the orders determination obtained by the trajectory follow-up method. The assigned goal for the endoscope is to reach a position on the trajectory related to the given task, here only penetration depth will be considered. During the progression, the endoscope should interact at least with the patient tissues, so the trajectory is defined by the average line of the channel to inspect. Thus the objective function is defined by : f = good · i · exp−k·dist (2) 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 cumulated gaps from endoscope to trajectory during progress and good is a function, represented on figure 12, increasing the endoscope quality when it has a small number of links and aiming at decreasing the complexity of the structure : 2 good = · (π − arctan(k · (nartic − nmax ))) (3) π



Figure 12: Improvement function



Figure 11: Genetic algorithms



3.2 Results A library of genetic algorithms [15] is used. In the presented example, each generation is composed of 40 individuals, and we carry out calculation on 80 generations, which number is chosen as convergence criterion for the optimization process. The computation time, using a 800 MHz Pentium III with 256 Mo of RAM, is around 3 minutes. The optimal solution is a 31 segments endoscope and the maximum distance from the trajectory is of 5 mm as presented on figure 13. This optimization stage seems to give
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satisfactory results : indeed, the procedure doesn’t 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.



Figure 13: Optimized penetration depth



3.3



Future works in virtual prototyping



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.



4 Conclusion We have developed a simulator allowing to compute the progression of a polyarticulated endoscope, based on a real under development 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. The lake of interfacing capabilities has been outlined and should be improved in the future. In order to improve the accuracy of the considered prototypes the use of the simulator seems to be a good direction. We have proposed different optimization procedures by genetic algorithms and developed some results. They are used to gradually determine the geometrical and mechanical parameters of the endoscope. These procedures have to be carried out to become more controlled. 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.
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