
Sponsored by the IEEE Council on Robotics and Automation

General Chairman: T. Pavlidis SUNY at Stony Brook. NY Apti 25-9. IWS 1 /
Program Chairman: LL Kelley, Rensselaer Polytechnic Inst. rankiPll a Had

Treasurer and Pluddphk. PA

Coordinator: Hary Haymain
Local Arrangements. LP. Paul, University of Pennsylvania

0
0

o0

Workshop onDextrous Robot Hands,

DTIC
ELECTE

* SJAN 2 7 "9 j

D
Orpnizers:

Dr. Thea Iberall
University of Soutforn Californi!

S.T. Venkataraman
University of Me husettll

. . . . . . . ..... -....... . .T. 
0"

°oI IZ o 094
-- I I- -



WORKSHOP ON
DEXTEROUS ROBOT HANDS

Dr. Thea Iberall

University of Southern California

S.T. Venkataraman
University of Massachusetts

April 5, 1988

.. . . . .. . . . . .. . . . . . -. ........ 4.......

i-
II II I I II I II



--

TABLE OF CONTENTS)

• ~CRAPTE .......-

2 SESSION I: HUMAN HAND STUDIES ................. 2

- INTELLIGENT EXPLORATION BY THE HUMAN HAND 3

92) OPPOSITION SPACE & HUMAN PREHENSION 13

.)i.3)PROFICIENT PROSTHETIC PREHENSION ; .......... 28

0 SESSION II: HAND CONTROL ARCHITECTURES ....... 29

.I A TASK ORIENTED ARCH. FOR DEXTEROUS MANIPULATION 30

),M2 CONTROL ARCHITECTURE FOR THE BELGRADE 1 HAND) 48

)f23 COMPUTATONAL ARCHITECTURES FOR ROBOT HANDS '- 68

SESSION III: ROBOTIC HANDS & THEIR USAGE . . . . . . . 69

94.1 DEXTEROUS ROBOT IHANDS: SEVERAL IMPORTANT ISSUES 70

, 2 TACTILE SENSING FOR DEXTEROUS MANIPULATION .. 110

,.WHAT KINDS OF SENSORS ARE REQUIRED FOR FINGERS, 144

,94 ANALYSIS OF GRASPING AND MANIPULATIONJ_.. 153

,--".5 CONTROL & TACTILE SENSING FOR THE UTAH HAND , T7
* /

O /° N



CHAPTER.

SESSION I: HUMAN HAND STUDIES

0

0

1



IEEE WORKSHOP PAPER DRAFT 2
3/88

INTELLIGENT EXPLORATION BY THE HUMAN HAND

Roberta L. Klatzky Susan Lederman
Dept. of Psychology Dept. of Psychology
University of Calif. Queen's University
Santa Barbara, CA Kingston, Ontario

BACKGROUND

For the past several years, we have been engaged in a
research program to study the competencies of the human haptic
system for object recognition. First, a definition: Haptics
includes cutaneous sensors in the skin, providing pressure
vibratory, and thermal information, and mechanoreceptors in
muscles, tendons, and joints, providing position information.
Thus the system comprises both touch and movement. Following
Gibson (1962), we stress the function of haptics as a purposive
exploratory system rather than a passive receiver.

Our research program began with two seminal findings.
First, we documented that the haptic system Is extrmely
effective at object recognition (Klatzky, Lederman, & Metzger,
1985). In a study in which subjects were given 100 common
manipulable objects and asked to name them, the success rate was
96%, and if near misses were accepted, it was 99%. The modal
response latency was 1-2 sec, indicating that not only was
recognition accurate, it was fast. This first finding, then, led
us to ask, what enables the haptic system to recognize objects so
well?

Our second finding tells a more complex story, but one with
an equally simple point. The point is that the haptic system
capitalizes on the motor capabilities of the hand, in order to
enhance its sensing capabilities. The result is a set of
specialized "exploratory procedures,* or stereotyped movements
for apprehending properties of objects (Lederman & Klatzky,
1987).

Much of our work is based on the documentation of
exploratory procedures, and we will therefore go into them in
some detail. Figure 1 indicates the procedures we have studied.
Six of them are directed to encoding basic properties of the
substance or structure of objects: texture, hardness, apparent
temperature, weight, size, and global and exact shape. We
consider these six properties to virtually exhaust the directly
sensed, fundamental properties of objects, although others are
arguable (for example, instead of "hardness," one might
distinguish-among rigidity, brittleness, and elasticity). Two
other properties we considered are high-order attributes -- the
nature of part motion, and the function of the object as inferred
from its structure.



3

The figure indicates that each property can be paired with
an exploratory procedure that elicits it. An exploratory
procedure is a way of interacting with an object that has certain
invariant and typical features. Lateral action, for example, is
the procedure used to extract texture. Its invariant property is
lateral movement between the skin and object. Its typical
properties are rapidity, repetition, and occurrence on a
homogeneous portion of the object surface rather than an edge or
junction of different materials. To go on with our list of
procedures, there is 2tgajLur for encoding hardness; slatic
contact for thermal sensing; umM Drte holding for weight;
ecsg for volume and gross contour information; and contour
following, which is used to extract precise contour information
as well as global shape. Specialized performative procedures are
also found for encoding our two higher-level object properties,
function and part motion. These procedures essentially execute
the function or motion.

How do we know these procedures are used? We asked a group
of subjects to take part in a match-to-sample task. On each
trial, they were given a sample object, followed by three
candidates for a match. They were to pick the candidate that
best matched the sample. Most importantly, on each trial some
object property was targeted for matching. For example, subjects
were asked to match the objects on their envelope shape - roughly
spherical, rectangular, or whatever -- regardless of texture,
weight, size, and so on. The results showed clearly that the
distribution of exploratory procedures shifted with the targeted
property. Specifically, use of the procedure(s) relevant to a
given property increased sharply when that property was targeted.

INFLUENCES ON EXPLORATION: A CONCEPTUAL MODEL

Up to this point, we have presented the background to the
main point of today's talk. Our concern here is with the
factors that control the course of haptic object exploration.
We can express this concern in the context of a conceptual model
of haptic object processing, as described in Figure 2. The model
identifies three distinct levels of information representation.
The top level represents information about objects -- their
parts, their surfaces, their component materials, and so on. The
middle level represents- information about perceptual attributes
such as roughness, divorced from particular objects. The bottom
level represents in-formation about exploratory procedures. A
recognition model making these distinctions was implemented
successfully by Sharon Stansfield (1987) with a robotic arm and end
effector.

We view these three levels, as modules within a parallel
interactive system, in which information is activated top-down
and bottom-up. The object level "callsw down for object
attributes, based on hypotheses; it may allso call directly for a
test of higher-level attributes such as function. The Uttributes
level works bottom-up to activate object information; it works
downward to call specific procedures. Each attribute sends a



call for the exploratory procedure that is optimally associated
with it; for example, the texture attribute would call the
lateral motion procedure. Conversely, each exploratory
procedure, when executed, sends information about the values on
the corresponding attribute dimension, acting bottom-up. The
system acts in parallel over these various pathways, but
exploratory procedures cannot all be executed in tandem. Thus
there is competition among the various sources for control of
exploration. Some mechanism is necessary for ultimate decisions
about what procedure to execute next.

A number of factors influence this decision process. Each
can be associated with a level in our system. These influences
include the top-down calls that activate exploratory procedures
more or less directly. There are calls from the objects level
for attributes and calls from the attributes level for
corresponding patterns of exploration. However, there are some
less obvious influences and constraints on how exploration can
proceed, which we will next consider.

At the top level, where objects are represented, one
influence is the modality of representation that is currently
being constructed. Within a robotic or human system, an object
might be described in terms of visual, tactual, or abstract
conceptual primitives. Each of these constitutes a "modality,"
in present terms. Psychologists distinguish among modalities not
only at the perceptual level, but also at higher cognitive
levels. There is substantial evidence that the cognitive
representation of an object can be abstract and related to its
meaning or function, or alternatively, more concrete and
analogous to physical media. One much-studied representational
medium is visuospatial imagery (e.g., Kosslyn, 1980). Such a
representation will convey different attributes than imagery in a
haptic modality, or a direct representation of an object's
function.

Another influence on exploration arises from the middle
or attributes level in our system. It is the distribution of
previously perceived values on various attribute dimensions.
Consider, for example, the attribute of hardness. In the world
of common objects, most are rigid. A very soft object represents
an extreme on the distribution of hardness values. Its softness
is unusual, which might initiate further exploration. We must
consider not only the distributions of values on single
dimensions but also conjoint distributions, which also might have
extremes. An object that is aR1 but that seems heavy might
induce further exploration for weight, for example.

Several influences on exploration arisa from the bottom
level, because of the nature of exploratory-procedures. There
are factors which might impose a general preference ordering on
exploratory procedures. These would include the energy required
for the motor act. The extent to which a procedure is broadly
sufficient for apprehending object properties, as opposed to
being specialized, is also a likely influence on exploration,



with general procedures being prefe'rd for early, open-ended
encoding.

Other influences at the bottom level occur because
procedures are motor acts, operating under motor constraints.
Whether a procedure is executed is likely to depend on
other ongoing actions. For example, some procedures may
be otorically compatible, so that one can be initiated while
another is being executed. We will provide evidence that this is
the case for lateral motion and pressure, which can be evoked
together by a hybrid smearing action that applies lateral and
normal force. Another motor constraint is manipulatory --
whether a procedure is executed may depend on its compatibility
with manipulatory activities of the exploring or the free hand.
The pressure procedure, for example, cannot be executed without
stabilization of the object, either by holding it while squeezing
or with the nonexploring hand.

To summarize, we have proposed a substantial list of
influences and constraints that should play a role in directing
haptic exploration at all levels. Our research to date has
exposed and illuminated a number of these influences. In the
following sections, we will review that research and point out
its relevance to the issue of exploratory control.

INFLUENCES ON EXPLORATION: EMPIRICAL FINDINGS

Oh bjectLel

nln 2 Reresentatonal Modality Sn ZEznaimon.
The first influence on exploration I will describe is

at the top level in our system -- it is the modality of the object
representation being constructed. Our work has contrasted, in
particular, representations in the modalities of visual
perception, visual imagery, and haptic perception. We predicted
that structural attributes, particularly contour information,
would predominate in vision and visual imagery, whereas the
haptic modality would be likely to emphasize attributes related
to substance, such as texture and hardness.

To address the representation issue, we had people explore
objects freely, either haptically, or haptically and visually
(Klatzky, Lederman, & Reed, 1987). Different task instructions,
along with these perceptual variations, were intended to lead to
four different .types of mental representation. The cover task
for all groups was a similarity judgment. Participants were
asked to sort a set of objects into bins, so that objects that
were similar were placed into a common bin. Undor unbiased
instructions, with or without vision, participants were not given
any particular definition of similarity. These conditions should
lead to representations directly based on haptic, or haptic and
visual, perception. To bias a visual imagery representation, we
told participants to think of similarity in terms of the object's
visual image (remember that exploration was haptic without
vision). Finally, to induce a haptically biased representation,



we told them to think of similarity in terms of how the objects 6
"felt."

The objects in this study were created from all combinations
of three values on each of four dimensions: hardness, shape,
roughness, and size. Thus, for example, each object was rigid,
slightly compliant, or soft; it was oval, hourglass-shaped, or
clover-shaped; and similarly, it had one of three possible
roughness values and three possible sizes. Each object was
planar, that is, it had a homogenous surface area bounded by a
two-dimensional contour, and its third dimension was thin and
invariant.

From the participants' sorting behavior, we created a
measure of how vivid, or "salient," each dimension was in the
object representation. A dimension was salient to the extent
that its levels were segregated in different bins. Thus for
example, shape would be maximally salient if all the ovals were
in one bin, all the hourglass shapes in another,. and all the
clovers in a third. In this case, each other dimension would
have to have zero salience, because its levels would be mixed
within each bin. The bin of oval shapes, for example, would have
to include some of each possible size.

Finally, in addition to the salience score of each
dimension, we had a measure of how frequently each of four
exploratory procedures occurred. Those procedures were lateral
motion -- related to texture; pressure -- related to hardness;
contour following -- related to shape; and enclosure -- related
to shape and size. Our concern was not only with salience, but
with its relationship to the pattern of object exploration.

Our results are summarized Figure 3. It shows
data for each dimension in a separate panel. Within each
panel, we can see how groups with different instructions fared.
There are two dependent measures of interest -- the salience of
the dimension, and the occurrence of the directly related
exploratory procedure(s). The salience scores indicate
differences in how the objects were represented, depending on the
perceptual condition and instructions. Consider the dimension of
shape: This had relatively low salience for groups that were
exploring haptically without any particular bias, or that were
instructed to think about how objects felt. But these same
groups showed relatively high salience for the substance
dimensions of texture and hardness. The visual imagery group
showed strong salience for the shape dimension. And vision acted
like a moderator: Those who could see the objects as well as feel
them found shape and substance, particularly texture, somewhat
salient. We note that size was not found salient by any group,
possibly because of the range of sizes we used. (Also, this
design pits dimensions against one another, so that size cannot
be found salient when other dimensions dominate.)

Next consider the patterns of exploration, as indicated by
the percentages of occurrence of targeted exploratory procedures.



For the groups who were denied vision, there is a direct
relationship between the salience of a dimension, and the extent
to which relevant exploratory procedures are performed. When
shape is salient, there is exploration for shape -- contour
following and enclosure. When texture is salient, lateral aotion
tends to occur; and similarly for hardness and pressure. Not
surprisingly, vision strongly reduces the amount of haptic
exploration that occurs.

These data show a clear relationship between the salience of
an object property to a haptic explorer, and the pattern of
exploration. Further, this pattern of results clearly reflects
an influence on exploration of the desired modality of
representation. Consider, for example, someone who wants to form
a visual image. The external envelope of the object is the most
important property in such a representation. Accordingly, a call
may be sent for shape information, leading to enclosure and
contour following. Similarly, instructions to consider what
objects feel like appear to lead to calls for texture and
hardness, and hence to the appropriate procedures for
exploration.

On the other hand, the relationship between salience and
exploration may also reflect influences from the bottom level of
our system. We have previously found that contour following is
relatively slow and subject to considerable error with complex
contours. Lateral motion and pressure, in contrast, can be
executed very quickly. In the absence of instructions to form a
particular representation, people may choose to execute these
latter procedures because of their low demands on motor energy.
As a result, the representation may emphasize the corresponding
dimensions of texture and hardness.

In short, either representational salience may invoke
patterns of exploration, or patterns of exploration may determine
representational salience. When salience invokes exploration,
the influence acts top down. When exploration determines
salience, the influence is bottom up.

7iflence2 o ru Distributions. We next consider what
people know about object attributes through experience with
haptic perception, and how that knowledge influences exploration.
They are likely to know the general range of values that objects
take on a dimension such as hardness. They are also likely to
know which values on different dimensions tend to co-occur. We
call such co-occurring values "natural correlations-. For
example, we know that large objects tend'to be heavy; a large
light object such as a balloon is an anomaly, How might such
knowledge of distributions affect exploration? One strong
possibility is that an anomalous observation leads to further
exploration, for purposes of verification. Another possibility
is that knowledge of natural correlations can be used to "prune*
the tree of potential exploratory movements, eliminating those



that are likely to encode redundant features of objects.

We are currently planning a program of research to determine
which attributes of objects tend to be correlated, and how
correlations affect exploration. Some preliminary data on this
point derive from another study (Lederman & Klatzky, in
progress), in which people were asked to rank attributes
according to their importance in categorizing objects. For
example, weight might be critical in categorizing an object as a
cast-iron frying pan. We found that certain attributes tended to
be correlated, in that if one was highly ranked, the other was as
well. The most strongly related pair, in this sense, was size
and shape. Texture and hardness were also highly correlated.
Thus there was a general pattern of finding correlations between
structural categories, or between substance categories, and less
so across these boundaries.

Th Expl oratory-Procedure Level

Earlier, in conjunction with the study of mental
representations, we raised the possibility that the effort or
energy involved in an exploratory procedure may determine whether
it is used. This influence is associated with the bottom level
of our system; that is, it is due to the nature of exploratory
procedures themselves. We now consider a number of influences
associated with that level.

onfluSM 91 =& Sufficincy. And Generaly 2
Explrato Prcidnuaa. The first factor to be considered is the
breadth of attribute information that an exploratory procedure
provides. We distinguish among exploratory procedures according
to their sufficiency, necessity, optimality, and generality for
encoding haptic attributes (Lederman & Klatzky, 1987).

By our definition, an exploratory procedure is sufticie±n to
encode.an object attribute if it permits one to discriminate
between objects along that particular dimension. For example,
enclosing an object is not the best way to encode its texture,
but it might be sufficient to do so, because of small-scale
lateral movements that occur during the act of enclosing.

An exploratory procedure is more than sufficient to encode
some dimension -- it is 2 JaL -- if it provides better
discrimination performance, in terms of speed or accuracy, than
other exploratory procedures. And if it is the only procedure to
be sufficient to encode that dimension, it is termed

Sufficiency, optimality, and necessity are judged of each
procedure relative to each dimension. By-loOking across
haptically encoded dimensions, we can ask whether an exploratory
procedure is specialized, or in contrast, general. A procedure
is specialized to the extent that it discriminates one attribute
well, and the others much less well. It is general to the extent
that it encodes multiple attributes at about the same level of
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discriminability.

The importance of sufficiency, optimality, and generality
for patterns of object exploration should be clear. Why waste
time on a nonoptimal procedure, if there is only one attribute
of an object that is to be encoded? Alternatively, if many
attributes are of interest, a nonspecialized, highly general
procedure is of greater value. Thus the task context, together
with the known performance of an exploratory procedure, is likely
to strongly influence which procedure is executed.

We have tested the sufficiency, optimality, and generality
of exploratory procedures in a variant of the match-to-sample
task. In this case, participants were constrained to explore in
a particular way, and to match objects on a particular attribute.
All combinations of exploratory procedures and attributes were
testid. For example, the lateral motion procedure was used to
match not only texture, but weight, size, and so on.

Figure 4 shows the results of this study. We can see
that in general, the procedure that was spontaneously used in the
unconstrained match-to-sample task is also the optimal one, in
terms of accuracy, speed, or both. Thus, for example, lateral
motion gave the highest accuracy for texture matching. In the
case of matching precise contour, contour following was not only
optimal but necessary. Another interesting outcome of this study
was that procedures differed in their generality of application,
or conversely, their specialization. Pressure was the most
specialized procedure, and enclosure the least. Enclosure was
grossly sufficient, in that it produced above-chance accuracy on
matching most attributes of objects but was generally not
optimal. If enclosure with some pressure were accompanied by
lifting (unsupported holding), that is, if a simple grasp were
performed, it is clear that we could find out a great deal about
an object very rapidly. For this reason, grasping would be ideal
for initial contact.

2s, In fact, grasping does appear to
be our favored way of contacting unknown objects. In this sense
it constitutes a habitual "routine" for exploration. The
existence of such general routines may be an important determiner
of exploration, at least in its early stages.

We examined exploratory routines as part of an ongoing study
of object categorization (Lederman & Klatzky, in progress).
Blindfolded subjects were given an object in their upraised palms
and asked if it was in a particular category. Of interest here
is that they tended to follow highly routinized patterns of
exploration for the first few moments. Although.there were
variations, the most general pattern was an.enclosure of the
object in one or both hands, followed by unsupported holding.
This routine is likely to be very successful for recognizing
objects, especially at the "basic level" -- the levri cf comon
naming, such as jar, pencil, and so on. Enclosure, we know, is
sufficient to grossly discriminate values on many attributes.
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Accompanied by lifting and even slight pressure, other attributes
are added, and a snapshot of the object can be obtained with
minimal exploratory effort.

oflena2 Comipatilbilitv 21 EXlrt and TAsk Context.
Another bottom-level factor likely to be critical to the
selection of an exploratory movement is its compatibility with
other aspects of the task environment. Compatibility takes
various forms. A procedure may be compatible or incompatible
with other exploratory procedures that are also under execution.
Or its compatibility may be judged relative to general
manipulatory constraints in the task context, for example,
whether the object is fixed or moveable or whether one or two
hands may be used.

We have found clear evidence of compatibility effects of
this latter sort in the bin-sorting task described previously
(Klatzky, Lederman, & Reed, 1987). Recall that objects varying
in size, shape, hardness, and texture were sorted and the most
salient dimension(s) was determined. In one condition, we
constrained participants to sort the objects either with one or
both hands. This was intended to affect their ability to
stabilize the object and to reorient it for exploration in
different regions.

If two hands are available, one can serve the
stabilizing and orienting function (which we have called *task
maintenance"), and the other can serve the exploratory function.
Given one-handed exploration, the two functions can still be
observed: Part of the hand typically stabilizes and part
explores. This limits the ease and extent of exploration, of
course. Procedures such as lateral motion and pressure, which
are performed in a small region of the object, can easily be
performed along with stabilization by the same hand. Contour
following is more difficult under one-handed conditions. It
tends to occur in a broader region, and it requires not only
stabilization but also periodic reorientation to bring new parts
of the contour into focus. If contour following is limited by
one-handed exploration, we should see an effect on the salience
of the corresponding object property -- shape.

The results of this manipulation showed a clear effect.
In the condition where shape tended to be salient (visual
imagery), it was far more so under two-handed exploration. In
fact, the salience score was twice as great as for the one-handed
condition. Evidently, this general constraint on the
manipulatory context influenced the course of exploration and
apprehension of object properties.

e f Comnatibilitv etweeIn EXn1* zo Zgo3dmUL
As noted above, we can also speak of compatibility between
exploratory procedures. Some procedures can effectively be
produced together, whereas others may interfere. Hence if one
procedure is selected, it will influence what others are chosen.
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We have found compatibility of exploratory procedures to
affect performance in a classification task, using the same
multiattribute objects described previously (Klatzky, Lederman, &
Reed, in progress). Participants repeatedly classified 9 stimuli
into three categories. The categories could be defined by one
dimension only; for example, As are hard, Bes medium hard, and Cs
soft. Alternatively, the categories could be defined by two
dimensions redundantly: As are hard and oval, Bs medium hard and
two-lobed, and Cs soft and three-lobed. We also included a
condition where three dimensions -- texture, hardness, and shape
-- redundantly classified the objects. (Size was not used as a
redundant dimension in this study.) As each object was
classified, we measured the response latency, defined as the time
between initial contact with the object and the vocal response.
Our interest was in redundancy effects -- reductions in response
time due to additional redundant cues to classification -- and
also in the exploratory procedures executed during
classification.

We did find that redundant dimensions speeded
classification, but only to a point. Two redundant dimensions
led to faster classification than one, but a third redundant
dimension did not further reduce response times. Examination of
exploratory procedures revealed why: Given the redundant
dimensions of texture and hardness, subjects tended to execute
both. When contour was provided as a further cue to
classification, subjects largely behaved as if it were not
present. They tended to produce the same exploration as for
texture and hardness, with relatively little contour following.

A variety of compatibility effects may underlie this
preference to execute the procedures for texture and hardness.
One is motoric. The relevant exploratory procedures can be produced
together, in the form of a hybrid movement with both lateral and
normal force. in fact, this was frequently observed. Further,
the extraction of hardness competes with the extraction of shape
information, in that the appropriate degree of normal force is
quite different. In fact, applying pressure in order to
determine hardness may deform the shape of a compliant object.
Another aspect of compatibility concerns the appropriate region
of the object for exploration. For thin planar objects, contour
following is movement along the object's edge. In contrast, the
preferred position for lateral motion and hardness is within a
larger homogeneous region; the edge may actually interfere with
their encoding.

Several converging operations in these studies supported the
idea that texture and hardness are jointly encoded, more than
either dimension is joined with. planar contour, In one study,
subjects were instructed to classify objects'on the basis of one
dimension, such as texture. At the same timeo another dimension
varied redundantly with the explicitly mentioned one. After 100
.or so classification trials under these conditions, the implicit
redundant dimension was withdrawn. That is, the stimuli being
classified were changed so that the redundant dimension was now
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invariant. Of course, the explicit classification rile still
* applied.

Elimination of the implicit redundant dimension greatly
interfered with classification, when the two dimensions were
texture and hardness. When either dimension was paired with
shape, however, the effects were minimal. It appears that
texture and hardness were both considered, even under
instructions to attend to just one. These results suggest that
exploratory compatibility may ultimately determine whether
dimensions are processed together in tasks such as object
identification.

FINAL COMMENT

We have now discussed evidence, from our ongoing work on
human haptics, for a variety of governing influences on patterns
of exploration. To understand patterns of haptic exploration, it
is essential not only to discern what factors influence it, but
also to determine their weights in various contexts. Given a
fuller understanding, our initial conceptual model may be
developed to predict exploratory sequences for apprehension and
identification.
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3.2 .Opposition Space and Human Prehension

Thea Iberall and Christine L. MacKenzie

IEEE Workshop on Dextrous Robot Hands,

Philadelphia, Penn, April 24, 1988

ABSTRACT

Whether a prehensile task is performed by a dextrous robot manipulator or by a human hand,

fundamental rules must be adhered to in order to ensure success. Prehension has been defined as the

bringing to bear functionally effective forces to an object within a task, given numerous constraints.

One key goal in prehension is the establishment and maintenance of a stable grasp. A second (more

optional) goal is to maintain the ability to stably manipulate the object. In the robotics literature,

these goals (usually referred to as the zero total freedom problem and the force closure problem) have

been analyzed for a variety of robot hands. However, in trying to understand control mechanisms

within the central nervous system, experimental psychologists study other problems besides the

critical issue of maintaining a stable grasp. As the arm reaches out to grasp an object (the transport

component), the hand preshapes into some suitable posture (the grasping component). Questions

that psychologists ask involve the emergence of the posture during the preshaping of the hand,

the timing of the various elements of the movement, the coordination of and limitations on the

approximately thirty degrees of freedom of the hand and arm, the use of sensory information from

various sensory modalities, the effect of object properties on the movement, and the effect of human

motivations.

In this paper, we show how, by experimental manipulations, constraints on human prehensile

movement can be observed. One example is Fitts' law, which states that movement time is directly

proportional to the preciiion required in the task. Mackenzie et al [1987a] show how Fitts' law is

related to the kinematics of aining tasks. Marteniuk et al [1987] show how Qbject characteristics,

intention and context affect the trajectories and. timing parameters of prehensile movements. An-

other, unanswered, question, is whether the transport component is controlled separately from the0 grasping component. Jeannerod [1981] has argued for separate control of transport and grasping,

although there is a temporal coupling. Wing et al (19861 have demonstrated an interaction between

them by increasing movement speed and removing vision. In Mackenzie et al [1987b!, object mo-
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tion selectively affected the transport component, while object size affected only the grasping, not

transport component.

While it is useful to identify the types of constraints acting on prehension, it is not enough for

developing a common framework for looking at robotic and living systems. Following the lead of

Marr, who suggested three levels for looking at vision (task level, representation level, and imple-

mentation level), we argue for levels of analysis for looking at prehension. For a prehensile task (as

defined above), we call the highest level the opposition space level, in that high level kinematic and

force related prehensile parameters are used to describe movements. A posture in opposition space

is re-represented, or mapped, into the biomechanical level, showing the forces and torques acting

at the joints (in robotics, joint space). This is re-represented at the lowest level, the anatomical

level, in terms of the activation level of the muscles acting on the fingers (or in robotics, motor

commands). Prehensile movement can then be described in goal directed terms: in terms of how

many forces are needed in the task, in what direction they are to be applied, and at what strength

they must be applied. The actual movement occurs obeying the constraints imposed on the lower

levels, whether the implementation is a human hand or dextrous robot one. Beyond just separating

implementation details from a task description, this proposed view of prehension allows the separa-

tion of constraints, separating hard, physical constraints at the lowest level from softer, functional

constraints at the highest level
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PROFICIENT PROSTHETIC PREHENSION

Alan M Wing

MRC Applied Psychology Unit
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April 5, 1988

1. Thirsty?
If you want to take a tumbler of water in oder to drink from it you will probably reach for

it from the side with the forearm midway between pronatio and supinatios (so that the palm is
turned towards body midline). What does the reaching movement compr? At the end of an
initial, rapid, distance-covering phase of movement that leave your hand cloe to its target, thumb
and fingers will have opened sufficiently to allow the tumbler to be ecompsmd. The second
phase is made more slowly and leads upto contact of the head with the tumbler. In this phase,
coordination between transport of the hand by the arm and changes in grp size becomes critical
if the impact of the collision on contact is to be minimised - especially if the tumbler is full to the
brim!

Since transport and grasp ae subserved by anatomically distinct elements that we capable of
being moved separately under voluntary control, the nature of coordination in reaching is of some
interest. How does the movement control architecture of the brain specify the functioal linkage
between trazsport and grasp? In this paper I will review empirical work that my eolleagues and I in
Cambridge, England have been carrying out to investigate this functional linkage. My main focus
will be the performance of a proficient user of an artificial hand because it raises the interesting
issue of how movements of the digits ae represented in relation both to movements of the arm and
to the external object.

2. Reaching for an unstable object.
In studying reaching behaviour it is useful to have a standanised task that is capable of yielding

results that am reliable yei valid. For our msearch we have developed a task which, like many real.
world reaching tasks, emphasises accuracy. A thin cylinder made, for e&ample, of wood dowel is
placed on end some distance in front of the subject (se Figure 1).

INSERT FIG 1 HERE

0
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Starting with the hand clse to the body, the subject is required to pick up the cylinder from
the side, then keep the cylinder upright while moving it some distance before putting it down.
Because the cylinders used are relatively lightweight and their diameters we much maller than
their length, errors in positioning the hand or in adjusting the hand's aperture when reaching an
of consequence in that the cylinder is easily knocked over. Accurate cooednation of transport
and grasp components is therefore important, particularly if the location of the cylinder is slightly
varied from trial to trial.

The task may be given a further dimension by using cylinder of variem diameter.. With
objects of varying size it is found that the maimum aperture attained by the hand, which occurs
around the end of the initial phase of reaching, is adjusted in prowoion to the mse (Jeannerod,
1981). This is probably in order to preserve a constant margin for position eror as the hand moves
in to encompam the object.

3. Strategic adaptation of grasp size to movement conditions.
To illustrate this reaching task I have taken data from a study of a gnup nornal subjects by

Wing, Turton & Fraser (1986). Of interest were the elects of the availabilit visial information
about reaching on grasp aperture. It was found that maximum aperture of the hand was greater
with the eyes closed than with the eyes open (see right column in Figure 2).

INSERT FIGURE 2 HERE
This increase in aperture probably served to provide gresater tolerance for errars in hand trans-

port which, under these conditions, cannot be corrected am the basis of visual cheek of the position
of the hand in relation to the object. A widening of maximum hand aperture was also observed
when vision was not completely removed but just limited in usability, if a e movesment is
carried out very rapidly, there is little time for visual feedback to be procmsed in erer to improve

-the end-point accuracy of the movement. When the subjects were asked to make rapid reaching
movements, hand apertures were observed to be larger than when reaching at normal speed (as
may be seen from the middle column of Figure 2).

