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Abstract

A general-purpose manipulator, in conjunction with other
sensory modalities, can be used to measure the three-dimen-
sional character of the environment, support object recogni-
tion and localization procedures, and perform alternately as a
delicate and powerful manipulator. This paper surveys the
technologies which support general-purpose manipulation.
While machines are capable of outperforming the human
hand in specific applications, there is no machine capable of
addressing the variety of tasks accomplished by our hands.
We begin, therefore, by discussing the human hand. Some of
the “bioware” supporting manipulation and haptics in
humans is described. The development of hardware to sup-
port general-purpose manipulation is progressing rapidly. We
focus on tactile sensing techniques and their role in percep-
tion. A variety of mechanical manipulators used in research
and the methods employed to control them are presented.
Finally, we discuss properties of the task, the manipulator,
and the object which constrain the selection of manipulation
Strategies.

1. The Human Hand

The design of a mechanical manipulator is usually

~ motivated by a particular class of tasks. When the
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A Survey of General-
Purpose Manipulation

problem domain includes the interaction of the ma-
nipulator with relatively large and massive, or small
and delicate, objects, the result is what we define here
as a general-purpose manipulator. Such a manipulator .
can be integrated into multimodal sensory systems
used to support object recognition procedures or to
generate task-defined forces and velocities.

One approach to developing a general-purpose ma-
nipulator is to emulate those attributes of the human
hand which make it such a versatile end-effector. The
practicality of such an approach has been the topic of
considerable debate, since the objective is functional-
ity and not geometrical reproduction. The human
hand is, however, an existence proof of an extremely
versatile manipulator with which every investigator is
familiar. For these reasons, this survey of general-pur-
pose manipulation technology begins with a review of
the physiology of the human hand and the grasping
primitives which this physiology supports.

1.1. Kinematics

Figure 1 presents the skeletal structure of the human
hand. The kinematic character of the human hand has
been discussed by Lian et al. (1983). Each of the four
fingers of the human hand consists of three joints, the
most proximal of which is called the metacarpal-pha-
langeal joint. It has two degrees of freedom and is
capable of adduction-abduction over a range of ap-
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Fig. 1. The skeletal structure
of the human hand [adapted
Sfrom Jones (1920)].
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proximately 30° and flexion-extension of approxi-
mately 120°. The next two joints of the human finger
are the interphalangeal joints. These are hinge joints
with only one degree of freedom each and a range of
motion of approximately 90°.

The thumb is a more complex mechanism; we will
present here only a simplified description. The proxi-
mal joint is called the carpometacarpal joint and con-
tains two degrees of freedom. The first degree of free-
dom is adduction-abduction with a range of motion of
approximately 90°. The axis of this rotation is skewed
somewhat from the plane defined by the fingers. The
second degree of freedom operates the joint in flexion-
extension with a range of motion of slightly less than
90°. This motion is entirely within the plane defined
by the palm. The next joint of the thumb is the meta-
carpal-phalangeal joint whose predominant DOF is

" that of flexion-extension from the plane of the palm
toward the palm over a range of about 60°. The last
(distal) joint of the thumb is the interphalangeal joint.
This joint is a simple hinge joint with one degree of
freedom which allows a range of motion of about 90°.

The grasps which these structures support have been
described in texts on physiology (Kapandji 1970) and
have been observed in detail during the execution of

Fig. 2. Some of the sensors
in the skin of the human
hand [adapted from Jacob-
sen (1972)].
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representative manufacturing grasps (Cutkosky and
Wright 1986). Types of grasps are typically character-
ized by noting the relative amount of dexterity and
power transmission. The human hand accommodates
these somewhat independent modes of operation by
involving strong forearm muscles in a grasp when
power must be transmitted to the environment. The
result is a wraparound grip that maximizes contact
surface area by involving the palm as well as the fingers
(Wright 1983).

1.2. Biological Sensors

Descriptions of the mechanics of human motor and
tactile sensing vary slightly according to the source. A
variety of specialized structures, which transduce both
internal and external signals, and pathways of control
have been identified. However, the information con-
tent of the resulting composite signal and the amount
of processing done en route to the brain is not well
understood. The purpose of this section is to expose
some of these issues in an effort to develop a perspec-
tive on the complexity, redundancy, and distributed
nature of the control of the human hand. The follow-
ing discussion describes some of the sensing structures
of the human hand. These structures are presented in
Fig. 2.

Internal Receptors

Motor control in humans involves control of antago-
nistic muscle groups which allows the stiffness of each
joint to be modulated. The control of these muscle
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groups requires the acquisition of sensory data which
describe both positions and forces. Internal receptors
contribute to the sensing of the relative position of the
parts of the body, a sense termed proprioception. Four
receptors of this type are described below (Coiffet
1981; Langley et al. 1974).

1. Neuromuscular spindles sense the degree of
stretch in the muscle fiber. These receptors are
to some degree responsible for the reflexive
cohesion of the skeleton and provide precise
movement control. They come in two varieties:
one responds to high frequencies, and another
responds to low frequencies and dc traction.

2. The Golgi organ exhibits a very slow response
and contributes to the control of muscular
tension by measuring the degree of stretch of
the muscle fiber at the tendon-muscle interface.

3. The articular surfaces in the joints of the body
produce signals proportional to extreme posi-
tion, velocity, or ligament tension. These re-
ceptors are not analogous to continuous poten-
tiometers, but provide feedback for extreme
movement of the joint.

4. Ruffini corpuscles represent the final category
of internal receptor. This sensor functions as a
thermal receptor and contributes to the sense
of kinematic forces and accelerations.

Epidermal Receptors

These receptors, located in the outermost layer of the
skin, are distinguished from those above in that they
respond to external stimuli. Perhaps the most intimate
interaction of the human nervous system with its ex-
ternal environment is that of the hair. Hair cells have a
variety of roles, including proximity sensing, reporting
contacts, and sensing air movement. The contribution
of the hair cells to the recognition of the environment
is limited and will not be considered further here.
Epidermal receptors provide the most direct indica-
tion of general mechanical interactions between the
skin surface and an external object. The sensors in the
epidermis are characterized by two types of receptors.

1. Merkel disks are sensory receptors with a large
bandwidth which can respond to both com-
pression and shear stimuli.
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2. Free-ended nerve fibers consist simply of nerve
fibers with free endings which respond to a
variety of stimuli, including temperature and
pain. These receptors are classified by their
diameter, conduction speed, sensitivity or
threshold level, and the presence or absence of
a myelin sheath. The performance of these
sensors is proportional to the diameter of the
nerve fiber. As the diameter increases, the
threshold stimulation decreases, the amplitude
of the output signal increases, the duration of
each signal impulse increases, and the velocity
of the signal increases. The presence of a mye-
lin sheath induces a somewhat different con-
duction path in the nerve fiber which increases
the velocity of propagation. The types preva-
lent in the epidermis are the A- and C-type
free-ended receptors. Type 4 has a relatively
large diameter and is myelinated while type C
is smaller, more numerous, and unmyelinated.

The signal output of any one of these epidermal
neural receptors consists of a generated potential,
which is proportional to the stimulus level. When the
generated potential exceeds a threshold value, an ac-
tion potential is induced. Action potentials form a
series of constant amplitude spikes whose frequency is
proportional to the level of stimulation. When the
threshold value of the receptor is exceeded, the input
stimulation is encoded in the frequency domain. The
threshold varies from receptor to receptor so that in-
creased stimulation corresponds to more numerous
signal responses.

Dermal Receptors

Beneath the epidermal layer of the skin, the dermis
incorporates two types of receptors (Coiffet 1981):

1. Meissner corpuscles respond to light touch;
they are located beneath the convoluted dermal
papillary layer. These structures are ovoid with
the major axis perpendicular to the skin sur-
face and contain neural fibers running normal
to and tangential to the skin surface. The
Meissner corpuscles are specialized high-
frequency transducers.

