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Abstract

This report presents a system for generating a stable, feasible, and reachable
grasp of a polyhedral object. A set of contact points on the object is found that
can result in a stable grasp; a feasible grasp is found in which the robot contacts
the object at those contact points; and a path is constructed from the initial
configuration of the robot to the stable, feasible final grasp configuration. The
algorithm described in the report is designed for the Salisbury hand mounted
on a Puma 560 arm, but a similar approach could be used to develop grasping
systems for other robots. Simulations show that the system can generate a wide
range of grasps in difficult situations.
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Chapter 1

Introduction

One goal of much research in robotics today is to develop the truly autonomous
robot, a robot that can be used for undersea exploration, for exploration of
planets, or for making repairs in remote or dangerous locations. Such a robot
needs to have a lot of flexibility, a rich space of possible motions, since it must be
able to perform not only complicated operations but also a variety of operations
without special help.

In the context of manipulation, for example, it might be desirable to have
a single, flexible gripper rather than carrying a specialized gripper for every
operation to be performed. Some mechanisms that begin to satisfy this criterion
have already been built. There are a number of robot hands available that are
capable of performing a wide range of manipulation tasks (see [41], [14], [39]).

To use such a robot effectively, however, we need to be able to program
it at a task level (at least at the level of, say, “get that rock” or “connect
the two beams”), rather than providing it with a specific sequence of motions
to perform. Task-level programming has been a research goal throughout the
history of robotics and artificial intelligence, but we have yet to achieve this
level of abstraction or autonomy.

An example of current state of the art in task-level programming is the
Handey system [31], which can plan the task of picking up and relocating an
object for an arm with a parallel jaw gripper. In this report, we will explore the
problem of extending this system so that we can make use of a hand. Specifi-
cally, we will consider the three finger, three joint per finger Salisbury hand [41]
(Figure 1.1). We will focus on the subtask of grasping, as the replacement of the
parallel jaw gripper by the hand introduces many new potential ways to grasp
an object. Our goal is to produce a relatively fast grasp planner that works in a
variety of situations. We hope that detailed exploration of this specific problem
will provide insight useful in solving more general grasping and manipulation

11



12 CHAPTER 1. INTRODUCTION

joint 1

Figure 1.1: Model of the Salisbury hand.

problems.

1.1 The Problem

The problem addressed in this report is automation of the grasping task. We
want to generate a path for a robot that will take it from a starting position to
a stable grasp of a given object. To make the problem tractable, however, we
consider a particular robot and make several assumptions about the world and
about the types of grasps we want to achieve.

1.1.1 Problem Setting

Our robot consists of a Puma arm with a Salisbury hand mounted at the wrist
(Figure 1.2). The arm has six degrees-of-freedom: the first three joints affect
wrist position and wrist orientation; the other three change only the orientation.
The hand has nine degrees-of-freedom: three joints for each of the three fingers.

Our assumptions about the world and restrictions on the task are as follows:

e Only fingertip grasps are considered.

o The fingertip contacts are modeled as hard finger contacts (that is, point
contacts) with friction. This means that forces normal to and tangential
to the object surface can be applied at the contact point (as long as the
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Figure 1.2: The Puma arm with the Salisbury hand.

resultant force is within the finger-object friction cone), but no torque can
be applied about the contact point (Figure 1.3).

e There is a world model, and all objects in the world are modeled as poly-
hedra.

The restrictions on the grasp type, contact type, and object type give us a
reduced problem domain to explore. The world model is used to detect colli-
sions that would result from a proposed motion. The accuracy of our solutions
depends on the accuracy of the world model.

With all this in mind, our goal becomes to generate a path for the Puma with
the Salisbury hand that takes it from a starting position, through the modeled
world, into a stable, fingertip grasp of a given object.

1.1.2 A Good Grasp

There are three requirements for a given grasp to be valid:
o Stability
o Feasibility
e Reachability

A grasp is stable if the forces on the object are in equilibrium and if small
external disturbance forces do not cause the contacts to slip or separate from
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Figure 1.3: (left) With hard finger contacts with friction, we can apply forces
normal to and tangential to the object surface at the point of contact. (right)
But the resultant force must be within the friction cone at the contact point.
We assume Coulomb friction, so the tangential force must be less than p times
the normal force, where p is the coefficient of friction at the contact point.

the object. A grasp is feasible if there exists a collision-free configuration of the
robot such that the fingertips are at the chosen contact points. The robot cannot
be occupying the same space as some object in the world. A grasp is reachable
if there exists a collision-free path from the starting position of the robot to the
final grasp configuration. In fact, since we are interested in achieving the grasp,
we not only want to know that such a path exists, but we want to find a path.