Thus maximum hand aperture is related, not only to the 'external' constraint provided by the
size of the object, but also to an 'internal' factor, namely, the manner of hand transport. If a viao-
motor channel links the perception of intrinsic object attributes, such as shape, to a grasp control
process and'a separate channel links the extrinsic attribute of position to a transport controller (cf.
Arbib, 1981), the effects of the experimental manipulations suggest the existence of a crais-link
between the two channels.

A direct demonstration of such cross-linking is provided by a new paradigm described in Athenes
& Wing (1988). When reaching for an object a perturbation of the spatial relation between hand
and target object was introduced on randomly selected trials, either by deflecting the arm or by
moving the object. On those trials when a perturbation could have occurred, but did not actually
take place, a widening of maximum hand aperture was observed. This strategic adaptation to the
perturbation conditions would have conferred a srategi bendt in improving the chance that the
hand would encompass the target had a perturbation actually occured. This, in functional terms,
control of grasp and transport are interrelated.
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4. Profile of prosthetic prehension.

Our earliest analysis of reaching behaviour involved a single-cac studyof a young girl with an
artificial hand (Fraser and Wing, 1981). We were interested in finding out whether the aperture
adjustments that may be observed during reaching with the natural hand would also obtain in
the artificial hand. Since the artificial hand movements were controlled by very different muscles,
such similarities would be evidence for a level of movement repeetatio above that of a motor
programme specific to a given muscle group.

Thirteen years old at the time of the study, CY had, from the ae of two, used a belowelbow
prosthesis that provided a form of precision grip with a strong spring keeping the hand normally
closed. Opening the hand involved tensioning a cable which ran to the elbow and across the back
to a harness around the contralateral, right shoulder. Forward fleion of the right shoulder girdle
(or movement of the left elbow away from the body) increased the tension and opened the hand
against the action of the spring. The extended period of wearing this appliance from an early age
gave CY a notable degree of confidence in its use in carrying out everyday activities.

INSERT FIGURE 3 HERE

Despite CY's proficiency in using her artificial hand itiwili be appreciated appreciated that it
lacked the attributes of compliance and tactile sensibility which normally contribute to the final
contact and grip phase of picking up an object. Thus, for CY, vision w particularly critical in
successfully picking up our unstable cylinder.

Figure 4 shows the transport and grsp components of natural and
INSERT FIGURE 4 HERE

artificial hand movements as a function of time. It will be noted that themo dulatio of aperture
with cylinder diameter seen in the natural hand is also evidenced in the artificial hand. However,
there is a delay in closure of the artificial hand. Consequently, its closing takes place with less
change in the distance between the hand (or the wrist to be precise) and the target and this is
illustrated in Figure S.

INSERT FIGURE 5 HERE

Although CY's artifical hand was quite natural in appearance, when it was pened or closed the
design introduced approximately equal and opposite degrees of rotation of the thumb and finger.
Despite this, the recordings of reaching movements showed a stability of the thumb relative to the
line taken by the 'hand' in approaching the target object (see Figure 6). This stability was achieved
by forearm rotation

INSERT FIGURE 6 HERE

in a horizontal plane around an'axis nea the wrist. The rotation tended to cancel movement
of the thumb relative to the object while amplifying finger movement. (It also cauned the elbow to
move away from the body imposing extra tension an the control cable which had to be offset by
further shoulder movement if the hand was to continue closing).

5. Internal representation of the hand.
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Why had this girl evolved a strategy of stabilising thumb position in this way? It seems
reasonable to suppose that the fomrm rotation geared to contralateral shoulder movement had
been developed a a result of experience to allow the separation of visual feedback about hand
position and aperture. Maintainace of stability in one of a Pair of opposition surface as the hand
approaches a target object presumably simplifies the processing of visual feedback about positional
accuracy.

This observation about prosthetic prehesion also seems relevant to the relative stability of the
natural thumb or of the finger in the contrasnt reaching movements to pick u p a mall object
from the surface of a table depicted in Figure 7.

INSERT FIGURE 7 HERE
With the forearm pronated (so that the palm of the hand faces down) most of the movement

occurs in the thumb. When the forearin is semi-pronated (such that the palm of the hand becomes
visible) most of the change in the aperture of the hand is achieved with the fingr.

The contrasting contributions of thumb and finger movements to the dewelopment of aperture
in the natural hand could be explained on natomical grounds. As the adductor mincle pulb the
thumb round towards the palm of the hand the range of movement comfemd by the joint at the bm
of the thumb is progressvely lost. T greate freedom for thumb movement is when it is abducted
and moves in the plane of the palm. And in that position it moves agansht the ld. of the index
finger which has relatively little side to side movement, particularly when the -e*a*oIngeal
joint at its base is flexed. But while these anatomical constraints on movement ertainy exist,
the organisation of grasp seen in the case of prosthetic prehension further suggests the form of
movement has implications for the functional representation of movement contrl of the hand. The
intriguing question that remains to be answer in CY's ca is whether thumb stability in the
artificial hand arose as a matter of trial aid error. Alternatively it could have developed through
transfer of the control structure used with the natural hand.
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7. Figures.

1. Prototypical pick-up paradigm.

2. Illustrative trajectories for subject C with group averages for maximum apeture Ad pre.
contact SD (in min). Mean data from 10 S9, 6 trials (reproduced from Wing, Tuto & Fraser,
1986).

trajectory normal fast eyes closed ..... ..... max aper 80 03 116 pre-cntet SD 0.3 0.5 0.9

3. CY performing activites of daily living (VHS video available).

4 Hand position and aperture a a function of time when using articial (left) and natural
(right) hands to pick up wide and narrow objects.

5. Artificial and natural hand aperture plotted against hand position.

6. Illustrative trajectories from two single reaches by CY; one with the artificial hand, the other-
with the natural hand showing change of thumb and finger positios rdstive to wrist-dowel mdi
(in mms). Mean data for both narrow and wide objects over 4 trials are shown below.(reproduced
from Wing & Fraser, 1983).

trajectory left (artificial) r;ght .......... thumb +4 -3 fing +26 +15

7. Normal hand positions of thumb, finger and wrist as a function of time ilhutrating single-
sided opening and closing on two trials, one (a) with palm facing down (thumb moves) the other
(b) with palm to side facing midline (finger movement predominates).

0
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7. Figures.

1. Prototypical pick-up paradigm: the task is to pick up the
unstable cylinder between the pads of the thumb and index
finger keeping with forearm midway between pronation and
supInation.

2. Illustrative trajectories for subject C with group averages
for maximum aperture and pre-contact SD (in ais). Mean data
from 10 Ss, 6 trials (reproduced from Wing, Turton & Fraser,
1986).

3. (Left) CY transferring pegs using her natural hand. leaving
the artificial hand op cord (which runs from the right
shoulder, across the back to the left elbow) untensloned so
that the prosthesis is held closed by its internal spring.
(Right) The camera viewpoint of the reach and grasp task.
Note the 20 an calibration grid (not present during data
collection) and the markers on thumb, finger and wrist of
CY's artificial left hand (used to aid subsequent
digitisation of position).

4 Illustrative trajectories for CY reaching and grasping
12 (dashed) and 22 mm (solid line) cylinders. Hand position
(above) and aperture (below) are plotted as a function of
time when using artificial (left) and natural (right) hands.

5. Illustrative trajectories for CY showing artificial and
natural hand aperture as a function of distance ef tne wrist
from the cylinder.

6. Illustrative trajectories from two single reaches by CY;
one with the artificial hand. the other with the natural
hand showing change of thumb and finger positions relative
to wrist-dowel axis (in ame). Mean data for both narrow and
wide objects over 4 trials are shown below.

7. Two illustrative normal hand trajectories Illustrating
.single-sided opening with palm to side facing midline
so there is pad-to-pad opposition of finger and thumb
(left) or with palm facing down so the thumb meets the
lateral aspect of the finger (right). The upper 3 curves
show (from the top) the home position, movement of the wrist.
and movement of..the target once it is picked up (after approx
1.5 seconds). The lower two curves show, relative to the
wrist marker, the x-position of the thumb (above) and, either
the tip (left) or the proximal IP joint (right)'of the
index finger.
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A Task-Oriented Architecture
for Dextrous Manipulation

S. T. Venkataraman D.M. Lyons
Robotics Lab. Dept. of Robotics & Flexibile Automation

University of Massachusetts Philips Labs
Amherst, MA 01003 Briarcliff Manor, NY 10589

In order to embed a dextrous hand into a robotic assembly system,
it is necessary to develop models of task plans that describe task
resource demands on the hand, and models of their execution to
meet with the task demands in reality. In this paper, we deal
with an important issue in the realisation of such models: the
development of a task-oriented architec ure for the decomposition
of abstract task commands into primitive action units.

Our architecture is based on a hierarchy of functional reqsirements
for robot reaoumes and an appropriate set of dextrous hnd control
strategies that implement these requirements (based on the action
primitives of (16,15]). We develop task plan models for dexter-
ous hand usage and describe how robot resources (ie arms, wrists,
hands) can be allocated to a task plan, and develop a set of hand
action primitives that can be used to command a dexterous hand
directly for task execution.

0
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A Task-Oriented Architecture
for Dextrous Manipulation

S. T. Venkatararnan D.M. Lyons
Robotics Lab. Dept. of Robotics & Flexibile Automation

University of Massachusetts Philips Labs
Amherst, MA 01003 Briarcliff Manor, NY 10589

1. Introduction

We define a robot system to consist of an arm and a devterous hand, in addition to the con-
trollers for these manipulators. A dextrous hand is commonly defined as an end-effector capable
of imparting arbitrary fine manipulations to a grasped object. Clearly, such robot systems have
tremendous applicability, especially in assembly automation. However, the research necessary to
integrate them into the assembly process has shown little progress so far. In particular, dextrous
hand research has shown a strong bottom-up trend, with little emphasis on developing appropriate
abstract models of dextrous grasping and manipulation, and without these, a dextrous hand is far
too complex a mechanism to integrate into a robotic assembly system.

In this paper, we develop an architecture for task-oriented dexterous manipulation. The archi-
tecture accepts object-level assembly operations (by which we mean, the operations are phrased
in terms of how the objects move in response to the environment; this is also called tasklevel[51),
decomposes them, and outputs commands that are explicit to a particular robot system. Such an
architecture allows the user to program in terms of object-level manipulation commands; a simpler
task than programming hand and arm actions directly. In addition, it handles the allocation of
task plans to appropriate robot resources (particular arms, wrists and hands), based on a statement
of what the task plan requires from a robot system in order to achieve its goal.

In I17], we discussed how a task plan could be represented formally: "A task plan describes a
well defined domain -of interaction between the robot and its environment. A task plan contains
a goal condition, a control strategy to achieve this goal, and an applicability condition specifying
whether or not the control strategy remains appropriate' for achieving the goal. The control strategy
represents one possible way to achieve the goal, and is what is primnarily .characteristic about any
given task." In that paper, our emphasis was on developing a strong notion of task contezt (the use
of task-specific information) and on formally-analysing the behavior. of.a task plan. In this paper,
we push these definitions one step further by considering the task criterion associated with a task
plan; the requirements of a task plan for specific robot resources necessary to achieve its goal.

0
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We suggest a useful format for task crtera, and construct an architecture in which task critera
are used to allocate robots to executing task plans. We find that some problems, such as regrasping
an object, can be naturally expressed by the concept of reallocating resour ces for a task plan when
determined by continuous evaluation of the task criterion as the task plan is executing. In addition
to considering the allocation of a physical robot to a task plan, we consider the allocation of
an appropriate control model with which to use that robot. In particular, we describe a set of
appropriate control models for a dextrous hand.

In section 2 we will describe the general structure of our architecture. We will then focus on
dexterous hand usage and define hand task plan representation and hand models in greater detail.
Section 3 contains discussions on the task criterion and execution of low-level hand task plans. (?
Section 4 contains an example of the use of our architecture in carrying out a particular assembly
operation. ?) We conclude in section 5 by outlining the current state of implementation of this
system.

2. Task-Oriented Architecture

Our domain of application is robotic assembly. By task plan, we now mean one or more assembly
operations, and we define an assembly operation to be the whole process starting from the acquisition
of a component, its transport to a parts-mating site, and the application of an appropriate parts-
mating operation. These three phases are strongly linked: for example, a component should be
grasped to enable the subsequent parts-mating operation operation [12,2,6] and facilitate finding
a path to the vicinity of the parts-mating operation (4]; and the transportation phase must bring
the component into a suitable position from which to start the parts-mating operation. In turn,
different strategies for the parts-mating operation may generate different sets of feasible grasps and
transportation paths. Thus, although the phases of the assembly operation are distinct, they can
never be decoupled from one another.

We model the architecture on the structure of assembly operations, rather than impose an ad-
hoc form on the solution: The input to the architecture is a description of the parts-mating strategy
in terms of how the component moves with respect to the environment. If a number of robotic
arm-hand systems are available for the assembly operation, then, broadly, the choice of an arm
is made for the reaching/transportation phase, while choice of a dexterous hand and appropriate
control model, is made for the acquisition/manipulation phase.

The hierarchial control koncept has been pioneered by Albus (31 and Saradis [14]. Our architec-
ture is hierarchial, but differs from previous work in two aspects. The first is the strong link with
the structure of the assembly operation - our architecture has components which map on each of
the phases of the assembly operation. The second is our use of a fuictional hierarchy - each level
in the hierarchy is a functional model of a robot (i.e., the model says only-what the robot can do),
which can be mapped (possibly dynamically) onto a specific robot. system. The mapping constraint
is that the robot system be able to provide that level of functionality. The architecture outputs
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low-level task commands particular to the robot system in use. The outputs are called task prim-
itives. We concentrate on the outputs to the dextrous hand: Based on the control models in [16],
the vocabulary of hand primitives considered are preshape, grasping, acquisition and manipulation.

Figure 1 describes the three levels of our architecture. At the topmost level, an object-level
control strategy is the input. The control strategy describes one particttr way to achieve the
goal of the assembly operation. For example, the goal of a peg-in-hole-insertion might be to have
the end of the peg against the end of the hole and a control strategy to achieve this goal might
be to let the peg comply to reaction forces from the environment on all axis except the insertion
axis. Note that a poor choice of control strategy may result in its failure to achieve its goal; in the
peg-in-hole-insertion through compliance example, the nature of the local geometry may be one
major determinant of potential success or failure [5].

The task criterion is constructed from the description of the assembly strategy (we discuss
what should go into a task criterion in the next section), and is used to select an appropriate robot
system on which to execute the task plan. The selection is made so that the arm may perform the
transportation and the hand may perform object acquisition and manipulation. These two steps
may be linked. We discuss some of these links within the context of implementing the architecture.

" Ideal Task Level:

An task plan control strategy is developed for the assembly operation in terms of object
motion in response to its local environment. The control strategy can be thought of as
issuing commands to'an ideal task robot, that is capable of moving the object directly; i.e. its
configuration space is the space of control commands issued by the control strategy.

At this level, movement of the object is realized as movement of a particular robot holding
the object. Firstly, an arm' that has an appropriate range and payload to transport the hand
(hand and object together) to the location of acquisition (parts-mating) is chosen. Once a
robot arm has been chosen, the commands from the ideal task level are decomposed into robot
arm commands for reaching and transportation and acquisition/manipulation commands to
an ideal hand.

" Ideal Hand Level
Based on the type of manipulation necessary, we choose a hand that has sufficient degrees
of freedom, and additionally choose a control model for the hand. The object-level hand
commands (to the ideal hand) are translated into motions of the physical hand's fingers while
it maintains contact with'the object that it grasps/manipulates. Hand-level task constraints
arise from considerations such as grasp stability, manipulatibilitv and so on. We explain this
in some more detail in the following section.

'We place a precedence on the choice of the arm because even if the hand (on the arm) is incapable of performing
the required manipulations, the object could be transfered to the parts mating site, placed down and regrasped with
another hand arm'system (with the appropriate hand) before parts-mating.
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We allow the choice of models at each levels to change as the task proceeds, subject to certain
consistency constraints. Such changes may be called for by the robot arm-hand system in use
becoming non-optimal in meeting with the task criterion constraints at some level. Thus, for
example, if an arm-hand system is not available for the complete assembly operation, one may
be chosen for the transportation phase. Upon completion of transportation, the choice of another
arm-hand system may be optimal for the actual Darts-mating operation. In this case, consistency
demands either that the object be placed dcwr' for regrasping by the more optimal arm-hand
system, or the exchange happen through some dual-arm-hand coordination scheme.

As explained in 1161 and [15], each task primitive presents an action that needs to be performed
by the robot arm/hand system. The actual execution of the command entails, first building (from
the command) an internal representation of the task primitive for task dependent control of the
arm/hand and developing appropriate dynamic models of the arm/hand and its environment to-
gether. [16] presents control architectures for the execution of hand task primitives on a dexterous
hand and describes simple implementation results on the JPL/Stanford Hand. That paper also
describes the actual controller(s) design procedure(s) for desired closed loop system behavior for
each task primitive.

To conclude, in this section we have introduced the general structure of a task-oriented ar-
chitecture for dexterous manipulation in which the responsibility of the transportation phase can
be delegated to the robot arm and that of the acquisition/manipulation phase to the hand. We
have considered task primitives as outputs of the architecturc, and inputs into an appropriate task
dependent control system for its execution on the actual robot arm/hand.

In the following sections, we describe our task plan representation in greater detail by focusing
on two issues. We first explain the notion of task criteria and explain how it helps in choosing a
robot system for the execution of the task plan. Then we explain in some detail the execution of
hand task primitive commands on a dexterous hand. For examples of the development and analysis
of task plan control strategies as well as a discussion about the application of task Invariant, see
[IT].

3. Task Criteria

The task space for a task plan is the space of control commands which it issues. We place no
constrains on the structure of the task space, but for many assembly operations it will typically be
motion and force in 9bject-centered coordinates. Thus for example, a free motion task for a robot
arm will be represented in a" task space consisting of motion coordinates along available degrees of
freedom. The task space for a task plan which issues 1-D position commands and open and close
commands to a gripper might be A x (open, close}. Alternatively you might consider the task space
to be the configuration space of the ideal robot for the task.

A task criterion is a specification of what atask plan needs in order to.execute on a robot system.
Thus, the task criterion is strongly connected to the description of the task space. Nakamura et
al. "13] deal with the issue of simultaneously executing several prioritized task plans on a single
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redundant robot. In order to do this, they need to represent what each task demands of the robot.
Their approach is to consider only the task space itself, RN for some task plan i, as a definition of
the task criterion.

Li and Sastry [12] describes a more complex task criterion for grasping. They are two (grasped)
object-centered task spaces, one with wrench and one with twist coordinates. The task criterion in
each is a task ellipsoid. For example, the task ellipsoid in the wrench space (consisting of force and
torque coordinates f,, fe, f , r,, T) is given by the inequality (a is a constant):

4,+f+ + +4+ < a2

In their work, the hand-object configruation which maximizes the task-elipsoid is the one most
appropriate to execute the task plan on. This method extends the task criterion to include ranges
on the axes. A limitation is that this method is strongly linked to the twist and wrench space
descriptions, and so, generality (i.e., arbitrary nature) of task space is lost.

It is clear that we could contue to 'tack' components onto the task criterion, as necessary.
However, the dange is that the task criterion would become unwieldy. A grasp-based feature space
is used by Lyons [6,7] for grasp selection, in which the task criterion is simply a point. The feature
space axes are the amount of precision movement necessary and the amount of grasp security
necessary to complete the task (binary condition), and a coarse geometry of the object. The
space is segmented into three regions, each corresponding to a steretype hand-object configuration
denoted a grasp along with an appropriate simplified hand model that includes object acquisition
and manipulation information.

The advantage of using a set of task-oriented models of the robot, is that it simplifies translations
from task criterion to dextrous hand by considering the hand to be a set of simple models, each
with designated characteristics. A disadvantage is that it forces task criteria to be expressed in
task spaces chosen for stereotypical grasps rather than the task itself.

In summary, the task criterion should consist of at least the task space definition, but is made
more versatile by considering aspects of the quality of control in the task space. The inherent
complexity of the task criterion can be reduced by linking .t with appropriate task-oriented models
of the robot system.

The task space for task plan i is written R'i. Let us refer to the task criterion for this task
plan as Xi. Let P. be the set of all available robot systems. We postulate a function ft., which
maps from the task ,pace to the joint space of some robot system r. It is possible that ft,, is not
defined for all r E ,; e.g.,:if the task space contains a force axis, then f is undefined for a robot
without control force, or if the.task space contains 3 position axes, then f is not defined on a 2-D
robot. Clearly, f should be part of Xi.

Given that the task space can be mapped in some subset of 7?, then the next questions concern
the quality of control of the task space. We propose the following additional components for Xi:

1. Range. The range on each axis of the task spaces is given by:

p: Z - R x R (1)
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where p(n) = p, ml n E Z where Z = I ., r and p, m E R. In words, this means that the
map p cakes an integer for each task axis and gives the corresponding axis' allowable interval.
This allows us to set unilateral conditions (pushing an object) through either p = 0 or m = 0.

2. Accuracy. The accuracy required on each task space axis is given by:

: Z)

A command of r E R"'i to the robot, will result in the robot carrying out r = (ri ± a(1), r2 =

Is is interesting to note that these components can provide information to decide if it's necessary
to grasp the object (for some unilateral p requests, acquisition may not be necessary). Note that
the outputs of a grasp planner like the one described in [?] are usually desired wrenches and twists.
In the task space, accuracy measures may be combined with the task ellipsoid concept through
specification of error ellipsoids in the wrench and twist spaces rather that ellipsoids of the actual
wrench and twist values.
The other other pieces of information in a task criterion are:

1. The position of the component to be acquired, specified as a homogeneous transformation
matrix, To, with respect to some base coordinate frame.

2. The locality of the subassembly or parts-mating site, T,, again as a homogeneous transfor-
mation matrix.

These pieces of information will be used to determine the minimum workspace envelope necessary
for an arm to carry out the reach and transportation phases of the assembly operation. The concept
of the required payload capability should also enter into the task criterion. But we have not yet
developed a good representation for it (other than simply adding it in as an extra component).

In summary, the task criterion for a single task plan i is defined as

Xi p, (f, ,T., T.) (3)

3.1 Task criteria in the Architecture

At the top level (ideal task), the task criterion is developed from our knowledge of how the
object interacts with the sub-assembly. That is,

X = (f,p,a,T,To) (4)

where, p specifies the range required in the ideal task space'from the idealTobot, a specifes the accu-
racy required and, T and T, specify the transformation matrices for the object centered coordinate
system and thesub-assembly centered coordinate system respectively.0
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TASK TASK SPACE
CRITERION COMMANDS

ALLOCATION 1 - INTERFACE

ROBOT MODEL

Figure 2: Allocation and Interfacing of Robot Model

At the next level (ideal arm), this criterion is broken. up as follows: The task space is considered

to be Cartesian space R3 , and an appropriate f., embodying the inverese kinematics for this robot,

is assumed available2 . The workspace envelope for an appropriate robot arm is constructed as some

function of the range from the current position of the robot to the component, and from there to

the sub-assembly
p. = Func( RANGE(TT) + RANGE(TCT.)) (5)

where T, is the current position of the robot.

At the next level (ideal hand), the choice of a parituclar hand model is subject to ph = p and
ah = a being satisfied. Since we will consider a specific grasp on a dextrous hand is an example of
a hand model, this allocation step subsumes grasp selection. Once a hand model has been chosen.
commands issued to the ideal hand level are translated into the hand primitives (Section 4) for a
particular physical (possibly dextrous) hand; this mapping is fh.

The basic building block in implementing this architecture is shown in Figure 2. At each level,
the motor actions are issued to what might be called a virtual robot (by analogy with [1]); that is,
a combination of a physical robot plus some reference model.

For the three levels of abstraction in our task-oriented architecture, wve have:

21f f. does not exist for the arm urder consideratio1, then clearlythat arm cannoc be a candidate for -arrying

out the transport and reaching phases.

,nnn unamumuuan nmumnn~ mml ulB~lin nm ~ i6iN
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Level 3: Ideal Task Level

" Allocation: X = (p, a, T,, Ta)

" Interface: R1

* Virtual Robot: Ideal Task Robot

Level 2: Ideal Arm Level

" Allocation: X. = (f.,p., a.)

" Interface: reach-to, transport-to, Rm:

* Virtual Robot: Actual Arm, Ideal Hand

Level 1: Ideal Hand Level

* Allocation: Zh = (h,Ph, ah)

a Interface: R'nh

e Virtual Robot: Actual Hand

In the allocation of resources, we choose always a virtual robot model that minimally meets the
task requirements. Secondly, we must allow dynamic reallocation of resources to account for the
possibility of the present alllocation becoming non-optimaL Such re-allocations must be subject to
consistency constraints of the type:

" Ideal Robot: Object must be placed down in workspace of new robot, which must now meet
the full Xi specification again.

" Ideal Hand: Object may need to be placed down, but only Xh needs to be satisfied again.

4. Hand Control Models

We discuss the execution of task plans at level I (figure 1) on a dexterous hand. Shown in
figure 3 is an architecture for dexterous hand control. It accepts low-level task plans and drives
the d.xterous hand directly. It consists of three levels: topmost denoted object-level, the middle,
finger-level and lower level, control-level. Object-level task plans are decomposed into finger-level
task plans, consisting of appropriate finger-level control strategies. Then,*dynamic descriptions of
fingers and the object (if applicable) together are selected. At lower levels, the actual design of
controllers is performed for desired clsoed loop behaviour (subject to finger-level task criteria) and
executed on the dexterous hand, -16].@L
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-4 A C

Figure 3: Architecture for Task Dependent Hand Control

In this section, we discuss two important issues in the context of task dependent dexterous
hand control. First is the issue of a standard vocabulary of hand task primitives. Through such
a vocabulary we standardize communications between the architectures in figure 1 and figure 3.
Also, standard task primitive dependent control algorithms can be developed, stored and invoked.The second issue is a brief description of the actual task dependent control at the object and the
finger levels. For details on hand control architectures, refer to [16].

Task plans output from level 1 of the task-oriented architecture in figure 1 describe desired

low-level primitive actions of the hand, or hand and object together. Actions are specified through
desired interactions betweeu the hand and its environent, or the object (manipulated by the hand)
and its environment respectively. Interactions, in general, occur as a result of mechanical contacts
and can be described once the nature of contact is known. As shown in [151, interactions between
any body and its environment can be classified into six modes (depending on the environment and
contact); denoted free, guarded and fine motion, and, free, guarded and fine force application. Thus
any low-level task plan must describe one of these six interaction modes.

A task space for each task primitive can be easily defined for the task primitives. For example,

1. Free Motion: consists of motion coordinates along allowable degrees §f motion freedom.

2. Guarded Motion: consists of moticn coordinates along allowable degrees of motion freedom,
and the allowable degrees of force freedom that arise from contacts (established due to un-
certainities'in entvironmental models).
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3. Fine Motion: consists of motion and force coordinates along allowable degrees of motion and
force application respectively.

All interactions between the object and its environment can be specified in the vocabulary of
the six task primitives. In addition, regardless of whether the hand holds an object within it or not,
each finger's interaction with its environment can also be described in the task primitive vocabulary.
Denote the whole hand's finger-level task plan as a hand task primitive. Any hand task primitive,
in general, is more than the collection of the corresponding finger task primitives. Hand actions can
be classified based on functionality into five hand task primitives, [16]. We describe these below:

1. Motions of the hand in free space to configure the fingers around the object. We refer to this
as a Preshape.

2. Motions of the configured fingers to close in towards the object until some pre-specified finger-
object contact forces are established. We refer to this as a Grasp.

3. Upon actually making contact, certain contact forces must be applied to overcome the weight
of the object. We refer to this as an acquisition.

4. Once stably acquired, changes in the states of the object can be imparted with the hand. If
object actions refer to free, guarded or fine object motions, then we refer to the hand action
as a motion manipulation. If the object actions call for free, guarded or fine force application,
then we refer to the hand action as force application manipulation. This whole sub-class of
hand actions is refered to as manipulation.

It is evident from the descriptions of hand task primitives that they are more than just a collec-
tion of finger task primitives in that they require, in addition, the representation of interactions
between the fingers themselves. We consider these interactions in the context of two definitions.
Coordinated finger interactions occur if all the fingers work towards a common hand level goal,
[161. Synchronous finger interactions occur if all fingers begin interacting simultaneously and finish
interacting simultaneously, [16]. With this, we define preshape and grasp to consist of synchronous
free and guarded finger motions respectively and, acquisition, motion manipulation and force appli-
cation manipulation of coordinated guarded finger force application, coordinated finger fine motion
and coordinated finger fine force application respectively, [161.

The hand task primitives, as before, will consist of four components: goal component, task
strategy, task criterion and task Invariant. Let R".' denote the task space of the object and R",
of all the fingers of the hand together. Let U. and U1 represent pseudo control signals at the
object and finger levels respectively, [16]. Let S., W., S and WI/ represent the object and finger
level motions and forces respectively. The table below summarizes some of important points in the
execution of some of the hand task primitives, [16].

0
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In the table above Sf, and gWf, represent mathematically guarded fingers' motions and fingers' force
applications, C(.)A(.) represents appropriate control signals. C(.) represents the controller chosen
for the purpose and A(.) represents the corresponding error signal. Note also that the following
relationships must be satisfied:

U. = W
Wi. > 0; i = 1,3

where, t represents the normal component of the contact forces applied by the ill finger upon
the object.

to be completed.

5. Example

The following example shows how our architecture can be used. The actual choice of assembly
operation is not that important, since the majority of our architectural components are similar no
matter what operation is involved. Our example is a compliant strategy for the place operation,
defined as follows (see [17] for similar examples):

" Goal, G: Object surface D against surface W.

* Strategy, Sp: Move coarsely into position over the destination surface W (Figure 4). Move
towards W complying to torques on z and y (in object coordinates), until some threshold
force f, is reached.

" Invariant, Np: There should be ro intervening objects between D and W.

An element of the task space (R u #)6 is (-, -r", fz, p2 , py, p.) where the r's are torques in object
coordinates (see Figure 4), f, is-the z component of force and the ps are position components, again
in object coordinates. The # element will denote we don't care what happens on that degree of
freedom; allowing us to specify commands in a hybred position force paradigm.

Based on the task description, we can build Xp as follows:

* av: The strategy hinges on good force and torque control, but the position accuracy can be
coarse.
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Figure 4: Compliant Place Strategy

" pp: All our position ranges will be bidirectional, and of the order of the component size. The
torque and force ranges should be small, and the z force range could be unidirectional.

" T, and T. are given by the particular situation.

Ideal Robot
The purpose of this level is to carry out the acquisition transportation phases of the assembly opera-
tion; to 'set the scene' for the place strategy. We have already: X. = (Range(T,, T,), Range(T,, T,)).
The first range is cruicial; you could ignore the second if you~re willing to choose a new arm once
the component has been acquired.

