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Abstract— This paper addresses the dexterous manipulation planning problem of 3D rigid objects by a multi-fingered hand. We present a general motion planning algorithm capable to automatically generate specific stable grasps allowing a multifingered hand to manipulate rigid objects. It is also capable to address continuous sets of stable grasps, rather than sampling one generally assumed by the previous planners. The algorithm relies on a topological property that characterizes the existence of solutions in the subspace of configurations where the hand grasps the object with four fingers [13]. This property leads to reduce the problem by structuring the search-space. Experiments conducted with the planner demonstrate its efficiency to solve complex dexterous manipulation problems. Keywords— Dexterous manipulation, stable grasps, motion planning, probabilistic roadmap methods.



I. I NTRODUCTION The work in robot grasping has tried to understand and to reproduce human behavior when manipulating objects. We distinguish two research fields: the generation and the modeling of stable grasps and the dexterous manipulation planning. In this paper, we present an efficient planner that automatically generates the specific stable grasps and computes the sequence of re-grasping operations that make the problem solvable. Motion planning in this context appears as a constrained instance of the coordinated motion planning problem. The solution of the dexterous manipulation planning problem consists in a sequence of sub-paths satisfying these motion constraints. Motions of the hand changing the pose of the object with a fixed grasp are called transfer paths, and motions of some fingers of the hand to change from stable grasp are called re-grasping paths. Consider the classic dexterous manipulation planning example illustrated in Figure 1. The 4-fingered hand has to rotate the object (the sphere) from its initial configuration to a desired one. Solving this problem requires to automatically produce the sequence of intermediate stable grasps and re-grasping operations. This example demonstrates, that a dexterous manipulation task leads to a complex sequence of motions, including several re-grasping operations with a continuous test on the stability (and feasibility) of the grasps. We present in next section existing works on dexterous manipulation planning.



II. R ELATED W ORK A first problem formulation was proposed by Li and Canny in the late 80’s [18] but they did not give any resolution
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Fig. 1. How to rotate a sphere from its initial position (top,left), to the goal (bottom,left)? The solution requires several stable re-graping operations.



scheme (for a more recent formulation see [10]). Trinkle and Hunter [27] built a graph whose nodes are qualitative descriptions of grasps. These descriptions list the contacts between elements of the grasped object and the hand, such as vertices or edges. Linking the nodes is done with a planning method working in joint space and the dexterous manipulation problem solution is found when start and goal configurations are linked to the tree. This work is restricted to a manipulation system with low degree of freedom. Montana [20] proposed a full configuration space description of the multi-fingered manipulation kinematics and presented the finger gaiting example for the twirling of a baton. Han and Trinkle [9] proposed a framework for manipulation planning of a sphere with three fingers. A finger needs to be replaced if it is close to its workspace boundary or if it can not ensure a force closure grasp with any of the two others. Rus [23] proposed a full dynamics algorithm called the finger tracking algorithm. The main idea of this algorithm is to use two fixed fingers (with respect to the world frame) and a third one that moves to control the reorientation movement. Cherif and Gupta [3] used the same principle to plan the re-orientation of a convex object. Three fingertips are fixed



and the motion of a fourth one is used to rotate the object. Goodwine [7] and Harmati et al. [11] proposed methods based upon nonlinear system control theory. They use motion planning method for smooth system extended to deal with the discontinuities of finger gaiting. The configuration space is divided into strata, each of them corresponding to a particular grasping finger combination. In each stratum the vector fields for the control system are smooth allowing the use of motion planning methods for smooth kinematic nonholonomic systems. Although the problem description by Goodwine can seem close to the one proposed in this paper, the resolution method is quite different. Sudsang and Phoka [26] proposed a planning method for regrasping with a 4-fingered hand manipulating a polygon. It is based on the construction of a switching graph. Each node of this graph is a set of particular grasps called concurrent grasps. This technique allows to build a grasping configuration sequence to go from one grasp to another while assuring force-closure property. However, it is only a regrasping planning method and does not regard object motion planning. Yashima et al. [29], [30] proposed a randomized planning architecture based on switching of contact modes. It considers all possible contact modes (sliding, sliding with roll, with spin, etc.). Based on RRTs method [17], a global planner builds a random tree to explore the object configuration space and a local planner tries to link the tree nodes. This local planner builds an object trajectory and randomly chooses a contact mode. Then, the inverse kinematic model is used to compute the joint torque trajectories that would lead to the desired object trajectory while satisfying the manipulation constraints. Xu and Li [28] proposed to use joint space representation of the grasps and to describe the problem as a hybrid automaton which can be seen as a state machine that takes into account both discrete (finger relocation) and continuous (object or finger trajectories) events. They do not present a full resolution method but this is part of their ongoing works. The contribution in this paper is to propose a more elaborated algorithm, issued from the general approach recently proposed in [13]. Section III recalls notions and briefly explains the method. The algorithm described in section IV computes a graph using probabilistic roadmap techniques [22], [14]. Some dexterous manipulation planning problems solved by the planner are commented in section V. III. T HEORETICAL OVERVIEW Let H and O denote a n-fingered robotic hand and a rigid object in a 3-dimensional workspace. The composite configuration-space of the two systems is CS = Chand × Cobj . CS f ree is the sub-set in CS of all admissible configurations (i.e. configurations where the moving bodies do not intersect together or with the obstacles). GS k is the sub-space of CS f ree defined as the set of free configurations corresponding to all possible grasps of the object O with k fingers: GS k = {q ∈