The overall plan of attack in this report is to first find a set of fingertip
contact points (each with regions of allowable position error) that can result
in a stable grasp; to then use the remaining degrees-of-freedom to generate a
feasible grasp with the fingertips at those contact points; and then to establish
reachability by identifying a good approach direction and synthesizing a path
into the grasp. We will introduce each of these subproblems below. They will
be discussed in more detail in Chapters 2 through 5.

1.1.3 Stability

Our goal for this subproblem is to find a set of contact points on a given object
that can result in a stable fingertip grasp for a three-fingered hand. This is a six
degree-of-freedom problem, as there are two degrees of freedom in placing each
finger on the surface of the target object.

The first thing to note when considering this problem is that we do not have
to worry explicitly about object stability. It is sufficient to achieve equilibrium
of the contact forces on the object, provided that we have a sufficient number
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Figure 1.4: If we have three contact points, the contact forces must all meet at
a point in the plane of the contact points for the grasp to be in equilibrium.

of contact points. Specifically, Nguyen [37] has shown for a polyhedron that
any non-marginal equilibrium grasp, that is, any equilibrium grasp in which
all contact forces are completely within the friction cones at the contact points
(i.e. not on the friction cone edges) can be made stable by adjusting finger
stiffnesses at the contact points if there are at least three hard finger contacts.
We model the three fingers of our hand as hard finger contacts, so it is sufficient
to synthesize a non-marginal equilibrium grasp for the three fingertips.

Another result drawn from the literature is that, if there are forces applied
at three contact points, a necessary condition for equilibrium of these forces is
that their lines of direction all meet at a point in the plane of the contact points
[3] (see Figure 1.4). This point can be at infinity, which means that the lines of
force direction are all parallel. We will call the point of intersection the grasp
focus (as in [3]).

Since all of the forces applied at the contact points must lie within the plane
of the contact points, it is natural to break the problem into finding this plane

and then placing the contacts within the plane. This is the approach we will
take.

Considerations involved in placing both the plane and the contact points are
to keep the forces within the friction cones at the contact points and to allow for
position error in placement of the fingertips. The need to allow for position error
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might keep us from placing the contact points on vertices or edges, for example,
although they might be otherwise desirable because of their large friction cones.
We will place the contact points on the object faces, and attempt to pursue
Nguyen’s [37] goal of producing maximal independent contact regions for the
fingertips.

Note that the considerations used to determine a good set of contact points
represent an effort to avoid any chance of the object slipping in the grasp, even
if there is some position error in the final placement of the fingertips. It is worth
pointing out that slipping may not be a problem to be avoided at all costs (see
for example Fearing [17] and Brock [3]). We can do a quasistatic analysis of
an initial contact situation that takes slipping into account, and with this, we
can estimate the final positions of the object and the fingertips given a method
of control, the assumption of very slow motion, a good object model, and a
predictable support surface (see Mason [34]). Here we assume that slipping is
not substantial and that such an analysis is not necessary.

Also note that when we find contact forces and a grasp focus, we ignore
known external forces such as gravity. Since we will have a stable grasp of the
object, gravity and other disturbance forces can be counteracted without the
object slipping from the grasp, although the contact forces may have to be large
if the object is heavy or if the coefficient of friction is small.

1.1.4 Feasibility

A second subproblem is to find a collision-free configuration of the robot with
the fingertips at the selected contact points. Since we have already specified
three fingertip contact positions (nine degrees-of-freedom), we have six remain-
ing degrees-of-freedom. We can specify these by picking a wrist position and
orientation.

Our method is to first ignore the objects in the world and choose a wrist
configuration that is kinematically feasible and approximately centered about
the fingers. If the resulting arm/hand configuration does result in collisions
between the robot and objects in the world, we set up a quasistatic spring
model of the joints of the robot and assume that there are forces at the points
of collision that nudge the robot away from the collision points (and hopefully,
into free space).