2. Pacinian corpuscles (as distinguished from an
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intramuscular pacinian-type receptor) respond
best to accelerating mechanical displacement
rather than constant velocity deformation.
These sensors are quite sensitive to pressure,
but not to direction, and respond primarily to
vibration stimuli.

1.3. Biological Performance Specifications

Pro;r)erties of the various sensory receptors are com-
monly described in relative terms. From the perspec-
tive of mechanical design, it is instructive to consider
the range of values for these parameters. Table 1 has
been assembled from a variety of sources (Coiffet
1981; Gordon 1978; Heimer 1983; Kandel and
Schwartz 1981; Langley et al. 1974) and presents some
performance specifications for the sensory apparatus
in the human hand.

When considering the diversity, specialization, and
redundancy of the sensory information provided by
the skin and muscle, it is apparent that the implemen-
tation of an active, touch feedback, dexetrous manipu-
lator in humans requires a complex integration of
“bioware.” An indication of the emphasis on touch in
humans is the fraction of the somatosensory cortex
that is devoted to it. Figure 3 is a graphical depiction
of just this. Note the amount of the cortex that is dedi-
cated to the hands and feet (Kandel and Schwartz 1981).

2. Technologies for Tactile Sensing

A mechanical manipulation system which performs as
well as the human system presumably requires similar
sensory information. Proprioceptive data, such as joint
position, velocity, and force, is necessary for the low-
level control of the manipulator. Exteroceptive data is
essential to higher-level manipulation algorithms. The
emphasis here will be on the acquisition of tactile data
resulting from an interaction with the environment.
The technology associated with tactile feedback is
extremely diverse, ranging from simple sensors that

Table 1. Sensory Specifications on the Fingertip

0 to 400 Hz (+ very high freq)
0 to 100 g/mm?

Frequency response
Response range

Sensitivity Approx. 0.2 g/mm?
Spatial resolution 1.8 mm
Signal propagation Motor neurons 100 m/s

Sensory neurons 2 to 80 m/s
Autonomic neurons 0.5 to 15 m/s

signal the presence of a contact, to artificial skins that
attempt to provide information about the mechanical
strain present at a contact and the thermal conductiv-
ity of the environment. This section will discuss some
of the methods that have been employed to provide
this sensory information, and the problem of object
recognition from tactile data.

2.1. Methods of Tactile Sensing

This section provides an overview of tactile technolo-
gies and considers representative designs. For a more
extensive reference list pertaining to tactile sensing see
Hollerbach (1987) or Pennywitt (1986).

First, we establish criteria with which to discriminate
among tactile sensors. A primary issue in the selection
of appropriate technology is the distinction between
contour sensing and the sensing of interface forces
(Fearing and Hollerbach 1984). These approaches sug-
gest distinct goals and methods.

Contour sensing produces information concerning
the contact profile or contour of the object. The incen-
tive to develop such sensing techniques came from a
desire to increase the utility of parallel jaw grippers.
These grippers might, in the presence of uncertainty,
when presented with curved objects, or by design,
produce point or line contacts with an object. A con-
formable surface on the gripper allows it to make a
surface contact with the object and, therefore, provides
a more stable grasp configuration. Contour sensing is
useful in recognition tasks (McCammon 1984; Page
and Pugh 1976) but is not directly useful in the deter-
mination of interface forces. Moreover, the perform-
ance of contour sensing mechanisms typically degrades
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Fig. 3. The Sensory Homun-
culus [reprinted by permis-
sion from Kandel and
Schwartz (1981) © Elsevier].
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rapidly when tangential forces are present. For these
reasons, when the objective is a system capable of
grasping, recognition, and manipulation, it is pre-
ferrable to sense the contact forces directly.

Force sensing provides more pertinent information
for grasping and manipulation control. As mentioned
above, a compliant covering improves the nature of
the contact by distributing forces over the surface of
the object. Furthermore, the covering serves to protect
the force sensing hardware underneath. The state of
stress beneath an elastic medium is linearly superim-
posable, but the deformation is not. These observa-
tions allow the state of stress beneath a compliant skin
to be modeled. The ability to distinguish the difference
between planar surface contact and vertex contact has
been demonstrated (Fearing and Hollerbach 1984).

Other parameters of contact have been acknowl-
edged to be useful in the control of manipulation sys-
tems (Harmon 1982). The maximal spatial resolution
of a particular sensor is a function of the maximum
spatial density permitted in its fabrication. The spatial
frequency measurable in tactile features is defined by
the resolution of the sensor. While there are applica-
tions for sensors with very high spatial resolution,
typical manipulation tasks cail for resolution on the
order of 1-2 mm, or roughly that of the human skin.
The sensitivity and dynamic range must be selected
appropriately for each task. Ideally, touch sensors
should be stable, monotonic, and repeatable. Hyster-
esis in a sensor implies that its output is not only a
function of the mechanical input but also of the recent
history of inputs. The human touch apparatus is fairly
~ hysteretic, but remains quite useful. The engineering
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approach to integrating tactile feedback into a manip-
ulation controller decidedly prefers nonhysteretic sen-
sors. The frequency response of the sensor may be
critical in the design of a tactile system. Some contact
parameters require relatively high frequency signal
content (e.g., slip detection or active texture analysis),
but the lower limit on frequency response is often the
access loop time in the control software. Finally, the
designer must consider the means of addressing the
tactile patches and make room for the electrical con-
nection from sensor to controller. The number of wires
needed to access an array of sensors varies as a func-
tion of the technology used and the scheme employed
to address the sensor patch (Jacobsen et al. 1987).

The most straightforward tactile sensor is the binary
contact switch. This sensor can be configured as an
array to provide simple binary contact images, but
does not provide useful force information. It is more
commonly used to signal the controller that the ma-
nipulator has reached a known set point or is ap-
proaching the extent of its safe workspace.

Since we are interested in measuring interface forces,
it is natural to consider strain gauge technology to
measure orthogonal strains and to reconstruct the 3-D
state of stress. This idea has been used to measure
forces in parallel jaw grippers (Zalucky 1984) and in-
side hemispherical fingertips to determine the point of
contact with the object (Salisbury 1984). The ap-
proach is of little use in tactile arrays, however, since
the resolution achievable is insufficient for most appli-
cations.

Conductive elastomers have been used extensively
in the design of tactile sensors (Dario et al. 1984; Har-
mon 1980; 1982; Hillis 1982; Raibert 1984). Since it is
desirable to cover the tactile system with some type of
compliant layer, it might initially appear advantageous
to use a conductive rubber, a doped rubber, or a con-
ductive foam to act both as protective skin and pres-
sure transducer. These materials rely on the property
that predictable changes in the resistivity of the mate-
rial result from local deformations. However, the cur-
rently available materials are often hysteretic and
doped materials are generally not very rugged. More-
over, low sensitivity, noise, drift, long time constants,
and low fatigue life pose problems in these trans-
ducers. Nevertheless, commercial tactile systems exist
which employ this technology (Barry Wright Corp.

 The International Journal of Robotics Research




Fig. 4. Hillis’ elastic contact
resistance sensor [reprinted
by permission from Hillis
(1982) © MIT Press].
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1984) and have been used in manipulation research
and industrial applications.