CS f ree \O grasped by k f ingers}. GS k =



S



GS ik



kK i∈J1;Cn



(Cnk denote a linear combination giving the number of ways to choose k fingers from the n of the robotic hand). Note that ∀k ∈ J0, . . . , n − 1K, GS k+1 ⊂ GS k . In fact, a k + 1 fingers grasp is a particular case of k fingers grasp (one of the independent fingers is in a configuration that makes it contact the object surface). The subspace of grasps with exactly k fingers is GS k without GS k+1 i.e. GS k \GS k+1 and is noted f k. GS A crucial characteristic of the composite system (H + O) is the mechanical stability of its configurations. Indeed, some grasps do not allow H to maintain the grasp of the object. A grasp can be considered as stable if it can exert arbitrary force/torque wrench on O by applying appropriate contact forces. This is the well-known force closure property ([2], [19]). As we assume O and H movements to be slow enough to neglect inertial effects, we consider that verifying force closure property at each time is sufficient to guarantee the system stability. Force closure property depends on the contact position and model (point contact with friction, soft contact with elliptic approximation, etc.). Another important constraint concerns the kinematics of contacts. Indeed, we assume that the contacts between the object and the fingertips can not slide. In the case of a point contact with friction model, a grasp needs three contacts to be stable (at least three fingers participate in the grasp). The search-space is then reduced to the sub-manifold GS 4 (we can not reduce it to GS 3 because, for a configuration in GS 3 , moving one finger to make re-grasping operation makes the grasp unstable). The dexterous manipulation planning problem appears as a constrained path planning problem inside and between the various connected components of GS 4 . It is then sufficient (thanks to the reduction property [1]) to study the connectivity of the various components of GS 4 by transfer and re-grasping paths. Note that the connectivity of sub-spaces of GS 4 can be analyzed using motion planning techniques for closed mechanisms.



Fig. 2.



Illustration of a GS 4 path (in the plane).



The grasp continuity is taken into account by introducing virtual DOFs. These DOFs correspond to continuous contact placement on the object surface. This representation allows to choose configurations respecting the closure of kinematic chains induced by grasping fingers and object as well as to generate path in a GS i4 . We can thus define a linear path (Fig. 2) between two GS i4 configurations. Such a path is obtained by linearly linking the two configuration augmented vectors (augmented with the parameters representing the grasp



continuity). The idea here is to apply the technique presented in [5] to capture the topology of GS 4 manifold into a probabilistic roadmap, called manipulation graph (MG). The connected components of GS 4 are then connected outside this manifold using transfer/re-grasping paths. During a re-grasping path, the object is maintained immobile and some fingers move to change the grasp. A transfer path corresponds to a displacement of the object while the contact positions on object and fingertip surfaces change, only because of the rolling movement between these surfaces. Figure 3 shows an example of such paths for a four-fingered hand. Next section describes the algorithm that we propose to achieve the computation of MG.



A. The α parameter The choice of α parameter (Algorithm 1) is crucial because it influences greatly the algorithm convergence. Favoring α = f 4 because configurations 1 encourages the discretization of GS are added for each transfer/re-grasping connection. However, if GS 4 has numerous connected components, it will improve the convergence speed. It must be tuned according to the problem characteristics (concerning object size or shape complexity and environment obstacles). The desired behavior of the roadmap builder is to start by constructing portions of the roadmap inside GS 4 components using GS 4 path connections, and then to determine connections of components using transfer/re-grasping paths. Rather than considering separately the two stages, the algorithm uses a more sophisticated way to interleave both phases. The choice of the parameter α is performed by a biased random that depends on the evolution of the size of MG: the first expansion steps start with a low probability to return 1; when the roadmap grows, this probability increases. B. GS 4 Exploration



Fig. 3.



Illustration of re-grasping and transfer paths for a four-fingered hand (in the plane).