We use this physical model of the joints and of collision forces in an attempt
to make the resulting behavior somewhat predictable. For other options see [25],

24], [36].
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1.1.5 Reachability

Our goal here is to find a path for the robot from its starting configuration to
a goal configuration. This is a fifteen degree-of-freedom problem, as we need
to find a path for all of the joints of the robot. To cut down on the number of
degrees-of-freedom we need to consider at any one time, we break the problem
into two parts:

e Near reachability.
e Global reachability.

For near reachability, we initially consider potential collisions between the
hand and the target object or nearby objects. That way, we can plan motions
of the hand alone. Furthermore, we assume that the hand is sufficiently close
to the object and that the environment is sufficiently uncluttered that the hand
can make a straight line approach to the target object. Unforseen collisions
between the hand or the arm and objects in the world will be eliminated using
the joint spring control method outlined in the Feasibility section above.

For global reachability we only worry about collisions that might be caused
by making large arm motions. For this, we consider only motions of the first
three joints of the arm, those responsible for the position of the wrist. The hand
can be modeled as a fixed or infrequently varying payload. This will only work
if there is a wide path for the robot to follow.

1.2 Previous Work

In this section, we give an overview of previous work related to the subproblems
of finding a stable, feasible, and reachable grasp. Much of the work is specific
to either two-fingered hands (e.g. parallel jaw grippers) or hands with three or
more fingers.

In the area of stability, much work has been done in the analysis of stable
grasps, both for two-fingered hands (see Barber et al. [2]) and for hands with
three or more fingers (see for example Mishra et al. [35], Jameson [21], Cutkosky
[11], Kerr and Roth [22], Salisbury [41], and Salisbury and Craig [42]).

We are more interested in grasp synthesis, however. Work in this area for
hands with three or more fingers includes that of Hanafusa and Asada [19],
who find a grasp on a two-dimensional object cross-section by minimizing the
energy stored in springs at the contact points; Baker, Fortune, and Grosse [1]
who show that a stable grasp of a polygon can be formed by placing contacts at
points of intersection of the polygon with the maximum radius circle that can
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fit inside it; Markenscoff and Papadimitrious [33], who optimize a stable grasp
of a polygon with respect to the compressive forces required to balance external
forces; Jameson [21], who maximizes a goodness function for grasp stability once
the robot is in contact with an object; and Nguyen [37], who discusses finding
maximal independent contact regions that can produce a stable grasp of an
object.

Another approach to choosing a grasp is to generate a catalogue of grasp
types and to then match these grasp types to the target object or to the task
to be achieved. Examples of this are Tomovic et al. [45], who have a system for
matching grasp types to object types, and Li and Sastry [27], who match grasp
types to task ellipsoids.

In the area of feasibility, most of the work has concentrated on finding free
contact and approach areas around an object for a two-fingered hand. Examples
of this include Pertin-Troccaz [40], Laugier [26], Wingham [46], and Lozano-
Pérez [29, 28|.

In the area of reachability, work has been done for two-fingered hands near
the object, using a potential-field type approach (see Lozano-Pérez et al. [31])
and a configuration-space approach (see Pertin-Troccaz [40]).

Work on reachability that is not specific to hands includes the entire field
of path planning. The standard approach for a global path planner is to first
characterize free space for the robot, and to then perform a search through
the characterization of this space. One might also map free space as the search
proceeds. A goal is to do a fast, yet accurate characterization or mapping of free
space that leads to an easy search (at least for simple problems). Much work
in this area has been devoted to finding some way to characterize free space
in a manner such that the difficulty of the resulting search accurately reflects
the complexity of the task of moving the robot through the given environment.
Examples of exact characterizations of free space include the Voronoi diagram
[9, 38], Canny’s roadmap algorithm (8], Schwartz and Sharir [43]. Examples
of heuristic path planners include Lozano-Pérez [30], who divides configuration
space into slices, Brooks [5, 4], who finds freeways in free space using generalized
cones, and Faverjon [16], who uses an octree representation of free space.

Work on local path planning is also relevent. In this area, Khatib [23] com-
bines an attractive potential toward the goal with repulsive potentials from
nearby objects to move a robot. Faverjon and Tournassoud [15] combine an at-
tractive force toward the goal with constraints imposed by the obstacles. Klein
[25], Kiréanski and Vukobratovi¢ [24], and Nakamura et al. {36] begin with an
underspecified path, which might be, for example, a set of consecutive wrist
or fingertip positions for an arm. They then use some representation of the
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goodness of configurations to find at each point along the path the best config-
uration that corresponds to the given specifications or path requirements. For
all of these methods there is no guarantee that a path will be found.

