Dexterous Manipulation: A Geometric Approach

(A Survey Paper)

Bhubaneswar Mishra

Courant Institute, New York University

To appear as an invited paper in the Proceedings of the 2nd International Workshop on Advances in Robot Kinematics, Research Institute for Symbolic Computation, Linz, Austria. September 10{12, 1990.

1

Abstract

These notes present in a self-contained manner the basic facts about the theory of dexterous manipulation. In particular, we discuss the models of robot hands and analysis and synthesis of multifingered grasps for objects of arbitrary geometry. The techniques exploit an interesting connection between the problems of dexterous manipulation and some classical results in combinatorial geometry.

Supported by ONR grants #N00014-89-J3042 and NSF grants

#DMS-87-03458, #CMU-406349-55586, #IRI-89-01699, #CCR-

90-02819, #CDA-90-18673 and #IRI-90-03986.

Author’s Address: Courant Institute of Mathematical Sciences, New York University, 719 Broadway, Room 1220, New York, NY

10003.

2

1. Introduction

The area of dexterous manipulation studies the problems of grasping, fine-manipulation and control with multi-fingered robot hands (see [1, 5, 14, 15, 19]. These hands usually consist of a small number (four or five) of articulated fingers, possibly with a palmar surface. A variety of finger arrangements have been suggested, the more common being an anthropomorphic arrangement, which consists of an opposable ‘thumb’ and the others arranged to work cooperatively.

The science and technology of dexterous manipulation, however, are still in their infancy. Many of the grasping and control algorithms for manipulation implicitly assume fairly well-controlled and well-modeled environments: for instance, the algorithms developed by [20] is strongly dependent on availability of gravitational force. In an attempt to develop schemes that work in more general situations, researchers have begun to study the underlying mathematics; these results are somewhat theoretical in nature and assume a rather idealized hand. Here, we shall attempt to survey the recent progress and pose some of the open problems.

2. Grasping: Terminology and Theory

Consider an idealized robot hand, consisting of several independently movable forcesensing fingers; this hand is used to grasp a rigid object B. Furthermore, we make the following simplifying assumptions:

• (Smooth Body) B is a full-bodied (i.e. no internal holes) compact subset of the Euclidean 3-space. Furthermore, B has a piece-wise smooth boundary ∂B.

• (Point Contact) For each finger-contact on the body, we may associate a nominal point of contact, p ∈ ∂B. We let ∂B^∗ denote the set of points p ∈ ∂B such that the direction n(p) normal to ∂B at p is well-defined; by convention, we pick n(p) to be the unit normal pointing into the interior of B.

For each such point p, we can define a wrench system {Γ^{(1)}(p), Γ^{(2)}(p), . . ., Γ^{(m)}(p)}, (0 ≤ m ≤ 6), where the number and screw-axes of the wrench system depend on the contact type. Some of these wrenches can be bisense (i.e. can act in either sense) and the remaining wrenches, unisense. (For a discussion of screw theory, and in particular, wrenches and twists, see [4] and [13].)

• (Compliance) We will consider the case when the fingers are stiff—the force/torques applied at the fingers are generated by some actuators whose mechanics need not concern us.

Many interesting special cases occur, depending on how we model the static friction and the stiction between the fingers and the body B. In the case, where the contacts are frictionless, a finger can only apply force f on the body in the direction n(p) at the point p. Also if the fingers are non-sticky, then the force f has a non-negative magnitude, f = f · n(p) ≥ 0. Such grips are also known as ‘positive grips’. In this case, the wrench system associated with each point is:

Γ(p) = {[n(p), p × n(p)]}

Thus, corresponding to a set of finger-contacts, we have a system of n wrenches,

{w_1, . . . , w_k, w_{k+1}, . . . , w_n} , the first k of which are bisense and the remaining last n − k of the wrenches are unisense. Let us assume that the magnitudes of these wrenches are given by the scalars f_i’s {f_1, . . . , f_k, f_{k+1}, . . . , f_n} , where f_1, . . ., f_k ∈ R and f_{k+1}, . . ., f_n ∈ R_+, and not all the magnitudes are zero. We call such a system of wrenches and the wrench-magnitudes, a grip, G, and say that this grip G generates an external wrench w = [F_x, F_y, F_z, τ_x, τ_y, τ_z] ∈ R^⋪, if w = n∑ i=1 f_i w_i.