Ideal Hand

to be completed

6. Conclusion

In this paper, we have developed an architecture for dextrous hands that is based on the
concept of using constraints from the description of the task to be executed to select an appropriate
abstract model of the robot hand-arm system with which to execute the task plan. We see this
work as a natural extension of our work on formal ways to represent the notion of task contezt
(the use of task-specific information). We argue that our view. of the task planning problem as

0
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an allocation/interfacing of resources problem is a novel and useful way to use task information in
dealing with complex robots, and to have a criterion for using robot resources well.

Implementation has been proceeeding in both of the main components of this paper: the ex-
ecution of task plans with task criterion, and the construction of useful hand models, contain

task-specific robot and environmental dynamics. The task plan representation work has been car-
ried out using the R S model of computation as both a formal tool[8,9 and a multiprocessor

implementation language[9]. The computational complexities of the architecture we have described

are very high: especially the issue of remapping robot models. RS allows us to structure our plan

representation as a network of concurrent cooperating computing agents (small grain processes)
S1li.
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4.1 Control Architecture for the Belgrade II Hand

Gcorgc Bckcy Rajko Tomovic Ilija Zcljkovic
Cumputcr Sci Dcpt Elect Eng Dept Computer Sci Dept.
Univ of So Calif Univ of Belgrade Univ of So Calif
Los Angeles. CA Belgrade, Yugoslavia Los Angeles, CA

ABSTRACT

Thc Bclgrale-USC dextrous hand is an anthropomorphic manipulator. whose architecture is based on the principles of non-numcrical

or reflex control. Hence, the design emphasizes built-in synergics between motions and local autonomy. rather than maximizing

flexibility. The resulting system-is-tapable of perfonning a variety of grasping tasks, but is not well-suited for other applications

which require a larger number of externally controllable degrees of freedom. The controller is knowlcdge-based, selecting a preshape

for the hand on the basis of visual information. The finger motions leading to a stable grasp of objects of arbitrary shape (within

allowable constraints on size and weight) are determined under local sensor controL The hand is mounted on de wrist of PUMA 560

robot.

Phvsical design Model I of the Belgradc-USC hand is approximately human-sized. It has five fingers. The thumb is rigid and rotates

about an axis normal to ihc palm. The remaining four fingers arm identical in size and possess 3 joints eaci. The motion of the finger

segmcnts is not individually controllable: they are connected by means of linkages in such a way as to display motions similar to

those of human fingers during grasping; we term this relationship "internal synergy". Three motors mounted in the wrist structure

'rovide the external degrees of freedom. One motor is used to position the thumb while the other move two fingers each. The finger

drivc is applicd through a rocker arm designed in such a way that if the motion of one finger of the driven pair is inhibited, the second

fincer continues to move, thus achieving some shape adaptation without external control.

Sen-;nrs The basic pre-shape decisions are made using an external vision systcm (described elsewhere in this conference). The hand

L,L!f is equipped with three sets of sensors:

0



lber. & Venk.:Dexterous Hands 48

1) Position sensing, to indicate the rotation of the finger base with respect to the palm

(2) Touch.prc .sure .-nsing in the fingertips. to detct contact with an objoct and the force being cxcncd

(3) Slippage sensing
Position and pressure sensing are currently being performed using pressr sensitive resistor materials. Slippage sensing has been

implcmentcd using thermistors to detect tcmperature changes; it is not completely satisfactory at the present time. A cooperative

program with Lord Corporation is expected to lead to a significantly btater sensor.

Presharc control Control of hand shape prior to grasping is obtained from a knowledge.based system. A data structure received from

.he vision system contains information on the location, orientation and geometry of the target object. The geometric information is

combined with task information to produce the most desirable grasp mode configuration using a program implemented on a TI

Explorer Lisp machine. The configuration is transferred to the hand control computer (an IBM PC/XT) using a serial line.

Finacr controllers The d.c. inger drive motors are controlled using a PC/XT and a single-board controller. Position and tore sensing

signals are acquired using 16 A/D converters and fed back to the PC which implements a control algorithm to insure stability

zinsistent with performance. The complete paper presents the frequency response of the finger-drive system and other performance

..haractcristics.

Futurc dcclonment Among the continuing developments are the following:.

.v. Redesign of the hand to allow for a jointed thumb and spreading of the ringers. It is possible that Model 11 of the Belgrade-USC

hand will have only 4 fingers, rather than S. each with its own motor.

'. Increasing intclligcnce in the hand shape control software, to allow the system to learn from unsuccessful grasp attempts.

:. Improved slippage sensing, to be incorporated in the finger pads as well as the palm.

J. Addition of proximity sensing, to give the hand even greater autonomy as it approaches target objects.

Implcmcntation of the control hardware in a single chip, this allowing for both motors and control electronics to be contained

A .itn rLi,: qrtt structure.
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Computational Architectures for Robot Hands

Sundar Narasimhan, David M. Siegel, John M. Hollerbach

MIT Artificial [ntellegence Laboretory
545 Technology Sq., Cambridge, MA 02139

Abstract: This paper presents an overview of architectures used for controlling the
Utah-MIT hand and other such complex robots. These robots are characterized by a num-
ber of joints and consequently demand powerful computer architectures to be controlled
and utilized effectively. Emerging from our experience with such robots and control archi-
tectures are a few principles that we hope will guide other hand researchers.

1 Introduction

Computer architectures for robotics and indeed for other real-time systems have not
received the attention they should. This is usually attributed to a number of reasons:

1. Present-day robots are simple, and hence do NOT require powerful computers to
control them.

2. In industry, the constraints of economics often dictate the amount of dollars one has
to spend on computers.

The first of these is not true for the kinds of robots that this workshop addresses. Robot
hands that usually have nine to twenty-five degrees of freedom, are complex mechanical
devices. For example, the Utah-MIT hand has 16 joints, each with 2 actuaLrs. There are
32 tendon tension sensors, and 16 joint position encoders. Typically, a servo rate on the
order of 400 hertz is required. That necessitates reading 19,200 sensor values per second and
outputting 12,800 actuator values per second. If the operating system introduces anything
but the most minimal overhead for servicing these rapid events, the desired update rates
will not be met.

ThesC robot hands, in their present stage of development, are to be found mostly in
research laboratories. While attention must be paid to the economic soundness of an
architecture, the need for computational horsepower must not be overlooked.

Coupled with the need for performance is the need for flexible software development
environments in robdtics. Most robots are simply too tedious to program - robot hands
are even more so. While a number of efforts are under way to automate the task of a
robot programmer, researchers need a good solution in the interim, when no such task-level
programming languages are generally available.

Our earlier attempt at providing a standardized architecture for robotics was named
the Muse (Narasimhan. et al. [1986]). Our second revised architecture has been termed
the CONDOR (Narasimhan, et al. (19881). In this paper, we present the lessons we have
learned from our two attempts, which we hope will be of use to'other researchers embarking

O on a new project with robot hands.
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Figure 1: The Utah-MIT Hand Arm system

2 The Utah-MIT Hand Project - A brief update

The Center for Engineering Design at the University of Utah and the Artificial Intelli-
gence Laboratory at the Massachusetts Institute of Technology have designed and developed
a multi-fingered robot hand to pursue the achievement of advanced robot dexterity (Ja-
cobsen et al. (19841). There have been a series of papers published on different aspects of
this project: on design and construction of the hand (Jacobser et al. (19841 and [1986]) on
low-level control issues (Biggers et al. (1986]), on algorithms for force control (Holierbach
et al. [1986], on tactile sensor design and construction (Siegel et al. [1987]), and on the
computational architecture used to control the hand (Narasimhan et al (1986]).

The hand has now been mounted on a four degree of freedom x-y-z table (see Figure 1).
Both the -hand and the arm systems are now being controlled by a new control architecture
labeled as the CONDOR real-time control system.

We have completed re-implementing the position control schemes that had originally
been implemented on the MUSE on the new CONDOR system. We have also implemented
the force controller based on.the algorithm described in Hollerbach et al. [19861 on this
system. The results from the initial experiments we have performed using the force con-
troller indicate that the computational architecture presented in this. paper is adequate to
address problems of this nature.

3 Hardware

This section is organized as a set of simple guidelines. They ire presented n a decreasing
order of importance as we view them. Our guidelines may seem more like common sense
,n hindsight. but they are nevertheless a distillation of our experience with three versions



31

of our hardware and software configurations.
* Do not build custom hardware unless you really want to.
The reasons for this guideline are obvious. The amount of effort invested in building and
maintaining custom hardware is often disproportionate compared with the increased per-
formance they provide. Most robotics research laboratories are also staffed not by hardware
designers, but by researchers whose primary focus is robotics. Hardware development is
therefore best left to companies that specialize at it.

As applied to robot hands, which are characterized by a number of different joints (and
consequently actuators), any custom hardware solution must be replicated to actually work.
While modular designs are indeed possible, the increased number of components not only
increases the cost of design and maintenance, it also increases the chances of failure.
* Use simple, standardized components.
If you do not use custom hardware, then you are left with playing the role of a system
integrator. This narrows down the task, and one is left with merely choosing from amongst
different commercially viable options. The array of board level products that are available
today however is quite diverse, and making judicious choices to attain the performance you
need at a pricE you can afford may not be entirely easy.

The need for standardized components cannot be overemphasized. Both versions of our
controller for the Utah-MIT hand were built based on industry standard busses (Narasimhan
et at. (19861, Narasimhan et al. (1988]). If we had not done this, it would have been difficult
or impossible to find commercial vendors for the other peripherals we needed.
e Use multi micro-processors but be conservative.
The use of micro-processors in real time control systems is certainly not something new.
There have been a few attempts to use a number of these powerful micro-procesors (Chen
(19861, Gauthier et al. [1987], Kim et al. (1987]). While the Muse was based on the Motorola
68000 processor, the Condor is based on the Motorola 68020 processor coupled with the
fast Motorola 68881 floating point unit. As we mentioned earlier, the computational task
involved in controlling a robot like the Utah-MIT hand is quite burdensome for a single
processor. Rather than having a monolithic single processor and program to control robot
hands, we advocate using tightly-coupled systems.

The power of the individual microprocessor that is to be chosen is of some importance.
Listed in Table. 1 are a few cpu's that we looked at before deciding on our current archi-
tecture. This list of processors is representative. One of the important considerations in
choosing the hardware is the software support available for it. A commercially available
fast processor is not really useful without a good, optimizing high level language compiler
and development environment. •

There are a couple of architectural options that we ruled out a;t the outset when we
were putting together the second version of our system. We ruled out RISC architectures.
partly because most commercially available cpu's still do not deliver fait floating point
performance. Such architectures are also highly non-standard and usually require special-
ized compilers and development environments. We also ruled out processors that looked
promising but were very much in the alpha or beta stages of thiir releases. This was mainly
because in our first version of our system we ended up spending a lot of time debugging the
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M68020 M68020 M68020 M68020

M68881 M68881 M68881 M68881

A/D and D/A

VME-VME Adaptor Boards

Sun-3/160 Utah-MIT Hand

Figure 2: Version II hardware block diagram

Table 1 Comparisons of processing power available from alternative hardware configura-
tions (July 87).

Processor Type Speed Cost Comments
Microvax II 1 MIP mod interconnect problems
Vax 11/750 1 MIP high interconnect problems

Symbolics 3600 1 MIPS high lacks real time support
National 32032 1 MIPS low
Motorola 68000 1 MIPS low lacks floating point

Motorola 68020 2.5 MIPS moderate has fp co-processor

Motorola 68030 4 MIPS high unavailable
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cpu board manufacturer's product rather than on robotics or hand control. Consequently,
we learned to be conservative in our second attempt.

Tightly coupled systems facilitate easy software development. With dual ported mem-
ory, multi-processor programs can be written using the shared memory model. Robot
hand control involves coarse-grain parallelism and this can be exploited by partitioning
the tasks appropriately. When computational requirements increase, additional power can
be obtained by simply adding more processor boards to the system and repartitioning the
control algorithms.
* Get floating point support if you can.
Another realization that has become more obvious to us is that hardware support for
floating point is useful in typical hand control applications. In the Muse, there was no such
support. All arithmetic was performed in scaled integers. Although such implementations
did demonstrate the feasibility of such schemes, the maintainability of the hand control
software cculd be rated only as poor. Consequently, in the Condor, we chose the Motorola
68020 mainly to use its co-processor interface to the fast floating point Motorola 68881
chip.
9 Use a standard bus.
The interconnect used in the first version of our system was the then standard Multibus I.
Our second version is based on the VME-Bus. It must be mentioned that these industry-
standard interconnects provide a very high bandwidth connection between the individual
microprocessors, and with dual-ported memory shared memory communication becomes
available for free. Peripheral boards like serial and parallel interfaces, a/d and d/a con-
verters. additional memory boards are all readily available for such standard busses from a
number of vendors.

It is true that such tightly-coupled schemes do not generalize beyond around ten mi-
croprocessors. Such schemes also do not work very well with cached systems, necessitating
special soluti,'ns. However, we feel that other schemes for communication do not offer the
bandwidth needed for the real-time computations that a robot hand typically requires.

The first version of our solution used a DMA connection between a VAX 11/750, which
was our development host to the control microprocessors. This we found was too slow to do
high battdwidth data transfers because of the setup overhead associated with each transfer.
and because of the incompatible byte formats on the two machines.

Serial and parallel ports were not considered because of their low bandwidth, while
we overruled devices like ethernet interconnections because of their complicated software
requirements.
* Choose your developmeni host carefully.
The choice of a develcipment host ought to be dictated primarily by the software develop-
ment environment that you wish to have. One important feature of t he CONDOR is that it
separates out. rather cleanly, the real time component, from the development environment.
Obviously, if these two environments are compatible to a. large extent th6n much is to be
gained, since programs can be written and debugged on the development host and then run
on the control microprocessors with small modifications.

Capabilities that a good development host ought to provide include high level language
compilers for the real-time system. a good debugger, and bit-mapped graphics.
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9 Be prepared to get your hands dirty.
It would be nice if our guideline for using standardized, board level products resulted in
a scenario wherein end users would need to have only a minimum knowledge of computer
hardware. They could then concentrate on what they presumably want to do with the
minimum of wasted effort. Unfortunately however, this is only ALMOST the case. Even
the CONDOR requires the user to have some knowledge of the multiprocessor that he is
writing his programs for. Debugging and maintaining the hardware has, on the other hand.
become a board level operation for us. With the standardized components we use, trouble
shooting is relatively easy.

To conclude this section on hardware, we would like to mention that the particular
choice of components often seems to be dictated by intangibles or by variables that are
hard to measure like availability of peripheral products, software compatibility, price etc.
Our system whose block diagram is shown in Fig. 2, has worked surprisingly well, and is now
being used to control the MIT Serial Link Direct Drive Asada Arm. There are a number of
copies of this system being used at the A. I. Lab and in other research laboratories around
the country to control an assorted variety of robots, which we hope will help our goal of
standardizing robot control hardware.

4 Software

An important piece in any computational architecture is the software that is available
to run on the hardware. The previous comments regarding flexibility and efficiency of robot
control hardware apply equally as well to the software components. In this section we will
provide an overview of what we feel are the innovative aspects of this part of the system.

Our approach to robot programming has been library oriented: at the lowest level
are the system libraries that change relatively infrequently. Built on top of this is a set
of libraries that are common across different robots; for example, routines to generate
trajectories, low level kinematics calculations etc. Finally, come the robot specific libraries
or user programs that we expect researchers to write for particular robots.

The CONDOR 's software development environment is almost entirely written in C.
The design goals of the software system were to:

(a) provide a flexible environment in which control programs can be written, debugged,
and run.

(b) provide efficient and low overhead means of doing often repeated tasks,

(c) provide easy to ute programmer libraries for dealing with data transfer hardware. and
real-time interaction with robotic devices, and

(d) provide a graphics based user interface.

To achieve these goals, the system is structured around a few relatively simple orga-
nizing principles. In a typical program development scenario, the'user is expected to write
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and compile a program on the development Sun-3 host. Since the Sun runs the Unix oper-
ating system i . the programmer has access to all the standard Unix software development
tools. Once the program has been compiled, it is linked with the real-time library, and
then downloaded onto the slave microprocessors for execution. The run-time environment
provides the user with access to a number of program libraries for performing common
tasks in a portable manner. For example, libraries are provided for control loop scheduling,
file serving, and plotting data, to name just a few.

Thus, the CONDOR 's environment is really two different environments. First, it is an
environment on the Sun known as the development environment, and then it is a run-time
environment for both the Sun and the slave microprocessors. Much effort has been vrut
into making the Sun and the slave microprocessor run-time environments as compatible as
possible. In fact, most programs that run on the real-time controllers will run on the Sun
simply by relinking them with the appropriate library.

The hardware architecture is tightly-coupled, and is a true MIMD machine. As such, it
requires a program to be partitioned into segments that can run on multiple processors. Our
approach to managing this multiplicity problem in terms of software engineering has been
to largely ignore it. The number of processors in a CONDOR system rarely exceeds five or
six and we do not expect this architecture to be applied to problems requiring more than
a dozen processors. In essence, the course-grain parallelism applied to control programs is
managed by the programmer directly.

4.1 Devices

Interacting with robots usually requires interfacing a controller to various input and
output devices. Most robots have idiosyncratic front-end controllers, and the array of
sensors connected to them is diverse. A computational architecture must support both
easy hardware interconnections and easy software interface to these external devices. Since
the CONDOR is based on the VME bus, hardware interfacing is straightforward. Software
integration utilizes a device switch structure modeled after the system used by the Unix
kernel.

The design of the device system was motivated partly by experience. In Version E of
the system there was no systematic way of accessing devices. What existed was an ad-hoc
interface between the Unix-style read and write calls and various device specific routines
for the controller interface hardware. To use a parallel port board a user had to know
it's particular initialization routine, and often needed to know such details as the device's
control register address. In Version II of the CONDOR we replaced this with a clean design
from the lowest level. •

The CONDOR real-time environment was designed to provide-an extensible way of
writing device drivers. The low level details of a device, including its register formats and
interrupt mechanisms, are abstracted from user code and hidden within he device driver.
The trick was to keep the device drivers highly efficient, while providing the necessary level
of abstraction to free user code of low level details. The added expense incurred by a

1 Most of the system runs on Sun OS 3.2. which is closely compatible with and is based on Berkeley 4.2
BSD Unix.
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standard operating system's device driver mechanism would not be acceptable in real-time
controller environments for which the CONDOR is designed.

The CONDOR system's device mechanism is designed to be extremely fast and portable.
The mechanism is static. No support for dynamic loading of device drivers is provided,
which necessitates recompiling the system libraries each time a new hardware device is in-
stalled. The overhead associated with recompilation is significantly lower than the overhead
and complexity associated with any dynamic loading scheme.

These mechanisms provide functions that:

(a) automatically initialize devices,

(b) handle interrupting devices,

(c) handle shared interrupt vectors,

(d) emulate system calls like open, read and write, and

(e) handle devices that may require more than the standard read and write style accesses.

Though the mechanism is modeled after the style found in early versions of Unix, there
are a few significant differences. Each device is essentially modeled as an abstract data
type. on which a few standard operations can be performed. When such a device is opened,
an integer object called a file descriptor is returned whose semantics are close to that
of the conventional Unix file descriptor. This object can be used as an argument to other
operations that are performed on the device.

The standard file descriptor maps to a device structure of the following format:

struct devsi {
char dvname;
int (*dvopen)(); I, open routine */
int (*dvcloso)(); 1* close */
int (*dvread)(); /* read 'I
int (*dvtrite)(); / write */
int (*dvcntl)(); I* ioctl *I
int (*dvinit)(); /* init - probe .1
int (*dvputc)(); I* put a char .I
jnt (*dvgetc)(); /* got a char *I
int (vdvsekJ)(); /* seek *I
int (*dviint)(Y; I* input interrupt routine *I
int (*dvoint)(); /. output interrupt routine .I
char *dvdata; /* device specific data */
char *dvbuf; I* devicq's buffer *"
int dyne; I* device's no /
int *dvcsrs; I, device csr'array 'I
int *dvvectors; /s device's 'vector array */
int dvnumvectors; I. number vectors for a single device*/
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This code fragment shows how a parallel port is opened and configured for further
operation:

int
parallel.port.,startup (board.number)
int board.number;

int fd;
if((fd a open(":mpp", board.number, 2)) < 0){

printf(' 'Couldn't open device?\r\n'');
oxi:(O) ;

/* Reset the board ./
mpp.reset(td);

/* Configure the board to be in raw 16-bit mode /

mpp.config16bit.raw(fd);

/* return the fd, so that the user can use it later ./
return(fd);

}

As the above example illustrates, each device has an open routine and a close routine.

There is one system-specific configuration file that tells the run-time system the types of
devices that may exist. The CONDOR run-time system will, upon startup of each slave
microprocessors determine which of those possible devices are actually present, and initialize
them using their device specific init routines. This is analogous to the probe routine used
by Unix systems.

Device indepenct.t operations like open, read, write, and close are mapped to device

specific routines using the supplied file descriptor and the device switch mapping table. In
addition'. a device-specific buffer is allocated for each opened device, and contains data that
is used internally by the device system. The lower level interrupt routines, which will be

discussed later, operate on these device-specific buffers.
There are a number of operations performed on devices that do not easily fall into the

Unix read and write paradigm. The standard Unix way of handling such unusual devices is
to overload the ioctl -system cill. In the CONDOR system we chose to use the following

conventions to deal with this problem, and in practice, this has proved effective:

1. Device specific routines are uniquely named by prefixing the routine with the name
of the device (for example, a routine fbr configuring the qpp device will be called
mppaonfigure).

2. Routines that are peculiar to a device will take the file descriptor as the first argument
and map it to a device specific structure. Once the mapping has been made the driver
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can perform any necessary operations. This essentially provides entry points into the
device driver through a back door, and bypasses the standard device structure.

The device driver interface also provides the low-level glue for the interrupt mechanisms.
the file server interface, and the buffered input and output libraries.

4.1.1 Interrupts

Another capability that control system architectures require is servicing interrupts in
real-time. These interrupts usually correspond to events that require attention, or periodic
interrupts from timers.

The VME bus provides support for eight levels of prioritized vectored interrupts, and
the Motorola 68020 processor has the capability to support 256 different interrupt vectors.
Interrupts on the VME Bus are vectored, in contrast to the Multibus which typically
supports non-vectored interrupts. The Multibus-II supports a different notion of interrupts
which essentially increases the number of different levels of interrupt available on the bus,
and is in some ways more desirable than the scheme supported by the VME bus. However,
VME bus compatibility with the Sun-3 hardware was considered to be more important.

In real-time control, interrupts can come from a variety of sources: interval timers,
analog to digital and digital to analog converters, parallel and serial devices, etc. A uniform
way in which all interrupts are handled is indispensable in such a system. In Version I
interrupts were handled in a rather ad-hoc fashion. In the CONDOR, all interrupt vectors
map to the same higher level routine. The system has a software data structure that
maps vector numbers to interrupt servicing routines. This data structure is used to map
incoming interrupts to their appropriate servicing routines. This scheme has resulted in a
single assembler routine that services all interrupts.

There are a few complications that the system must handle. A raw interrupt event
must be mapped to a file descriptor corresponding to a device. Since the CONDOR is not
multi-tasking, no distinction exists between system space and user space. When a serial
port interrupts the system, the device generic interrupt handler must determine which serial
driver's.input buffer should receive the character.

The problem is further complicated by shared interrupt vectors, where multiple devices
can interrupt the system with the same interrupt vector. The CONDOR system solves
this complication by maintaining a list of all devices that receive interrupts on a particular
vector. When more than one device uses the same interrupt vector, the CONDOR sys-
tem maps this interrupt vector to a generalized device-level interrupt vector. This routine
searches a list of interested devices and invokes the interrupt routine of each of those devices
one by one, polling the possible choices.

4.2 Message Passing

While device drivers and other utilities provide support for bootstrapping and running
a program on a single processor, the CONDOR message passihg system addresses the issue
of multiple processors and communication between them.
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The message passing system provides a simple and low-overhead manner in which com-
munication of data can occur between multiple processors, and between processes on the
Sun. Since robotic control is always compute bound, a system for communication between
such tasks has to be extremely time-efficient. The primary design goal of the CONDOR
message passing system was therefore efficiency.

Interprocess communication for robotics, as mentioned by Gauthier et al. [1987], has
been tackled ;n a variety of ways. Architectures based on RS-232 serial lines, rely on slow
and primitive forms of communication; More recently, schemes based on parallel ports
and LAN's have begun to appear. Shared memory based schemes are popular in tightly
coupled systems like those described by Chen et al. [1986], while combinations of both
shared memory and message passing have been used in others.

The present system is to a large extent, a redesign of the system described in Narasimhan
et al. (1986]. Although the functionality provided by that system was far greater than that
provided by the present version, the new scheme is much more efficient.

4.2.1 Messages

Since the Ironics processors and the Sun host computer are all bus masters on a common
VME bus, each machine has access to each other's dual-ported memory. Interprocessor com-
munication occurs over the bus and directly uses shared memory. This allows any processor
to directly access data in another processor's memory. The most basic form of interpro-
cessor communication possible would be direct memory reads and writes. Unfortunately,
while this unrestricted access is highly efficient, it is hard to control.

To overcome the problems of unrestricted memory access, a mailbox-based message
passing system is supported. Mailbox interrupts can be thought of as a software extension to
the processor's hardware level interrupts. Another way of thinking about them conceptually
is to regard mailbox numbers as port numbers that map to specific remote procedure calls.

A mailbox interrupt has a vector number and a handler routine. When a particular
mailbox vector arrives, its appropriate handler is invoked. The handler is passed the proces-
sor number that initiated the mailbox interrupt and a one integer data value. This integer
data value is the message's data 2.

The Version I message passing system was substantially more complex. Messages could
be of arbitrary size, and they were addressed to virtual devices that corresponded to the
mailbox handler routines in Version I. These handler routines were assigned to proces-
sors by a preprocessor that took as input an assignment file, that configured the routines
available on each processor. 'The preprocessor then generated a routing table that had to
be linked in with each'program. The routing table mapped a virtual device number to a
processor that could handle the function. The CONDOR redesign was done because the
complexity and the overhead of the earlier system prevented most contro, programs from
using message passing.

An important capability that the Version I implementation. lacked was the ability to
reply to messages. A program could not determine if a particular message succeeded or

'[ntegers are currently any 32 bit data quantity.
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failed. Implementation of messages with replies could be done in the Version I system
through an ad-hoc process. that was very inflexible. The CONDOR provides support
for messages with or without replies. The implementation uses a reverse send from the
recipient processor to the sending processor to acknowledge the receipt of a message. The
implementation has been written carefully to be reentrant so that nested sends will indeed
work correctly.

The following examples illustrate the operation of the message passing system. In the
example, a message will be sent to a handler to read the value of a memory location.
The location to be read is passed to the handler as the data portion of the message. The
reply from the handler is the contents of that memory location. The code fragment for the
handler would be:

simple.dcoder(proc, data)
int proc;
int data;

return(*(unsignod int *)data);

The handler is associated with a vector number using mbozvoctorslt:

mbox.set-.vector(12, simple.decoder, ''A test handler");

Now, any message sent to this processor for vector 12 will be handled by the simpledecoder
handler.

Another processor -can invoke the decoder by using the mboxt.end routine. If the
simpleecoder routine is available on processor 0 one can execute the following piece
of code on any of the processors (including 0 itself) to invoke the service.

value = mbox.send.vith.reply(0, 12, address);

This will, cause the handler that corresponds to the number 12 to be invoked on processor 0
with the second argument being address. The call will not return until the other processor
has responded with the value found at the given address. This call can be used to provide
synchronization. For services that do not require synchronization, and hence do not return
a value, the aboxLend call can be used.

In summary, the following are the key features of the message passing system:

(a, Since message sending happens asynchronously, the execution of a handler resembles
an interrupt. All caveats that apply to interrupts and interrupt handlers also apply
to message handlers.

(b) The base system is extensible in the sense that more complicated protocols can be
built on top of it. For example, the underlying system does'not support queueing of
messages,.although one can easily build one for mailboxes that require this.

(c) Since the message system is based on shared memory, sending long messages is usually
handled by sending a pointer to the beginning of a long piece of data.
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(d) Where efficiency is important. the message handling system can be used to set up
pointers from one processor into another's memory. The processors can read and
write this shared memory, without the minimal overhead of message passing.

Message sending and the invoking of message handlers is implemented using a mailbox
interrupt which is a hardware interrupt that is invoked by writing into a particular memory
location in a processor's memory. This hardware support is critical for the implementa-
tion's efficiency. To protect the integrity of certain critical data structures the test-and-set
instruction is used. It is important that this instruction be supported truly indivisible by
the hardware across the bus.

4.3 Support for Message Passing on the Sun

The Sun development host supports the same primitives for message passing available
on the control microprocessors. Any number of processes on the Sun may communicate
with each of the slave processors using the message passing protocol.

A message that arrives on the Sun must be mapped to a particular Unix process that can
handle it. While each microprocessor is thought of as a single message-receiving processor,
the Sun supports the notion of virtual processors. Each Sun process that receives interrupts
is assigned a unique hardware interrupt vector. Each process on the Sun which participates
in message passing must register itself with the Sun kernel, indicating which hardware
interrupt vector corresponds to its messages. When a slave processor interrupts the Sun
it does so using this vector. The Unix kernel traps on this interrupt vector and signals all
processes that have expressed an interest in receiving the interrupt.

From the Sun, the CONDOR system maps the entire VME 24D32 space into the user
address space of the control process (using the miap system call). Memory references to
any of the control processor's memory, or to the additional one megabyte memory board
allocated in the VME backplane for Sun use, become simple array references. The PROCRAM
macro returns a pointer to the beginning of memory for the particular processor. For
example, to write a value to location 100 in processor 3's memory one would use the
following code:

int *procssor3.ran - (int *)(PROC.RAM(3));
processor3.ram[t00] a value;

The PROCJAM macro is also. used for programs running on controller processors to access
memory of other Ironics processors. The code above would work, in fact, on any processor
in the system.

Table 2 summarizes the performance of the message passing system as benchmarked
by a variety of routines. As can be seen from this table, the performance of the message
passing system is extremely fast between two control processors. The slower speed for
messages sent from the control processors to the Sun host is caused by dverhead present in
the Unix timesharing operating system.

It should be noted that the message rates are not as high as servo rates. Consequently,
messages are used only as signals to start and stop processes or control the flow of com-
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Table 2: Performance of the Message Passing System
3

Type of Operation Msecs/Message Variation (-Msecs)
Ironics to Sun 34 5
Ironics to Sun(R) 38 10
Sun to Ironics 3.9 0
Sun to Ironics(R) 4 0
Ironics to Ironics 0.2 0
Ironics to Ironics(R) 0.25 0

putation and are not used as timing pulses. Servo communication is done using shared
memory structures that are initialized by messages.