Concerns that are important, but that will not be dealt with explicitly in
this report are contact dynamics and uncertainty. The first comes up because
we do not start in a stable grasp position, and so we need to think about what
happens when we make contact with the object. In this vein, some work on
analyzing object motion due to pushing and slipping in the grasp has been done
by Mason [34], Brost [6], and Fearing [17].

The second concern is with producing a guarantee that a plan we generate
will work in the presence of uncertainty in knowledge of the world and uncer-
tainty in our ability to follow a given trajectory exactly. Work on guaranteed
motion strategies can be found in Donald [12], Buckley [7], Erdmann [13], and
Lozano-Pérez et al. [32], who develop back projections (7, 13, 32] and error
detection and recovery schemes [12].

Solutions to many of the subproblems that are addressed here have been
pulled together and implemented on a Puma arm with parallel jaw grippers [31].
The primary goal of this report is to address the additional concerns involved
when the robot has a three-fingered hand. Thus, the new problems with respect
to [31] are how to select a grasp and how to approach that grasp when we have
a manipulator with a large number of degrees of freedom.

1.3 Contributions of this Report

In this report:

e We present an algorithm for synthesizing a stable, feasible, and reachable
grasp of an object with an arm and articulated hand.

e In the area of stability we follow up on Nguyen’s goal of generating maxi-
mal independent regions for fingertip contact on the object.

o In the area of feasibility we present an algorithm that first suggests a
kinematically feasible configuration and then modifies it to avoid collisions.

e In the area of a grasp approach we modify a straight line approach to a
final grasp using a potential field model of collision forces. Here and in the
feasibility algorithm we use a quasistatic spring model for the joints of the
robot to produce a somewhat predictable motion away from collisions.
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o In the area of path planning, we present a parallel global path planner
that works in the space of the first three joints of our robot. The path
planner uses a precomputed map from configurations to Cartesian space
regions to compute free configuration space.

1.4 The Rest of the Report

In the chapters that follow, we will first discuss the subproblems involved in
synthesizing a valid grasp. Chapter 2 covers stability, Chapter 3 feasibility,
Chapter 4 near reachability, and Chapter 5 global reachability. In Chapter 6,
we present a summary of the process and discuss some possible extensions. In
Chapter 7 we present conclusions.



Chapter 2

Stability: The Contact Points

In this chapter, we outline an algorithm for generating a stable grasp of a given
object. We want to define three contact regions on the object from which we
can generate a stable, fingertip grasp for our three-fingered hand. Our goal is to
maximize the size of the smallest of these contact regions so as to minimize our
chances for failure due to error in placement of the fingertips. We assume that
we have only polyhedral objects in our world, and that our contact regions will
be on faces of these objects.

The development of our algorithm is based on the fact that the hand we
are using is designed with a finger configuration that consists of the two upper
fingers opposing the thumb. Because of this, we focus on configurations of faces
of our target object in which two faces roughly oppose a third. We seperate
these configurations into four classes, which are treated somewhat differently:

o Three parallel faces. (This includes the case where we have two parallel
faces, one having two contact points.)

o Three nearly parallel faces. (This includes all other configurations with
only two faces.)

e Three faces that can make up a convex object.
e Three faces that must form a concave object.

Examples of each of these configurations are shown in Figures 2.1 through
2.4. The contact faces are highlighted, and a grasp is shown for each object,
with the fingertips contacting the highlighted faces. The two upper fingers of
the hand do not necessarily have to contact the two “upper” faces as in these
examples, although this configuration will often be the best fit to the kinematics

21
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Figure 2.1: Two parallel faces.

Figure 2.2: Three nearly parallel faces.



Figure 2.4: Three faces that form part of a concave objec

23
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of the hand. The Ezamples section below illustrates some grasps with different
finger configurations, such as the left finger and thumb opposing the right finger.

The following definitions are used in describing the algorithm for choosing
contact points:

o Finger-to-face mapping: a mapping that indicates the face that each
finger contacts.

e Grasp plane: the plane defined by the contact points.

e Focus point: the point in the grasp plane at which all the lines of contact
force intersect.

e Contact points: the points at which the fingers contact the target object.

e Contact regions: the regions about the contact points such that if each
finger contacts the object within its contact region, we can generate a
stable grasp of the object.

