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Hands for Dexterous Manipulation and Robust
Grasping: A Difficult Road Toward Simplicity
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Abstract—In this paper, an attempt at summarizing the evolution and the state of the art in the field of robot hands is made. In
such exposition, a critical evaluation of what in the author’s view
are the leading ideas and emerging trends is privileged with respect
to exhaustiveness of citations.
The survey is focused mainly on three types of functional requirements a machine hand can be assigned in an artificial system,
namely, manipulative dexterity, grasp robustness, and human
operability. A basic distinction is made between hands designed
for mimicking the human anatomy and physiology, and hands
designed to meet restricted, practical requirements. In the latter
domain, arguments are presented in favor of a “minimalistic”
attitude in the design of hands for practical applications, i.e., use
the least number of actuators, the simplest set of sensors, etc.,
for a given task. To achieve this rather obvious engineering goal
is a challenge to our community. The paper illustrates some of
the new, sometimes difficult, problems that are brought about by
building and controlling simpler, more practical devices.
Index Terms—Dexterous manipulation, end-effectors, grasping,
robot hands.

I. INTRODUCTION

A

”1 In
one of his books on nature sciences [6], the greek philosopher
Aristotle (384–322 BC) thus argued against the conceptions of
his late colleague Anaxagoras (500?–428 BC) regarding the
relationship between human hands and mind. As they appear
to be the two most distinguished features of humans among
animals, the two philosophers debated whether it was because
humans had dexterous hands that they became intelligent, or
the other way around. Anaxagoras’ intuition has been later on
confirmed by several findings of paleoanthropologists, showing
that the mechanical dexterity of the human hand has been a
major factor in allowing homo sapiens to develop a superior
brain (a similar role played by the anatomical structure of the
human larynx in relation with speech capabilities has been also
recognized).
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1“Anaxagoras

says that because of having hands, man grew the most intelligent among animals. (I think) it is correct to say that because of his intelligence
he has hands.”