Hillis (1982) addressed these limitations by propos-
ing the sensor illustrated in Fig. 4. The sensor employs
a conductive silicone rubber which deforms around
the separator and contacts an electrode under an ap-
plied pressure. Increased pressure loading causes in-
creased surface contact between the silicone and the
electrode. The contact resistance is then inversely
proportional to the contact area and thus to the ap-
plied pressure. The signal output of the sensor is pro-
portional to the contact resistance rather than the
point-to-point resistance in the silicone material. The
separator can be designed to produce the correct sensi-
tivity, resolution, and dynamic range for the specific
application. Hillis constructed an array of 256 tactile
sensors with a spatial resolution of about 1 mm using
this technology. The number of wires needed to ad-
dress the array is reduced to a manageable level by
accessing only rows and columns as in a keyboard. An
array of 256 tactile cells so addressed produces a cable
of 32 wires resulting in a cable diameter of less than
3 mm.

Raibert (1984) developed a tactile sensor by incor-
porating VLSI local processing and tapered separating
spaces to produce a smart sensor. A representation of
the separator cell is shown in Fig. 5. A prototype chip
using 48 tactile cells in a 6 X § array was constructed
with 15 electrodes per cell to produce 4 bits of pres-
sure output per cell. Using serialized input and output
data, the full scale prototype incorporates 200 tactile
cells with a 1 mm spacing driven by only five wires:
power, ground, clock, data-in, and data-out.

Optical technology has been found to be useful in
the construction of tactile sensors. One such applica-
tion involves the shuttering of a light beam by the
contact deformation (Coiffet 1981; Rebman and Trull

1983). The sensitivity and dynamic range of such a
sensor can be changed without altering the optical
transduction. Commercial systems of this type are
available (Lord Corp. 1984) and have been used in
tactile image research (Muthukrishnan et al. 1987).
Another optical tactile sensor has been proposed by

~ Begej (1984). Here, a tactile image is generated using

the frustration of total internal reflection. The effect is
illustrated by touching the sides of a glass of water
while looking down into the glass. The firmer the grasp
on the glass, the more prominent the image of the
contacts on the otherwise silvery glass surface. A sche-
matic of Begej’s transducer is presented in Fig. 6. Pres-
sure applied to the transduction membrane causes
more of the textured surface to contact the transparent
medium and creates an intensity image of the state of
compression in the material. Begej’s implementation
conducts this image away from the contact site by way
of optical fibers and then displays it with a video Sys-
tem. Although this approach does not produce infor-
mation about tangential contact forces, the sensor has
been developed into a fingertip-shaped sensor (Begej
Corp. 1986). 2

Capacitive tactile sensors have been developed on
the property that capacitance is a function of the
thickness of the dielectric material. With this in mind,
a sensor can be visualized which produces a capacitive
impedance output in response to a contact deforma-
tion (Boie 1984). Boie suggested a sensor which is
presented in Fig. 7. The concept shows advantages
over conductive elastomers in speed and noise immu-
nity. Investigators at MIT (Siegel et al. 1986) have
shown promising results, and arrays of high spatial
density appear to be possible.

Magnetostrictive materials may similarly be ex-
ploited to transduce contact. These materials are char-
acterized by the change in their magnetic fields in
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Fig. 6. Begej’s optical tactile
sensor [reprinted by permis-
sion from Begej (1984) ©
SPIE].

Fig. 5. Raibert’s VLSI ta-
pered tactile cell [reprinted
by permission from Raibert
(1984) © IEEE].
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response to an applied load. The application of cleverly
oriented induction coils may then transduce an ap-
plied force as an induced voltage. Luo et al. (1984) and
Vranish (1986) have demonstrated touch sensors based
on these principles. Luo et al. fabricated an array of
256 tactile cells with a spacing of 2.5 mm that demon-
strated good linearity, low hysteresis, good dynamic
range, small thermal drift effects, and good sensitivity.
The sensors are, however, sensitive to external fields as
are the capacitive sensors.

Piezo- and pyroelectric transduction have been
shown to be potentially useful in many tactile sensing
applications. Piezoelectric materials respond to me-
chanical deformation by producing output voltage
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Fig. 8. The Dario et al.
artificial skin [adapted from
Dario (1984) © IEEE].

Fig. 7. Boie’s capacitive
tactile sensor [reprinted by
permission from Boie (1984)
© IEEE].
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potentials. Pyroelectric materials respond to heat
fluxes by generating induced voltages. A sensor was
constructed that utilizes both of these properties in an
ambitious attempt to emulate human skin (Bardelli et
al. 1983; Dario et al. 1984). The design is interesting

_ in that it addresses many of the components of the

signal content mentioned earlier in our discussion of
the human tactile system. The system is presented in
Fig. 8. The material PVF, (polyvinylidene fluoride)
possesses both piezo- and pyroelectric characteristics.
Figure 8 shows a composite structure which is in-
tended to provide an extremely large bandwidth re-
sponse as well as to measure the relative thermal con-
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ductivity of the object being touched. Three
dependent signals are produced by the sensor. The
dermal layer of PVF, is used to transduce contact
forces. The structure responds to frequencies up to
500 Hz and was limited by the resonant frequency of
the composite structure; it does not, however, respond
well to dc forces. The layer of conductive rubber on
top of the dermal PVF, is included to add this dc ca-
pability. The resistive paint in the structure is used to
provide a reference temperature (98.6°F) to the epi-
dermal PVF, layer. The signal output by this layer is
then a function of both the heat flux and deformation
due to a contact with the environment. The conduc-
tive rubber beneath the resistive paint effectively insu-
lates the dermal PVF, layer so that the signal may be
(approximately) separated. In practice the sensor pro-
duces signals that are quite cryptic due in part to the
difficulty of separating the thermal and deformation
induced potentials.

b)

2.2. Machine Perception with Tactile Information

The perceptual capabilities of the tactile system in
human beings are familiar to everyone; the extent that
these contact stimuli influence our models of the envi-
ronment; however, has been the object of much dis-
cussion. The tactile sense of space is a result of not
only tactile stimulus but it involves the integration of
tactile, visual, and kinesthetic signals to the brain. The
degree to which a sufficient, spatially coherent model
of the environment can be constructed in the absence
of one of these sensory modes is compromised (Ben-

~ ton 1982). It is clear, however, that humans can model
the immediate environment quite well in the absence
of visual input and can recognize and discriminate
between familiar objects.

The relative contribution of the various sensor sig-
nals in the human hand produces a very rich and di-
verse array of tactile sensation. The touch blend (Schiff
and Foulke 1982) of temperature, pressure, and vibra-
tion signals permits the distinction between wet, slimy,
greasy, syrupy, mushy, doughy, gummy, spongy, or
dry elements of the environment.

The role of movement, or active exploratory strate-

gies in touch has been acknowledged to be critical to
the efficient utilization of tactile information (Allen
1984; Dario et al. 1984; Ellis 1984; Gordon 1978;
Harmon 1984a and b; Hillis 1982; Schiff and Foulke
1982). Hardness, texture, compliance, and surface
features such as contour, vertexes, and edges are avail-
able to the tactile sensor which is capable of scanning
its local surroundings. There has been, and continues
to be, some interest in treating the analysis of tactile
information in a manner analogous to vision process-
ing, where tactile images are processed to yield tactile
discriminators. These techniques are useful only for
objects of a scale similar to or smaller than the tactile
array. The discussion here focuses on the collection of
spatially distributed low-level tactile features by active
exploratory strategies.

The first step in an active tactile search involves a

‘gentle rapid probing contact with the environment

(Gordon 1978). After potentially harmful features are
identified, a more deliberate exploration of the target
object is begun. The shape of the object is examined by
determining the spatial distribution of surfaces,
corners, edges; and holes. The object may be grasped
and moved, providing perhaps relative weight, center
of mass, hardness, and thermal conductivity parame-
ters. More geometrical information can be ascertained
by excursions of the fingertips with variable contact
pressures to determine surface details such as texture,
size, shape, and notable areas of curvature (Ellis 1984;
Stansfield 1986).