Next, we consider the concept of a closure grasp: A system of wrenches w_1, . . ., w_n (as before) is said to constitute a force/torque closure grasp if and only if any arbitrary external wrench can be generated by varying the magnitudes of the wrenches (subject to the constraints imposed by the senses of the wrenches). A necessary and sufficient condition for a closure grasp is that the (module) sum of the linear space spanned by the vectors w_1, . . ., w_k and the positive space spanned by the vectors w_{k+1}, . . ., w_n is the entire R^⋪:

lin (w_1, . . . , w_k) + pos (w_{k+1}, . . . , w_n) = R^⋪.

Let us denote, by L, the linear space lin (w_1, . . ., w_k), and, by L^⊥, the orthogonal complement of L in R^⋪. Let π be the linear projection function of R^⋪ onto L^⊥ whose kernel is L. Then it can be shown that a necessary and sufficient condition for a closure grasp is lin (w_1, . . . , w_k) + pos (πw_{k+1}, . . . , πw_n) = R^⋪.

The above equation in turn is equivalent to the following conditions: 0 ∈ int conv (πw_{k+1}, . . . , πw_n) in L^⊥. Here, if k = 0 (i.e. positive grip) then the above condition reduces to the following:

0 ∈ int conv (w_1, . . . , w_n) .

Let us assume that dim(L) = d. Then there is a linear basis W of L W = {w_{j1} , . . . , w_{jd} } ⊆ {w_1, . . . , w_k}

which when adjoined with a set of vectors W^′, W^′ = { w_{jd+1} , . . . , w_{j6} } ⊆ {w_{k+1}, . . . , w_n} yields ^W = W ∪ W^′, a linear basis of R^⋪. Thus under the condition that we have a closure grasp, we can find g ∈ R^ℸ × R^{⋉−ℸ}_+ such that − ( w_{jd+1} + · · · + w_{j6} ) = n∑ i=1 g_i w_i, and thus n∑ i=1 f_{h,i} w_i, = 0, where f_h ∈ R^ℸ × R^{⋉−ℸ}_+ , and f_{≂,ג+}1 > 0, . . . , f_{≂,ג}6 > 0.

Now any external wrench w can be expressed as a linear combination of the vectors in the basis ^W . Thus there is a vector f_p ∈ R^⋉, whose non-zero entries are in the positions j_1, . . ., j_6, and w = 6∑ k=1 f_{p,jk} w_{jk} = n∑ i=1 f_{p,i} w_i. Now consider a vector f = f_p + λ f_h ∈ R^ℸ × R^{⋉−ℸ}_+ , where λ is chosen to be of a sufficiently large positive value that ensures that the negative components in f_p are dominated by the positive components of f_h. Thus, w = n∑ i=1 f_i w_i = n∑ i=1 (f_{p,i} + λ · f_{h,i}) w_i.

Section 3 The Case of a Positive Grip 5

These arguments yield a simple algorithm to find at least one set of force targets that can generate a given external wrench. Also, as the external wrench is varied in the course of a manipulation task, this algorithm updates the force targets fast.

At this point, we emphasize that the above formulation has turned a problem in mechanics into a purely geometric problem, now amenable to many interesting techniques in convexity theory and computational and combinatorial geometry. This observation has been most fruitfully exploited in the work of [11] and [12].

3. The Case of a Positive Grip

In order to obtain a particular grasp on an object, it must be determined if that grasp is achievable. It is for this reason, researchers have studied the question of how many fingers (wrenches) are required to obtain certain grasps on the object.