In this chapter, we assume that a finger-to-face mapping is given (although see
the Stability Eztensions section of the Discussion chapter for ideas on how it
could be selected). Our goal throughout is to maximize the size of the smallest
valid contact region surrounding a contact point. In the sections below we
discuss the algorithm for generating a stable grasp in detail, using the objects
illustrated in Figures 2.1 through 2.4 as representative examples.

2.1 Grasp Plane

We assume that we are given a finger-to-face mapping, and our goal in this
chapter is to find contact points for the fingers on each of their respective faces.
This is a six-dimensional problem, since for each of the three fingers we have a
two-dimensional surface on which we can place the contact point for that finger.
We know, however, that because we have only three contact points, the forces
applied at the contacts must all meet at a point (the focus point) if they are to
be in equilibrium [3]. This point must lie in the plane of the contacts, so we can
easily break our problem down into selecting a grasp plane and then selecting
contact points within that plane. There are three degrees-of-freedom in choosing
a grasp plane, which can be specified as an orientation and offset. This leaves
three remaining degrees-of-freedom with which to place the contact points on
the edges formed from the cross-section of the contact faces in the grasp plane.
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In this section, we discuss choosing an orientation and offset for a grasp plane.
In choosing the plane orientation, we would like to maximize the minimum size
friction-cone, or effective coefficient of friction, in the grasp plane for the three
faces. Having the largest friction-cones possible helps us to achieve the goal of
maximizing the size of the smallest valid contact region for the fingertips. In
choosing the grasp plane offset, we use only a simple heuristic suggested by the
hand kinematics.

2.1.1 Orientation

We know that the fingertip contact forces will lie within the grasp plane we
choose. It is a useful concept, therefore, to define an effective coefficient of
friction for the cross-section of each contact face within the grasp plane (that
is, for each contact edge). This captures the idea that only a slice of the friction
cone of the contact face is seen in the grasp plane. It will allow us to reduce the
problem of finding contact points to a planar problem. The contact faces are
reduced to contact edges, each with an effective coeflicient of friction. Note that
for polyhedra the effective coefficient of friction depends only on the orientation
of the grasp plane, not on its offset, or location in space.

We assume that the real coeflicient of friction is the same for all faces and is
equal to p. If the grasp plane is at angle §; from the face normal, then it slices
the friction cone so that the effective coeflicient of friction is (see Figure 2.5):

p? — tan?6;

(2.1)

The effective coefficient of friction of a contact edge is largest (and equal to )
when the normal of the corresponding face lies in the grasp plane. In choosing
a grasp plane orientation, we wish to maximize the size of the smallest effective
coefficient of friction in the grasp plane. We can say that this defines a natural
plane orientation for any configuration of face normals.

Natural Orientation: To characterize the natural plane orientation for a
given configuration of faces, we look at the rank of the matrix N composed of
the normal vectors of the three faces:

sec

Niz Ny N,
N = N2z N2y N2 (22)
N3e T3y 732

e If rank[N] = 1, then all three faces are parallel, and we have a one degree-
of-freedom range of grasp plane orientations possible in which the grasp



26 CHAPTER 2. STABILITY: THE CONTACT POINTS

Grasp plane

Face friction cone (top view) Grasp plane friction cone
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Figure 2.5: The grasp plane cuts the face at an angle of # from the face nor-
mal. The corresponding cut in the friction cone of the face reduces the effective

coeflicient of friction in the plane to \/ p? cos? @ — sin? 4.
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Figure 2.6: All the faces are parallel, so we have a range of possible grasp planes.
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Figure 2.7: The two upper faces are parallel, so we have only two independent
normals. The grasp plane shown is formed using those normals as basis vectors,
and it is the unique plane perpendicular to all three faces.

Figure 2.8: The three faces have linearly independent normals, so we fit a plane
to them that gives us equal angles of deviation of the normals from their pro-
jections onto the grasp plane.

Figure 2.9: This is another grasp plane formed using two independent normals
as basis vectors.
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plane is perpendicular to all three faces and so all three effective coefficients
of friction are at their maximum possible values (x). Figure 2.6 shows some
of the grasp plane orientations possible for one such configuration.

If rank[N] = 2, then only two of the faces have independent normals, and
we can choose a unique grasp plane orientation (using these normals as
basis vectors for the plane) in which the plane is perpendicular to all three
faces, and the effective coefficients of friction are all, again, x. This case
is shown in Figures 2.7 and 2.9.

If rank[N] = 3, then we have three faces with independent normals,