Ellis (1984) cites a simple application of active tac-
tile exploration involving pressure modulation. Here,
it was noted that estimates of edge radii and object
compliance can be obtained by modulating the pres-
sure applied to the object’s surface. Ellis (1986) also
describes the use of passive tactile information to dis-
cern the texture of various surfaces. This approach
requires high spatial resolution, special packaging, and
cabling, whereas an active texture analysis requires
high bandwidth.

Hillis (1982) describes the difference between an

analytic or bottom-up approach, such as that em-

ployed by vision algorithms, and the top-down or
knowledge driven approach which seems more appro-
priate in tactile recognition systems. Vision systems
acquire an image and then process this data. The tech-
nology which supports vision demands this type of an
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approach. Tactile systems, however, acquire small
amounts of data at a time and are more appropriately
used in an active, knowledge-driven manner. The
active approach interacts well with an evolving repre-
sentation of the environment and is an efficient means
of identifying objects given a model base.

Schneiter (1986) demonstrates the active approach
to recognition and localization in a 2-D, planar do-
main using an implementation of the interpretation
trees proposed by Grimson (1986a,b) and Grimson
and Lozano-Pérez (1986). The procedure involves a
representation of the object which consists of tables of
constraints for distances, normals, and directions be-

tween faces. Models of the object(s) are used to create

a tree>of all consistent interpretations of the data al-
ready collected. The resulting interpretation tree is
pruned by generating tactile sensor trajectories which
most efficiently discriminate between the competing
interpretations.

Bolles and Cain (1982) and Bolles and Horaud
(1986) and recent work by Hansen and Henderson
(1987) demonstrate systems which hypothesize and

. subsequently verify an object’s orientation by compar-

ing the topology of local sensed features to an ex-
tended CAD model. Such methods permit the system

_to acquire additional features of the object in order

to discriminate among competing hypotheses. The
promising results of such systems, along with the
development of systems which optimally combine
information from different sensory modalities (Bolle
and Cooper 1986), suggests that the dynamic world
models required for manipulation are not un-
realistic.

It was noted earlier that the tactile model or sense of
the environment in human beings is a function not
only of tactile and kinesthetic information, but is also
integrated into a spatial representation involving vi-
sual information. Allen (1984; 1986) makes use of this
anthropomorphic example by designing a recognition/
localization system which combines a passive vision
system: with an active tactile system to produce surface
and feature representations of objects. The system he
describes consists of a stereo pair of CCD cameras and
a tactile finger. The tactile sensor contains 133 con-
ductive rubber tactile patches distributed over a struc-
ture roughly the size and shape of the human index
finger but with no articulation. The finger is positioned
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within the workspace by a six degree-of freedom :
PUMA robot arm.

The vision system uses a stereo pair of cameras to
grow a sparse set of 3-D points located on the bound-
ary contours of closed regions in the image. Rather
than push the computationally intensive vision system,
the tactile system is employed at this point to ascertain
the object’s surface character.

The tactile system determines from the v15ual image
which areas of the object merit further attention.
When a region is identified, the controller initiates an
exploratory procedure. The inputs to this process are a
least squares plane and normal derived from the 3-D
boundary contours provided by the vision system. The
intermediate level of the controller then determines an
appropriate approach vector and orientation for the
tactile sensor. Subsequent contact with the object fills
in additional surface information or instigates the
tracing of another boundary contour if a cavity or hole
is encountered. The discrete 3-D data is combined
into a surface description using a bicubic interpolation
creating a composite surface which is curvature con-
tinuous (C? continuity). Figure 9 is a sequence re-
printed from.Allen (1986), representing the evolution

‘of a surface description for a pitcher. The final figure

in the sequence is the approximate composite surface
resulting from four surface patches (it is derived from
the center figure above it). This approach allows task
constraints to further refine the surface only in the
regions of interest. Such approaches provide a frame-
work for the efficient, knowledge-driven perception of
the environment.

3. Technologies for Mechanical Manipulators

Studies indicate that many industrial processes could
be entirely supported by mechanical manipulators
with two or three fingers equipped with tactile sensors.
In fact, there are estimates that 80% of industrial as-
sembly tasks could be accomplished using these rela-
tively simple configurations (Harmon 1984).

The workhorse of the mechanical end-effectors is
the parallel jaw gripper. Given an appropriate set of
objects these grippers are capable of manipulation and
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Fig. 9. Allen’s passive vi-
sion/active tactile recogni-
tion procedure [reprinted by
permission from Allen
(1986) © IEEE].
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may be used to support object recognition. Given the
flat geometry of the gripper, it is natural to apply con-
ventional image processing techniques to extract tac-
tile features such as vertexes or line contacts.

It has been suggested that three fingers may be nec-
essary to reproduce the predominant grasps of the
human hand (Harmon 1984a and b); others point out
that four fingers allow a grasping redundancy and,
therefore, exchange between fingers. Why human
beings possess five fingers is matter of much conjec-
ture. The pectoral fins of fish and the forelimbs of
many lower animals contain five ‘finger” bones,
which implies that there is not necessarily a logical
connection between grasping and the number five. The
control system for the human manipulation machinery
does, however, make use of this redundant finger. For
example, a finger not involved in a grasp might per-

Fig. 10. Structure of the
Okada manipulator [re-
printed by permission from
Okada (1979) © IEEE].

form an active search of the object or the environment;
assembly compliance can be addressed by actively
sensing the relative orientation of the part and the
subassembly with which it is to be mated.

3.1. Representative Manipulators

This section presents representative manipulators that
have been developed for use in research. For addi-
tional references see Hollerbach (1987) and Cutkosky
(1985). o ’

The Belgrade hand (Tomovic et al. 1987) is being
developed in Yugoslavia. This hand is designed to
support a reflex control paradigm wherein a functional
configuration for the hand is selected and used to con-
trol the corresponding grasp mode in the hand. Reflex
control is discussed further in Section 3.2. The hand
has five fingers which are used in one of two modes: a
three-finger mode or a five-finger mode. There are
only two drive motors, which control multiple fingers
and permit the hand to be inherently shape adaptive.
This hardware abstraction of the human hand should
prove to be easily controllable and useful over a subset
of the tasks involved in general-purpose manipulation

Okada (1979; 1982) developed an industrial object-
handling system which consisted of a 5-degree-of-free-
dom arm/wrist coupled with a three-fingered, 11-de-
gree-of-freedom hand. The hand itself is a rough model
of the human hand, addressing such grasping primi-
tives as wrapping, pinching, picking, gripping, and
searching. Each finger has four degrees of freedom, and
the thumb has three degrees of freedom, as shown in
Fig. 10. The arm was included to produce a large
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Fig. 11. The Lian et al. right © 1983, from the
manipulator [reprinted cour-  Robots 7/13th ISIR Pro-
tesy of the Society of Manu-  ceedings (Lian, Peterson,
facturing Engineers. Copy- and Donath 1983)].

o

workspace for the manipulator and to improve the
possible pregrasp orientations. To minimize the weight
of the hand and increase its maximum payload, the
motors used to drive the hand are located in the trunk
of the device and transmitted through wire-sheathed
cables approximately 1.7 m long. As a result, there are
significant frictional and elastic effects. The finger
control consists of a hybrid position/torque servo im-
plemented in hardware. The control scheme is selected
by observing the movement of the finger in response
to a command input. The transition between position
and torque control is smoothed somewhat by varying
the command voltage so as to maintain the error sig-
nal (the difference between the command and the
feedback) at a constant value. The hand has demon-
strated the ability to stably grasp simple objects by
defining one side of the opposing grip as position con-
trol and the other as force control. It is reported to
have the ability to successfully grasp and hold objects
up to 500 g in weight.