Reuleaux and Somoff determined that the closure grasp of a two dimensional object requires at least four wrenches and of a three dimensional object requires at least seven, where the wrenches are normal to the surface of the object.

Mishra, Schwartz, and Sharir [11] gave the most general bounds on the number of fingers in the case of a positive grip; they also provided an algorithm that finds at least one such grip on a polyhedral object and their algorithm runs in time linear in the number of faces of the object. Similar results have also been obtained by Markenscoff, Ni, and Papadimitriou [9], although their proof techniques are quite different from those used by [11]. Very recently, Meyer [10] has improved the bound on the number of fingers to seven, under the assumption that the object to be grasped is convex polyhedral. In this section, we briefly describe the techniques of Mishra, Schwartz, and Sharir.

Recall that a non-frictional grip is called a positive grip. Note that, in this case, the fingers are assumed to be point fingers, a finger can only apply a force on the object along the surface-normal at the point of contact, directed inward. In this situation, we have a wrench map, Γ, mapping ∂B^∗ into the six-dimensional wrench space R^⋪ as follows: Γ: ∂B^∗ → R^⋪ : p → [n(p), p × n(p)].

Essentially, Γ maps p to the point Γ(p) in the wrench space that represents the effects of applying a unit force at p in the direction n(p).

Now, given an arbitrary compact rigid object B whose piece-wise smooth surface ∂B is not a “surface of revolution,” it can be shown that

B can be held with a closure grasp by a positive grip of at most twelve fingers.

The assumption that ∂B is not a surface of revolution is essential, since, in the absence of friction, no matter how many fingers are employed the object can always be rotated about its axis of symmetry.

By virtue of the discussion of the previous section, we only need to show that ( ∃ p_1, . . . , p_k ∈ ∂B^∗, k ≤ 12 ) [ 0 ∈ int conv ( Γ(p_1), . . . , Γ(p_k) )] . The proof is in two steps: (1) We claim that 0 ∈ int conv Γ(∂B^∗).

Using Gauss’ divergence theorem, we see that [∫ ∂B� n(p) dS, ∫ ∂B�(p × n(p)) dS ] = 0, i.e.

0 ∈ conv Γ(∂B^∗).

Thus, it remains to show that the origin is indeed an interior point of the convex hull; assume to the contrary. Then it can be shown that there is a nonzero vector g = [F, τ ] ∈ R^⋪ orthogonal to the linear subspace spanned by Γ(∂B^∗). Thus, for each function c(p) we have ∫ ∂B� c(p) [(F + τ × p) · n(p)] dS = 0.

In particular, substitute the function c(p) = (F + τ × p) · n(p) into the last equation, to deduce that (F + τ × p) · n(p) must be identically 0 over ∂B^∗. But, this is possible only in the case when the surface of B is a surface of revolution.

(2) The rest follows by an application of the following theorem from combinatorial geometry:

Steinitz’s Theorem. [18] If X ⊆ R and p ∈ int conv X, then p ∈ int conv Y for some Y ⊆ X with |Y | ≤ 2d. Our main result then follows from Steinitz’s Theorem, once we identify X with Γ(∂B^∗), and Y with the set {Γ(p_1), . . . , Γ(p_k)} , with k ≤ 2 × 6 = 12.

4. Efficiency of a Closure Grasp

The techniques of the previous sections yield a method to synthesize at least one closure grasp of an object. However, in the absence of any measure of “goodness” for closures grasps, the synthesized grasp may not be very robust, thus, not useful in practice. This has motivated further research that attempts to quantify the goodness of closure grasps and to synthesize provably good closure grasps [6].

One criterion for goodness is the “efficiency” of a grasp, which roughly measures the amount of external force and torque that can be resisted by applying at most a unit of force at each grasp point. Kirkpatrick, Mishra and Yap [6] have shown that this efficiency metric can be derived from a stronger quantitative version of the Steinitz’s theorem. Before we explore this connection, we need to introduce few notations, as follows.