4.4 Message Passing and its Implication for Control

Using the facilities provided by the message passing system it is possible to treat a
hierarchical controller as an object-oriented system that responds to control messages. For
example, a low-level joint PID controller could be described as an object that responds
to two different kinds of messages: messages that alter internal parameters like gains and
position set points, and messages that control the execution of the servo loops. Using this
scheme, any processor, including the Sun host, can control the execution of any servo loop
in the system.

4.5 Higher Level Protocols

The CONDOR system requires the concurrent operation of several control microproces-
sors to perform its tasks. Programming such a complex MIMD machine would certainly be
a nightmare were it not for the numerous services that were built on top of the base system
using the message passing facilities. These services are flexible interaction with a number
of slave- microprocessors at a time, provide file server capabilities on the development host,
and symbolic debugging.

4.5.1 Debugging

One of the most important utilities in the system is the symbolic debugger. To imple-
ment a debugger in a flexible manner it was decided to emulate the Unix ptrace system call.
Ptrace is used by Unix debuggers to examine registers. set breakpoints, and control pro-
gram execution of a slave process. Our emulated ptrace is linked into all tontrol programs
as part of the standard library.

The emulated ptrace communicates with the Sun-3. development host using the message
passing system. For example, if the Sun-3 host wishes to examine a control program's
registers. it would send a message down to the processor's ptrace handler. The ptrace
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handler would reply with the desired information. So, the debugging program runs on the
host Sun computer. Only the low level ptrace routine runs on the microprocessors.

By emulating the low level ptrace call, almost all Unix based debuggers can be adapted,
with little modification, to debug programs on the controller microprocessors. Initially,
the Gnu Debugger (GDB) is being used. It provides fully symbolic, C source code level
debugging tools. The debugger not only helps debug higher level application programs, but
has also been used to find low level system bugs.

The debugger can be used in 3 basic modes. The first allows the user to start executing
a program directly under the debugger's control. This mode would be used when a bug
is actively being tracked down, and setting initial break points might be necessesary. The
second mode allows the debugger to be attached to a processor after execution has begun.
For example, if a program were in an infinite loop, the debugger could be attached to the
running program to determine what went wrong. Finally, if a program receives a fatal
exception. for example an addressing error occurred, the debugger can be attached after
the error occurred to help analyze the problem.

Once the debugger has attached to a process on the slave control processor, all the
capabilities of the debugger can be used to debug the program running on the remote host,
just as if it were running on the development host.

4.5.2 File Serving

Control programs may need access to data stored in files, for example. To allow these
types of access, a file server protocol, built using the low level message passing system.
is provided. From a control program point of view, the standard Unix file operations are
available, both buffered and unbuffered. Typically, each file operation results in a message
being sent to the Sun, where a server process performs the equivalent Unix file operation.
The result is then sent back to the microprocessor as a reply.

To make the file server efficient, shared memory is extensively used to avoid copying
data. When a microprocessor performs a read or a write, the file server process running
on the Sun reads or writes the data directly to or from the microprocessor's memory. No
intermediate data copy is required. To perform a read, for example, the microprocessor
would send a message to the Sun giving the address to read the data into, and the number
of bytes to read. The data is directly transferred into the processors buffer.

The file server is designed to operate in a stateless manner. All data necessary is stored
on the microprocessor. The Sun server does cache some information, but if necessary, it
can request the information' from the microprocessor. So, if the Sun file server process is
terminated and restarted, the microprocessor can continue to file serve without problems.

4.5.3 Virtual Terminals

Many microprocessors are used in a CONDOR system. The Sun-3 host computer pro-
vides a window-system based interface to access these computers. One window for terminal
input and output to each computer is provided. A virtual trminal protocol, built using
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the message passing system, routes data between the Sun and the microprocessors. This
avoids the bank of terminals that would otherwise be connected to the real.time controller.

The virtual terminal protocol works in both directions. The Sun can send a message to
a microprocessor that contains an input character. The character is added to the terminal
input queue by the virtual terminal message handler. Each character is sent in one message,
since transfers in this direction are limited by the rate at which a person can type.

Terminal output from a microprocessor to a Sun virtual terminal window is sent in
blocks, not one character at a time. This is done purely for efficiency purposes. The output
message contains a pointer into the terminal driver's memory, and the number of characters
to output.

4.6 The Condor User Interface

Figure 3: The Condor running under the X Window System

The file server, debugger and virtual terminals combined together form the CONDOR
user interface. This program is an X-window system based application that programmers
utilize to interact with the slave microprocessors. The user interface provides one virtual
terminal for each slave processor, it runs a file server, and it can start debuggers. Figure 3
shows the screen of a typical CONDOR user interface session.

5 Conclusion

In this paper, we have presented a multi-microprocessor system architecture that has
been designed explicitly for research in robotics. The hardware- and software systems have
been designed to provide flexibility and ease of maintenance as well as performance. Our
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goals were achieved by decoupling the real-time component of our system from the devel-
opment environment and making sure that each system was highly optimized for its task.
We believe that the CONDOR will form the basis for a new type of standardized robot
controller that will become common in research laboratories. Such a common architecture
will then enable a sharing of work and duplication of results that has not been possible
until now.
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University of California, Berkeley. Ca.94720

Abstract

In this paper, we disccuss several important issues related to the study of dextrous robot
hands: (1) grasp planning, (2) the determination of coordinated control laws with point

contact models, and (3) redundancy resolution. We develop dual notions of grasp stabil-
ity and manipulability and use these notions to formulate grasp quality measures. Based
on the point contact models, we develop a "computed-torque" like control algorithm for
the coordinating manipulation by a multifngered robot hand. The control algorithm
which takes into account both the dynamics of the object and the fingers is shown to be
exponentially stable. Finally, we define the notions of redundant grasps and redundant

hands, and formulate the corresponding redundancy resolution problems.
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1. Introduction:

A new avenue of progress in the area of robotics is the use of a multifingered robot hand for fine

motion manipulation. The versatility of robot hands accrues from the fact that fine motion manipulation can

be accomplished through relatively fast and small motions of the fingers and from the fact that they can be

used on a wide variety of different objects ( obviating the need for a large stockpile of custom end effec-

tors). Several articulated hands such as the JPL/Stanford hand (101, the Utah/MIT hand (191 have recently

been developed to explore problems relating to grasping and manipulation of objects. It is of intest to

note that the coordinated action of multiple robots in a single manufacturing cell may be treated in the

same framework as a multifingered hand.

Grasping and manipulation of objects by a multfingered robot hand is more complicated than the

manipulation of an object rigidly attached to the end of a sx-axi robotic arm for two reana the

kinematic relations between the finger joint motion and the object motion am complicated, and the hand

has to firmly grasp the object during its motion.

The majority of the literature in multifingered hands has dealt with kinematic design of hands and the

automatic generation of stable grasping configurations as also with the use of task requirement as a cri-

terion for choosing grasps ( see for example the references (I - 41, (6 8], (10], (13 - 181). Some of these

references ([2,3,6,12,14,161) have suggested the use of a task specificautio as a criterion for choosing a

grasp, albeit in a some what preliminary form. A few control schemes for the coordination of a

multifingered robot hand or a multiple robot system have been proposed in ([8, 23 - 261). The most

developed scheme is the master-slave methodology ([23.241) for a two-manipulator system. The schemes

developed so far all suffer from the drawback that they either assume rigid attachment of the fingatips to

the object or are open loop. The schemes do not account for an appropriate conact model between the

fingertips and the object.

This paper ueats three fundamental problems in the kinematics and control of multifingered hands:

grasp planning. the determiadon oftcoordinated control laws with point contact models and redundancy

resolution. We develop dual nobons of grasp stability and grasp manipulability and propose a simple pro-

cedure for task modeling. Using the task we then define the structured ( or task-orientedl grasp quality

measures, which are subsequently used for devising a grasp planning alorithm. We. give a basic control

law for the coordinated control of a multifingered robot hand manipulating an object, which takes into.account both the dynamics of the object and the fingers and assumes a point contact modeL Furthermore,

we show that the basic control law can be easily extended to cases when the fingertips roll on the object (

i.e.. rolling motion). Finally, when a robot hand has more degrees of freedom than needed to acomplish the
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main goal, we show how to use these redundancy to acheve additional objectives, such as collision

avoidance, maximizing manipulability measures, or stability measures.

A brief outline of the paper is as follows:

In section 2, we define the grasp map and its associaed effective force domain, and the hand Jaco-

bian. We develop dual generalized force and velocity transformation formulae relating the finger joint

torques and velocities so the generalized force on and generalized velocity of the body being manipulatd

Using dse relations we define stability and manipulability of a grasp. In section 3. we extend our previ-

ous work in (21 to define task oriented measures for gras stability and manipulability. In section 4, we use

the machinery in sections 2 and 3 to develop a new "computed torque-like" contur s heme for the dynamic

coordination of the multifingered robot hand, along with a proof of its convergence. In section 5. we fomu-

late the problem of redundancy resolution for a redundant robot hand.
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2. Kinematics of Multifingered Robot Hands.

In this secton, we discuss a few concepts concerning rigid body motion and the kinematics of a

multifingered robot hand. These subjects are discussed in greater depth in, for example, (1, 2. 4, 5, 211 and

the texts [201 and (22].

Cb Cb

y Y
z .-

Ca 

Y

'P

x .x q

Figure 1. A rigid body in RFigure 2. A rigid body with two body frans.

LetCP,Cb be the two coordinate frms of R3 as shown in Figure 1. Letrap 6 R3 and4A e SO(3)

denote the position and orientation of Ca4 relative to C., and express the mon of Cb relative to C, in

homogeneous representation by

Ihm=[Alp r] e SE(3 (2-1)

We define the translational velocity and the rotational velocity of Cb relative to C. by

v,, = A4,, (2-2a)

and

(alp= S-' (A,. A) (2-2b)

respectively, where the operar S: R'-. T.SO(3) is defined by

S:R 3 
-.. h , (2-3)

which has the property that

S (co) f = co x f for all i& f e R 3 (2-4)

and
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A S(o))A'=S(Ate) forallA e SO(3). (2-5)

The generalized velocity of C relative to C, is of de corm (v4,. w,) and is obtained via

[ 0 c h .AP] (2-6)

Consider now that three coordinate frames CP, C, and C, of R3. as shown in Figure 2, where C, is

fixed relative to Cb, ie..

gib[A ri] and g = 0 (2-7)

then the velocity of C, relative to C, is related to the velocity of C1 relative to C, by the following

transfornion

[v] , AA A (r) ][] (2-8)

To see this. we observe that

SAApA. 4prra =b' (2-9)

from which we obtain that

S ((o€) = (AvA,)'(AApA) = S (AA Wjp) (2-10a)

and

v, =(AAii)' (Aarib + , ) =-Al, S (r o 1,, + A.At. (2-lOb)

Combining (2-iOa) and (2-10b) gives (2-9).

To describe the motion of a rigid body in R3. a coordinate frame (CA), called the body frame, is

attached to its mass center and the motion of the body relative to an initial fhame C. is identified with the

motion of Cb relative to C.. If a second body coordinate frame Ci is introduced the velocities of the rigid

body described using the two body frames are related by the rnamormation (2-9).

In terms of the body frame Cb, we denote the space of (generalized) velocities of the rigid body at

the identity configuration e by TSE(3). The velocity of the rigid body at an arbitrary configuration g E

SE(3) is given by g-j as in (2-7). Dual to T.SE(3) is the space of generalized forces (or wrenches) that

can be exerted on the rigid body, and we denote it by T,SE(3). We can write a generalized force (or a

wrench) q e TSE (3) as
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fbp (2-11)

where fbp, nh, eR 3 are respectively the force and the moment exerted on t body. The work done per

unit time of ni on a generalized velocity (v4,, w4, ) is given by

,,N.r,,[Z] f4 V , +m M41, (2-12)

Similarly, when a second body coordinate frame Ci is used to describe the motion of the rigid body,

we denote the set of generalized forces expressed in the C frame by nip, = (frp M)'. The wrench

transfomation between Tmb = (f4, m4,Y and ip are given by the dual relation of (2-9), using the princi-

ple of virtual work (2-12), as

r1fbP Aib 01 [IP] (-13)

bmp] [SQ'b)A A,;,J [m.1(

(2-9) and its dual (2-13) are the basic vanformation relations to be used in this paper.0

Palml

Figure 3 A three-fingered hand grasping an object.

Figure 3 shows a manipulation system with a three fingered hand, where the coordiitfe hame C, is

fixed to the hand palm.and the coordinate frame Cs is fixed to the ma cener,and oriented so that the

moment of ikewxa mairix of the object is diagonal. Associated with each contact point is a set of contt

frame C,, i = I.... 3, which is choosen so that the z-axis coincides with the inward pointing normal to the

body at the point of contact The fingertip frame is denoted by Cf,i= l,...3.
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In this paper, we use three commonly accepted contact models to model the contact between the

fingertips and the object: (a) a point contact without friction, (b) a point contact with friction, and (c) a soft

finger contact. It is well known that the number of independent finger wrenches that can be applied to the

object through the contact is one for a point contact withu friction (a force in the normal direction), three

for a point contact with friction (a normal force and two frictional components in the tangential directions),

and four for a soft finger contact ( the three independent directions for a point contt with friction along

with a torque in the normal direction) (1, 10].

Let ni be the number of independent contact wrenches that can be applied to the body through the ith

contact and TSE (3) the wrench space of the object. Consider the following definition.

Definitiom 2.1 (contact): A contact on a rigid body is a map Vi: R* -' T SE (3) givn byXi;l I"l I'
V/i : - S(ri,)Ab 2.6 Bi = TI, (2-14)

Here T, is the transformation matrix specified in (2-13), and Bi e R ' is the basis matrix which expresses

the unit contact wrenches in the contact frame ([1.,2.6].

When a multifingered hand consists of k fingers with each finger contacting the object at a point r,

with contact map #i:R^ --+ TSE(3) the grasp map for the hand is defined to be

Definition 2.2 (grasp map): The grasp map for a k -fingered roboA hnd holding an object is a map

G: R - TS*E (3). n = n, given by
iml

G(xI I.'" .zI... x21-"- x .) = W(xi) - +Vi(xk) (2-15)

BI 0... 0 0 x

8 . 0.........[

=.0..........t 0 .. .
................... 0.t

00... 0

Remarks: (1) The grasp map G transforms the applied finger wrenches expressed in the contact frames

into the body wrenches in the body frame.

(2) Since a normal contact force can only be exerted unidirectionally and friction forces are finite

in magnitude of size less than the normal force times the coefficient of friction, the domain of the

grasp map needs to be restricted to a proper subset of R'. For example, for a soft finger contact
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the

effective force domain is
K, (j;t,.. .X,4) e R4. , koX .2 0, +Xi Jx" 2 n 1X.<1 xi

2 1 and 1 A 4 l 1 ):

where $z. Wp are the Coulomb, to friction coefficieMtS respectively. The effective force

domain for a point contact with and without fiction are esily defined similaly and am convex

cones in RI and R' respectively. The effective force domain K for tde grasp map G is the direct

sum of all the force domains of the contacting fingers [21.

(3) Te null space ( 1(G)) of the grasp map G is called the space of internal grasping forces (1,

4.8]. Any applied finger fores in -(G) do not contribute to the motio of the object However,

during the course of manipulation a seA of nonze internal grasping forces is needed to assure

that the grasp is maintained. Usually, die set of desied iniernal grasping forces is higher for

manipulation under an unceain envirnmet than for maupulatio under a known enviroumea.

Both (1) & (81 have prsented detailed discussions on dte opimal choice of manal sping

* forcs

Let the ith finger have n; joints w joint variable denoed by O1= (O, ... ,..Y. The velocity

QI (o fl) of the i di fingerfip fram is related to the ii throgh the finger Jacobian by

N/'] = J(ea)O (2-16)

Now the contact frame C, and die fingertip frame CI, am boaed at the sane point but may lve dif-

ferent orientats. Cansequently, the velocity of the i di fingertip frame C, sen from the itd contact

frame Ci using (2-10) with (ri, =0) is given by

r i EA!4 010 Ai]'i(,)O, "a J,(o,)o, (2-17)

in (2-17) above, A & expresses the the relative orientation of die ith fingertip frame with repect to die i d

contact frame and is given by A if = Ai&'-Ab-l Af,,. On die other hand the motion (v4., 034Y) of the body as

seen from die i th contact frame is given by

* [~~:] = [Ai' -AI'bS(ri)b~ (.8N A r e (nag)

Now, the velociies as specified in (2-17/) and (2-18) are not identical but agree along die directions



-8-77

specified by the basis matrix Bi [, 2, &61. We take this contact constraints into account by insisting that

BIM(O) = B7"[PV: (2-19)a! , o,)= ,4 (06F

Concatenating equation (2-19) for i = 1 ,k, and defining the hand Jacobian J' (0) by

JA () = B' J (0) (2-20)

we obtain

J, (0)0= B'J (0)0 = G' I[(P (2-21)

where

'A'I(GI) 0 0 •0 J2(02) 91

J(0) = 0= . (2-22)

o 0 J(01)

and ' is the transpose of the grasp map defined in (2-15).

Equation (2-21) is the equation relating the joint velocities to the body velocity. The dual of equa-

tion (2-21) is an equation relating the joint torques of the finges to the body wrench. We define Bi ' e R6

to be the finger wrench expressed in the i th contact frame with the x, e R representing the vector of

applied finger wrenches. By the Principle of Virtual Work the resulting joint torque vector ci e R" is

related to Bix by

', = J,(e. )8, (2-23)

Aggregating this equation for i=1,2, • k we get

k

It = J'(O)Bz=JA(9)x with te R", xe R*, and m= m;. (2-24)

Also, as we have seen from the defitnition of the grasp map G in (2-15. tha the body wrench (4k. and

m, respectively) is given by

f f* = Gx(2-25)

We claim that the equations (2-24),(2-25) are a dual of the equation (2-21). To make the duality more

cxplicit, we define
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X (YP XG R4 (2-26)

Then we may summarize the equations in the following table (see also Figure 4)

Force Torque Relations Velocity Relations

Body to Fingertip f = Gx X = G'

Fingertip to Joints v=A.(O)x i(GA) =

Joint Contact Object

J(9) G

Focc1orque r space xs

Space J(e) R)G 1 )

Figure 4. The fowxforqe and velocity trnsformaton relations.

The following dual definitions are now intuitive.

Definition 23 (Stability and Manipulability ot a Grasp) Consider a grasp by a multifingered hand with

k fingers each having m joints, i=1, " k and with fingertips having contacts with n1 degrees offreedom,

i= 1, - k. Let 0 e R r, e " represent the joint angles and torques respectively. Then:

(i) The grasp is said to be stable ifofor every wrench (f1, m4,) applied to the body. here edsts a

choice of joint torque c to balance it.

(ii) The grasp is said to be manipulable if for every motion of the body. 'pecfied by(v4 ,co )',

there exist a choice ofjoint velocity 0 to impart this motion without brealang contact.
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Grasp stability and manipulability are now easily characieriz d for a given position of the fingers by

Propositio 2.4: (i) A grasp is stable if and only i G is onto. i.e. the range space of G is the entire R'.

(ii) A grasp is manipulable f and only ifR( JN (0)) : R( G' ). where R(-) denotes the range space of.

Remark The conditions (i) and (ii) superficially appear to be distinct, but they are related Let us begin by

examining the implicatiom of condition (i) on grasp manipulability.

Con 4der Figure 4 focusing atteion especially on the two orthogonal direct sum decompositions of

R" given by

R" = R(G')@ q(G) (2-27)

= R(J ) (0)) 11(0))

If G is onto. then equation (2-25) has a solution. Furthermore, the solution will be unique in the range

space of G' (the least norm solution of (2-25)). If for some body wrench them exists an x that needs zo

joint torque, then R (Gt ) n vq(J%(O)) * # and consequently the condition R (J, (0)) ) R (G') fails. This

implies that the grasp is not manipulable.

For the convene, consider the implication of condition (ii) on grasp stability. Suppose that R (Q%)

R (G') and there exists a body velocity (vbp, o) which produc s zero X and consequently zero 0, then

i1(G') * * and therefore G can not be onto. This implies that the grasp is not stable.

To give simple examples to illustrate the foregoing comments, it is of interest to specialize the

definitions to the plane. For grasping in the x-y plane, the only forces and torques that need to be con-

sidered are (f.,f, n%)' e R3 and the velocities (v, v,, o),)' e R3. Figure 5 now shows a plaar two

fingered grasp which is stable but not manipulable. The two fingers are one jointed and the contacts are

point contacts with friction. A force f. can be resisted with no joint torque .,r2. However the grasp is not

manipulable, since a y-direction velocity on the body cannot be accommodated.
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(a) (b)

Figure 5: A stable but not manipulable grasp Figue 6: A manipulabl but not stabl grasp

Figure 6 shows a grasp of a body in R3 by two three jointed fingers. The contlsar -lpin contacts

with ftictio. The grasp is manipulable. since 'A (9) has rank 6, though th~e object can spa arund the axis
n -n with zero joint velocities 0. However the grasp is not stable since a body torque; about the axis n-,a

cannot be resisted by any combination of joint torques.

In view of the jreceedig discussion, we wili requir the grasp to be bodh mniplabe and stable.
*i..,

R() -. R and R((b()))=R(G') (2-2)

Condition (i) suffers from the drawback that the fore6 domain is left completely unco stained. As

we gue seen eagir the fofces are costrained to lie in a convex cotw K. taking inw accomt the unidirct-

tionality o. The contact forces, fimnie friction, etc. in which case te image of R(nI) under G should
cover allofR. f we gene lize thepreviousdefnitiostbfo snallyde fe a taspo be t a=(G, KJt ())

we he the modified sability and manipulability conditions of a grasp by

Corollary 2-5: A grasp wader waisense and fin te fictonal forces is both stable and m apW iadsablef

G(K R(J) )- R and R (J)) R(G') (2.2-19)

0
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3. Grasp Planning

Typical tasks associated with multifingered robot hands include scribing, inserting a peg into a hole,

assembly operations and etc. Common to these tasks are &be fact that the robot hand must manipulate an

object fom one configuration to another, while exerting a set of desired contact forces on the eimn~ MenL

Successful execution of such tasks amounts to having the robot hand perform a sequence of operatios: (1)

selecting a "good" grasp on the object, and (2) using the cooperative action of the fingers to control the

objec. As we can see that the first operation is essential to the execution of the task. For example, if a

pencil is not grasped at the right position and with the right postim of the fingers, it will be extremely

difficult to perform a scribing task. In this section we study how to generate a "good" grasp for a given task

and in the next section we study how to manipulate the object with the cooperative action of the fingers.

Existing approaches to characterize a grasp include the "fuzzy" approich, which describes a grasp in

linqvrstic variables such as a "power grasp", a " precision grasp, or a "lateral VWa . and e., for more

details see [29, 11], and the "nonfuzzy" approach, which describes a grasp in terms of some given criteria

such as stability and objective functions ([2, 10]). In thi seco we will study grasp planning beed on the

second approach only.

In the literature various stability criteria used to characterize a grasp have been proposed and studied

extensively [3, 10, 13]. But, in many cases such a criterion is too rough as it may generate a large number

of stable grasps to a given object. For example, for a pencil ther exist infinitely many choices of stable

grasps, and while some ae satisfactory for the scribing task %ome othes ae not. To solve this problem,

additional criteria have been proposed in [2 & 17], for example the minimum singular value of the grasp

matrix G, the determinant of OG' [2], and some objective functios defined in [17].

After investigating human grusps, the author in [61 has suggested using the task requirement as the

criterion for evaluating a grasp. Several other researchers also have had studies in incorporating the task

requirement into the selection of a grasp. In [3, 15] a task is modeled by a desired compliance matrix and

the final grasp is then required to haive the desired compliance poperty. In [161 a tuk is modeled by a

desired inertia matrix about some operating point, and the final grasp is required to have the desired inertia

property at the operating point. In [2] a task is modeled by an ellipsoid, called thetask ell'isoid. in the

wrench space of the object, and the final grasp is required to maximize the task ellipsoid wiih ur. control

effort. While all the above three approaches were concernd with the slection oa task onited owh.'rudil

grasp, the nature of the tasks addressed among them am diffeMn. In (3, 15] ie tasks we q'az static id

the system potential energy is assumed to dominate the kinetic energy. In [161 the tasks ae po.rry dynamic

and the inertia property rathe than the compliance property is the main concern in the grasp selection
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. process. On the other hand, the approach via [2] does apply to both classes of tasks, but it lacks the level of

generality in the sense that only the wrench space and the grasp map G were considered in the optimiza-

tion process.

In this section, we extend the work of (2] to consider in the selection process the aggregated behavior

of Q - (G, K. Jh) in both the wrench space and the twist space. Task modeling by task ellipsoids will take

place in both the wrench space and the twist space. As in (21 the methodology of modeling a task is to asso-

ciaw each task one ellipsoid (A.) in the wrench space and another ellipsoid (Bp) in the twist space. The

shape of the ellipsoid A, ( B respectively) reflects the relative force requirement ( or the motion require-

ment) of the task. For example, if the relative force requirement in a certain direction, such as the normal

direction of the grinding application with a grinding tool, is high the task ellipsoid A, then is shaped long

in that direction. To demonstrate the precise implications of the methodology we study task modeling for

the following two tasks.

Example 3-1: Consider the peg insertion task depicted in Figure 7 where the robot grasps the wokpiece

and inserts it into the hole.

In order to execute the task, a nominal ujectory is planned before grasping. After grasping the hand

Ofollows the planned trajectory until some misalignment of the peg causes the objec to dreat ftm the

nominal trajectory and collide with the environmen.

CP

Figure 7 Peg-in-hole uk.

With the body coordirne chosen as shown, the likehood of coilisi6n fo es-in eeah. fome direction

of decreasing order would be -,., f ±. ±,3 , n , +a .,." if we denot by (r,)j6. the ratio of

maximum expected collision forces in each direction, we obam a set A~ parmnetrized by c e [0. -), in.the wrench space space of the object by

=+C' 12) 82(fc)2 _ 4 ' -c2 )2 + L 2

4cz{ r2e R. ;, ,2 2 + , + (3.0-1a)
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where the constant c I reflects die offset of maximum expected collision farce between +fy and -fy dimec-

tions, and c2 reflects the gravitational force on the object. The set A a is an ellipsoid in the wrnch space

centered at (0, c 1., c2. 0, 0. 0). with die principal axes given by the generalized force d4ections. and axes

lengths by the coresponding ratios r,. The size of the ellipsoid is scaled by the parameter c.

By appopriately assigning a set of values to the constants (ri, i-i, ... 6) and (ci, i-l. 2) we can

decide on the shape of the ellipsoid so that it reflects the task mquirement in the wrench space. In potcu-

Jar, the peg inertion task requires that (r, rj) whenever i aj and c It be large when collision forces in

+fy direction are very unlikely.

On the other hand, since the peg inserton ask requires precise pesitioning the rasp should provide

good manipulation capability ( or dexterty) in certain directions. Fm, in the v. drection rlatively large

motion is needed. Then, the grasp should be very sensitive in wa, v, and v. directions. If we model by

(80)j. the ratio of relative maximum motion rquirement among the six generalized velocity directions we

obtain an ellipsoid B p in the twist space, paramecrized by 0 e (0,-), define by

v. . ? - .a +-<R (3.0-1b)82 61 8 842 8? 8

The shape of Bp reflects the task requirement in the twist spce. In this cue 82, 63 and 84 we reltively

larger than the other consuits. Precise values of these contmats can be obtained fom experiments or

experience thumgh error-and-trial procedures.

Example 3-3: Consider the task of scribing with a penciL Human experience tells us diat, in order to exe-

cute the task efficiendy. the grasp should provide, (1) good dexterity at the lead and (2) sufficient normal

forces. With the body coordinate shown in the figure, the task requirement can be mnislamed into require-

ments on the two task ellipsoids by (a) the task ellipsoid Bip in the twist space shoud be long in my and a),

directions and flat in the other directions and (b) the task ellipsoid A, in the wrench space should be long

in f, direction and then ", and ', directions. Applying this reasoning we obtain in (3.0-2) two task ellip-

soids A, and Bp that describe the relative force and velocity ratios of the task.
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z

Figure 8. A scribing task.

ri )' 32 , +  ,-r63.-,

Wrench Space Task Ellipsoid

f 6V. + 2 +, 2L2~
B= (V.. R +2!t + 2!t" p2 (3.0-2b)

Twist Space Task Ellipsoid

To conclude these examples, we emphasize that to each task we can associate two task ellipsoids,

one in the wrench space that represeits the relative force requirement and the other in the twist spe that

represents the relative motion requirement of the tasI. The constants (ri, 8,, ci) that determine shapes of

these ellipsoids'can be obtained from experiments or from experience with similar tasks. Hence, we need to

store in a library a set of ellipsoid data for a set of interesting tasks, which usually involves considerable

modeling effort.

There are also other appoaches to develop task ellipsoids. For example, if stiffness control is used

for the hand, then the maximum expected positional uncertainies in each of the task direction may be

used to scale the axis of Bp. Also, during parts mating, jamming can be avoided if certain cotaints on the

ratios of the contact forces are satisfied ([Whimeyl), using these conswaints on the'force rWos to scale the

ellipsoid A. is another approach.

Generalizing from these examples we will assume that the task is modeled by generalized ellipsoids

A0 ( wrench space) and 8 p ( twist space ) of the form
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Aa={ .Ax +c sch thw x, R6.', IxI I S1,andA Re } (3.0-3a)

and

Bp= x +d, such that x,d e R'6, I lxi I l,andB e R } (3.0-3 )

where the strucuire matrices A. B are given by

[! ... 0 U1

A Ul,""- U] mU E U1. Uj eR6, ai0,:=0 ,"" 6. (3.0-4a)

and

81 ... 0 UI]

B= U," U.] I U AU', U eR",6 >,i=Z ,.-. 6. (3.0-4b)

Here. Ui, (i 1. ... 6.) is the task direction expressed in the body coordinates (see Section 2) and a, (or 8 i

) is the relative importance ratio in the wrench space ( and the twist space respectively) at direcion V. The

constant c. d e R6 is calied center of the task ellipsoid Ag , B p respectively. In the following develop-

ment, we may assume without loss of generality that c - d = 0. namely the task ellipsoids we all centered at

the origin. When the structure matrix, say A. is nonsinguLar an alternative expression of A. may be

obtained as

A,={yeR6,such that <y-c, r2(A A'r (y-c)>sl

where <., > denotes the inner product in R.

When stiffness control is.used forthe hand, a is related toSi byav =s "Si, whereK K is the desired

stiffness in direction U,. On the other hand; when hybrid position/force control is used for the hand. , - 0

if direction U is position controlled and 8i = 0 if direction U is force controlled. Consequently. we see

that our approach to task modeling applies to very general tasks.

3. 1. The Structured Quality Measures for Grasp Planning

We have shown that a grasp Q = (G. K. J1) contains information about the locations of the fingertips

on the object (G and K) and the postures of the fingers (JI). Also, we have modeled the task by two
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ellipsoids A, and Bp. We now integrae these concepts to develop two quality measures for a grasp, oI and

8i are related by cri =-Ki Si one in the twis space and the oer in the wrench space.