Lian et al. (1983) developed an anthropomorphi-
cally motivated hand which was intended to repro-
duce several important human grasps, among
which are
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a. Tip opposition—tip of index finger to tip of
thumb

b. Lateral opposition —side of index finger to tip
of thumb

c. Palmar prehension — fingers and thumb wrap
around a cylindrical shape

d. Spherical prehension — fingers and thumb
wrap around a spherical shape

e. Digitopalmar opposition — fingers and palm
form an opposition pair

The design of the manipulator involved the kine-
matic modeling of the mechanism and the graphical
simulation of the above grasps. The resulting three-fin-
gered design is a model of the human thumb, index,
and middle fingers. Each finger has three degrees of
freedom. The proximal joint of the fingers (the meta-
carpal“phalangeal joint) operates only in adduction-
abduction about an axis perpendicular to the axis of
the two remaining interphalangeal joints. The thumb
is modeled similarly except that the proximal joint is
inclined at 60° to the palm, while the fingers are per-
pendicular to the palm. A schematic of this configura-
tion appears in Fig. 11. The fingertips of the manipu-
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Engineers. Copyright ©
1977, from the Robots 7th
ISIR Proceedings (Hanafusa
and Asada 1977)].

Fig. 12. Schematic of the
Hanafusa et al. manipulator
[reprinted courtesy of the
Society of Manufacturing

Contact Rollers

Transmission |

Motor

lator are fitted with replaceable hemispherical friction
tips which approximate point friction contacts. The
fingers are actuated using dc motors driving stainless

- steel cables inside of wirewound sheaths. This means

of power transmission introduces considerable elastic-
ity and nonlinear friction. The design was not re-
ported to incorporate tactile sensing, and thus requires
that grasping forces be determined by measuring cable
tensions and joint positions. This limits the grasping
options to categories (a) and (b). This type of grasping
force transduction leads to ambiguous results if the
object contacts the finger in more than one position.
In contrast to the anthropomorphic approach to
manipulator design, Hanafusa and Asada (1977a and
b) developed a planar, three-fingered hand capable of
implementing an analytical grasping algorithm. The
resulting design is not particularly dexterous, but is
interesting because it introduces the concept of grasp

Qtability. A schematic of the hand gripping an object is

presented in Fig. 12. Each single-degree-of-freedom
finger is positioned 120° from the adjacent fingers and
is actuated by a step motor through a coil spring. The
finger force is measured by a potentiometer inside the
coil spring. The displacement of the fingertip is mea-
sured by a second potentiometer. This arrangement
allows the control of the normal gripping force of each

Table 2. Salisbury’s Contact Types

Remaining
DOF Type of contact
0 Glue, planar contact with friction
1 Line contact with friction
2 Soft finger
3 Point contact with friction, plane contact
without friction
4 Line contact without friction
5 Point contact without friction

Adapted from Salisbury (1982).

finger. The contact point is on a roller to eliminate
any tangential components of the grip. The potential
function consists of the sum over all fingers of the
product of the finger force and the differential move-
ment integrated over the path from the initial state to
the stable prehension state plus the gravitational po-
tential. The potential is also the elastic strain energy of
the finger’s coil spring. When the prehension state
energy reaches a local minimum, it is stable; that is,
an external force which displaces the object from its
command position can be overcome by the elastic
field produced by the fingers. Since the deflection of
the tip of the finger is measured, a control system can
modulate the apparent stiffness of the manipulator by
driving the finger motors synchronously with fingertip
movements. In practice, the hand requires the integra-
tion of a vision system capable of extracting the object
silhouette (Boissonnant 1982) and positioning the
hand close to a local minimum. The hand’s dexterity
is limited; however, it has demonstrated an ability to
perform many industrial manipulation tasks.

The Stanford/JPL hand was motivated by anthro-
pomorphic considerations and kinematic and control
issues (Mason and Salisbury 1985; Salisbury 1982;
Salisbury and Craig 1982). The parameters used to
evaluate the effectiveness of the manipulator were the
number of fingers, the number of links per finger, and
the type of contact between finger and object. Contact
types considered included those presented in Table 2.
The analysis involves the classification of proposed
finger combinations based on their ability to

1. Exert arbitrary forces or impress arbitrarily
small motions
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2. Entirely constrain the object by fixing all the
active joints

Salisbury evaluates a proposed mechanism by employ-
ing a number synthesis (Paul 1979) to speak about the
mobility and connectivity of the hand/object system.

Mobility is the number of independent parameters
needed to completely specify the state or configuration
of the mechanism. Connectivity is the number of in-
dependent parameters needed to specify the relative
position of two bodies. In this case, the bodies consid-
ered are the palm and an object. Connectivity is deter-
mined by fixing the two bodies and computing the
difference between the system mobility and the mobil-
ity of all subchains connecting them. In order for the
hand to impart arbitrary motions and forces, the con-
nectivity of the active mechanism must be six (for
general 3-D motion). For the hand to completely con-
strain objects, the connectivity of the fixed mechanism
must be less than or equal to zero.

Salisbury considered 600 candidates with one, two,
or three fingers with three links per finger, where all
the contact types for a given hand are the same. More
complex hands (with additional links or fingers) were
not considered, and it was noted that several accept-
able designs were thus dismissed. Immediately dis-
zarded were designs that required five degrees of free-
«dom per contact, since this corresponds to a
frictionless point contact and severely limits the use-

" fulness of the resulting manipulation system. By these
criteria, the best resulting design was one with three
fingers, three links per finger, and three-degree-of-free-
dom contacts. This type of contact is achieved by
point contacts with friction or planar contacts without
friction.

The final design was based on a number of analyti-
cal and intuitive procedures. A simulation of the hand
was used to optimize over a user-selected parameter
space. Among these are the relative finger locations,
link lengths, and joint range of motion. The model
computed a performance index based on three-fin-
gered grasps using fingertip prehension. While power
grasps were not explicitly evaluated, the final design
was imbued with features thought to be desirable in
this respect, among which are relative finger placement
and palm area. In addition, the relative orientation
and placement of the fingers was influenced by the lo-
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Fig. 13. The Stanford/JPL
manipulator [adapted from
Salisbury (1982)].

cation of so-called isotropic points in each finger’s
workspace and superimposing these loci in an area
over the palm. Isotropic points are locations in the
workspace that minimize the condition number of the
Jacobian matrix and thus minimize the error propaga-
tion from input torques to output forces. The hand -
design superimposes the loci of the isotropic points of
the three fingers in a suitable area over the palm. The
resulting hand design is presented in Fig. 13. The
Stanford/JPL hand is actuated by a tendon scheme
using cables with tension sensors. Four antagonistic
tendons control the three joints in each finger. Teflon-
coated tendons are routed through conduits and are
driven by 12 motors and gear trains mounted in the
forearm. A servo loop senses the cable tension near the
fingertip, motor position and velocity, and estimates
the joint angles and velocities. The effects of friction
and elasticity can be mitigated by sensing cable ten-
sions close to the point of application. The hand has
been fitted with hemispherical force transducing fin-
gertips which allow the controller to modulate contact
force interaction and accurately measure the position
of the contact.

The Utah/MIT dexterous hand (Jacobsen et al.
1983; 1984; 1986) is perhaps the most ambitious effort
towards a truly anthropomorphic manipulator. The
hand has three four-degree-of-freedom fingers and one
four-degree-of-freedom thumb, but deviates from
human phalange lengths and joint positions in order
to route the tendons.

One of the distinguishing features of the design par-
adigm of this hand is that, from the outset, it was in-
tended to be a model of the human hand. The reasons
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Fig. 14. The Utah/MIT
dexterous hand [reprinted by
permission from Jacobsen et
al. (1984) © MIT Press].

-
for this approach are the following:

1. The human hand is an existence proof that a
hand with this geometry, given a suitable con-
trol scheme, is a versatile manipulation device.

2. Research into the nature of grasping and ma-
nipulation with such a mechanism would per-

) mit the researcher to correlate the performance
of the mechanical hand with its human coun-
terpart.