For any set X ⊆ R, let the residual ball of X refer to the maximal ball B(X) centered at the origin 0 such that B(X) is fully contained inside the convex hull of X. The residual radius of X, denoted r(X) is the radius of this residual ball B(X). Let

r_d(m, X) = max {r(Y ): Y ⊆ X and |Y | ≤ m} , r_d(m) = min {r_d(m, X): X ⊆ R and r(X) ≥ 1} .

In the notation, we shall omit the subscript d, if the dimension is clear from the context. (In this paper, the interesting case is d = 6.) Thus the original Steinitz’s theorem can now be interpreted to say that r_d(2d) > 0. A quantitative version of Steinitz’s theorem provides more precise bounds for the number r_d(m), when m ≥ 2d.

Now, the achievable efficiency of a closure grasp with a m-fingered positive grip for a body B can seen to be the value, r_6(m, Γ(∂B^∗)). To see this, note that if we choose m points in Γ(∂B^∗) with residual radius r then any wrench vector v whose Euclidean norm is at most r can be written as a convex combination of the m chosen points. So if v is any external wrench that is applied to the body B, and v lies in the residual ball of radius r, we can resist this external wrench by applying suitable forces (of magnitude at most 1) at the grasp points such that these forces sum to −v; hence, we maintain the body in equilibrium. Thus, we see that the quantity r_6(m) gives a universal measure for the efficiency of a closure grasp with m ≥ 12 fingers. The special case, where m = 2d had been studied by Bárány, Katchalski and Pach [2]; they showed that r_d(2d) > c (2ed)^{⌊d/2⌋}d^2 . These results seem to indicate that a twelve-finger positive grip, while sufficient to provide a closure grasp, may not be adequate to achieve a desirable efficiency. Kirkpatrick, Mishra and Yap [6] have provided the following general bounds:

For any set X ⊆ R whose convex hull contains the unit ball B^d centered at the origin 0, we can find a set Y ⊆ X of at most m points with residual radius r(Y ) of at least 1 − 3d ( 2d^2 m ) 2_d�_1 , where m is assumed to be sufficiently large.

Furthermore, let X ⊆ R be the set of all points on the surface of the ddimensional unit ball centered at the origin 0. Then, every subset Y ⊆ X of at most m points has a residual radius r(Y ) of at most 1 − 1 13 ( 2d^2 m ) 2_d�_1 .

In summary, for sufficiently large m (m ≥ 13^dd^{(d+3)/2}) 1 − 3d ( 2d^2 m ) 2_d�_1 ≤ r_d(m) ≤ 1 − 1 13 ( 2d^2 m ) 2_d�_1 .

This indicates an interesting trade-off between efficiency of a closure grasp and the number of fingers. Thus, it is dubious whether closure grasps can be employed in practice to implement control algorithms for dexterous manipulation, where no regrasping is necessary during the entire task execution.

However, if one allows large number of fingers, or allows frictional and/or soft contact models, there is a possibility for synthesizing moderately efficient closure grasps. Kirkpatrick et. al. have provided certain approximation algorithms for these problems and some related computational geometric problems. However, still much research is needed to provide practical algorithms.

5. Future Research

So far, we have only discussed the static problems (i.e. grasping) in dexterous manipulation. There are still a large number of exciting and challenging questions related to the dynamic aspects of dexterous manipulation. Examples of such questions include finemanipulation of objects by continuous finger-gaiting [3], dexterous adjustment of grasp configuration [7], prehension strategy and motion planning [16, 17] and controlled motion of grasped object [8].

A variety of issues involving high-level task planning remain largely unexplored. A thorough understanding of these questions are crucial to bring the science of dexterous manipulation into practice.

References

[1] Haruhiko Asada. Studies on Prehension and Handling by Robot Hands with Elastic Fingers.

PhD thesis, Kyoto University, Japan, 1979.

[2] Imre Bárány, Meir Katchalski, and János Pach. Quantitative Helly-type Theorems. Proc.