IV. D EXTEROUS M ANIPULATION P LANNING A LGORITHM The algorithm incrementally constructs a dexterous manipulation graph by interleaving two steps: computing GS 4 connected components and linking them by transfer/re-grasping. Like probabilistic roadmap methods [22], [14], the algorithm runs until it exceeds a given number of nodes or a solution for the problem is found (Algorithm 1). Algorithm 1: Manipulation graph construction



The goal of the ”Explore GS 4 ” function (Algorithm 1) is to build portions of MG inside GS 4 in order to capture this subspace topology. Exploring GS 4 in such a way is a motion planning problem for a system containing several closed kinematic loops. One needs to generate configurations verifying chain closures. To solve this problem, we use RLG algorithm [5]. Each chain is divided into an active part and a passive one. The active part configuration is randomly chosen in the accessibility domain of the passive part. The passive part is calculated using inverse geometric models. The grasp stability (force closure property) is checked for every generated configuration along a path. This is done by the function ”Generate Random New Node GS 4 ” (Algorithm 2). Algorithm 2: GS 4 Exploration 1 2



1



2 3 4 5 6 7 8 9 10 11 12 13 14



MG = {qinit , qgoal } CC = {l1 = {qinit }, l2 = {qgoal }} if l1 ≡ l2 then return path between qinit and qgoal else while (l1 6= l2 ) & (Node Nbr ≤ Nbr Max) do Randomly choose α ∈ {0; 1} switch α do case α = 0 Explore GS 4 (qinit ,qgoal ,MG,CC) Node Nbr ++ case α = 1 Connect Components (MG,CC) end end end



3 4 5 6 7 8 9 10 11 12 13



N ← Generate Random New Node GS 4 (MG) CC List ← {} Nbr Connected CC = 0 for i ← 1 to N br CC(MG) do if Connected Inside GS 4 (N, CCi ) then Nbr Connected CC ++ Add CCi to CC List end end if ( Nbr Connected CC 6= 0 ) then Merge CC (CC List, MG) Update Graph (MG) end



The function ”Connected Inside GS 4 ” (Algorithm 2) tries to link the nodes of the graph (configurations in GS 4 ) with linear paths in GS 4 . It is thus necessary to be able to connect two configurations in this subspace.



In the works of [24], dealing with robotic arm manipulation, the authors have to represent a grasp continuous change. They simplify the problem using a simple geometry (a parallel jaws gripper grasping a parallelepiped bar). Thus only three DOFs (two in translation and one in rotation) are associated with the grasp. In the dexterous manipulation case, the problem is far more complex because the system has more DOFs and it is desirable to do no reducing assumption on the object shape. To keep the generality of the approach, it is crucial to use a grasp parameterization allowing continuous changes. Since grasp description needs the contact positions on the object surface, it is necessary to have a parameterization of this surface to be able to compute paths in GS 4 . So far, we have supposed object surface to be parameterizable. Actually, most objects do not have such surfaces and not all parameterizations suit our problem. Ideally, contact points must move on object surface along the shortest path and linear variation of parametrized coordinates does not lead to a a shortest path (e.g. spherical coordinates). This problem can be bypassed because actually one just needs to randomly choose points on the object surface and to compute continuous shortest paths on this surface, linking two of these points. A solution is to approximate the surface by a polyhedron. This approximation can be realized with arbitrarily chosen precision. A geodesic computation algorithm (for instance [16]) is used to find the shortest path between two given object surface points. The path is computed as a set of successive segments. The choice of a random contact point is done by first randomly choosing a facet of the polyhedron using a bias on its area, then by choosing a position on this facet. C. Connections by transfer/re-grasping paths The function ”connect components” (Algorithm 1) tries to link different connected components of the manipulation graph using transfer/re-grasping paths. The transfer path goal is to bring the object configuration from its initial to a final pose. The goal of the re-grasping path is then to bring the hand to a desired grasp. The cited function is detailed in algorithm 3. Algorithm 3: Connections outside GS 4 1 2 3



4 5 6 7 8 9 10 11



N ← Node(MG) Nbr Connected CC = 0 for (i ← 1 to N br CC(MG)) & (CCi 6= Comp(N )) do if Connect Transfer Regrasp (N,CCi ) then Nbr Connected CC ++ end end if ( Nbr Connected CC 6= 0 ) then Merge CC (CC List, MG) Update Graph (MG) end