3. Such a design should be more easily adapted to
teleoperation.

The hand is actuated by extremely fast pneumatic
cylinders through polymeric tendons. The resulting
pneumatic actuators are fast, low friction, and can
generate relatively high forces. They incorporate a
pressure control valve so as to minimize the effects of
compressibility in the working fluid. The resulting
system acts as a mechanical force source with no
spring constant and very little mass and damping.

The 16-degree-of-freedom hand is actuated antago-
nistically using a 2N tendon approach, which requires
a system of 32 independent tendons and actuators.
The hand is actuated remotely through the tendons
which reduces the payload weight of the hand, and
makes space for peripheral sensor systems.

The resulting actuation system is actually faster

than the human hand, while providing about the same
forces. Since each joint is actuated by two pneumatic
actuators in an antagonistic arrangement, each joint’s
stiffness is controllable. In addition to these human-
like mechanical qualities, the hand was also imbued
with certain anthropomorphic reflex qualities that will
hopefully increase its effectiveness as a manipulation
device. The stiffness or the configuration of the hand is
modified based on the interaction of the hand with the
environment. Specifically, the hand implements two
reflex motions which are observed in the human hand:

1. Proximal stiffening: a contact with the envi-
ronment causes the proximal joints to stiffen.

2. Distal curling: a contact causes all distal joints
to curl about the already established contact
point.

The Utah/MIT dexterous hand and some of the
anthropomorphic grasps that motivated its develop-
ment are presented in Fig. 14.

3.2. The Development of Grasping Control Strategies

We will begin by describing briefly the historical back-
ground of robotic control. For an extensive review of
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the history of force control, see Whitney (1987). Per-
haps the first gripper operated by a computer under a
feedback control strategy was demonstrated by Ernst
(1961). It was capable of performing simple manipula-
tion tasks using tactile feedback to verify the presence
or absence of an object. However, position control
alone proved unsatisfactory in the vast majority of as-
sembly operations.

Whitney (1977) implemented an admittance matrix
model to predict the manipulator velocity in response
to external forces. The remote center of compliance
(RCC) was suggested to facilitate assembly operations
such as peg-in-hole insertions (Drake 1977). Force,
position, and velocity sensors were used to make small
corrections in the trajectories of contacting parts. The
system permitted sensed contact forces and geometri-
cal information about the task to drive small relative
reorientations of mating parts.

Similar efforts to imbue the manipulator with a
compliant character have defined orthogonal sub-
spaces within which either position or force may be
controlled. Paul and Shimeno (1976) implemented this

strategy by selecting the manipulator joints that are

most closely aligned with a command force vector and
imposing the appropriate input force with those joints.
The joints not involved with the force command were
position-controlled. Raibert and Craig (1981) com-
bined force and position trajectory constraints by
specifying a position-controlled space and a comple-
mentary force-controlled space. The components of
the error signals in both force and position which map
into a joint’s workspace contribute to the feedback
control of that joint. Mason (1981) used the notion of
natural and artificial constraints. Tasks are modeled
by a C-surface defined in the configuration space of the
manipulator. Position control is defined along C-sur-
face tangents, while force control is possible along
C-surface normals. Lozano-Pérez (1981) suggested a
means of manipulation strategy synthesis using this
task description.

Salisbury (1982) suggested that task-defined stiff-
nesses be established (Mason and Salisbury 1985).
Task constraints are established using the position and
force measurements so that system stiffnesses can be
adjusted accordingly. The environment is actively
sampled along six orthogonal axes to measure contact
forces resulting from motion. Knowledge of the nomi-
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nal control stiffness and the contact force are used to
evaluate the environmental stiffness. His analysis in-
cluded the grip Jacobian which expressed the transfor-
mation from a set of contact forces or velocities to a
net object frame force or velocity (Mason and Salis-
bury 1985). These results were expanded upon by
Kerr and Roth (1986) when the selection of internal’
forces for the application of external forces was
accomplished using linear programming tech-
niques. An approach similar to this was described by
Grupen et al. (1988), which computes the minimal
internal wrenches required to generate an external
wrench.

Geschke (1983) demonstrated a unique implemen-
tation of the position/force controller in the form of
his robot servo system or RSS. A single instruction in
RSS initiates a servo process which actively seeks its
goal until either canceled or redefined. Compliant
subspaces may be defined which change continually as
the task geometry changes.

To complement the work on force synthesis for
grasping, researchers have developed position synthesis
algorithms. Jameson and Leifer (1987) described a
grasp goal function which is maximized by varying the
location of the hand and the position of the contacts.
The result is a prediction of the most stable grasp.
Grupen and Henderson (1988) developed a means of
planning the geometry of the hand/object system
which is suited to the task. The task is expressed as the
sum of stability and external force components. The
positions of the contact sites are defined which address
the task and satisfy the constraints imposed by the
object and the hand.

Bekey and Tomovic (1986) suggested a markedly
different approach to robot control, termed reflex
control. This nonnumeric approach to control hypoth-
esizes that control in humans is based on sensory data
and uses stored patterns of response. Control then
consists of properly interpreting the pattern of input
data and then defining a response which is kinemati-
cally natural for the manipulator. The paradigm has
been applied to grasping (Tomovic et al. 1987) and
has motivated the development of the Belgrade hand.
The method of control seems to be limited, however,
to that class of manipulation tasks for which humans
employ reflexive control: shape adaptation, contact
slip recovery, and damage avoidance.
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Fig. 15. A demonstration of
stable grasp analysis [re-
printed by permission from
Kobayashi (1985) © MIT
Press].
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3.3. The Stable Grasp

A

An interesting approach to the problem of stability in
the hand/object system is the enumeration of all the
mechanical impedances imposed on the object by
virtue of its contact with each finger. To introduce the
concept, consider the following problem posed by
Kobayashi (1985; 1986) and illustrated in Fig. 15.
Each finger in this 2-D gripper is active in one direc-
tion and passive (compliant) in the other. In order to
maintain a stable grasp while the actuators move the
object, Kobayashi developed the idea of the manipula-
tion and free subspaces:

S,,— Space in which all fingers remain in contact
with the object and may move without violating
the mode of contact of another finger

S— Space or degrees of freedom remaining for the
object when all actuators are fixed.

These spaces are constructed by intersecting the spaces
associated with each finger. The grasp is entirely con-
strained if the rank of the Sy space is zero and may be
manipulated in the space defined by S,,. These spaces
can be directly deduced for the simple geometry pre-
sented; note that the object coordinates are related to
the finger coordinates as follows:

0
Finggr 1 {zi} = {(1)} 86,, + {1} 30,. (1)

—1
Finger 2 {gg} = { 0 } 80,, + {(1)} 30,,. (2)
. 3 0 1
Fmger? {85} = {1} 80,, + {O} d6;,.  (3)

The free space depends only on the passive degrees
of freedom, and it is possible to examine finger combi-
nations to find a stable grasp. With the first two fingers,

seses[ o[}

Therefore, fingers 1 and 2 allow unconstrained move-
ment in one direction (the y direction). Similarly, for
three fingers:

s=rs-al oo o

The above equation suggests that when three fingers
remain in contact with the object, the object is fully
constrained. Furthermore,

Sm = n Smi = RZ. (6)

This analysis extends directly into three dimensions;
the objective then is a free space with rank zero and a
manipulation space of rank 6. An extension of the
concepts presented here allowed Kobayashi to define
grasping conditions which permit the manipulation of
the object using only the active degrees of freedom of
the manipulator (i.e., fixed wrist and arm).