While the dexterity of the human hand has been admired since
the oldest times, it is still an unmatched standard for artificialists, and perhaps will be for good. Although artificial hands may
be built that are stronger or faster than the human hand, performance of the latter are unequaled if a sufficiently broad scope
of manipulation tasks is considered. It is therefore natural for
an engineer to take inspiration from such a design success, and
set forth for himself the goal of building hands that achieve,
though partially, such capabilities. However, the toolbox nature
can use is extremely different from what current technology
makes available to us, in terms of actuators, sensors, and control means. Hence, the question whether artificial hands should
look like those of humans, is not quite settled, and answers depend much on what exactly is expected from the hand. Because
functions of hands are so rich and varied, it will be instrumental
to our discussion of the state of the art in machine hands that a
rough distinction in functional categories is made.
This survey will be focused mainly on three types of functional requirements a machine hand can be assigned in an artificial system, namely, manipulative dexterity, grasp robustness,
and human operability. By manipulative dexterity I mean here
the capability of the hand to manipulate objects so as to relocate them arbitrarily for the purposes of the task. Grasp robustness is the capability of keeping hold of manipulated objects in
spite of all possible disturbances (unexpected forces, erroneous
estimates of the object characteristics, etc.) while maintaining
a “gentle” enough grip not to cause any damage. Finally, by
human operability I mean the allowance for an easy and friendly
interface with the human operator, be he the programmer of an
autonomous robot task, or the master of a teleoperator system,
or the person needing a prosthetic replacement. In most applications, some or all of these types of functional specifications
may coexist, often with conflicting implications on technical
implementations. I will try to analyze these conflicts, and put
the stress on how several devices that have been presented in
the literature addressed these problems.
This paper presents the author’s view of what the state of the
art in building artificial hands is at present, which directions it
may possibly take in the future, and what the main open problems are. Several excellent surveys are available on robot hand
systems and components (see, e.g., [53], [66], [120], [156], and
[127]), and the reader is referred there for other views on the
state of the art.
II. HUMAN OPERABILITY
In many artificial manipulation systems, human operability,
i.e., the availability of an easy and friendly interface with the
human operator, is a key factor of success. Interface is meant
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here in general as all the means that make power and information
flow between the human and the hand, and back. Under this
regard, anthropomorphic design of hands often offers distinct
advantages.
Examples of such a situation are applications where a replacement of the human hand is needed. In other words, if the
system is to use the same interface with the environment that
was designed for the human hand (such as handles, consoles,
tools etc.), then an anthropomorphic hand can best fit the task.
Such is typically the case with prosthetic devices (see, e.g., [86],
[168], [71], [137], and [36]).
Anthropomorphic design makes it easier for the human operator to map his natural manipulation behaviors and skills into
commands for the device. Planning and programming actions of
kinematically complex robot hands has always been a difficult
task, which contributed to the scarce penetration of robot hands
in practical applications. On the contrary, an anthropomorphic
machine hand can be taught directly by “demonstrating” the desired human behaviors in manipulation and grasping. In such
systems, easily available sensorized gloves, or in some cases
mechanical masters, are used to provide measurements of the
master’s hand movements.
In telemanipulation (see, e.g., [9], [158], [46], [59], [157],
[100], and [74]), movements of the master hand are replicated
by the anthropomorphic device. A feeling of “immersion” of
the operator in the remote (possibly virtual) environment may be
enhanced by the good match of the machine hand functions with
the natural ones, although there exist examples of non strictly
anthropomorphic hands intended also for remote operation (see,
e.g., [22]).
The “teaching by demonstration” approach to machine
hands programming applies more generally to systems that
do not just mimics a human hand motion, but learn from a
sequence of exemplary manipulative operations of the human
hand the “skill” that is employed to solve different tasks.
This research avenue is currently attracting much attention, as
witnessed by the growing literature (see, e.g., [40], [8], [80],
[81], [22], [146], [123], [60], [189], and [49]). In some cases,
authors are using concepts developed in the robotic literature
to perform analysis of the human manipulation behavior,
with results that are interesting for both their fundamental
psychophysical meaning (illustrating those links between
hands and intelligence Anaxagoras was alluding to), and for
fallouts on applications of particular social relevance, such as
rehabilitation (viz., [84], [70], [175]).
Finally, in the expectations of many for the future are robotic
systems that will interact with human beings directly, in a safe
and comfortable way [119], [91]. One task for such “friendly”
robots is rehabilitation [165]. A crucial factor in realizing this
will be the ability of the robotic technology to move away from
conventional materials and actuators, which are felt “cold and
stiff,” and use innovative solutions for compliant, soft-moving
hands and manipulators. Among possible technologies, directdrive magnetic actuators [42], [110], piezoelectric motors [166],
and pneumatic actuators [113], [34], [16], [131], [26] might represent viable solutions in the short term, while polymeric gels
[164] and shape-emory alloys [137] will probably need more
time to be engineered in practical devices.
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Anthropomorphic design also has disadvantages, however. If
the control of the robot hand is realized by computer programs,
and the environment is at least partially available for design decisions (as it happens in industrial part-handling, for instance),
then several reasons may suggest that an anthropomorphic hand
is not the best solution. Among the drawbacks of present day
human-like hands are the complex kinematic structure, the high
number of actuators, and the sophistication of sensing systems.
Cost-effectiveness and reliability are at a premium in factory
applications of robot hands, and make the simplest grippers an
optimal solution for most trivial grasping tasks. Manufacture of
large enough batches of products justifies the development of
specialized grippers for the task (Kato [85] reviewed a very large
number of such devices). However, as the life cycle of products
decreases in the technological competition, the need for flexibility in part-handling devices becomes more and more important.
In between the completely unstructured world and the perfectly defined environments, there is a whole gray scale of applications where the familiar flexibility/efficiency tradeoffs have to
be sought for actively. This concept is well rooted in the robotics
community (see, for instance, [184], [28], and [27]). Design of
devices for this class of problems usually obey the good old engineering principle of minimalism: choose the simplest mechanical structure, the minimum number of actuators, the simplest
set of sensors, etc., that will do the job, or class of jobs.2 Several examples of minimalist design were collected in [12].
Complexity reduction is especially important in terms of
hardware components of the system, as they often make for
most of the cost, weight, and failures of robots. On the other
hand, it often turns out that sophisticated design, analysis, programming, and control are required to perform difficult tasks
by means of simple devices. Designing simple and effective
devices for executing nontrivial tasks is actually much more
difficult than contriving very complex systems for the same
job. This is true both in a technological and theoretical sense,
as the rest of this paper attempts at illustrating.
III. MANIPULATION DEXTERITY
“Dexterity” is rather broad a concept in common language,
which involves aspects of ability and stability in performing
motions of the manipulated object by means of the hand. We
will restrict here to the notion, widely accepted in the robotics
manipulation literature, that dexterity means the capability of
changing the position and orientation of the manipulated object
from a given reference configuration to a different one, arbitrarily chosen within the hand workspace. In this section, we
examine several attempts at achieving dexterity by robot hands.
Robot hands are systems comprised of two or more fingers
that act on a manipulated object via contacts. The presence
of contact phenomena in manipulation makes it peculiar
among other robotic systems, and clearly contact models
deeply affect the analysis of manipulation systems. A standard classification of contact models introduced in robotics
[107], [37] distinguishes point-contact-with-friction (or
2Naturally, if a varied enough class of tasks is considered, then the human
hand is probably minimalistic as well!
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“hard-finger”), “soft-finger,” and complete-constraint contacts
(or “very-soft-finger”). Other important aspects of contact
modeling regard the visco-elastic behavior (rigid, isotropically
elastic, etc.) and the behavior in sliding and rolling conditions,
namely, the static and kinetic coefficients of friction, and
whether the contact point moves on the contacting surfaces as
they rotate with respect to each other (“rolling contact”), or not.
The latter case corresponds to an idealized situation of contact
between surfaces with infinite relative curvature.
A. Classical Designs
Salisbury ([107]) showed first that the minimum theoretical
number of degrees of freedom to achieve dexterity in a hand
with rigid, hard-finger, nonrolling and nonsliding contacts, is
9. As a simple explanation of this fact, consider that at least
three hard-fingers are necessary to completely restrain an object.
On the other hand, as no rolling nor sliding is allowed, fingers
must move so as to track with the contact point on their fingertip
the trajectory generated by the corresponding contact point on
the object, while this moves in three-dimensional (3-D) space.
Hence, three degrees of freedom per finger are strictly necessary. The Salisbury Hand was accordingly designed to have nine
joints, distributed in each finger so as to optimize a measure of
individual “manipulability” of the finger.
Several other hands developed in University or Government
research centers have adopted design schemes similar to Salisbury’s under this regard, as, e.g., those developed at the University of Karlsruhe [185], the Technical University of Darmstadt [181], and Delft University [78]. Hands of this type, and
in general kinematically optimized hands [167], are not usually
anthropomorphic.
Some researchers preferred to introduce redundant degrees
of freedom in their hands to achieve more flexibility of use. In
one of the earliest successful hand designs, Okada employed
two four-joint fingers and one three-joint thumb (see [126]). In
the design of the hand of the Technical University of München
[111], the three-joint, three-finger design has been modified by
introducing one more joint per finger, the motions of which are
however mechanically coupled so that a total of nine degrees
of freedom is maintained. Other authors introduced more than
three fingers in their robot hands, with a basically twofold motivation: four- and five-fingered hands are closer to the anthropomorphic model, and allow to alternate the fingers used to grasp
so as to achieve richer manipulation patterns. After the seminal
work done with the Utah/MIT Hand [72], hands of this type have
been built in several labs (see, e.g., [4], [63], and [97]).
B. Alternative Designs
Notwithstanding the great effort spent, and the impressing
technological and theoretical results achieved by the robotics
community in building and controlling dexterous robot hands,
the number of applications in the real-world and the performance of such devices in operative conditions should be frankly
acknowledged as not yet satisfactory. In particular, the high degree of sophistication in the mechanical design prevented so far
dexterous robotics hand to succeed in applications where factors
such as reliability, weight, small size, or cost, are at a premium.