Definitio 3-S (The Structuured Twist Space Quality Measure ;): Following the previous notation we

let 0'* a R denote the unit ball in R , the space offinger joint velocities, and define the structured twist

space quality measure ;, (0) of Q by

l4(Q)=sup{ IP suchdiatJ,(O')' G'(Bp)} (3.1-1)

The geometric meaning of ;4( 12) is as follows( see Figure 9 ): the unit ball OI in the finger joint

velocity space is mapped into the space of fingertip velocity by J%. On th other hand, a task ellipsoid B p

in the twist space is mapped back into the fingertip velocity space by G'; 14 ( 0) is then the largest [ such

that G'(B) is contained in Jh(O'). From a thereical point of view. 1(0) is the rao of the sw-

tured" owpwu ( ie.. the task ellipsoid) over the input ( i.e., the finger joint velocity). We alo see from the

figure thai 14(1) is at its maximum if the inm ellipsoid has the sa shape and orienatoo as the outer

elipsoid.

joint Contact Object

?2  
X2 ... G . ..."a1

velocity e,4
Space / '

Figure 9 Geometric interpretation of 4.

Definition 3-6 (The Structured Wrench Space Quality Measure p): Let 0 c RA be the unit ball in

the finger wrench space and cr,.(Jh%) the mazziun singular value oftJh. We difin the structured

wrench space quality measure It., of 0 by

P.,,)= -sup Izsuch thatG (010 nK )m AskaLJ) (3.l2)
I a. 1,J

Remark: The geometric meaning of (3.1-2) can be interpreked as follows (see Figure 10 ):-The firt term is

the largest a such that A, can be emdedded in G( 01) ( the output), and the second term is the

largest input torque required to generate the finger wrench 01 ( the input). The structued quality

0 measure (3.1-2) is given by the gain factor (output/input).



87
- 18- 87

Joint Conuact Object

04 G f

Farcerarquc -

Space -,,- O ....... .. . .
7eSE(3)

Figure 10 Geomeaic interetaion of p,,.

These quality mes.ures defined in (3.1-1) and (3.1-2) pirovide useful chrmcerizaion of a grasp.

Clearly, we cn say that a grasp Q is a good prap with respect to a given wa, modeled by A, and Bp if it

has higher strucued quaity measures ; and p,, than other candidate grasps But due io unidirectionality

and finite fritional foas as reflected by K. which is usually a popa" subset of R . it is difficult to evalu-

ate (3.1-2). To simplify this problem we will assume that K = R' and emplor the propertes of (3.1-1) and

.(3.1-2) further.

Proposition 3-7: Under ihe asumption that K =R' the strucured quality measures (3.1-1) and (3.1-2)

are given by

S' G (j JL)-' G5 } (3.1-3)

and

M()= A (G GY)"A} .aL_.(J,) (3.1-4)

Proof of (3.1-3). Using the following expression

JA(Or)={YER.<Y. (JI J%)-' y> l} (3.1-5)

and

G'(B)={ GI Bx, xeR', IlxI I1} (3.1-6)

in (3.1-1) and notice that G'(Bp) cJ(O') if and only if

< OG' Bx, (J, Jy')-1 G'Bx >5 1, for a/l I x1 I SI (3.1-7)

In particular. (3.1. 7) must hold for

DZ <G'Bx. (J-Ji)-G'Bx > = 2 sU < x. (G'B)'(1 4J)-l G'Bx >5 <1 (3.1-8)
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which is equivalent to

_s_;.1 B'G (4k J)-' G'B } (3.1-9)

But by (3.1-1) we want the largest 0 such that (3.1-7) is true, hence we have (3.1-3).

The proof of (3.1-4) follows immediately.

Remark: The quality measures given here can be easily evaluated using singular value decomposition

data of a matrix. If we alsp want to consider the manipulability of a grasp in a certain direction,

say U (see Figure 9), we may simply apply Ui to (3.1-7) and obtain that

S=< G'B U,. (ii i4'G' B Ui> -V 2 -=,'l G' U,, (4 .J')-4 G' Ui >- m'  (3.1-10)

Here, P measures teh effectiveness of the grasp in imparting moton a direction U, and a simi-

lar relation holds for the stability measure.

The reader may also compare these definitions specialized to a single manipula, where G - den-

ity, with these of [12]. Notice that (3.1-3) and (3.1-4) exhibit an inteesting dual reladon i the following

sense: let the task ellipsoids be the unit balls, if we hold G constant but vary J then ;4 (Q) is directly pro-

positional to o-m(4), and p,,(0) is inversely propositional t o,,(h). On the other hind, if we hold 'A

constant but vary G then j () is directly propositional to a.i.(G) and p(Q) is inversely propositional to

r.,(G). This observation implies that to a ceratin point it is in general not possible to increase the two

quality measures simultaneously by varying G and fl. Namely, increasing one quality measure will

sacrife the other. For instance, if we select a "power grasp" in the scribing task, i.. a grasp with high

quality measure in the wrench space, then the grasp will be very inefficient in impating motion at the pen-

cil lead. Conversely, if we choose a" precision grasp " with high quality measue in the twist space the

grasp will be very poor in rejecting disturbance forces. The objective of grasp pluming. therefoe, is to

search for a grasp which maximizes some performance measure (PM) defined by

- . .(Q)] . [ p(QI T. ye [0, 11 (3.1-11)

Here, y is called the selection parameter. y> 0.5 indicates that the task is motion oriented and y< 0.5 indi-

cates that the task is force oriented. A grasp that maximizes PM with y close to 1 will be a" precision

grasp" and a grasp that maximizes Pm with y close to 0 will be a "power grasp". Moe generally, a grasp

chat maximizes with y close to 0.5 will be both stable and manipulable. Depending on the nature of the task

we can set the parameter y so that the final grasp satisfies the task requiremen. Consequently, y should also

be included as a modeling variable of the task.
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To plan for the final prasp, we can in principle use PM. gemoeu/ of the object and sructures of the

hand to formulate the coresponding optimiai problem ( see [2] for details ) and by solving this opimi-

zazion problem we obtain the final asp. However. simulmneously placing all k fingers optimally usually

involves considerable computation and is thus impractical. For example, for a three fingered hand with

three jointed fingers the optimization problem involves 27 variables.

To simplify this problem, we observe that a hunan usually plans grasp by sequentially placing his

fingers around the periphery of the object. Mimicking this procedure we arrive at the following suboptimal

algorithm for grasp plannin paLce fingers one after another on the object penphey uasing the constraint

that the objective function PM be madmiz.

For this, we assume that the stuctred stability measures (3.1-4) is the only objective, i.e., PM with y

1, and the task is defined in (3.0-3a). Defin two sequence of matric by:

Go=0 Jo=0

G1(rb) = [ T#,(r,)B I J,= [B1 J(O)]

Gi (rib)--T1,B1 .... ,_l-. T1(rj&)Bj I ndJi =diag {J, ..... Jj-1.alfJj(Oi))

G A , ( r i o ) = [ T / ,B T f.. . , ( r ) B k , ] .= d o g { ...B J e )

where rt belongs to the periphery. aO, of the object. G,(ra,) is seen to be the Spup matrix of the first i

fingers and depends on rb if the previous i-I fingers have been located. J, is the hand Jacobim of the first

i fingers. Clearly, the following holds

a-..(kJ)= max 1( B,(9,)

i 4 t1.k)

Thus, the finger joint variable can be.chosen separately from the finger locations. Consequently, the only

objective here is solve for rb assuming rb ... r 1 , have been chosen. For this we consider two separate

cases: rank ( Gi-1) <6 and rank (Gi-) =6.

If rank( G _ ) <6, then Gi(ri) may not be of full rank and (3.1-4) is not well defined (consider

what happens for i=l). Hence, we can not use the objective function (3.1-4) to'solve for ri. Let ra e

aprtialO and we decompose Gi (rb) according to

S] ... 0 ... 0
G, (rb) = V , ...V 0 0 S,6 1.s, n, and p , > ,> ( .- 2
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where tj = nk(Gi(rib)), and pi.j - I. ... ti is the nonzero singular value of Gi(pi). We will refer to Vj,

which corresponds to the j-th largest singular value of G,, as the j-th princial axis.

Gi maps the unit ball O ofR & to an ellipsoid of R. The length of intersection of Vi,j= 1 ...

with the unit task ellipsoid A I is given by (see Figure 11)

Wj =< Vj , (A Ai) - , Vi :, - 12 (3.1-13)

z2

I 

A

Y 2

V,

Figure II

wi is maximized if V, coincides with the first principal axis of A, i.e., the principal axis with the largest

singular value.

Define a function 1 : G8(ri) -+ R. by

16

q: Gi(rib) - R.. Y(Gi(ri)) -I p " wi (3.1-14)
i-I

which measures the "resemblance" of the ellipsoid Gi (rXOi ) to the ellipsoid A, and can be thought of

as a generalizaion of Definition 3-& Apparently, il is maximum when VI coincides with the first principal

axis of A 1, and V2 coincides with the second principal axis of A 1. and so on for Vi , j - 3... ti. For a spe-

cial case consider i-I and a model of point contact without friction. 1 is maximized if the normal force

vector applied by the fingertip aligns with. the first principal axis of A,. In other words, the applied finger

force is in the direction of worst task requirement. In general, due to the constraints on the swuctures of G.

we can not achieve the global maximum. But clearly, the optimal choice of r., is to m i1 while sty-

ing on te periphery of the object.

If rank (G-) = 6; we then solve for rib by maximizing die objective function PM. (3.1-4).

Generalizing the preceeding discussions, we formalize the suboptimal algorithm as follows:

For i =1 ... k, do

If rank (G,j 1) < 6. then compute r, by solving
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MaximWe i1(G (ri)) (3.1-15)
P. 4 80

If rank ( G5-) -6. then compute ra by solving

NMxzWe 0;112A 131-6
a O 4(G (r ) Gi (ri)')A} (3.1-16)

Remark: (1) The computation involved in (3.1-15) and (3.1-16) is consideuably simplified than a in te

previous paper ([2]). Each stp the optimizatio problem is with respect to a single vector rb e

R 3 r oV and there are numerically efficient algorithms ([30]) for these problems.

(2) Generalizing this suboptimal algoritln to PM with y e (0, 1) will enable us selecting both

stable and manupulable grups.

Part of our current effot is to develop and implement this algolithm and extend it to PM with y e (0,

1). Here, we present a simple example io illustute the proceeding discusions.

Example 34: Consider again the planr Peg-in-Hole task, shown in Filme 12. For simplicity we asume

that the body oriemation coincides with the orientation of C.. kence the tsk directin maim U expressed

inCa is given by U I e R3.

Figure 12. Plamr peg-n-hole rusk.

To execute the task stiffness control is used for the hand ([28]) and we assume that the desired suffnes

matrix is given by

K .oo 0 1 [, 0

K= 0 OKY 0 = 0 7 0] (3.-170 - K@ 00 0

From [281 and Example 3-1 we model the task by

U =1 -R 30, 1: =diag {4, .. 2}, Adias{ 0.8.0.70.02} K1 (3.1-18)
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With this task modeling the objective is to search for grasps that maximize quality measures (3.1-3) and

(3.1-4).

Let the contact be modeled as a point contact with friction, the block width and the finger spacing be

2. To simplify the problem further we make additional assumptions: G is fixed as in the figure and the

object is constrained to move vertically. This leaves the system with a single degree of freedom. Let 01,

be dhe generalized coordinate of the system and we study bow 01 affecting the smuntcrd grasp quality

measures

As shown in the figure. the grasp matrix is given by

0 -1 0-1

and the hand Jacobian JA, is

., [0 2] (3.1-20)

where

cos a -sincL1 -sinGl, - sin(911 + 02) -sin(0 + O12)] (3.1-21)

1 Sina COsa COSOIO11 cS(911+012) cos0+~

and

J=-cos z sina [-SbAiG - sin(8n1 - G1) sin(0 -0=1 (M.-22)
- sinat - cosa L cos= + cosS( 2 - 022) - cos(01 + 022) ]

Vhere ot is the orientation angle of the object. The previous assumptions impose the following constraints:

a = O, 12 = X - 201 1 21  x -01 1 ,and 01 1 - On - x - (011 + 012). Figure 12b shows plots of the quality

measures and the perfomu measure ( Y = 0.5 ) as functions of t 1. The suctured measure-p (0) and

PM attain their maximum at , - 0.475 radian (27* degree). Since G is held constant the task stwacmes

have no effect on p., which is still iversely propositiorad to a,(J). Clearly, the optimal posture ( or

grasp) is 011 = 27.
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4. Coordinated Control of a Multifingered Hand

In this section, we develop control algorithms for the coordinated control of a mutifingered robot

hand. The goal of the control scheme is to specify a set of control inputs for the finger motors so that the

gripped object undergoes a desired body motion while exerting a set of desired contact forces on thrc

environment.

Previous researchers have suggested the so-called "master-slave" control methodology for two robot

manipulators (see, for e.g. (23, 24]). Others have generalized this method to a group of several manipula-

tors (or a multifingered robot hand) (25]. In [81, (261 alternmtive approaches have also been proposed. The

principal drawbacks associated with most existing schemes ([261, [231 & (241) are the fact that they have

all asswmed rigid attachment of the fingertips to the target object. Consequendy, in order to impart motion

on the object each finger needs to be six jointed. This contradicts the reality that most developed robot

hands have three or less Joints for each finger. On the other hand, the scheme proposed as in [8] was open

loop and did not take the finger dynamics into account. For many industrial applications associated with a

multifingered robot hand, such as micro-manipulation (e.g. chip insertion), hand ineruas are often compati-

ble to that of the target object. Neglecting hand inertas in the control law, especially in a coordinated mul-

tiple robotic system, may introduce significant errors and possibly instability to the system.

The control scheme we develop in this section, which is based on a generalization of the computed

torque methodology, will obviate most problems associated with the previou approaches. Namely, it will

have the following desirable features: (1) it assunis a point contact model. (2) it takes hand dyamics into

account. (3) it realizes both the desired position trajectory and the desired internal grasping force trajec-

tory. and (4) it can be easily extended to permit rolling motion of the fingertips on the object. The last pro-

perty can be appreciated when we study fine manipulation of an object within the hand.

Without loss of generality, we may assume that the desired task is: (1) to manipulate the object along

the following prespecified trajectory

) 1 j e SE(3) (4.0-I)

and (2) to maintain a set of desired internal grasping forces during the course of nanipulatiom Even though

a grasp chosen based on the preceeding discussions may significantly benefit the comoklfrom an energy

stand point of view, we only need the following simple assumption about the grasp:.

(AI): The grasp is both stable and manipulable (see Corollary 2-6).
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A necessary condition for (Al) to hold is that both the rasp map G and the hand Jacobian

JA(0) =B'J(e) be of full rank. From Section 2.2, we know that in order to maintain the contact during

manipulation the finger joint velocity 0 and the object velocity [vL,,c ,]' must satisfy the following velo-

city constraint relation:

(0)4 = G[ p](4.0-2)

Differentiating (4.0-2), we obtain the following acceleration constraint equation

J,(O)O+JA(B)O - Gr [, (4.0-3)

Since R(JA(0))zR(G') by assumption (Al), we may express the joint acceleraion 8 in tems of the

object acceleration [v,.4]' by

hG = -J . + 6. (4.0-4)

her J,*=.-(JhJLY' is the genealied inverse of J, and i.e (Jh) is the internal motion of redunda

joints not affecting the object motion.

Remark: (1) Using (4.0-4) we can develop the control algorithm in the operationa space of the body being

manipulated. But if we express the object acceleration in terms of 8 by

[v.~'= (GG'Yr, vJ i+ i. )

we can develop a control algorithm in the joint spie of the fingers. In future work we will con-

sider this alternative since it appears to hold some interesting and different possibilities.

(2) When J, is square, its genemlized inverse 44% is just the usual inverse, and i. disappears from

(4.0-4). This also implies that the joint motion is determined uniquely by the motion of the

object.

The dynamics of the object are given by the Newton-Euler equations

[o ;]{'.:] r,,,,.- , [ ]
+ [n0"[ "]b = L m~,J (4.0-5)0 ~p+ [ I04r*JWO e

where m e R3X 3 is the diagonal matrix with the object mais in the diagon, e R3 is the object inertia

matix with respect to the body coordinates, and V'. m' I' L fthe applied body wiench in the body coordi-

nates which is also related to the applied finger wrench xeR" through

O~x f (4.0-6)L" <--°j
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Since we have assumed that the grasp is stable, i.e., G is onto, we may solve (4.0-6) as

G*fP+X (4.0-7)

where G = G'(GG' , is the left inverse of G, and x, e il(G) is the internal grasping force. Pan of the

control objective is to steer the internal grasping force x, to a certain desired value x, A e I(G).

Combining (4.0-5) and (4.0-7) yields

= o 1] [ + p + + X, (4.0-8)

4.1. The Control Algorithm

The dynamics of te i th finger manipulator is given by

Mi ( 6i) + Ni (0.6j.) = i - J(Oi)Bix (4.1-1)

Here, as is common in the literare Mi (Oi)ER *  is the moment of inertia matx of the itl finger manipu-

lator, Ni(O ,.O)eRA the centrifugal. Coriolis and gravitational force terms. c, the vecur of joint torque

inputs and BAx e R6 the vector of applied finger wrenches. Define

(M) 0 0 N1(01,01) lr
0 M2(D-

M(O)= , N(0,)= " and (4.1-2)

o A (91 MNo L (e', .k)J

Then, the finger dynamics can be grouped to yield

M (e)i + N (e,e) = -eY x (4.1-3)

The control objective is to specify a set of joint torque inputs T so that both the desired body motion

gb, 4 () and th desird internl grasping force xa are realized.

Since SO(3) is a compact thrde dimensional manifold, we may locally paramerize it by eithe the

Euler angles, the Pitch-oll-yaw variables [20,221, or the exponential coordinates ((221). Let

Op = (01,02,03]' be a parametrization of SO(3), we can express ft body trajectorygjJ() as

gbp(t)= Ab(0. )) e SO(3)xR' (4.1-4)

and the body velocity as
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vbp (t) = U ( , ( 1) ) (4.1-5)

where U(,(t).rb,(t))R.R"' is a parametization dependent matix a relates the ivatives of the

parameterization to the body velocity. DifferentiaLing (4.1-5) yields

[vi,Q)] = LH~ . *p,()1

Theorem 4-1: Assume that (Al) holds and that the fingers are nonredudant. i.e.. N = ni. for

S= ... k. Define the position error e. E R 6 to be
r r,,, r,,.] (.-7)

= Ib, ] (4.1-,)

where [rb,, 40, ] is the desired body trajectory, and the internal grasping force error •f E R 4 to be

e/ = XO (4.1-8)

where x. 4 is the desired internal grasping force. Then, the control law specified by (4.1-9) realizes not

only the desired body trajectory but also the desired internal grasping force.

[=b~fZ _ M(O)jJ5 jAG+MA1~ ' (4.1-9a)

+ Jj. ( I.. , fe, ) + M { [A UK, i Kpe,

where

;M 0
M, = M(O).4'G' + J '],G+  (4.1-9b)

and K, is a martix that maps any vector in the nill space of G into the null space of G.

Remarks: (1). (4.1-9) can be generalized to the redundant case and the results are given in Appendix A.

(2) The first four components in (4.1-9a) are used for cancellation of Coriolis, gravitational and

centrifugal forces. These terms behave exactly like the nonlinearity cancellation terms in the

computed torque control for a single manipulator, the term J. (x.., - K, fe,) is the compensation

for the internal grasping force loop, and the last term is the compensation ior the position loop.

We will see in the proof that the dynamics of the internal grasping forte l6op and that of the posi-

tion loop are mutually decoupled. Consequently. we can design the force error integral gain KI

indcpendendy from the position feedback gains K, and K,.
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(3) In the presence of suction and frictional forces, i feedforward compensation can be used in

(4.1-9). This has been shown to be very successful in implementing the control law on the Berke-

ley hand.

Proof:

The proof is very procedural and straightforward. First, we substitute (4.0-4) and (4.0-8) into (4.1-3)

to get

M (0 J;"G' EA O ;.bp] +hA0 N (0.4) J,( i~ G[ + 1 [0 + [Zlb }-Jx

(4.1-10)

Note that in (4.0-4) the generalized inverse for non-redundant fingers reduces to the regular inverse

J;- and e. = 0. If we choose the following conuol in (4.1-10)

r = N(l+9i] e' , , _+ (4.1-11)

where " is to be determined, 
we have that 0

(0)1;IGI +JtGI+0  1 T1 (4.1-12)

or

Substitute (4.1-6) into the above equation, we have

MWAIU'[ l +0[C'C, -iJ'x. -(4.1-13)

Further, let the control input z, be

' =: M {[r A .Ki,-Kpiep}+M & fbp] +JAU.4A -Kfef) (4.1-14)

and apply it to (4.4-13) to yield:

'M'U%4 + K.ep + Ke,}=-J,(e + Kifef). (4.1-15)
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Multply the above equation by GJ,,' we obtain the following equation.

GJ.M,{+ + K.ip + K,,,} =G(e! +K,J,) = 0. (4.1-16)

where we have used the fact that the internal grasping fores lie in the null space of G, Le.,

G(e1 + K,je,) = 0, (4.1-17)

Since Gl#g-Mh - GJ,%4M (0)J;" G' + [ m] is positive defiinite and U is non-singular, (4.1-16)

implies that

e, +K,¢, + = 0 (4.1-18)

Thus, we have shown that the position error e. can be driven to zero with proper choice of the feed-

back gain matrices K, and K.

The last step is to show that e! also goes to zero. If we substitute (4.1-18) into (4.1-15) and notice

that , is nonsingular, we have the following equation.

e! + KJe! = 0. (4.1-19)

With proper choice of K,, the above equation implies that the internal grasping force error ef con-

verges to zero.

QE.D.

4.2. Simulation

Consider the two-ingered planar manipulation system shown in Figure 12. Where the two fingers

are assumed to be identical. We model the contact to be a point contact with friction. The grasp matrix and

the hand Jacobian are given in (3.1-19) and (3.1-20). It has been shown in Example 3-8 that the grasp

configuration in the figure is both stable and manipulable. Assuming lii = 1, and r = I we have simulated

the system to follow the following desired trajectory of the body:

x(t) = c sin(t), y(t) = c 2 +c 1Cos() a([) = c3Sin(t). (4.2-1)

The dynamic equation of the 6 th finger (i=1,2) used in the simulation is

M i = [m 2 1 1h 2 C(61 2 - 1  1) m1 2 (h%27dj) (4.2-2)

N, = Lm2lh26$S(O , -,)+M S Gi+MghO q Ji (4.2-3)

I 21 h l q (I) 2- a i l
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where mj = mass of the j th link, dj--radii of gyration of jth link, h, =the distance between the jth joint and

the cm. of the j th link. The mass matrix of the object is

M,0 
(4.24)

where m is mass of the object and I is the rotational inertial about the z axis of the object.

The simulation used a program designed to integrate differential equations with algebraic constraints.

Figure 13 shows that the initial position errr (in Cartesian space) diminishes exponentially as predicted by

equation 4.2-18.

,..- error-x

error-a

iIOX or a

error-y

Figure 13. Position emo.

The simulation was fed to a movie package which shows the continuous motion. Figure 14 and 15 are

sequences of sampled pictures from a-typical simulation. In both figures., the line segment at each contact

shows the magnitude and the direction of the total force that is exerted to the object by the finger. The

desired grasp forces are set to 0 and 10 unit force in figure 15 and 16 respectively. Note that without the

grasping force (Figure 14), the total exerted force may be away from the friction cone and consequently

break the contact if this were a real experiment rather than a simulation.
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Figure 15. SimuaWain withou intermal grasping frce,.

F4I4
Figeh 10 l 341 --l w

Figure 16. Simulauon with 10 unis of itna gras'ing force.



1.02-33-

5. Redundancy Resolution

From Section 2, we see that there are two kinds of redundancy in a manipulation system: (1) when

the grasp map G has more columns than the number of rows. i.e., n >6, we say that the grasp is redundant;

(2) when the hand Jacobian J, has more columns than the number of rows, Le. m >a, then we say that the

hand is redundant. Grasp redundancy is necseeary because nature supplies only uni-directional and finite

frictional forces. As many researchers (for example, Salisbury [10], and Nguyen [3]) have also pointed

out, that it takes at least seven frictionless point contacts, three frictional point contacts, or two soft finger

contacts to completely immobilize a rigid body in space. Very often, the number of contacts used is much

higher than this minum number, and there are abundant redundancies available. On the other hand, hand

redundancy is necessary to achieve some additional objectives, such as singularity avoidance. dynamic col-

lision avoidance with the object and enviroment obstacles, etc.

In this section. we formulate two kinds of redundancy control problems for multifingered robot

hands: (1) redundancy resolution for grasp redundancy and (2) redundancy resolution for hand redundancy.

5.1 Grasp Redundancy Resolution: Optimal Distribution of Internal Grasp Force

From (4.0-7), we have that

+x0  (5.1-1)

where G is the generalized inverse of G, and x0 E 71(G) is the component of internal force vector that

renders x in the force domain K. We say that the grasp has extra redundancy when there exist more than

one value of x0 that can render x in the force domain K. Also, the control algorithm proposed in Appendix

A will achieve any desired value of xo.

IN THE -FINAL DRAFT OF THE PAPER, WE WILL DESCRIBE A PROCEDURE FOR

OPTIMAL GRASP REDUNDANCY REDUNDANCY.

5.2 Hand Redundancy Resolution

Hand redundancy is reflected by the Fact that each finger has more degrees of freedom than needed to

impart the constrained motion. This is stated in Eq. (4.0.2) as

JC0)% G' fj (5.2-1)

or in Eq. (4.0.3) as

J,(9)i + As(0) = G' (5.2-2)
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Similar to redundancy resolution for a single manipulator, (5.2- i) will be used for redundancy resolution in

the kinematic level, and (5.2-2) will be used in the dynamic level. To develop redundancy resolution in the

kinematic level, we write from (5.2-I) that

6-JGt +o+ (5.2-3)

where 80eT1(J,) is any null space velocity vector to be choosen. Properly selecting go can achieve some

additional objectives such as:

(1) Collision avoidance with the object, or environment obstacles;

(2) Maximize the structured tranipulability measures defined in Section 3;

To develop redundancy resolution in the dynamic level, we write from (5.2-2) that

O=-J'%-{G -[~ -ilhO} + k (5.2-4)

where Oo e TI(J,) is any null space acceleration vector to be cboosen. Properly selecting k can achieve

additional objectives, in addition to the two cases above, such as

(3) Maximize the stuctured stability measures defined in Section 3.

When choosing to achieve the third objective with the redundant degrees of freedom, we are really nying

to minimize the joint torques.

IN THE FINAL DRAFT, WE WILL DISCUSS IN DETAIL HOW THESE PROBLEMS WILL BE

FORMULATED.
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6. Concluding Remarks

We have studied techniques for the determination of a grasp to an object by a multifingered hand.

We have also provided a control algorithm to generate the appropriate motor torques required to manipu-

late an object in a certain prescribed fashion. The scheme is shown to converge in the sense that the true

body trajectory converges to the desired body trajectory. An application of our scheme to a planar manipu-

lation of an object by a two-fingered hand is presented. Finally, we have discussed how to use the available

redundancy to achive some lower priority tasks such as collision avoidance, maximizing manipulability

measures, or stability measure

In future work we will study more sophistiaed models for contact of a body by a multifingered

hand and their implications for the schemes of this paper.
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Appendix A. Coordinated Control for Redundant Hand

In this appendix, we supplement to Theorem 4-1 the control algorithm for redundant fingers, where

the number of joints mn,. i = I. k is greater than the number of coastraine direcions n, i = I.... k. In

many industrial applications, several robots which often have moe than three degree of freedoms are

integrated to maneuver a massive load. Under the frictional point contact model such a system is redun-

dan. The dynamic distinction of a redundant hand from a mrredundant hand is the internal motion given

by 6, in (4.0-4). We claim that the following control law will achieve the desired contri objective for a

hand with redundant:

=N (e0, 0) ' G: + [." ' -M 1J O+ MIISM I J (a-

+ MIA.(JA.M -'IA)( x. A- K, e ) + mj"(J, M-1 1.)WA U " K .d-" ip -Kf I - b p i

where

Remark: Please compare (a-I) with (4.1-9) and observe that the MA, is different here.

To see this, we use (4.0-4) and (4.0-8) in (4.1-3) and suppress the 0 dependence of M to get

M {JG' [vp'] -J.Jg. 01 +M ko+N(.)=

+J'. G mo [ AJG[)F m' J l ,o (a-2)

Comparing to (4.1-10) we see that there is an extra term M o in (a-2), as well as J- is replaced by the

generalized inverse ,*.

Choosing the following control input:

+" [ xi)pX ] -M h'Jg.0+ (a-3)

where t, is to be determined, we have that

MJh" G' + J% G [m + M k = ,r, -Jk'xo (a-4)

Multiplying the above equation by J, M-1 and using the fact that Jh Oo = 0 yields
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{Gf+JhM44k'G[Pg 1} ] =JAM'?-JM-'Jj'xo (a.5)

Since J, is onto, JAM- JI, is nonsingular and we can further multiply (a-5) by (J, M-Jf,)-I to obtain

Substituting (4.1-6) into (a-6) and choosing the following remaining control input for T, we obtain

Mh(JAM-'J.){ M4U [.7]- .e, +KK e, +M, +(xod -Kife} (a-7)

and

M, U ({, + K, i, + Ke,) =-(el +K, f ef) (a-8)

Multiplying (a-8) by G and using the fact that G (e ' + K, j ef) = 0 we obtain that

G MkUfi, +K, i, +K, e,) =0 (a-9)

SinceG~1 1A=~ 1 ~y '+[ ] and Uare both nonsinguLar (b-9) inuediasely implies that

, +., , +K, e, =0 (a-lO)

which shows that the position error e. can be driven to zero by proper choice of the feedback gain matrices

K. and K,.

On the other hand, -ing (a-1O) in (a-8) we finally obtain that

el +K Je, =0 (a-i)

which shows that the internal grasping force error can also be driven to zero by proper choice of the forec

integral gain matrix K,.
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ABSTRACT

Dextrous robot hands require intelligent control systems to manipulate unknown

objects reliably in a complex environment. Tactile sensing and perception are needed
to provide information on contact forces and local shape properties to ensure robust

manipulation. This paper considers making global object inferences such as size, loca-
tion and orientation from local geometric information at three fingers. Tactile sensors

provide local shape information, including surface normals, contact location on the

finger, and principal curvatures and their directions. It is assumed that the object is a

cone (not necessarily circular) but is otherwise unknown. A grasping system should
command finger forces to restore an object to a desired position using this tactile infor-
mation. The advantage of not using specific object models is that the system will be

flexible enough to handle a wide range of parts without reprogramming.