•



Transfer path computation Transfer paths are object movements realized by rolling fingertips on its surface. To compute them, knowing the object trajectory, we need to find finger movements satisfying the constraints of rolling contacts. These constraints are well known (see for instance [4]). Once a contact is known and verifies the appropriate geometric constraints (it must belong to both object and fingertip surfaces, the normal vectors of these two surfaces must have the same direction and the contact point must be reachable by the finger), it must satisfy two kinematic constraints: the relative velocity of object and fingertip at contact point must be null and the contact point velocity must conform with the associate finger kinematic model. Different methods exist to compute trajectories verifying these constraints ([4], [15]). However, they all require a surface parameterization of both object and fingertip. Instead we chose to integrate the constraints numerically. Finger velocities are computed so as to ensure the nullity of the relative velocity of the two contacting bodies, while the two surfaces are constrained to not inter-penetrate (surface distance is computed using polyhedron collision detection techniques). It is only an approximated computation but its precision depends on the integration step size. Reducing the step size increases computation times but, as transfer path computation occurs mainly at the end of the planning algorithm, once a solution is found, it is not a very significant drawback.



•



Re-grasping path computation i f 3 , a collision To compute the re-grasping paths in a GS free trajectory for the free finger has to be planned. This can be simply done using the RRT method [17].



D. Solving dexterous manipulation queries Once MG computed, it can be used for solving several reorientation problems. This can be performed using the three following steps. First, the start and goal configurations are connected to MG using paths outside GS 4 (transfer/re-grasping paths) and the graph is searched between the both configurations. GS 4 portions of the solution path are then transformed into a finite sequence of transfer/re-grasping paths. Finally, the solution is smoothed to eliminate unnecessary motions. V. E XPERIMENTAL R ESULTS The dexterous manipulation planner was implemented within a software currently developed at LISIF 1 . Several environments have been used as test-bed of the planner. In this section, we present the result obtained onto three of them. The computation times correspond to experiments conducted on a PC equipped with a Athlon64 3500+ processor and 1GB memory. The first example, presented in the Figure 1, is the well known sphere reorientation problem. We refer to 1 Laboratoire
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it as Sphere example. Figure 4 illustrates a problem (Cubic) involving a cubic form manipulated object. The last problem (EllipObst), shown in Figure 5, consists in the displacement of an ellipsoid in presence of an obstacle. A four fingered hand is used in the three examples. Each finger has three degrees of freedom. The contact model used for force closure test is the PCWF (point contact with friction model).



Fig. 5.



Manipulation path computed for the EllipObst problem.



Table 1 shows for the three examples numerical results of the performance of the algorithm. All examples were solved after less than three minutes of computation. One can also note that the most of computation time is spent for checking the stability and the collision of the generated grasps. This shows the interest of the proposed approach which limits the number of such tests by first computing connected components inside GS 4 . Fig. 4.



Manipulation path computed for the Cubic problem



In the example Sphere, the dexterous manipulation problem is to re-orient the sphere-shaped object, starting from an initial pose to a final one. According to the search space structure in the case of a 4-fingered hand (section III), the Sphere example becomes easy to resolve. GS 4 is composed by a single connected component. But, paths computed in GS 4 are not feasible from the manipulation constraints point of view. Thanks to the reduction property and within the refining process this path is decomposed in transfer and re-grasping paths. This example was solved in less then 20 seconds. In the Cubic example, the task consists in carrying out a full rotation of the object. The main difficulty with this problem lies in the shape of the object. Several re-grasping operations are needed to change grasp from one facet to another. The distribution of the fingers on the object to produce a stable grasp is also more constraining than in the case of the Sphere example. Nevertheless, our planner solves this problem in a few seconds. The EllipObst problem is more complex than the two previously presented. The presence of the obstacle increases the number of connected components of GS 4 and also the number of connection tests between the computed nodes in this manifold. Our planner automatically computes the specific jump of the finger presented in Figure 5 (top, right) allowing the re-grasping operation solution of this problem.



Example Average resolution time Average generated node number Average graph node number



Sphere 17.5 s 196 23



Cubic 27 s 113 27



EllipObst 128 s 543 65



Table 1. Numerical results.



VI. C ONCLUSION We have presented an efficient algorithm for the dexterous manipulation planning problem. It relies on a structuring of the search-space allowing to directly capture into a probabilistic roadmap the connectivity of the sub-manifolds corresponding to the stable grasps configurations. Due to this structuring, the planner automatically generates, inside continuous domains, a specific sequence of stable grasps and re-grasping operations that make the problem solvable. Experiments conducted with the planner demonstrate its efficiency to solve complex dexterous manipulation problems. There remain several possible improvements, in particular the optimization of the computed paths outside of GS 4 and studying the influence of the parameter α. Also, future work concerns the characterization of the conditions under which we can limit the exploration of the search-space to a restricted manifold, i.e, GS n .
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