The constrained space approach is used by others to
quantify stability (Hanafusa and Asada 1977a and b;
Salisbury 1982) and to predict and control instability
(Fearing 1983a and b; 1986). The stability criteria can
be decomposed into three requirements:

1. The object is in static equilibrium, there is no
net force or moment.

2. All forces are applied within the cone of fric-
tion so that there is no slippage.

3. An externally applied force can be resisted by
finger forces with a finite and controllable
deflection.
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-sponse to this disturbance can be regulated by control

To satisfy the no-slippage condition, each contact
must transmit forces within its cone of friction. An
initial grab which cannot satisfy this constraint will
cause the object to slide or roll relative to the fingers
until the grasp fails or is successful. During this pro-
cess, either the object or the hand must comply. An
object priority grasp produces a stable grasp without
disturbing the object. To accomplish this grasp the
contact must consist of low magnitude forces and high
compliances. :

The final stability criterion requires that the grasp
can resist an externally applied displacement force.
The analysis involves superimposing the grip force and
an externally applied displacement force. The criterion
is satisfied if the grip can satisfy static equilibrium
conditions without violating the cone of friction of ei-
ther finger. The deflection of the hand/object in re-

ling the stiffness of the fingers.

This analysis is directly extendable to a three-fin-
gered (or more) hand and suggests an approach to
manipulation (Fearing 1983a; 1986) The baton-twirl-
ing problem can be viewed as a succession of stable
grasps. For example, two fingers in a stable grasp can
be perturbed by a third, producing a controllable de-
flection (in this case a rotation). One of the fingers
involved in the original grasp is now released and re-
positioned in order to perturb the grasp produced by
the remaining fingers. The result is either the twirling
of a baton, as in the hand priority grasp, or the twirl-
ing of a mechanical gripper in the case of the object
priority grasp.

Nguyen (1986) develops the concept of a stable
grasp by analyzing the simplified world of planar poly-
gons constrained by multiple-point contacts without
friction. The fingers are modeled as virtual springs
with controllable stiffnesses. The stability criterion
employed is based on the system potential energy: an
equilibrium position is one for which the potential
energy of the system is minimized, and is stable if the
energy of the perturbed system increases. These prop-
erties are embodied quite elegantly in the scalar poten-
tial function describing the strain energy of the virtual
springs. The simplicity of this formulation has been
noted by several investigators (Hogan 1985; Liapunov
1966; Lyons 1986; Nguyen 1986). Nguyen’s approach
locates local minima by identifying positions where
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the gradient of the potential function vanishes and
employs the Hessian matrix to describe the behavior
of the potential in the vicinity of this minimum.

The issue of dynamic stability has been approached
in this manner by Hemami and Chen (1984) when
simulating the two-link planar biped system influenced
by holonomic (connection) constraints. The Liapunov
stability of the system is considered to suggest
methods of controlling the dynamic stability. Lia-
punov stability requires that the potential function de-
scribing the system be positive definite while the time
derivative of the potential function must be negative
semidefinite. Hemami suggests the form of a Liapunov
function which is positive definite (for suitable control
inputs) while the derivative of this function is negative
semidefinite. Therefore, the system can be stabilized
provided that it is near a unique equilibrium operating
point.

4. Toward a Manipulaﬁon Paradigm

The evolution of a manipulation strategy can be de-
scribed conceptually by rules that depend on the con-
ditioning of the hand/object system. A well-condi-
tioned system is stable (redundantly), is manipulable,
and projects well onto the task. System velocities,
however, cause the conditioning of the system to de-
grade as it seeks the goal. If the state of the system
approaches the envelope specified in the task, then the
planner must improve the state. The prioritized rules
are enumerated below.

\f\

1. Geometry synthesis— The system must be
capable of directing incremental improvements
in a hand/object interaction that no longer
addresses the task. This might occur, for in-
stance, if an object movement requires the
finger to go outside its workspace. If a contact
system has been established, stability of the
object must be maintained using a subset of the
contact system while individual redundant
contact elements are moved to improve the
system state. This rule must always result in a
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hand/object configuration which is well condi-
tioned for the task.

2. Force or velocity synthesis— When the hand/
object geometry is properly conditioned for the
task, the system is prepared to accept force and
velocity commands pursuent to the task com-
mand. If an object velocity results, then the
system will eventually violate the conditioning
envelope and cause rule 1 to fire.

If we assume that the manipulation process can be
described by a vector space in which object stability
. and manipulability constraints may be expressed, then
the manipulation process may be viewed as the migra-
tion of a state vector within this vector space. The task
requirements serve to delimit a volume of this space

within which a solution must be found. The final state

reduces the error between the task specification and
the system state to zero and optimizes locally for sta-
bility and manipulability. If no solution is eventually
produced, then the task specification of the goal is
incompatible with the stability and manipulability re-
quirements and the task must be relaxed if a solution
is to be found.

This section discusses issues surrounding the di-
rected movement of general-purpose manipulators
toward a goal state while the object remains stably
constrained and the manipulator remains adequately
conditioned. Primary in the discussion is the definition
of the task; it must allow the expression of a goal state
for each of these objectives. In this section, we express
the task as a vector in the six-dimensional wrench
space and examine the implications of such an ap-

proach. The discussion then focuses on the definition |

of constraints and their role in manipulation.-

4.1. The Task and the Grasp State Error

Screw systems are a natural means of expressing the
six degrees of freedom of an object (Salisbury 1982).
We present the stability and external force components
of a task as the sum of two wrench (generalized force)
commands.

T=[Qr Qg Qrs Qrs Qs Qg
+[Qn Qp Qp Qn Qs Qnl (7)

where Qp; is a magnitude goal for forces in the ith
degree of freedom, and Q; are terms used to antici-
pate the task, inertial or external loads. These task
descriptions represent the force magnitude goals for
the contact system in each of the object’s six degrees of
freedom. The system is, therefore, not permitted to be
stable only with respect to infinitesimal perturbations,
but is compelled to seek contact topologies which are
predictably robust with respect to expected perturba-
tions. ’

A system is quantified by computing the error of the
current state with respect to the task. If we represent
the wrench space spanned by a contact system using a
set of n orthonormal six-dimensional basis vectors,
then we may express the error of this system relative
to the task as follows:

E=T— mag, X (8)
1

where 1
E = contact system error relative to the task
T = task vector
b; = an orthonormal basis vector for the contact
wrench space
mag, = min(the contact system capability along b;,
the projection of T onto b))

This procedure removes the components of the task
which project onto the contact wrench space and are
within the magnitude limitations of the contact sys-
tem. The residual vector is, therefore, the deficiency of
the current contact system relative to the task. This
procedure can be used to define an error vector for a
contact system relative to a task.

4.2. Properties of the Object

Given a set of positions on the object’s surface through
which interactions may take place, we attempt to pro-
duce an incremental improvement in the system state
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Fig. 16. An object model
representing a point contact
with friction [reprinted by
permission from Grupen
(1988) © IEEE].
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by defining migrations of these positions over the ob-
ject’s surface.

An object model is useful in this process to describe
a family of wrenches that may be transmitted through
a surface element. The construction of such a model
requires the identification of the contact type and the
friction coefficients. Figure 16A depicts a set of contact
forces that may be transmitted to the object by a point
contact with friction. We model the force system using
a unit normal force and scaled (by the static coeffi-
cient of friction) tangential forces.

The proximity of the contact to the object’s center
of mass allows the force system to be replaced by a set
of wrench space basis vectors. The wrench space de- -
scribed by the force system in Fig. 16A is spanned by
the wrenches produced by forces F; through Fs. This
data abstraction includes local surface properties (sur-
face normal), contact friction properties and global
object properties (surface position relative to the center
of mass) in a six-dimensional subspace representing
the degree of constraint due to this contact from the
perspective of the object. The object model proposed -
to support manipulation consists of an orthonormal
basis for this wrench space and the net change in the
contact wrench with respect to changes in the surface
coordinates # and v as illustrated in Fig. 16B.