1. Introduction

Multifinger articulated hands have been developed (Okada, 1982; Salisbury and

Craig, 1982; Jacobsen et al, 19851 that provide much potential for dextrous manipula-
tion. Systems for controlling finger forces to grasp and manipulate objects in the hands

have been proposed (Cutkosky, 1984; Jameson, 1985; Ji, 1987; Kerr, 1985; Salisbury

and Craig, 19821, and demonstrated (Hanafusa and Asada, 1977; Okada, 1977 and

1982; Kobayashi, 1985; Fearing, 1986; Loucks et al, 1987]. None of these systems

appear to use tactile sensing in the control loop, although Specter (19871 simulates
closed loop grasping using tactile force information.

t This work was performed while the audor was a grAduale swdent at Sinford Univesity.
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The need for tactile sensors for dextrous hands has been recognized for a long
time [Tomovic and Boni, 1962; Hollerbach, 1982], but compatible sensors for dextrous
fingers (which can not be planar) have just recently been developed (for example (Fear-
ing et al 1986] and [Begej, 1986]). Tactile sensing is needed to provide contact loca-
tion, forces, and basic curvature information such as distinguishing between planes,
edges, and comers of objects. Because of the complicated compliance, friction, rolling,

and slipping effects that occur at finger-object interfaces, it is generally not possible to
predict object location exactly from a priori object models and finger joint angle meas-

urements.

Most manipulation methods have assumed that a complete object model is avail-
able. A more dextrous system should be able to handle a variety of unknown objects in
unknown positions. To pick up an unknown object, 4 stages were identified in [Fear-
ing, 1984]; the approach, initial touch, initial grasp, and stable grasp phases. During
the initial touch phase, the fingers first make contact with the object The goal of this
paper is to make as efficient use as possible of this first contact information from 3
fingers, so that in many cases enough can be infened about the object to make a reason-
able grasp attempt in the initial grasp phase. If we are lucky, this initial grasp could
result in a stable grasp. Even if the grasp attempt fails, more tactile information should
be available to interpret the object's shape. To make an initial grasp, the minimum
representation of the object should include its location, orientation, some size con-
sraint, and surface normal information to know whether forces will be within the fric-
tion cones at those finger sites.

2. Tactile Sensing

A. tactile sensor has been packaged in a cylindrical rubber finger tip for the
Stanford/JPL hand. The finger tip sensor uses an array of capacitors formed at the junc-
tions of perpendicular copper strips [Siegel 1986), spaced at 3.3 mm along the length

and 180 around the. circumference of the finger. Only an 8x8 subset of the 8W0 ele-
ments is used. 3.8 mm of rubber covers the core and is essential to increase contact
areas and reduce aliasing. Details of finger construction are in [Fearing et al 1986 and
Fearing 1987].

After calibration, the sensor output is normalized to determine equivalent strain at
each tactile element (tactel). The mean sensitivity of the tactels is 0.4 gram with a 3

mm diameter probe, and they are very linear up to 50 grams.
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When the finger touches an unknown convex surface, principal curvatures, normal

force and location are determined from a 4 by 4 window of strain measurements as

described in [Fearing and Binford, 1988]. Sensor strains are predicted by convolving

the spatial impulse response of the rubber skin with the assumed surface pressure distri-

bution derived from a Hertz contact model. Gradient search finds the parameters of the
convex second-order shape and the force that best fit the sensor data. Experiments
show radius estimation within 10%, orientation within 2.5 degrees, and sub-tactel
localization 3% of the element spacing.

The curvature algorithm can also be used to distinguish between contact features

such as spheres, planes, cylinders, edges and vertices. The use of these features to

interpret object shape will be discussed in the next section, assuming ideal curvature

and orientation data.

3. Shape Interpretation Without Specific Models

There have been two extremes in determining the shape of an object from tactile
sensing. Allen and Bajczy [1985] build up a map of the entire surface of unknown

objects from local measurements. Gaston and Lozano-Perez (1983] and Faugeras and

Hebert [1986] assume known objects, and determine object shape by matching features
in the world to specific object models, keeping all consistent matches. To manipulate

unknown objects, it is desired to determine as much about the global properties of the
object, such as its size and orientation, from as little local sensing as is possible. Shape
classification experiments with tactile sensors for very regular objects such as circular

cylinders and cones have been performed [Gurfinkel et al, 1974; Kinoshita, 19771.
These techniques lack descriptive capability and generality for more complicated

shapes.

We distinguish here among object classification, model matching, and shape

description without specific models. Classification typically uses pattern recognition

methods, and does not answer the question of where or what the object is, only which

category of object it is. 'Gurfinkel et al [19741 used tactile curvature information
obtained from a 33 array on a two-finger parallel-jaw gripper to classify simple shapes
such as a circular cylinder, block, and sphere. Thresholds on curvature were used to

classify plane, edge, vertex, spherical and planar points. The object surface was

explored, and objects were classified by local curvature measurements. Kinoshita et al

(1975, 1977] demonstrated discrimination of circular, square and triangular cylinders

0based on the total number of sensing sites activated, using 384 binary sensors on a 5
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finger hand.

Hillis [1981] proposed to classify six small parts based on 3 "features"; the shape

(object long or round), bumps, and whether the part rolled or not with finger motion.

Ozaki et al [1982] used the pattern of surface normals around the object circumference

to classify its shape. For example, a quadrilateral will have all surface normals in just

four directions. One problem with the classification schemes is limited reliability.

Gurfinkel correctly classified a cube from among 5 different objects in less than half

the trials. Other problems are the lack of generality for complicated objects with

slightly different features, and not determining the pose of the objects.

Unlike classification, model matching can localize and identify objects instead of

only categorizing them. Model matching compares relations between sensed features

and features on particular object models, for example, distances between points, and

angles between surface normals. A consistent combination of features in the world and

in the model determines the object and its position, but not necessarily uniquely. Fau-

gemts and Hebert [19861 used surface primitive matching from range data. They minim-

ized a "distance" measure between primitives in the model and in the sensed data to

solve for object type and position. Gaston and Lozano-Perez [1983] and Grimson and

Lozano-Perez [1984) showed rapid pruning of an interpretation tree of feature combi-

nations (which is basically an exhaustive search of all possible feature matches). Ellis
[1987] has developed a planning system to choose sensor paths that will prune the

interpretation tree more efficiently using prior sensed data. The principal objection to
these methods is that they need a specific model for each object that will be touched.

Shape description uses measurements and geometc constraints to derive a

representation of the object, and does not require prior object models. Brady et al

[1984] demonstrate using range data to extract the axes of surfaces of revolution using

measured surface curvatures. Allen and Bajczy [1985] and Allen [1986] examined

building up sirface patches with a tactile sensor, in combination with vision, by

exploration over the whole surface. Another type of shape description, which is used in

vision, starts with all the ediges in a scene linked into a line drawing, and determines

valid interpretations of the edges (for example Malik [1985]). The objects in the scene

are unknown, so a priori geometric constraints are used, for example that the objects in

the scene are bounded by piecewise smooth surfaces.

These shape description methods have available rich global data on the object.
Although it is possible to scan a tactile sensor over all the surfaces of an object, it will

be interesting and more efficient to use the sparse local 3D tactile data that is available
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from the first touches on an object. This partial preliminary information can be used to
direct tactile exploration.

3.1. LSHGC Interpretation

A simplified form of the shape interpretation problem is considered here. Given

three contact features on an unknown cone (not usually of circular cross-section),

geometric considerations are derived to determine if the features are necessary and

sufficient to determine the origin, orientation, and scale of a bounding right circular
cone to the sensed cone. These contact features, which are convex elliptic, parabolic,
and planar points and their sub-case vertices and edges, are determinable by the percep-

tion algorithms of [Fearing and Binford, 1988].

Objects need a representation constrained enough that global properties can be

inferred from local measurements. A reasonable class constraint is the generalized
cylinder [Binford, 1971], which is the volume generated by an arbitrary cross section

translated with or without deformation along an arbitrary space curve. This representa-
tion gives an analytic expression for the whole body, and has wel defined properties.
The particular class constraint that is used in this paper is the convex Right Linear

Straight Homogeneous Generalized Cylinder (RLSHGC), otherwise known as a simple
convex cone. These objects have a convex constant cross section, which is translated

along an orthogonal straight axis and scaled by a linear sweeping rule. The ends of the
cone are parallel. Shafer and Kanade (1983] have shown that an axis orthogonal to the

cross section exists for every LSHGC. For any arbitrary sweeping rule, a straight

homogeneous generalized cylinder was shown by Ponce et al [19871 to have a unique

axis if there are 2 zeros of curvature in both the cross section and the sweeping rule.

That paper also shows that tangents at parabolic points at the same height on the cone

intersect on the axis. This is a global property that can be used where enough of the

image is available. We desire to find similar global properties for the LSHGC that can

be determined from only local measurement.

We start by re-deriving the expressions for tangents and normals on the LSHGC.

From Ponce et al (1987], a point on the LSHGC can be given in vector form:

x(z,O) = (Az +B)p(O) (cosei+ sinej) + zd (3.1)

where the LSHGC is aligned with the k axis, A is the scale factor, the ends of the cone

are given by ZTo, < z < zao., and 0 < p(9) 5 I is the reference cross section. z is



defined ZO, and is equal to zero only if the cone's apex is not truncated. The cross- 114 6
section closed curve represented by p(O) is a star-shaped function, which has all convex
cross sections as a subset (Ponce et a 1987]. We consider only convex cross sections.

The convention used here is that A =0 for a regular cylinder, and for a cone,
8 = 0. Both cases are subsets of the LSHGC family. The end of the cone is parallel to
the x-y plane, and because B = 0, the apex of the cone is at the origin. The maximum
radius of the cone is Az p. (where p.. = 1), evaluated at z = 1. so the "radius" of
the cone is given by A. The length of the cone is given by the distance between the bot-
tom and top of the cone (zB -zr). The radius and length parameters give a bounding
right circular cone that contains the LSHGC. There is an equivalent expression with
the LSHGC cross-section in cartesian coordinates,

j(z,t) = (Az +B)x()if+(Az +B)y ()j+zk. (3.2)

&Y
cross-section 0

curve I

0

side A.

view :.Z
ZT ZB ...

FRgure 3.1. LSHGC Example

An example cone with B = 0 is shown in Fig. 3.1 with cross section and scale fac-
tor A indicated. Note that the origin does nbt need to be included inside the cross sec-

tion, so cones can be slanted.
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To predict what the tactile sensor will feel on this class of object, we need to
determine expressions for surface normals and curvatures on the cone. These expres-
sions will be used in later sections to solve for cone parameters. We will use cartesian
coordinates to describe straight line segments, and polar coordinates for curved arcs in
the cross section. Using simple differential geometry, the tangential vectors on the side
of the cone are given by

(Ax 'A pcose]
X -. & = Ay = Apsino (3.3)

and
!p

aX
X-"=. = (Az +B) y(3.4)

or in polar coordinates

2. -psne + p' cos61

e (AzB pcos:;:;sinej (3.5)

where x' ax and p' = a0

By convention, the unit normal vector points out of the body. The unit normal
vector for a cross-section described in cartesian coordinates is

X >x z. A(yx' -xy'
I Iq'- o X, 2!+X, 2 +A2(yx' _x,) 2  (3.6)

and for the star-shaped cross-section (which we choose to be convex) described in
polar coordinates

F pcose + p' sin91
psinO - p' cosO

L -A = (3.7)
[r.e( lpZ+p' 2 +A p4
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The principal directions are the two perpendicular directions for which the normal

curvatures take on maximum and minimum values [Lipschutz, 1969]. The first princi-

pal curvature is given by kl = Y2. Since the principal curvatures arm orthogonal to each

other and both lie in the tangent plane, the unit vector in the direction of the second

principal curvature is:

-(A 2p2+ l)psinO + p' cos0

(A2p2+1)pcose+p' sinO

= k -App' (3.8)
SIi "" = -kA2 + l) 2 p2+A2p2p, 2+p 2

It is important to note that i 2 and the surface normal are generally not in the cross sec-

tion plane unless A = 0, that is, the object is a cylinder. The principal direction k2 Will

be in the cross-section plane for a circular cross section (p' = 0) and when the cross-

section curve goes through the origin (p = 0).

As expected for a parabolic point, tc1 (curvature in the direction of i) is zero. The

other curvature is:

K2 = (A2 p2 + 1)(pp'' -p 2 -2p' 2) (39)

(Az +B) (p2+ p, 2+A2 p )2

The tactile sensor is able to measure K1 , K2, ri, and kt =4.
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Figure 3.2. Labelled Contact Features on LSHGC,

3.2. Contact Features for LSHGC

An LSHGC has a limited set of contact features, which can be simply classified
into pointvertex, plane/face, edge, and paraboLic points. This section gives the

relevant, equations for these feature types. Each contact has a central location measure-
ment, which corresponds to the center of pressure on the finger sensor. In addition, an
edge has a direction vector (two components), a plane a surface normal, and a parabolic
point has a direction vector, a surface normal and a curvature K2 - Since these features
will be mentioned frequentfy, they will be abbreviated as V for vertex (an elliptic point
with very high curvature), E for edge, (a parabolic point with zero ctuvature in one
dir'ection, and very high curvature in the other), P for a parabolic point, (one curvature
approximately zero) and F for a planar face, (a planar point with very small curvatures
in all directions). We wilU classify any planar point, which corresponds to a zero of
curvature in the cross section, as a face. The tactile sensor can not distinguish betweena planar point and a plane such as the face of a polyhedron.

nnmma ~~V Am.mmhmnln~Nil~n m
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where c is the parameterization of the line.

Using the surface normal expression from eq. (3.6) and knowing that the cross
section must be linear for a planar face, the surface normal for a planar contact on the

side is

tis = [sina-coso, -Ad] T (A 2d 2 + l) - 112 .  (3.15)

The parabolic point has the same location and direction as E. , the meridian edge,

and the surface normal np is given by eq. (3.6):

pcose + p' sine6
psinO- p' coseJ

L,, = e (3.16)

In addition, ic2 is measured by the tactile sensor, and its expression is given by eq. (3.9).

3.3. Feature Measurement

The LSHGC has an unknown orientation and origin in the world. Thus consider

an LSHGC that has been rotated about the origin by a rotation matrix R and translated

from the origin by a vector _1. Then an object feature will be subject to the transfor-

mation

as =R+X, (3.17)

where x is a point in object coordinates, and as is the sensed location in world coordi-

nates. Since the reference cross section is not known a priori, any point on the cross-

section can be arbitrarily chosen as 0 = 0. A rotation of the cross section in the x -y
plane will not be distinguishable, thus only 2 rotations need to be considered. Letting 0

be the rotation around f, and W the rotation about the ) axis (i.e. spherical coordinates),

the rotation matrix is:

[scos -sino cososin 1

R =sinocosvl cosO sinosinWi. (3.18)
I -sinW 0 cosw
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An LSHGC with labelled contact features is shown in Fig. 3.2. The subscripts to

the feature labels are T for Top, B for Bottom, S for side, and m for meridian. Expres-

sions for these contact features are derived in this section.

An edge of a cylinder end is not described well by a second order surface with

il-o- and x2>>0. For a small radius of curvature, this contact can look like a vertex.

Although this junction is not a C2 surface it will be assumed that it will appear as an

edge in one direction. The curvature algorithm of [Fearing and Binford, 1988] finds the

best fitting paraboloid to the contact shape, The curvature algorithm is not sophisti-

cated enough to distinguish between the line and cylinder edge types.

Let zT and zB be the height of the top and bottom of the LSHGC respectively as

measured from the origin. A vertex can only occur at the junction of the top or bottom

face and a side edge, thus the contact location is:

[(AZT+B)pcosOl (Az3&+B )pcosi

V (AZT+B)psinO or = )(A.+)psin6 (3.10)

J ZB

There are two types of edges, one corresponding to the discontinuities of the

sweeping rule which occur at the top and bottom ends, designated as ET and E3

respectively, and one corresponding to discontinuities in the slope of the cross section

curve, designated as Em. The edges Em correspond to meridians on the surface. Con-

sider a straight line segment in the cross section. It can be parameterized by

x(t) =dsina +tcosct, y(t) = -dcost+tsina (3.11)

where d is the normal distance of the line segment from the origin. The derivatives are

x' =cosa., y' =sina. (3.12)

The top edge line is given by

4t =En +t Icosa, sinaO ] T (3.13)

with r a free parameter. The meridian edge line is given by

t. Ew, + c= .4= + c (A yO (3.14)"/1 +A 2(x2+y2)
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The global unknowns for a cone, that is the parameters that affect every local

measurement, are seen to be A, , ,0, and V, for a total of 6 unidentified parameters.

Given that the object is an LSHGC, with unknown cross-section, we want to localize it

and bound its maximum radius. The scaling parameter A gives a right circular cone

which bounds the LSHGC which should aid in planning an effective object grasping

strategy. We shall show that it is not possible to determine the scaling parameter

exactly with only local measurements.

3.4. Solving for Cone Parameters

Consider the cone with B =0, that is, exclude the cylindrical case. (The set of

feature measurements can be checked for consistency with a cone as in [Fearing 1987],

to ueat the cylindrical case separately.) We will show that sensed features can be com-

bined to provide consu-aints on object orientation and scaling.

Top Edge Line

0

Parabolic Point

0
i: ...." .......... ^

" :np

zP

ZZ

Figure 3.3. Contact Parameters for Top Edge and Parabolic Point

Examples of the parameters obtained from a contact feature are given in Fig. 3.3

for an edge on the top end of the cone, and a parabolic point on the side of the cone.



The top edge line has a contact location which is specified by three equations, and a

direction in space which is specified by two independent equations (3.13), for a total of

5 constraint equations. These 5 equations involve 4 new unknowns, p, 8, zT, and a, in

addition to the 6 previous unidentified global parameters A, x ,0, and V.

A meridian edge has 3 equations to specify contact location, and two independent

equations to specify the line orientation (3.14). The edge has 3 new unknowns (p, B, z)

in addition to the 6 global unknowns. A parabolic point, also shown in Fig. 3.3, is
similar to the meridian edge, but also determines a surface normal (3.16) and one cur-
vature iC2 (3.9). The surface normal is specified by one angle with respect to the meri-

dian line P through the contact location, thus (3.16) provides one additional equation.
With the curvature equation, there are 7 independent equations for the parabolic point.

The surface normal and curvature equations introduce two new variables p' and p' ',
the first and second derivatives of the cross-section with respect to 8. There are thus 5

new unknowns at a parabolic point (p, p', p" , 0, and z).

Parabolic points provide two more equations than meridian edges, but have two

more unknowns, thus there is no net gain in constraining equations. If p' is known, say

equal to zero for a circular cross section, then a parabolic point would provide two

more constraints than a meridian edge, providing 7 equations with 3 new unknowns.

Combinations of features are required to solve for unknowns; a single feature is
not sufficient. For example, with a meridian edge there are 5 equations and 3 + 6 unk-

nowns. When the number of equation: is less than the number of unknowns, a unique

solution is not obtainable.

The remainder of this section assumes that we have correctly interpreted the

sensed features, that is, we know that a sensed face is an end face. From combinations
of the feature equations, we can solve for some of the global cone parameters.

3.4.1. Solving for Cone Origin, x

Two meridians of a cone always intersect at the apex (see Fig. 3.3). Consider a
combination of two non-colinear meridian edges or parabolic points. Then the sensed

contact points ]_" 1, - 2 are given by

E- R I +x.o  (3.19)

E= RP2+ Ado
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where P 1,_2 are in the object frame. The two meridian lines through the contact

points (from eq. 3.14) can be shown to intersect at a point, say E 12:

[A p1cosO1  [A p2cos;02

12=R [ApIsinI] (z+cl)+ = RA p2sin 2 (z+C2)+X, (3.20)

where c1,c 2 are the free parameters of the lines. Since e0 2, the only solution is

z = -c 1 = -c 2, so the intersection of the two lines gives the origin E-12 
= .o

3.4.2. Solving for Orientation, y and 0

To specify the cone orientation to one of two directions, it is sufficient to know

the surface normal of an end. Then the sensed unit surface normal I at the top end of

th- cone is obtained from:

S1  (cososinV
Rf sT M I sin0sini. (3.21)

u tcosi

Thus the orientation is solved simply ftrm

tano = sY and cosq = -s: (3.22)
SZ

3.4.3. Solving for the Scaling Factor A

The orientation and origin of the cone need to be found before the scaling parame-

ter, because A is defined on the x-y plane through z = I as the maximum distance of

any point on the cross section curve from the origin. We have for any (xy) on or

inside the cross section:

x 2  zPm" (3.23)

But the cross section is scaled such that Pm, = 1, so

A , = 2max + ,2 (3.24)

... ... • , , ~. z =I m l ml
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where the maximum is taken over all (xy) in the cross section. (Equivalently, this is

the maximum p(e) for 0e092x. )

Once the orientation and origin have been found, one can determine the x and y

location for any z location on any line through the origin from a meridian edge, side

face, or parabolic patch. That is, any side contact location can be projected into the

plane z = 1. Given only local information, not the whole contour, the maximum must

be taken over the available points in the cross-section, thus only a lower bound on A

can be found.

Using the convex cross-section assumption, 3 surface normals defined at side

faces or parabolic points put an upper bound on A. Figure 3.4 shows a bounding trian-

gle that must contain the cross section. The three side contacts will not necessarily

form a triangle, in which case the maximum A is unbounded in some directions. The
maximum radius of the bounding circle to the cross-section must be > A ram, the furthest

contact from the origin, and S A ., the distance of the extremal vertex of the bounding

polygon from the origin.

The included angle y (at the vertex of the cone) is bounded by

tan-'A - S 2tan-1 A (3.25)

and has the maximum angle for a fixed A if the origin is in the "center" of the cross

section.

3.5. Sufficient Feature Combinations

It was shown in the previous section that a combination of 2 meridian edges and a
surface normal on an end face allows solution for the cone origin and orientation. Other

combinations of features will also give a solution. This section considers which sets of

features are sufficient. The origin and orientation solutions require different sets of

features. We are assuming her that the features have been properly identified.

Table 3.1 gives combinations of features that are sufficient to determine the end

face and thus the orientation. For example, three vertices VTJ, VT2, VT3 define the top

end. Table 3.1 is not exhaustive. Two vertices on the top end can define an equivalent

edge (ET), which could be used to solve for the end face in combination with a bottom

edge (EB). A top and bottom edge will not always be sufficient. The restriction that the

edges are not parallel is noted in the table. These two parallel lines do not define a

unique plane. However, if two edges are parallel, and on the same end plane (ET IET2),
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Figure 3.4. Constraints on Scale Parameter

there is a unique plane that contains both edges.

Table 31. Features for Orientation Solution.

Solve for 0 and W Restrictions

FT Or FB
ET1ET2 Or EB IEB2
ErER not parallel
VTI VT2T3 or VsIVs VB3
ET VT or EB V5  not coincident

Meridian edges ae needed to solve for the origin of the cone. As for the orienta-

tion solution, features can be combined to give equivalent meridian edges. Since a side

face corresponds to a straight line segment in the cros* section, and a-meridian edge

corresponds to a venex, it is apparent that the intersection line-of two side planes FsI

and Fs2 must also be a meridian, even if the sides are not adjacent. Therefore, three

independent planar contacts on the sides of the LSHGC will define three meridian lines

which must intersect at the origin. Table 3.2 gives combinations of features which can
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Table 3.2. Features for Origin Solution.

Solve for x, = (xo y.Zo)T Restrictions

PiP2 orEmIEm2orPEm not colinear
EmFs or PFs not coplanar
FsIFS2Fs3 none coplanar

be used to solve for the origin. Table 3.2 is not exhaustive. For example, correspond-
ing vertices on the top and base of the cone define an equivalent meridian edge. The
restrictions in Table 3.2 ensure the independence of the feature equations.

A solution for the cone orientation and origin requh-e.s one set of features from
Table 3.1 and one set from Table 3.2. The minimum set of features is two meridian or
parabolic edges or a meridian edge and a side face for the origin solution, and the top
or bottom face for orientation. We are particularly interested in the minimum sets of
features, because these are the only sufficient sets of features for a 3 finger hand with a
single touch at each finger. If we are not fortunate enough to touch the cone and obtain
one of the minimum sets of features, additional features will need to be identified until
the feature combinations of Tables 3.1 and 3.2 are satisfied.

3.6. Necessary Feature Combinations

Previous sections have shown that 2 meridian edges and an end face are sufficient
for cone origin and orientation determination, but are they necessary? Can orientation
be determined or at least constrained without an end face or feature combination that
gives an end face? We can show that no combination of parabolic points, side faces, or
meridiafi edge points can determine orientation.

A side face, parabolic point, and meridian contain equivalent information about
cone orientation. The surface normal at a parabolic point, eq. (3.16), gives one more
equation than is obtained from a meridian edge, eq. (3.14). This equation specifies the
orientation of the normal with respect to the meridian line. The parabolic point has 2
more equations and 2 more unknowns than the meridian edge, so there is no net gain in
equations over the meridian edge. The surface normal orientation is a function of the
derivative of the radius, p'. Without knowing p', which is not measured directly, the
surface normal does not constrain the cone orientation.
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A side plane provides similar information to an edge. A line coincident with this

plane through the point of contact goes through the origin, just like a meridian edge.

The surface normal of the plane is perpendicular to this line. Only one free parameter

is required to specify orientation of a surface normal with respect to this line, hence a

side face provides one more equation than a meridian edge. This surface normal is

generally not in the cross-section plane, and does not provide any orientation constraint

on the cone.

By the above discussion, we have shown an equivalence between meridian edges

and parabolic lines in relation to the number of independent equations and parameters

they provide. [Fearing, 1987] shows that no number of side edge contacts will allow the

cone orientation to be determined.

Thus each meridian edge gives just 3 independent equations, but introduces three

new unknowns pi, 9i, and zi, in addition to the unknown orientation parameters and

W. For N contacts, we have 3N equations, but 3N+2 unknowns. Therefore, no unique

orientation is obtainable. Similarly for parabolic points and side faces, the orientation

parameter can not be determined. This result agrees with Shafer and Kanade's Pivot

Theorem [1983]:

A non-degenerate SHGC can be described as another SHGC with a different,

intersecting axis, and the same cross section planes if and only if it is Linear.

In other words, the cross-section can not uniquely specify the cone axis; a linear SHGC

can have an alternate axis with the same cross-section. Shafer's equivalent LSHGC's

can have different beveled ends, which implies that one can't specify a unique right

LSHGC until the end is sensed.

We have shown that side contacts can not specify the cone orientation. The end

faces specify the cone orientation. Can end faces determine anything about the cone

origin? Consider the orientation determined by a contact on FT , and additional con-

tacts at vertices on the top end, given by:

X~ 1' =z~~iAa1] +. (3.26)

where R is known from the surface normal direction, and' T1 is the, setsed vertex posi-

tion. There are. 2N + I equations from N vertices (all ZT coordinates are the same), but

2N + 4 unknowns, Axi. Ayi , zT and x, Thus contacts on just one end cannot be used to

determine anything about the origin, other than that it must be above FT. The top
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contacts also provide no constraint on the scale parameter A, since the cross section
scale depends on the distance of the top end from the origin. Vertices corresponding to
the same point in the cross-section on top and bottom ends of the cone define side
edges, and two side edges will define the origin.

0

*-



127

3.7. Feature Consistency Matching/Labelling for LSHGC

We proceed in this section on the assumption that we are touching an object that
is not a cylinder. Feature constraints for distinguishing a cone from a cylinder are given
in (Fearing, 1987]. This section examines the combinations of one face and two edge
contacts, and the combination of two faces and one edge. The edges are considered to
be independent of the faces, that is, not coplanar. These are the minimum sets of three
features, not including parabolic points, for determining the origin and orientation of
the LSHGC. In section 3.4, we assumed that the feature set had been classified. We
need to determine whether an edge is a meridian or end edge, and whether a face is a

side or an end. This is not always possible. If this set violates no LSHGC geometric
constraint, that is, it is consistent, it will be used to solve for the origin and orientation
of the LSHGC.

If we have 2 parabolic points and one face, it is simple to determine whether the
face is an end or side. The meridian lines at the parabolic points intersect at the origin.
If the face plane intersects the origin, the set of features must be FsP IP2 and will not
give an orientation solution. Otherwise we must have FTP IP2 which gives both the

origin and the orientation of the cone.

3.7.1. Interpretation of Face and 2 Edges

Three finger sensors give simultaneous contact measurements on the object, and
they are classified by curvature into a planar contact (F) and two edge contacts
(E 1, E2). It is now required to use the geometric constraints of the cone to determine
whether these features are consistent with an end face and two meridian edges, which is
a sufficient condition for determining the LSHGC. The measured feature set is
checked for consistency with FEE. E., where FE is an end face.

There are three face types (FTFs ,or FB) and 3 possible edge types (Er, EB, or
Em). The total possible number of combinations of 1 face and 2 edges is:

[3 face types 3 edge types+ 2 -f)
1 sensed face' 2 sensed edges J =3--18 (3.27)

Lacking a more elegant approach, the 18 possible combinations are examined individu-
ally. There is an initial reduction in combinations because we iced only consider com-
binations with intersecting edges. All meridian edges of a cone must intersect as was
shown in section 3.4.1. If the edges do not inteisect, we have an insufficient
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measurement set, and need to explore the object further. An example of this is a set of

features FT EB ET or FB Eg ET.

Table 3.3. Consistency of FEE with FEM En tE. 2

Case Combination Violates Constraint

I FT ESEB
FTEBEM meridian edge can not
F5 ET ET be parallel to end face
FB ET En

II Fs Em IEm 2  apex can not be on plane FT

III Fs En ET contact must be below apex

IV Fs ETIET2 angle at base must be < 900
(valid if cross section contains origin)

V FT Em IEm ,2  satisfies all requirements

V FD En mIEn 2 face could
Fs EBEM be side or
FS EB EB base

Table 3.3 lists possible combinations of two edges and a face. A single parabolic

point is treated as a meridian edge. We sense a face and two edges, where the two

edges intersect, but are not coplanar with the face. The intersection and independence
requirement eliminates combinations including FsETEB and 3 more combinations

each of FT ET and Fa Ea&. Thus Table 3.3 lists only the remaining I1I combinations.

We do not yet know the proper labelling for the sensed features. Let us suppose that
one of the edges i~s p-rpefidicular to the sensed surface normal of the face. From Case I
of Table 3.3, this violates the constraint that a meridian edge is not parallel to an end
face. We now know that we do not have two meridian edges, and need to sense one
more. But we have found the top and bottom of the cone, because we know that the
face and edge correspond to FT Eg or Fg ET .

e Cases I through IV are determined by simple geometric: considerations; the details
can be found in [Fearing, 1987). All but 4 edge-face combinations are eliminated by
the constraints, of which 3 are undecidable; a face can be either a base or a side.