AMS, 86:109–114, 1982.

12 Dexterous Manipulation: A Geometric Approach

[3] Jiawei Hong, Gerardo Lafferriere, Bhubaneswar Mishra, and Xiaonan Tan. Fine Manipulation with Multifinger Hands. In 1990 IEEE International Conference on Robotics and Automation, pages 1568–1573, May 1990.

[4] K.H. Hunt. Kinematic Geometry of Mechanisms. Clarendon Press, Oxford, 1978.

[5] S.C. Jacobsen, J.E. Wood, D.F. Knutti, and K.B. Biggers. The Utah/MIT Dexterous Hand:

Work in Progress. International Journal of Robotics Research, 3(4):21–50, 1984.

[6] D. Kirkpatrick, B. Mishra, and C. Yap. Quantitative Steinitz’s Theorem with Applications to Multifingered Grasping. In Proceedings of the Twenty-Second ACM Symposium on Theory of Computing, pages 341–351, Baltimore, Maryland, May 1990. (To appear in Discrete & Computational Geometry, in press, 1991).

[7] Zexiang Li, John Canny, and Shankar Sastry. On Motion Planning for Dextrous Manipulation, Part I: The Problem Formulation. In Proceedings of the IEEE International Conference on Robotics and Automation, 1989.

[8] Zexiang Li, Ping Hsu, and Shankar Sastry. On Grasping and Coordinated Manipulation by a Multifingered Robot Hand. International Journal of Robotics Research, 8(4):31–50, 1989.

[9] Xanthippi Markenscoff, Luqun Ni, and Christoph H. Papadimitriou. The Geometry of Grasping. The International Journal of Robotics Research, 9(1), February 1990.

[10] W. Meyer. Seven Fingers Allow Force-Torque Closure Grasps on Any Convex Polyhedron.

Grumman Data Systems and Adelphi University, Submitted to Algorithmica, March 1990.

[11] B. Mishra, J.T. Schwartz, and M. Sharir. On the Existence and Synthesis of Multifinger Positive Grips. Algorithmica, 2:541–558, 1987.

Section 6 References 13

[12] Bud Mishra and Naomi Silver. Some discussion of static gripping and its stability. IEEE Transactions on Systems, Man and Cybernetics, 19:783–796, July/August 1989.

[13] M.S. Ohwovoriole. An Extension of Screw Theory and its Applications to the Automation of Industrial Assemblies. PhD thesis, Stanford Artificial Intelligence Laboratory, Stanford University, California, April 1980.

[14] T. Okada. Computer Control of Multi-Jointed Finger System for Precise Object Handling.

IEEE Transactions on Systems, Man and Cybernetics, 1982.

[15] K. Salisbury and C. Ruoff. The Design and Control of a Dexterous Mechanical Hand. In Proceedings of the 1981 ASME Computer Conference, Minneapolis, Minnesota, 1981.

[16] Jacob T. Schwartz, John Hopcroft, and Micha Sharir, editors. Planning, Geometry and Complexity of Robot Motion. Ablex Series in Artificial Intelligence, Norwood, New Jersey, 1986.

[17] Jacob T. Schwartz and Chee-Keng Yap, editors. Advances in Robotics, Vol. I: Algorithmic and Geometric Aspect of Robotics. Lawrence Erlbaum Associates, Publishers, Hillsdale, New Jersey, 1987.

[18] E. Steinitz. Bedingt Konvergente Reihen und Konvexe Systeme. J. reine angew. Math., (I) 143:128–175, 1913; (II) 144:1–48, 1914; and (III) 146:1–52, 1916.

[19] R. Tomovic and G. Boni. An Adaptive Artificial Hand. Trans. IRE, AC-7:3–10, 1962. [20] J.C. Trinkle, J.M. Abel, and R.P. Paul. Enveloping, Frictionless, Planar Grasping. In Proceedings of the IEEE International Conference on Robotics and Automation, pages 246– 251, March-April 1987. Raleigh, North Carolina.