~ Unions over sets of contact wrench systems span a
subspace of the six degrees of freedom of the object.
We require as our criterion of stability that the con-
straint span all six degrees of freedom. That is, a basis
for the union of the wrench subspaces over all con-
tacts must be of rank six. This condition ensures that
infinitesimal perturbations of the object may be con-
trollably constrained in six degrees of freedom; how-
ever, a robust grasp should meet magnitude thresholds
1in each degree of freedom. If we describe the entire
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contact system by a wrench space vector, then we may

compute an error with respect to a task as in the pre-
vious section.

In order to reduce the object state error, the planner
interrogates the object model to determine the value
of the derivative wrench systems with respect to or-
thogonal surface migrations. If the error is expressed
as a linear combination of the derivative wrenches, a
migration of the interaction sites in surface coordinates
can be defined which incrementally improves the state
of the system.

4.3. Properties of the Manipulator Jacobian

Several metrics designed to characterize the condition-
ing of a manipulator have been suggested (Klein and
Blaho 1987; Li and Sastry 1987; Salisbury 1982). The
inverse kinematic models are intended to suggest con-
figurations of the finger which condition it effectively
for the generation of grasp forces and allow sufficient
workspace to comply to the geometry of the object.

To characterize the conditioning of each finger
within its workspace, consider a system of linear equa-
tions of the form (Golub and Van Loan 1983)

b

/N

Ax=b, ®

where

A = N X M transform
x = M X 1 output space vector
b= N X 1 input space vector

The input and output space nomenclature is used here

. to describe the (input) joint angle space of the manip-

ulator and the (output) Cartesian forces or velocities.
For the case of the four DOF finger, the input space is
the four DOF joint space (N = 4), and the output
space is Cartesian three DOF space (M = 3). The ma-
nipulator kinematics then produce a relationship of
the form

V=Jo, (10)
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where

J = the manipulator Jacobian (eR3*4)
= joint angle rates (eR*)
V = Cartesian fingertip velocity (eR%).

Salisbury (1982) suggested that it is possible to de-
sign manipulators such that the anticipated workspace
is well conditioned. The criterion for workspace condi-
tioning was based on the condition number of Eq.
(10). If we perturb the system by disturbing slightly the
input and output of the transformation defined by 4,
we may derive the following:

A(x + 6x) = (b + 6b),

so that
ox=A"16b and 10| < |4~ ]16b]|.
Similarly,
1611 = 14| = LAl lx]l.
v Therefore,
% < K(4) %
where

k(A4) = ||A|||l4™"|| = the condition number of 4. (11)

If the condition number is large, it effectively amplifies
small relative perturbations in b, resulting in large
relative perturbations in x. In light of the manipulabil-
ity ellipsoid discussed below, small condition numbers
ensure that the elliptical envelope is relatively large
and uniform (isotropic). This feature of the manipula-
bility ellipsoid can be used to define trajectories which
are well conditioned.

The quantification of the manipulator in terms of
its ability to control the application of forces and ve-
locities to an object has been described in terms of the
so-called manipulability ellipsoid (Yoshikawa 1984;
1985). The manipulability ellipsoid is defined by ex-
amining the singular value decomposition of the Jaco-
bian. If J € RMXN then 3 U € RM*M and V € RV

such that J= U 3 VT, where

0,
0,

3= . 0 | e RMXN

witho, =0, =+ - =0, =0.

These o; represent the m singular values of J. If we
constrain the joint space angular rates,

0= [0} + 03+ -+ o<1,

then we find that the resulting manipulability ellipse
delimits the realizable Cartesian space velocities. The
subspace ellipsoid is defined by the principally condi-
tioned axes [0, Oyly, . . . , O,l,,], Where the

u; € R™ are the m column vectors of the U matrix
above. The manipulability ellipsoid describes the con-
ditioning of the transformation from finger joint space
to the fingertip Cartesian velocity space.

The volume of the manipulability ellipsoid may also
be used to direct the manipulator into well-behaved
configurations. Finger geometries that maximize this
volume produce more anthropomorphic results than
does the condition numﬁ& approach. The volume can
be approximated as the product of the singular values
(Yoshikawa 1984).

The number of nonzero singular values define the
rank r of the wrench system, and the first r column
vectors of U define the Cartesian space spanned by the
wrench system. These Cartesian directions, weighted
by the corresponding singular values, define the princi-
pally conditioned axes (PCAs) of the manipulator.
The PCAs represent the relative conditioning of the
kinematic structure for forces or velocities along the
corresponding direction.

While the manipulator geometry may be capable of
generating instantaneous velocities, it may not be able
to do so in the region immediately surrounding its
current state. The PCAs are weighted to reflect the
physical joint limits of the manipulator. This is ac-
complished by defining a weighting coefficient that pe-
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Fig. 17. Weighted principally
conditioned axes for the
Utah/MIT finger [reprinted
by permission from Grupen
(1988) © IEEE].

nalizes a finger configuration which places joints at
extreme positions. One such weighting coefficient is

61’ — Bi,nom 2
W(6;) = cos {27: (m) } (12)

The contribution of the ith joint to the Cartesian di--
rection defined by a particular PCA can thus be
weighted to reflect the joint limits. The results of ap-
plying such a weighting coefficient to varying configu-
rations of the Utah/MIT finger are presented in Fig.
17. A finger is viewed from the side and from behind
to illustrate the weighted PCAs for a variety of finger
geometries (Grupen and Henderson 1988). The prod-
uct of the weighting coefficient over all joints in a
finger may be used to modify the manipulability index
presented earlier, resulting in a scalar conditioning
metric which expresses joint limits.

The PCAs can be interpreted as a system of relative
forces just as was derived from the contact friction
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model earlier. As such, they may be used to define a
wrench space vector defining the ability of the manip-
ulator to address the task. Once again, an error with
respect to the task may be defined by using Eq. (8).
This error may be used to define migrations of the co-
ordinate frame attached to the manipulator relative to
the object frame, which improve the conditioning of a
particular finger or the entire contact set.

5. Summary and Conclusions

General-purpose manipulation is a complicated prob-
lem involving many branches of knowledge and tech-
nology. We have discussed several aspects of the prob-
lem and presented research results which address these
issues. .

Since the human hand is the prototypical general-
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purpose manipulator, we began our discussion here.
The kinematic structure and the sensory apparatus of
the human hand were presented.

Several methods of tactile sensing were discussed.
Although a variety of technologies have been em-
ployed, the use of resistive, capacitive, piezoelectric,
and optical effects seem to have dominated develop-
ment efforts. Hysteresis, sensor fabrication, and reli-
ability remain the primary obstacles to tactile sensing
researchers. We also reviewed efforts to incorporate
tactile sensing into machine perception systems. Mul-
timodal sensing strategies and methods of sensory
integration were presented.

The anthropomorphic design paradigm remains the
dominant approach to general-purpose manipulators.
A variety of multifingered dexterous hands were pre-
sented. Some of these manipulators are potentially

suited to the role of general-purpose manipulator. The’

primary challenge to this technology is the control of
the complex, multifingered hand. We briefly described
the history of compliant manipulator control and the
implications for control of general-purpose manipula-
tors.

Finally, we discussed some of the properties of the
object, the manipulator, and the task which constrain
the selection of manipulation strategies. This area of
research is still in its infancy, but is crucial to the de-
velopment of a somewhat automatic general-purpose
manipulator.

Unfortunately, much of the work surveyed pertains
only to a small portion of the problem domain. Sens-
ing, control and planning mechanisms are highly in-
terdependent and should not, hereafter, be studied in
isolation. There has been significant progress in the
technology supporting robotic manipulation, enough
to inspire optimism. Given the current state of re-
search, we believe that general-purpose manipulation
systems will appear on the scene in the not too distant
future.
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