. . . .. . i I i i I l I I I I I
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Case V:

There are four possible interpretations of one face and two edges (out of 18 total)

that satisfy all the LSHGC constraints for FEEmEm, the desired set. One of these,

FTE,,E, 2 , is unique because the origin is above the surface normal of the face. This

can only happen if the face is the top of the cone. As for Cases 1II and IV, a side face

can be interpreted as the base end, but never as the top end. Therefore, if the features

FB E, lEm2 are sensed, there are three possible consistent interpretations:

FB Em IE. 2 : the desired result.

Fs EB Ea: the measured face is a side face. The origin is given by the intersection of

the side face and the meridian edge, but the orientation is not determined.

FsE B ER: the measured face is a side face. The edges give the base plane and the

orientation, but the origin is not determined. Figure 3.5 gives an example of the multi-

ple consistent interpretations of the base face and two meridian edges. A parabolic
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point in the set Fs EB P does not prevent misinterpretation. The orientation is not

uniquely determined without the top face surface normal.

3.7.2. Interpretation of 2 Faces and an Edge

We consider now the combination of 2 faces and an edge. There are twelve possi-

ble combinations of two faces and one edge, but fewer combinations with the edge
independent of the face and other restrictions. To solve for the origin and orientation

of the LSHGC, the desired sets of sensed features are FTFsE or FBFSE,. For the

desired features, the edge intersects both faces, and the edge is not coplanar tr. a ace.

Table 3.4. Consistency of FFE with FEpFs E.

Case Combination Violates Constraint

I FT.FSE 8  E.d *o
F5 Fs Er meridian edge can not

be parallel to end face

1i Fs FS E,,, apex can not be on plane Fr

V Fr Fs Em satisfies all requirements

V FB Fs E,, face could be
FsFs~r

Fs Fs EB side or base

As in the previous section, we measure two faces and one edge, and test this set

for consistency with the desired set of features using the LSHGC constraints. Table 3.4

summarizes the constraints that can be used to distinguish a set of FEFSE from the

insufficient sets of two faces and one edge.

Case V:

Except for the combination FTFs Em which is correctly interpreted, all the other

combinations can have a side face interpreted as the base. By similar reasoning as in

case V of Table 3.3, the other 3 combinations are ambiguous. Since a face and an edge
will intersect unless they are parallel, there ts a much looser constrainc from a face and

an edge than from two faces. For example, the contact points will not be above the

apex in the combination FsFsEr as they are in FsEm Er, which is the roughly

correspondirg feature combination.
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3.8. Using Partial Constraints

If the first 3 contacts are not adequate, we want to know where to move the

fingers. The convexity assumption can be used with the partial constraints to choose

finger paths that are very likely to make further contact with the cone. An insufficient

set of features must be correctly labelled to use partial constraints. For example, with

an edge parallel to a face and an object that is not a cylinder, we know from case I of

Table 3.3 that the face is an end, and the edge must be on the other end. In this case we

have the orientation as a consolation prize, but the length of the cylinder as a bonus.

Tables 3.1 and 3.2 give necessary features for partial solutions to orientation or the ori-

gin of the cone. For example, given Fs Fs FT, one obtains a line of points for the origin

location.

Because of the cylindrical finger shape, we do not get a constraint at vertices or

edges that can tell us which half space the object is in. A half-space constraint would
help to localize the object with the three fingers. Without higher order edge sensing, to

get the angles of planes that join to form an edge, or the shape of two surfaces inter-

secting, we cannot determine the attitude of the local surface from single contacts at

curvature discontinuities.

3.9. Conclusions

Contrary to expectations, the LSHGC (a cone) is harder to characterize from local

sensing with three contacts than was expected. There are only a few feature combina-
tions that will distinguish a cone from a cylinder. There are only a few combinations of

features that can be unambiguously identified and uniquely specify the cone's orienta-

tion and origin. The only unique solutions require sensing 1) the top end of the cone

and two meridian edges or parabolic points, 2) the top end of the cone, a side face, and

a meridian edge, or 3) the base end of the cone and two parabolic points. The scale

parameter is unobtainable without sensing over the whole cross-section.

A similar analysis could be used to find the axis of a surface of revolution with

local tactile sensing. In some ways it may be simpler to identify features on an SHGC
without a linear sweeping rule: faces are unique, and must occur on the ends.
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4. A Tactile Servo System

In principle, the results of the previous section allow us to determine the orienta-

tion, origin and size of an object with a three fingered hand, given at least 3 suitable

contact locations. This section considers the simplified condition where an object has

been previously grasped by a three finger hand, and the goal is to reorient this object in

the hand. This capability is required when changing from an acquisition grasp to a

grasp used for insertion, or a grasp used for stable transport as the hand moves through

space. A control system using tactile feedback to reorient unknown objects reliably in

the hand is outlined. This example demonstrates directions for future work, and show-

how the work in this paper contributes to the dextrous manipulation problem.

/ "1 Primitives

ContaCt ouchndSytem Curvatur

Object Orentation Cmad

and location

Weak Low / TcieDt

ISystem_ J uvtreIToc

& Location

Figure 4.1. Proposed Dextrous Manipulation Servo System
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4.1. A Tactile Servo System

Fig. 4.1 shows a high level block diagram for a proposed dextrous manipulation

system. Consider an unknown cone (of LSHGC form from Section 3) stably grasped

by a three finger hand. Input commands to the system may specify regrasping the

object so that the axis of the LSHGC is normal to the palm of the hand. There are

many common industrial objects that can use this axis description. For example, in

attaching a nut to a bolt, the orientation of the nut can be specified without prior

knowledge of the nut's diameter or length. This ability would give a flexible assembly

system that would not need specific modelling or reprogramming for different nuts.

Tactile information from the fingers of a dextrous hand can be interpreted to yield

contact curvature and location. Important object features such as vertices, edges,
planes, and curved surfaces can be characterized by curvatures, surface normals, orien-

tations and locations. At a lower level than is shown in this figure, contact force infor-

mation from the fingers could be used in a faster servo to control finger and object

forces during contact.

Contact features from multiple fingers can be interpreted in a Weak Model System

to determine cone orientation and origin, as hinted at in Section 3. The weak model

system has two functions, to continuously update the estimate of the position of the

object with respect to the hand, and to refine estimates of the global properties of the

object such as its size, ends, and cross section. With multiple continuous measure-

ments, the data set is no longer sparse, and sensor uncertainty models can be used to get

more reliable model estimates. For handling objects, the orientation of the cross section

curve can be important, thus the sensed object position is specified by a six vector X.

The orientation about the cone axis can be specified relative to some sensed feature. In

Sectiori 3, this angle was unspecified, because the cross-section was not predetermined.

The weak model system could also be used in developing exploration strategies for

determining object properties before the object is grasped.

The input to this dexurous manipulation system would be X, the desired location

of the end of the cone, and its axis orientation in the hand. The system should also con-

trol the forces of objects in contact, such as during insertion. Relative rotations should

also be specifiable, such as turning a nut on a bolt.

The relative position error X is input to the reorientation subsystem, which needs

to plan a sequence of object rotations and translations to reposition the object. A suc-

cessful plan will depend on coefficients of friction, finger workspace limitations, the

angle of the apex of the cone, the size and ends of the object, and the shape of the cross
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section. This plan requires the global object properties determined by the weak model

system.

Finger force strategies depend on the object shape. For example, in regamsping a

circular cone with a large apex angle with a three finger hand, the object must be stably

grasped with two fingers while the third finger is repositioned to a new grasp location.

Finger force strategies need to include gravitational force, which can sometimes be

used as a "fourth finger". It is important to position the two fingers along a diameter

to maintain grasp stability with low friction coefficients. The weak model information

may also indicate that better grasp points are available to improve reorientation.

Yaw
Pitch

(side viewv) (top view)

Roll (-Twirl")
(end vimw)

Figure 4.2. 3 Basic Reorientations

There has been little implemented work on motion operations with dextrous

hands. Kobayashi, [1985] used a force control system to control local object motions

with fingers in constant grasping locations. Reorientadons where objects need to be
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regrasped, have been shown for rotating a bar through many revolutions using prepro-

grammed finger position commands (Okada, 1982], and by (Fearing, 19861 using a

sequence of applied forces at each finger. A useful set of re-orientation primitives for

simple objects like blocks, is shown in Fig. 4.2. Regrasping objects with a simple paral-

lel jaw gripper has been demonstrated by [Tournassoud et al, 1987]. Clearly, much

work remains in developing regrasping/reorientation operations.

The reorientation sub-system would command finger force, stiffness and position.

High speed tactile or force sensing can monitor the grasping operation for unexpected

forces, contact slip, and loss of contact. The reorientation planner may also continu-

ously monitor object position during reorientation, and develop error recovery stra-

tegies if unexpected object loads are encountered.

0 Fingerine 220....... Finger .2

A
n,

z CROSS-SECTION

Figure 4.3. Grasping Cone with Two Fingers

The right circular cone is the most difficult kind of LSHGC to grasp. Fig. 4.3

illustrates the problem of grping a non-circular cone. With two fingers, contacts must

be placed nearly diametrically opposite to each other to get colinear surface normals in

the cross-section plane, and thus finger forces within the friction cones. There is high

slip potential for this shape; as the fingers slip, surface normals at the finger contacts

get further away from colinear, causing greater slip. For a non-circuWlar cross-section,

there are always at least 2 pairs of colinear surface normals [Jmeson, 1985]. One of

these pairs will give a more stable grasp with two fingers. A circular cross-section has

equally unstable grasping for every diameter.
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Figure 4.4. Proposed Architecture for Dextrous Manipulation System

The proposed high level dextrous manipulation system of Fig. 4.1 requires a large

amount of computational power both for force control for fingers, and sensor process-

ing. The NYMPH multiprocessor system has been implemenied at Stanford for this

task [Chen et al 1986a, 1986b]. Fig. 4.4 shows a proposed processor arrangement

using 10 National 32016 32-bit computers. A 7-processor version for hand control
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without tactile processing has been tested for reorienting objects in one plane

("TWIRL"), and work is in progress at incorporating three additional processors for

tactile-based object control. At the lowest level, two processors are used for each

finger for a force control system in spherical coordinates [Fearing, 1986]. At the

highest level, a planning and coordination processor directs the sequencing of finger

force commands.

5. Conclusion

We have shown that only a few specific combinations of three features on an

LSHGC are sufficient to determine the cones orientation and origin. Some combina-

tions of sensed features will partially constrain the object's origin. Other combinations

of features will constrain the object to be in one of three distinct orientations. Features

such as edges and faces are ambiguous; they could be on the sides or ends of the cone.

It is possible to determine the labellings of these features that are consistent with the

geometric constraints. To simplify the labelling problem, only sets of contact features

that are sufficient to determine the cone attitude and location were considered. Expres-

sions were derived for various surface features such as edges, vertices, planes, and

curved regions. The origin and orientation of the cone can be found from a set of neces-

sary and sufficient combinations of labelled features.

If three contacts are not consistent with touching a cylinder, the features are exam-

ined for consistency with the desired set of contact features (one end contact, and two

side contacts), using geometric constraints for the cone class of objects. When a

unique labelling is possible, the cone origin and orientation will be determined.

A dextrous manipulation system that could manipulate a priori unknown objects

was described as a motivating reason for using weak models for shape interpretation.
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WHAT KIND OF SENSORS ARE REQUIRED FOR DEXTEROUS FIN= ?

Tokuji Okada

Mechanical Engineering Department
Niigata University

8050 2-no-cho, Ikarashi
Niigata 9O-21, Japan

Abstract sensor information. Thus the information is very
important to determine grasp force of the hand so

Requirements of sensors for dexterous fingers that an fragile object might be handled without
have been discussed and appropriate sensors to crashing or dropping down.
answer the requirements have been proposed. Further. sensors are utilized to reduce a loadlu~vr te rquxeweU hae ben ropsed ofcoutation since they get information directly.

Miniaturization of a tactile sensor element has Sincemeatata mae tey toraiz d ie
been considared, however the number of sensors which control of the hand ensor-based control proeam
might be attached to the surface of a ringer body il give the robot hih adaptability to the real
is linitted. Also. it is difficult to make all of will gie toot high -ureal
the surface sensitive and to handle a bundle of world (i.e. autonomy), with high accuacy and
signal lines. In order to solve these problems. reliability.
new tactile sensor having no blind sector is In this paper. we discuss tactile sensors which
proposed. The sensor uses a suspension shell are required for dexterous fingers and ve propose
covering the surface of the finger body. Tactile an appropriate sensor. Kinm1tical analysis and
sense is obtained by detecting the relative measurement principle are presented.
displacement of the suspension shell from the finger
body. 2. Requireents of Snsors for Dexterous Fingers
O Itodt Various tactile sensors of opto-electrical

. ntroucion 5)]. [6] . . magnetic. electrostatically
Visual information is important to control a capacitive, mechanical and electro-conductive means

robot hand in a position which is very close to an have been proposed so far (8J.f9].(101.(tI], (121.
ooJct (l]J?. I. . LV the oter n sen sors £ trajn Zamuge and a load cell have been suggested
attached to an end effector of the robot hand are as a device for measuring and resolving forces and
characterized by the fact that the sensors are moments applied thereon into their orthogonal
sensitive to invisible information like pressure, components (13, (151. The device may be
force and moment which are obtained by touching a accomplished by connecting spring elements to the
object. For instance, it becomes clear by the touch loaded input and ma urin the angulr rc
whether an object is simply located on or fixed to tran.sltionlL displaceents as amasure of forces
another object. Once the hand rearhed the object. and Gomenth.
the invisible information is needed. This Generally. the strain gauge is troublesome in
information can be said local or micro information handling because of its fragility. Thus an
as compared vith global or macro information of the appropriate protection of the gauge frow extraneous
visual information. Specifically. in complicated forces and moments must be considered (14).
assembly tasks, tactile information is indispensable Further. the measurement is considerably influenced
for a fine control of the hand. in addition to by temperature. While electrical compensation
information about gemtrical relationships among techniques have been used in the pat for orrctinassmbly parts, the signals influenced by temperature, it has been

When the sensor detects unexpected signal while difficult to obtain reasonable signals to be
the hand moves, we can recognize an obstacle measured, Similar thins are said in the load cell.
invasion or disturbance caused by- abnormal task since the load cell is basically constructed bycompletion, and can revise or ake a, change in using the strain gauges with flexure beaa.
programs to cope with the unepected sitution. cantilever bars. tensiontrape and so on.
Unusual progpms wilt be also adopted according to The load cell lacks the ease in manufacturing

demand. Necessity of the sensor is not only in and asembly or the-accuracy necessry to providegathering information for the control of the hand an inexpensive but accurate device. Wulti-uXis loadut hleo in recoinnzgng size and shape of an object. cells through which vectors representing all
For the urpose of recognition, the hand i o actively components'of forces and moments have a relativelyscanned to be a probe 4 . And the information from large amount of l ceosx-talk or undesired
te sensor is synthesized with control history of co-dependence (15). Some load cells have a resonanttne hendoroistsynthesizedcw.thecontroldhistoryiof frequency at a low frequency. Therefore. thetne hand position to search, verify and recognize fabrication of" the device is rather difficultan
the object. For instance, the hand can grope for a exeniva din to a coprater exefive adspecific object form and pick it up from a box in expensive. leading to a compratively expensive loadwnich a variety of objects in size and shape exist, cell These are undesirable leatures existinl in
Other attributes of the object like hardness and the strain gauge type and the load cell type
ruggedness are also evaluated by synthesizing the devices.



instance, a large number of tactile elements have 142
to be arranged in order to obtain tactile
information over a wide range on the surface of the
finger body (16).[ 17]. For this reason, insensitive N,
regions inevitably arise actually C18]. Flexible

rubber covers are used to make the insensitive S
regions small (19]. Moreover. it is difficult to
reduce the size and weight of the sensor as a whole
since a large number of elements are arranged in a
discrete fashion [20]. and signal processing tt
increases in number vith increase in the number of Force Force
elements involved, leading to increased complexity
in use.

From the above discussions. we can extract such Fig.2. Inside view of proposes sensors.
sensor requirements for the dexterous fingers.
These are
I)smart enough to be housed in a finger body. since (O) (b) (c)
the dexterous fingers can perform not only such
simple motions as bending and extending but also Body Shell
such lateral flexing motions as adduction and
abduction.
2)capable of measuring the magnitude, direction
and point of action of the external force applied
on the finger body without insensitive regions.
3)light weight which causes no error in a fine
control of finger joints. Spling Fixed
4)high sensitivity with robustness to endure the Rod
external force.
5)lov drift against the change of the temperature. Fig.3. Three suspension types.

and On the contrary. a finger installing the proposed
6)reduced in number of electric lines by adopting tactile sensors is overvieved as shown in Fig. I(b).
an appropriate scanning of the sensor element. That is. the finger body is veiled in a cylinder
To answer these requirements, we propose tactile which we call a suspension shelL. The suspension

sensors by taking such a fact into consideration shell is free to move axially and radially since
that finger bodies have cylindrical form. materials connecting the shell to the finger body

are elastic. The force operating on the finger body
3. Structure of Proposed Sensors will cause the shell move. Thus, the force will be

measured by analyzing radial, axial. and waular
Most of the fingers get tactile information by displacements of the shell. In order to make it

electrical or mechanical sensor elements installed possible to detect the displacement of the shell.
on a surface of a finger body. Appropriate sensor we use optical means located in the central area of
elements in number, size and arrangement might be the finger body, by taking advantage of the fact
considered according to a demend of accuracy and that the finger body is hollow, in general.
resolution. For instance, if the sensor is utilized Figure 2 shows rough sketches of a cross
to identify a partial shape of an object, a lot of sectional and longitudinal views of a finger
sensor elements will be installed to make the equipped with a sensing unit. Symbols S and R mean
resolution high. Therefore. in general, the finger a light beam source and a 2-D photosensor array,
is overvieved as shown in Fig.1(a). Evidently, the respectively. Notches express an elastic material
surface of the finger becomes grotesque and disturbs like a spring. A form of the finger cross section
flexible motion. is not limited bo be circular. Exact measurement

of the deviation of the shell against the finger) (b) body is described late,.Conventional Proposed 3.1 Suspension Types
Blind
seind In order to suspend the shell around the finger

Sensitive body coaxially. three suspension types are

considered. Figure 3 shows three cross sections ofare the sensors corresponding to the types A. B aund C

vhen three elastic materials are constructed by
Body . •springs. Ends of each spring are connected with

Body the shell or the body, directly or indirectly
Suspension through a rod. In the type A. the spring connects

the shell and the body directly, thus the spring isSensor chip shell housed in the gap between the body and the shell.
On the contrary, the springs in the types B and

C are located ina space of the finger body by using
Fig.I. Sensor structure, the rod for connection. Dotted area in the type B

is a part of the finger body. Central spaces are
occupied ro the suspension in the types B and C.
However. the space in the center of the body still
remains in the type C.



Since the shell covering the finger body becomes 1243
sensitive to a force operated, tactile information
is obtainable at all around the finger body. We
investigate a stiffness of the sensor depending on
the elasticity of a spring.

Let consider a spring (stiffness. k) croassing
the basic line Z with the angle a. then restoring
force of the spring to the direction 6 is expressed
as kzcos(o.6) for a displacement z (see Fig.4). kb (
Therefore. in such a system having a lot of springs
coupled to the mass a. composite stiffness ke is
written as

.,--k~cos'(a,-6). (1-

kZ (C)

- k

Fig.5. Characteristics of a stifrnes around a

Fig.4. Installing condition of a spring.

By utilizing Eq.Mi, ye can calculate senisor
stiffness around the finger axis. When springs are
arranged so as to divide a circumference with equal
angles. we obtain

ks-(kt'.k2)cos2G. then n-2. (2a)

ke-(4k i4kz-k3)cosZe..(kz-ks)sinze Z A
* /v/4(kz-k3)sin2ft. uhoa n-3. (2b)

k*-k..k3.+(k2+k4-k;-c4)sinZ9, uet n-4. (2c) Fig.f. Specific plane for kineatical analysis.

Figure 5 shows spring arrangeents ajid the stiffness reduce the vibration, it is very important to know
patterns calculated. Regardless of the value of 9, a behavior of the shell, specifically the natural
the composite stiffness becOA co*Mant. when n-3 frequency. Therefore, we analyze the kinematics of
in k-kz-kZ. that is. a circular pattern is formed, the shell in this section by supposing that the
Same things appear when n.4 in k,,kj-k2.k4. shell has a circular form. At the beginning of theAbove discussions are said when all springs are analysis, we define symbols.
either extension springs or compression springs,
f a spring is useful for both extension and 4.1 Nomenclature
compreson, only one spring is enough to have the

stiffness pattern as shown in Fic.5(a). When F: external force.
lateral stifrness of 'the spring is not negligible f.,f,.,: rectangular components of F.
small, the stiffness pattern in Fig.5(a) becomes a a.b: subscript for suspension sections A and B.
single loop. Evidently, the spring is utilized for G: gravity center of a suspension shell.
simplicity of a sensor mechanism. q: gravity.

h: position-of the contact point along Z axis.
4. Kinematic Analysis of the Sensors 1: moment of inertia.

i: subscript for discriminating springs.
In order to make it possible to sense taetile k: longitudinal stiffness of a spring.

information from a wide area of a finger surface. k,: lateral stiffness of a spring.
we suspend a cylindrical shell at two sections A 1.: length.of the suspension shell.
and B which are close to the ends of the shell (see i.: d&stance of the suspension section A from the
Fig.6). The force operating on the shell will cause suspension end (see Fig.8).
vibratLon and the sensor response unreliable. To 14: distance of the suspension section B from the
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the section A. Ab--(- I°Ig'"
M- mass or a suspension shell. Note that the potential energy of the spring atN.maSofasupesonselthe section A is
m.mb: division of the mass M.

r.: length of a spring. U.,- 1-(6.,
ri: inner radius of the shell.

r2: outer radius of the shell. /rcos( -,) e.Ir~sn(-. ))zgr. 1). (8
T: kinetic energy. In the same maner. ve obtain the potential energy
U: potential energy. Ub in the form
,J. Y.Z: rectangular coordinate system.
a: angle for the spring arrangement (see Fig.7). Ub, -jk4 ,6 401.-
0: rotation angle about the Z axis.

6: displacement of a spring length (from an - /!r*os((-Ob,).Ab)2.lrsin(Ob,)}2.r.i2 ]. ( 9)
off-load condition).
o: angular displacement of the shell about the It follovs that the potential energies of the mass

body amis % and m are

1: displacement of G from a stable equilibrium U.--.Q4siW. (30)

(positive in downside). Ubo--494Isin. (11)
A,: displacement of. .
4: displacement of 1. Collecting the above mentioned term yields a total
9: rotation angle about the axis passing through of the potential energies such that
G and is parallel tO X axis (positive in CV). U (12)

4.2 Analysis of Sensor Behavior Consider the balanced condition of the spring.

Since behavior of the shell in arbitrary attitude one can verify that

is too difficult to analyze. such specific Zk,6eoS(0-8o)-Wgsir,0. (13)
conditions are supposed that the finger axis is
horizontal or vertical: In this section. ve kJcJ,64icos(A-eb,) -V*Qsif. (34)
consider the former case. that is the finger axis
is horizontal. The dynmic equations Of motion for the suspension

Let the shell be suspended by adopting the system Can be derived using LAgrange's equations:
suspension type C in Fig.3. Note that analyzing JL JI
plane crosses the X-Z plane vith the angle 0. t -- q .. (35)
relations amo the shell, spring and finger body ahe

in the cross section A are illustrated in Fig.7. vhere

Figure 8 illustrates the parameters in the T total kinetic ee-rgy.
analyzing plane. From the figure. ve can express U total potential energy,
the kinetic energy as Qs generalized external forces.

,. generalized coordinates, and
T'MLZ4.Ifz.  ( 3) q. generalized velocities.

When te shell is a uniform medium. we can write Therefore. insert Equations (3) and (12) into
- . (4) Eq.(15) to obtain

Concerning the displacement of the mass me and n%, (16)
we have (see Figs.7 and 8)

°-A (l,-L°)£0, ( 6) Suppose that 4/r.<<l, then we have

vie a I seso ihell

oalanaed condt ion.
Fig.8. Side voer of the sensor in balanced

condition.

.. .. m m ... m ....
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A Then we obtain the angular velocity w. Furthermore.

combining Equations (21) and ,,5) produces the
result that

Node2
S elA. ~ l t) u[ h -°)C5

This result is also obtained by combining Equations

- C2) and (25).

i.ol Vibration modes are cla.sified into three types

depending where a node exists. Since we defined

Fig.9. sketches or the end or the finger body. 
that A and % are positive in downside and counter
clockvise. the node exists I) on the point 0. 2) on

the right and 3) on the left. vhen the value of

A./(to) is zero. positive and negative.

(a) respectively. Deviation of the node from the point

G is expressed by A./*. Figure 9 shows vibration
modes when Ae/(L.*) is positive and negative. Cross

sectional behaviors are shown in Fit.10. To

compress the vibration of the sensor. the angular

velocity w is desired to 
be designed small.

5. Displacement Measurement Mechanisms of the

M6I 
Sensors

In this section we describe displacement
meaurement mecaism fr o ase s depening on
the measurement accuracy. Characteristics of" the

- sensor is lso presented.

Fig. 10. Vibration modes: (a)A°1,Q,>O and 5. I Rough rtesurement

(b)41o.<0. Figure If shows an embodiment of the proposed
au - - tactile sensor for a fingertip use. Referring to

-__ - ,(1) the Fig.I1, a cylindrical sensor body has an end
plate I provided vit~h a comoite bearing 2

Also. by supposing that Ab/r.,<(. we have consisting of an axial slider 2m and a spherical
bearing 2b at the center of the end plate 1. The

-. , axial slider 2a is supported in the spherical

(19) bearing 2b. In this embodiment, the sensitive shell

has a hemispherical form and is unified with a

b, (20) support rod extending from the inner surface. The

,,,(L,4i&- )a'. support rod is supported for axial movement and
rotation in the Composite bearing 2.

Using the approximation expressed by Equations from The sensitive shell is disposed at a position

(17) to (20). one can find from Eq.(16) that slightly spaced apart from the end plate I of the
sensor body such that it is tiltable in all
direction vith respect to the sensor body and is

N Z (uu)A 4. u(,- L=) +u(L, 4l.-l.) -O.. (2 )

((b)where-'z~~ 
* l )z O  (22) 2b B ¥ I

u-- r-;. ka, 16a, - (6o, +,o (23)1Ro

, .kb,(6b,-(66.4r.)cos
2(S-8b)1. (24)%

An imaginable solution of Equations (21) and (22)

A-A.coswt. (25)

Hence. we have

, [Fi.)]. Displacement detection mechanism of a

(27) tip sensor.



also a&xaily dispiaceaOLe. A C,..

tte free end of the support rod projecting from the

bearing 2 Into the sensor body. A plurality of A Shell L 146
radially uniformly spaced-apart extension spring

are connected at one end to the disk and coupled at

the other end to the inner periphery of the sensor Rod
body via respective detection means. "__ ______,_________'_' _ _,__

In the absense of any external force applied to
the sensitive shell. a ring-like stopper 3 provided R'SJ

on an intermediate portion of the 
support rod comes 

R R- ,-S3

into contact with the bearing 2. and the sensitive -t
shell is biased such that it can balance at a
reference position in a reference orientation. The S Disk S2

detection means provided on the springs detect the 
nhole _

deformation of deforming force of the springs. If'

a bean with a load cell or strain gauge is applied

to the s3ring as the detection means, the extension

force of the spring. i.e.. deforming force. can be

detected. Figure 11 shows an example of this

arrangeent. Output signals from the detection

eams will be supplied to an operational unit. And Fig.12. Displacement detection mechanism of a

the force vector of the spring is calculated by bdy sensor.

using known parameters such as spring coefficient the opposite sides of the pinhole, whereby it is

and the angles at which the sprig.s ar arrned. possible to readily detect a slight displacent or

T thiof e calculation is as follo: nc the sensitive shell with respect to. the sensor body.
the detection means senses the displacement of And the data obtained can be processed to Calculate

springs, the end point of a spring can be expressed the mgnitude and the point of actio o the

as a circular arc. hen the support rod is rotated external fore F aplied to the Pn o mitive shell.

about its axis, howevec, the range is generally In ths cae, there is no need si proidin any

expressed as a spherical surface. Since the detection el ent s the elatic embers. A single

distance between the ends of the springs on the 
disk liht-e iting elem ent S a s in Fl.2 is

is known and also a straight line passing through sufficient only for the detction oFi the

the center of the -disk at an angle of SO dre s displacement of the sensitive sheli in th radial
passes through the center of the composite bearing direction.

2. the position and inclination of the disk are

determined by geometric calculations. It should be 5.2 Fine Measurement
noted that since the position of the disk is

Passes through the center of the composite bearing When it is desired to obtain force detection in

2. the position and inclination of the disk. are all directions, two light-emitting elements S and

determined by geometric calculations. It should be S2 may be mounted on a substrate unified vith the

noted that since the position of the disk is sensor body as shown in Fig.12 from which the

expressed as a function of the deforming force, it elastic members and detection processors have been

is possible to estimate the torque operated on the omitted by way of structural simplification.

rod. i.e. an external force acting on the The positions of the light spot from the

hemispherical sensitive shell. light-eitting elements are detected by a position
When the external force is supposed to be detection element, so that it is possible to

Parallel to the axis of the finger body, the determine the position of the pinhole In the disk

magnitude and point of Action of an external force as an intersection of two light beam paths by a

can be determined uniquely. When two or more calculation unit which is not shown. Ioverer. when

external forces are simultaneously applied, the the detection element cannot simultaneously detect
results of calculation represent values concerning two or more light spot points as in the PSD (Position
the resultant force. Sensitive Device). it is necessary to cause

When the external force F is exerted on the flickering of the light-mitting S, and Sz one after

sensitive shell in a state where the cylindrical another to determine the light spot positions

sensor body and cylindrical sensitive shell are separately. For this purpose, light emitting

coaxial with each other as shown in Fig.2. the two sources will be scanned so that only one light

cylindrical bodies become eccentric with respect to source is allowed to be active at the same time.

each other. More specifically, the elastic member If the light-emitting element 53 and the
(expressed by the springs) at positions closer to decentralized pinhole in the disk are provided on

the point of action of the external force F are either side of the sensitive shell, the rotation

elongated, while the elatiC" members on the other angle of the sensitive shell about the axis of the

side are contracted, whereby the sensitive shell is sensor body can be calculated. by using the

stabilized. When the point df action of the positional information of & light spot on the

external rorce F shifts progressively to the right Photo3ensor R. in addition to the information
from the position shown in Fig.2(a). the extent of regarding inclination and axial deviation of the
deformation or elastic members on the right side is sensitive shell that has already been obtained.

progressively increased and eventually becomes Obviously. the positional information can be

greater than that of elastic members on the left obtained by using the same detection element. When

side. the inclination.. axial deviation and rotational
The connecting disk to which the end of each .displacemeat of the sensitive shell are determined.

support rod iS connected is unified with the the deformations due to the elastic members are all

sensitive shell Also. the connecting disk may be calculated, so that it is possible to determine the

provided with a pinhole at the center, i.e. at the
posit~on corresponding to the axis of the sensitive
sneli A Lignt-emitting element S and a position
Zetec-tuon ei-ment R may be provided on the axis on



magnitude. airectlon arid point of action 09 , "e nesiected :ateral stitiness o1 te spring so 147external force on the sensitve shell in the strict fa nec e of tsm al sness n e ne B rt t osense. however the number or the points is limited rar because or smallness in general. But to the
sny hone hshear forces Jr and Is. the lateral stiffness k,to ony one. takes important role to make the sensor shellS For exple, when the elastic mubers at two stable. It is not so easy to express the stiffnesssides of the sensitive shell a have the same elastic since the length of the spring affects themodulus, the Position of action of the force F is stiffness. However. in our application, thedetermIned according to the radial displacements at displacement or the spring is so small as comparedthe two sides. If the displacements are equal, the with the spring length. Therefore. we use the valueposition of action is determined to be at the middle such that
point of the sensitive shell, and the magnitude of
the torce is expressed as a sum of these k,-k#/J. (34)
deformations.

By the above-mentioned optical measurement. we where J is the constant depending on the radius ofcan calculate shift vectors of two disk centers at a spring, length of a spring and so on (ZR). Inthe cross section A and 8. say V4 (Cl.z#C2l.VC3Z ) general, k, is smaller than k#.and V%(cibz*czw-cC z) . respectively. Rotation anle, By using the stiffnes.es k, and k,6 i at thesay o. related to the suspension shell is also y A and B. ye can approximate the force
computed. We suppose that vectors V. and V6 exist ctions A and B. seca thein a same plane since the suspension shell is rigid ponents Is and f, Such that
and the number of the external force is only one.That is. the plane including vectors V. and Vk also .(35)
includes the axis Z and is expressed by the plane u
in Fig.13. Thus. the angle A is determined.
Actually. we have (39)

a-"COS' 1C1./(C-ci"')Z]- (29) All of these calculations are valid when the
suspension shell is rigid. The Position parameterThe agle 0 is equally obtained by replacing h will be accurate when the external force operatesparameters (cr.c ) y (cib.cz ) in Eq.(29). These in he interval between the section A and B.

results are used to determine the force vector F Finally, the torce F is written aS
and the position where the force F operates.

Let the three components of F be 1.... as(
illustrated in Fig.13. The components Is and !r (37)are shear forces at the contact point. By utilizing contact point is expressed bf the parmters U andthe result 0. stiffness of the suspension at the h As a result, we can determine the force and thecross section A and B are determined from q.(). point to which the external force operates.say kA*. ksa. for the stiffness when 8.0 at sections
A and B. 5.3 Characteristics of the Sensor

Accordingly. the normal force fnn and fnb (seeFig. 13) are Proposed sensor having the sensitive shell and(30) the sensor body are unified such that there is no
insensitive zone. and the effects of the sensorsf-6-k / . (31) can be obtained to the utmost vhen the sensors are

Then. we obtain utilized in artificial fingers having articulations.When an object is handled vith only the fingers.
the object can be handled vithout dropping it only(3) when the entire surface of the fingers is provided

Further, the unknown parameter expressing the with the ses e Of touch. This selor makes itposition of the contact point is calculated to make Possible to provide an artificial finger with aforce balance such that sophisticated Sense Like the sense of human skin.Further, by appropriately selecting elastic embers
(33) to be used. the displacement versus forcecharacteristics of the sensitive shell can be variedF P(one, according to the rotation angle of the sensor bojy

about the axis. For example, it is possible to
increase the sensitivity of the sensor in a
particular direction or produce a uniformP 7 sensitivity independent of the rotation angle.Pan e 7 The sensor body can ae odate optical crelectric components inside, so that the operation
can be performed without hindrance from signal

S. Section B lines. Also, the entire finger can be reduced inZsize. Further. information equivalent to thatobtainable when aur infinite number of sensors are"-a X provided is collected with a limited number ofsignal lines, thus it is-Pssible to dispense with
means fo, scanning sensors and reduce the weight of

Section A the overall senior device. Even if an unexpectedgreat force should be applied to the sensitive
shell, the aensor body will safely receive thisFig. 13. Force components of the external force force. Therefore. the sensitive shell need not beF m ade of a metal but may be made of a material lighter



so long as it has sufficient rigidity to maintain a '121 148shape similar to that of the sensor body. From this rt Paolo Daro e t I An anthropomorphic 148
stanpoit. he enso boy cn b reailyredced robot ringer tor investigatin.g artificialstandpoint, the sensor body can be readily reduced tactile perception, Int. J. of Robotics Res.in veight. 6-3. 25/48 (1987).

6. Concludig Renarks (13) K. Salisbury: Integrated language, sensing
and control for a robot hand. Proc. of Int.

Appropriate tactile sensors have been proposed Syp on Intelligent AutoMation. 54S (sf5).for dexterous fingers. The sensors have abilities (34) S.S.i. Vaig and P.3, Viii: Sensor. forto detect external forces applied not only to the computer controlled mechanical assembly, The
end surface of the sensor body but to the entire Industrial Robot. 5-1, 9/Ia (Ill).
outer periphery thereof and is thus free from any [15] f.u. Ute d S a Pateinsensitive zone. More specifically. all of arcuate fexures. United States Patent
electrical and mechanical elements for the detection No.40994g (1978).
are housed in the senior body. It is thus possible
to simplify the detection and facilitate the size ( Kinoshita et al.: A patternreduction of the tactile sensor for smartness. We classification by dynamic tactile senseintend to attain an experiment to show how smart information Processing. Pattern Recognition 7.inted t attin n exerient o sow hw Sart251~~ (1975).
the sensor becomes.

When the sensors are applied to a robot. it is t171 M. Raibert and J.E. Tanner: Design andPossible to make a h~nd or a finger sensitive with implementation of a VLSI tactile sensingpossbleto akea h~4 o a ingr sesitve ith computer. Robotics Res. 1-3. 3/18 (19M).a function like the tactile sense of a human skin. cI te Robotic and Z. St18i(1 ov) c
It is thus possible to realize a smart sensor for (18t R.Tomovic and Z. tojilkovic:
multi-jointed fingers which has heretofore been Multifunctional Terminal device with adaptivediffiult o obtin.grasping force, Automatic&. 11, 567/W73 (3975).d l tobt]n 
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ABSTRACT

Manipulating force and grasping force for skillful manipulation
of objects by multi-fingered robot hands are discussed in this paper.
Firstly a short discussion of grasping and manipulating forces for
two-fingered hands is given. Then, for three-fingered hands, a new
representation of the internal force among the fingers is given. Based

on this representation, the grasping force is defined as an internal
force which satisfies the static friction constraint. The concept of

grasp mode is also introduced. The manipulating force is then defined
as a fingertip force which satisfies the following three conditions:

1) It produces the specified resultant force. 2) It is not in the

inverse direction of the grasping force. 3) It does not contain any
grasping force component. An algorithm for decomposing a given

fingertip force into manipulating and grasping forces is presented.

I. INTRODUCTION

Various multifingered hands for manipulating objects skillfully

have been developed so far (11-[5]. Analytical studies of grasping and
manipulation by robot hands have also been done by many researchers.

Hanafusa and Asada (21 proposed the prehension potential for obtaining
a stable finger position of an arbitrarily shaped object. Salisbury et

al. (41 have done a basic kinematic analysis of-articulated hands
using the concept of mobility and connectivity. They have also given

an expression relating the total resultant force to fingertip forces

and having an explicit ,arameterization of internal force . To

determine a suitable grasping posture, Salisbury et al. [4] proposed
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to use the condition number of the Jacobian matrix, while Yoshikawa
[6] proposed to use the manipulability measure. Kobayashi (71 defined
the norm of the handling force for an expected external force, and
proposed to use it for obtaining a suitable grasping posture. Hanafusa
et al. (8] defined the magnitude of grasping force as the square root
of the area of a triangle formed by the internal forces of three
fingers. Kerr and Roth [9] proposed to determine the optimal internal
forces as those with the minimum norm under an approximated frictional
constraints. Hanafusa et al. [5] have used the terms of -manipulating
force" and "grasping force" with respect to the joint torques of the
fingers. In spite of these studies, the authors still think that the
forces involved in grasping and manipulation have not been fully
understood. This understanding is important for designing hands and

for developing grasping and manipulation algorithms.
In this paper, the manipulating force and the grasping force are

difined explicitly for articulated maltingered hands, and the

relation between fingertip force and these two forces is made clear.
Firstly the definition of manipulating and grasping forces for two-
fingered hands is given such that they agree with our intuitive image

of these forces. Then a new representation of the internal force is
given for three-fingered hands. Based on this representation, the

grasping force and the manipulating force are defined . Finally an
algorithm for decomposing a given fingertip force into manipulating
and grasping forces is presented.

This paper is a revised version of our previous paper[ 10].

II. TWO-FINGERED HAND

First we consider the case of two-fingered hands shown in Fig.l.

Assume that the two fingertips make point contancts with friction with
a grasped object. The i-th finger (i=1,2) applies force f i c R I (R° is
the n-dimensional Euclidian space) on the object along the x axis.
Then the relation between fingertip force [f If 2 ] T and the resultant
force t e R' exerted on the object is given by

f f 2 A f, (1)

A rl, 11 (2)
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Therefore the fingertip force [f 1,f 2 ] T which satisfies (1) for a
specified resultant force t is given by the general solution

L f] A't + (E2 -A*A] y (3)

where A' is the pseudoinverse [11] of A , [y1 ,y2 ]TeR 2  is an

arbitrary constant vector, and E n e Ra' (R" xa is the set of all nxn

real matrices) denotes the unity matrix. The first term of (3)

represents the fingertip force with the minimum norm among those which

produce the resultant force t. The second term for any (y y z IT

represents the fingertip force which produces zero resultant force,

that is, this fingertip force is an internal force. Substituting (1)

into (3) yields

f [AA f, E2 A-A] f 1 (4)Sfz f2 f2
~L

This equation represents a decomposition of any fingertip force into

two components. The first term on the right hand side AA[fE ,f2 ] a

11 1, I . 2 ] might be considered as the component for manipulation

and the secondterm Ez-AA] (fIf fz]? [?uI?.27, T] as the

component for grasping. Then from (2) we have AA T(AAT)-' = (1/2,
1/2]T, hence from (4)

( 1 f.f 2 )/2 (5)

K( Ij L f )/2
=2 (fIf 2 )/2

L

If we consider the case of f f) 0 and f 0, (5) and (6) become

i~~ a ? , = f/2 (7a)

2 1 f o0/2

L- I J L

, , i I I II I II1
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P, 0 /2 (7b

[ ] [ /2]

Hence the force component for grasping [ '. , , , I ] is not zero.
Fig.2(b) shows this result schematically. It is easily seen that,
under this state of grasping, since f 2 = 0, the object will easily
slip out of the two fingers by an application of any small external
force which is not parallel with the x axis. According to our
intuitive image, the grasping force for this case should be zero.
Hence (4) is not suitable for the definition of grasping force. Based
on this consideration, we now propose to define the grasping force and
manipulating force by the following equations.

;f~ ]= f ] If +f
2 

I (8)

where I is an auxiliary parameter which takes value I when f, +f a
O and value 0 when f I 'f 2 < 0. According to these definitions, the
fingertip force (f, , f? ]T = (f0 ,0]T is decomposed into

ef, fo (hna)

II. H N HAND

L f z . 0 .

This result shown in Fig.2(c) agrees with our intuitive- image of the
grasping forces. In the following section, these definitions will be

extended to the three-fingered hands

111. THREE-FINGERED HAND 0 I

3.1 Fingertip Force and Resultant Force
Basic relations of forces in manipulation of a rigid object by a
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three-fingered hand will be given under the following assumptions.

1) Each fingertip makes a frictional point contact with the object.

2) These contact points on the object do not change their positions

due to slip or relative rotation between the object and the

fingertips.

3' The three contact points are not located on a straight line.

"} The mechanism of each finger is such that each fingertip can exert

a force to the object in any direction.

Assumption 1) means that each finger can apply a force but not a

moment to the object. Assumption 2) implies that the curvature of the

fingertip is infinitly large. If not, relative rotation between the

object and the fingertip during manipulation will cause some change of

the contact position, resulting in a motion with a non-horonomic

constraint which is difficult to analyze [9]. Assumption 3) and 4) are

necessary for arbitrary manipulation of the object.
Fig. 3 shows a robot hand and an object under consideration. In

the figure, X . is the object coordinate frame fixed to the object,

C , is the contact point of the i-th finger (i=1, 2, 3), r i e R3 is

the position vector of Cifrom the origin of :., and fi eR3 is the

fingertip force applied to the object by the i-th finger.

The resultant force f e R 3 and resultant moment n i R 3 due to
f1 , i=1,2,3} are given by

3
f = f, (11)

3

n = i(ri xf,) (12)
I.'

From(Ul) and(12), the relation between the total fingertip force F i

f ', f ,, 2 ]. and the total resultant force T f [fT, nT IP is
expressed as

T AF (13)
where

A E E3,eE3E (14)
SR, R 2 Rs
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0 -r i r i
Ri a ri . 0 -ri x r R

3 O (15)

-ri y ri x 0

r , [ r i x , r i y , r i ] T (16)

The manipulation of the object is done through an appropriate choice
of the total resultant force T.

3.2 Internal Force
The general solution of (13) is given by

F = AOT * (E, -A*A)y (17)

where y eR' is an arbitrary constant vector. The second term (Es -

A-A)y in (7) represents the internal force. However, this expression

of the internal force is not convenient due to the following fact.

From assumption 3) it can be easily shown that the rank of A is 6 and

rank(E, -A*A) = 3 (18)

Hence the essential arbitrariness of the internal force is three.
Therefore determining the internal force by the vrctor y means
determining a three-dimensional quantity by operating a nine-

dimensional quantity.

In order to avoid this inconvenience, a new expression of the
internal force will be given. Let

ex, ( -r 1 1)/jr1 -r II, i,j=1,2,3, i*j (19)

where II r denotes the Euclidian norm of vector r. Then e is the
unit vector directing from C to C on the grasp. plane Q including

the three, contact points, and e j -e . Fig. 4 shows these unit
vectors on the plane Q. The following proposition holds

Proposition 1: A total fingertip force F is an internal force if
and only if there exist a vector z =2z21 , Z31i Z12]T eR3 such that
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F : Gz (20)

where

G a, 0 els e12  e R9 x 3 (21)
e 23 0 e2

L e,,2 e. 
0

Proof: The set of all internal forces 5, is given by

S, s Range(E, -A*A) = Null(A) (22)

where Range( -) and Null( . ) are, respectively, the range space and
the null space of a matrix. Therefore, it is sufficient to show that

S, z Range(G) (23)

From (14), (15), (19) and (21), we obtain

AG = 0 (24)

Hence

Range(G) c Null(A) = S, (25)
On the other hand,

rank(G) = 3 (26)

From (18), (25) and (26), we finally obtain (23), completing the

prooff. 0

The internal forces -,[ ? IT , 3 T T have the following
geometric characteristics as is shown in Fig. 5. The lood lines of
the three fingertip forces ?i intersect at a point P on the plane Q
and the three forces form a closed triangle (force triangle) due to
the balance of force and moment. The three degrees of freedom of the
internal force can be interpreted as the sum of the two degrees of

freedom in the position of the point P on the plane Q, and one degree
of freedom in the scale of the force triangle. Therefore, there is
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one-to-one relation between choosing an internal force and determining
both the position of P and the scale of the force triangle. The point

P will be called the focus of the internal force hereafter.

I V. GRASPING FORCE

By experience we know that, when we handle an object by our

fingers, not only the manipulating force but also the grasping force

is necessary for not dropping the object. In this section, the
grasping force is defined and the concept of grasp mode is

introduced.

Definition 1: A fingertip force F is called a grasping force if

the following two conditions are satisfied.

1) AF = 0 (27)
f iTai 1

2) - >, i=1,2,3 (28)
1Uf i 11 V 1+0Z i

where a is the inward unit normal vector of the object surface and

is the static friction coefficient at the contact point C i .

Condition i) implies that F is an internal force. Condition 2)
means that each fingertip force satisfies the frictionconstraint. Due
to this constraint, the location of point P on the plane Q in Fig .5
for a grasping force F is also restricted. This restriction will now

be analyzed.

Let the position vector of focus P be rp , and

rp-r i
e p , i=1,2,3 (29)

Irp -r II

The vector e p', is the unit vector directing from contact point C,
to focus P. In the case of Fig. 5, the fingertip force ?i and the
e p , are in the same direction. However, this does not-necessarily

hold for all cases. For example, in the case of Fig. 6, f 2 and ep,
and f 3 and e p , are in the opposite direction. laking this point into

consideration, the constraint (28) can be shown to be equivalent to

the following two relations:



fl= sgn(ep iT a  )llfi le; i (30)

tep a, I > I i=1,2,3 (31)

In order to express the state of the internal force described by
(20), let

a a a I, a 2 . a ] (32)

a , Q sgn(zci.,)(,.,)), i=1,2,3

where the subscript i is interpreted as (i-3) when i 24 for
notational convenience, and sgn(a) denotes the sign of a, i.e.,

+ 1, if a)O

sgn(a) = ± l±, if aO (33)

-1, if a(O
Since sgn(z,( .,)) implies whether the grasping force between fingers
i and i-l is compression or tension, we can categorize the internal
forces by a. A fingertip force which satisfies (20) will be called
the internal force of mode a. For example, the force in Fig. 5 is of
mode [-l, "1, +1]. When F is a grasping force, since this mode is
useful for classifying it, a will be called grasp mode. Fig. 7 shows
the four essentially different grasp modes. Let 4 be

,3 Q[sgn(ep 'Ta, ), sgn(ep Ta 2 ), sgn(e p 3 a,)] (34)

This parameter 8 represents the relation between the location of
focus P and the shape of the object. Define the regions I through VII
on the plane.Q and-their code 7 [7 , 7a, 7,]. (7 i=l or -i) as
shown in Fig. 8. Then.we can easily show that for an internal force to
be a grasping force, one of the relationships among a- 8, and the
regions I -VII listed in Table I should hold. These relationships can
further be condensed to the following relation.

B = 7 or -7 (35)

a (7 1 7 2 # 7 3 (36)

Variables a . and 7 will be denoted by only signs + and -
hereafter. For example, [(1, -1, -1] will be expressed as [ .
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Note that (35) is a condition on the relation between the location of

P and the shape of the object with respect to P, and (36) tells the
grasp mode realizable under the given location of P and shape of
object. Relation (36) is schematically shown in Fig. 9. Summarizing
the above argument, we have,

Proposition 2: Suppose that the grasping positions r i , the
inward normal directions a i , and the static friction coefficients

g , are given. Then a grasping force can exist if there is a focus P
satisfying the following two conditions.
1) a , e p i, and g i satisfy the constraint (31).
2) $ and 7 satisfy condition (35).

Using the expression (20) for the internal force and the mode a
(i.e., the signs of z i j ), an expression of the grasping force F a
[f 1 T, f9 t , fS,3 ]T e R' is given by

Fg z Bghg (37)

where

F 0 13a -e1]
Bg 0 21 (38)

L e 32 C31 0 ]
e ., U,.," e,( .), i=1,2,3 (39a)

ei, " ,, , i-=1,2.3 (39b)

hg [hg 1, hg 2 1 h9, ] T, hg, Z0 (40)

Note that in 139) the first subscript i of i implies the finger i.
Vectors j, play the role of unit vectors for the grasping force.

Although there is a close relation between the shape of object

and the mode a of realizable grasping force, there are cases where
two or more modes are possible for a given shape of object. Fig. 10
shows the realizable modes of grasping force for a cylindrical
object. The plane Q is assumed to be parpendicular to the axis of the
object, so that the vectors a, are in the plane Q. It is also assumed

that Z , .. Fig. 10(a) and (b) are the cases where there is only
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one mode a[ * ] and a [ - + ], respectively, while Fig.

10(c) is the case where two modes a = [ . . . ]and a=[ - ]are

realizable. When there are more than one realizable mode, some

additional consideration for selecting one mode will be necessary.

This would be a topic for furher study.

V. MANIPULATING FORCE

Manipulating force is defined and its relation to the grasping

force introduced in the previous section is discussed.

Deflnition 2: For a given resultant force 1, the fingertip force
F=[ff,T P f T ]T is called the manipulating force of mode a if F
satisfies the following three conditions.

1) 1= AF (41)

2) fT eT- a, i1,2,3, j=(i.l),(i+2) (42)
3) (fij e,<,.,))(fi c(,*,),) =  0, i=1,2,3 (43)

Note that j's are defined by (39), and so are dependent on mode

a. Condition 1) implies that F produces the resultant force T.
Condition 2) means that the manipulating force is not in the inverse
direction of che grasping force. Condition 3) implies that the
grasping force components between C, and C,, C, and C, and C, and C,
are zero.

In order to give an explicit expression for the manipulating

force, we first introduce the following matrix.

0 (1-n)~ 1 e 0 0 1
(1-I) ,,. m.,, 0 0 , 0 (4)

L 0 * (-m) ,,n ,, 0 0 e,,

where

,<()*1)X 'Ca(I,:, , = ,c, X , 0(45b)
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and I , m, and n are parameters which can take 1 or 0. Vectors e ,
given by (45) play the role of unit vectors for manipulating force.

Fig. 11 shows the vectors i ij and e ji schematically for a
typical case. Note that a,'s are normal to the grasp plane Q and

cije ij a 0, i=1,2,3, j=(i+l),(i+2) (46)

The matrix B. is a function of a and (I, m, n). The parameter I (m,
n) determines which of the two vectors ( a12, E }21 (E s, e 32,

Se31, 8,3)) is included in the matrix B.. With these preparations,
we can give the following proposition.

Proposition 3: A fingertip force F which produces the resultant
force T, is a manipulating force of mode a if it satisfies

F = Brhn (47)

for some a, (.1, m, n), and hm[hm , h m, , h m WT With

hmn I0, i=1,2,3.

Proof: Suppose a fingertip force F Q[ f f 2 f
satisfies (47), i.e.,

f , t h rn I , a, + (1-n )h , 3 d , 13 h M 4 1 0

f 2 Ihm 2 e,, + (l-)hm I E2* hm s e20 (48)

fQnhm 3 831 + (1-m)hm 2 e32 + hm 6 E30

It is then enough to show that these f satisfy (42) and (43).

From (45) we have

T., , ' , , , e it E., , 0 (49a)
I T Eiri.,) I( 1.2)Te, = 0O (49b)

Therefore, from (48),(49) and (46)

f I T 1 2 2 thm IE 1 2 9 0 (50a)
f. T = (l-n)hm 3 8. , 0 (50b)
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and

-- (1-1 )hrn I I( e , IT -a -

-0 (51)

Hence (42) and (43) for i=1 are satisfied. It can also be shown by
similar arguments that (42) and (43) for i=2 and 3 are satisfied

by F.0

The manipulating force will be expressed by F [Qf m fm a
fm, ?] T hereafter.

Proposition 4: For any given manipulating force Fm of mode a,

IFm {I S 1 Fm + Fg SI (52)

for any grasping force Fg of the same mode a.

0Proof. From (37) and (42)

Fm TFs =  ±(fm , Tf i ) g 0 (53)

Therefore,

{lFm+Fg 12 = IFm I1 + 2.FM TFg 4 hF5 g 2
1 II Fm 11 (54) {

A manipulating force Fm of mode a which produces the resultant

force T, satisfies

-" AFm - ABmrhm (55)

Hence, for obtaining an Fm for a given T, we first calculate

Q[SmI fim "" Sm 1" iRG from

Sm (AB )-'IT (56)0
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for eight triples (1, m, n) (I, , n = I or 0). We then select the
one for which Sm i 20 (i=l, 2, 3) as the vector h. Then F,=Bmh,

with the above selected values h, and (.1, m, n) is the desired

manipulating force. The triple (e, m, n) which satisfies fi5 i 20

(i=1, 2, 3) is uniquely determined except for degenerate cases where
at least one of the three Sm i is zero.

VI. DECOMPOSITION OF FINGERTIP FORCE
INTO MANIPULATING AND GRASPING FORCES

A method for decomposing a given fingertip force into a

manipulating force and a grasping force will be given.

Suppos- that rj , a j, u i (i=1, 2, 3), and a fingertip force F are
given, and that this F can be expressed as a sum of a manipulating
force Fm and a grasping force Fg for some mode a. Then

F F5 g F, = BH (57)

where

B ( B5 , B,] (58)
H [ hs T , hmT IT (59)

An algorithm for decomposition of F is as follows.

1) Find the set of all rearizable modes a from r i , a i , i

(i=1,2,3).

2) Pick up one rearizable mode a from the set obtained in 1).
Calculate g T  T I T by

R=B-'F (60)

for the eight triples (,, m, n) (Y, m, n=l or 0).
3) Select the triple (0, m, n) for which Sg i 20 (i-1,2,3) and

m 0 (i=1,2,3). Let R for this triple be H.' Then ( Fm = Bmh,
F g B,hg } is a decomposition of F.

A Repeat the steps 2) and 3) until all the rea''"able modes are

checked.

Note that the decomposition may not be unique. Also there are cases
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where such decomposition does not exist.

A simple example of decomposition will be given in the following.

The object is a cylinder of radius 5 with its axis coinciding with the

z axis of the object coordinate frame Z Suppose that the three

contact points and the fingertip forces are given by

r:[ o, -5, 0JT, f1 [ 1, 8, 0 ]T

r2 [ 5V3/2, 5/2, 0 ]1, f 2 [ -3, -2, 0 3T (61)

r-- -5/3/2, 5/2, 0 ]? f 3  6, -2, 0 IT

Therefore the plane Q is given by the x-y plane of , and the a i s

are

a,[ 0 1 0 IT

a z - 3/2 -1/2 0 3T (62)

a.f /3/2 -1/2 0 IT

Also suppose that U =0.4, izl, 2, 3. Then using the above algorithm

we obtain the following manipulating and grasping forces of mode

f,=[ 7/4, 4-33/ 14, 0 IT, f", =( -3/4, 4-3/, 0 3?

f 2zj 0, 0, 0 31, f,, =( -3, -2, 0 IT (63)

f., [ 9/4, 3V3/4, 0 3?, f,, =[ 15/4, -2-37-3/4, 0 ]T

This is shown in Fig. 12. It can be easily seen that these forces

satisfy Definitions l and 2.

Note that the'expressions (47) and (37) of the manipulating and

grasping forces for three-fingered hands correspond to the expressions

9) and (9) of those for two-fingered hands. In fact, (8) and (9) are

obtained by the following steps.

,i) Similarly to (47) and (37), let
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f: j -- hm, hmER (64)

f I [ ]h 1 , hs eR' (65)

ii) Obtain /, h, and hg such that hm2O, h O.

'iii) Substitute the above obtained h, and hs into (64) and (65).

Note also that (64) and (65) represent one grasp mode and there is

another grasp mode which appears in the case of Fig. 13. For the

latter grasp mode, we have

L f. 21 1(1-.1)I

f: 1 ] = _ hs , hg e R (65')

instead of (64) and (65).

V II. CONCLUSION

The concepts of the manipulating force and grasping force, which

are often used for describing some kinematic aspects of manipulation

of object by human hand, have been studied for three-fingered robot

hands. The main results obtained in this paper are summarized as

follows.

i; A new representation of the internal force whose physical meaning

is very clear, has-been given.

2) The grasping force has been defined as an internal force which

satisfies the static friction constraint. The concept of grasp mode
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has been introduced.
3) The manipulating force has been defined as a fingertip force

satisfying the following three conditions: 1) It produces the
specified resultant force. 2) It is not in the inverse direction of
the grasping force. 3) It does not contain any grasping force
component. An explicit expression of the manipulating force has been
given.
1) An algorithm for decomposing a given fingertip force into

manipulating and grasping forces has been given.

We can easily extend these results to the case of four-fingered

hands. These results are expected to be useful for developing control
algorithms for multifingered robot hands and cooperated manipulation
of objects by multiple robots. In particular, the concepts of grasping

force and grasping mode would be helpful for secure grasp of objects
with various shapes. As for the utilization of the results in this
paper to the determination of fingertip forces for giveii manipulation

tasks, see reference (12].
The Authors would like to thank Prof. H. Hanafusa, Ritsumeikan

University, and Dr. Y. Nakamara, University of California, Santa
Barbara, for their helpful discussions.
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Figure 1 Two fingered band
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(a) Fingertip force (b) Decomposition (c) Decomposition

by (5) and (6) by (8) and (9)

Figure 2 Decomposition of fingertip force

Finger 3

Finger 1 Finger 2
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Object

Figure 3 Three-fingered hand and object
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(c) a =[ ( d) a =[ - -

Figure 7 Four grs Wdles
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Figure 8 Seven regions on the plane Figure 9 Relatio (36)

• , , / I



* 169

C:3 /"921 1 CI~

(a) only a=( ...* is realizable. (b) only a1-* + in Region 11

is realizable.

a[- + +

in Region III

in Region II

(c) an[ ** and art- + + I in Region 11andlllIare

realizable.

Figure 10 Examples of realizable mode of grasping force

- Object
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C1-

Figure 11 Relation between i j and a

(11 *:Upward and normal to the Plane Q)
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Figure 13 Iwo-fingered band

Figure 12 An example of decomposition and concave obect

of finger force into mnipulating 
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and grasping forces
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Table 1 Relation among a, 4 and 7

7 (code 48 (shape a (grasp
Region of region) of object) mode)
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5.5 .Control and Tactile Sensing for the Utah/MIT Hand

I.D. MCCAMMON AND S.C. JACOBSEN

ABSTRACT

The Center for Engineering Design at the University of Utah has been engaged in

creatng a dextrous arm and hand system for use in robotics and teleoperation. Initial efforts

have produced experimental hardware such as the Utah/MIT Dextrous Hand (a research

tool for exploring issues in dextrous manipulation), and a number of robot arms and hands

for entertainment applications. These are practical, reliable systems that breed a unique

demand for large amounts of tactile data. We believe that the problem of tactile data

0acquisitiorn is not solved simply by fabricating arrays of closely spaced sensors, but is best

approached by considering the sensing system in its totality. Sensors, preprocessors,

multiplexers, data transmission, and control schemes must all be balanced to ensure the

reliability and practicality of a particular design. This paper describes the development of a

tactile sensing system, and presents the specific steps that are being taken to achieve the

goal of a reliable, practical system. Beginning with a description of specific relationships

between elements such as sensors, data channels, and data bandwidths, we show how

system requirements favor particular system architectures, and how these architectures

affect transducer design. Next, we describe a capacitive transducer, developed in

collaboration with the Artificial Intelligence Laboratory at NT, and present some

preliminary results. Methods of reducing array density by using multiaxis gensors are then

discussed, and preliminary experimental data from a six axis tadtile sensor are presented.

This device is a result of the ongoing microsensor wotk at CED, and permits the

measurement of normal forces, shears, and torques about the point of contact.
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