One figure partially representing such complexity is the number
of actuators, which ranges between 9–32 for hands considered
above. Further reduction of hardware complexity, even below
the theoretically minimum number of 9, is certainly one of the
avenues for overcoming this impasse.
It should be recalled at this point that Salisbury’s analysis
of minimal design requirements for dexterity was based on a
particular definition of dexterity and a set of assumptions on
the contact model. Thus, for instance, it can be easily shown
that if soft-finger contacts are considered, fingers with at least
four degrees of freedom are needed to achieve dexterity in the
sense above defined. Even the human hand cannot be considered
dexterous if soft-finger contacts are enforced at the fingertips (in
fact, rotational slippage is allowed in most human manipulation
tasks). Other means of achieving dexterity can be devised if we
allow some modifications of the concept of dexterity, and of
the assumptions on contact models. In most applications, for
instance, it is not necessary that the manipulated object can track
a given trajectory in position and orientation at every instant
during manipulation. Rather, it is sufficient that the object can be
brought from the initial to the desired configuration, irrespective
of what path it follows in the process.
1) Regrasping and Finger Gaiting: Considering different
contact models disclose new possibilities of achieving dexterity
in this latter sense. Thus, if one allows contacts between
fingers and the object to be detached at some point during
manipulation, and a new contact to be established in a different
position, manipulation by “regrasping” or by “finger gaiting”
can be accomplished.
Manipulation by regrasping [169], [45], [161] involves a sequence of grasps on the object, alternated with phases in which
the object is left alone on a work table. End-effectors as simple
as on–off grippers can be used to this effect. However, manipulation by regrasping has drawbacks, among which is the need
for grasping and releasing the object several times during manipulation, and the consequent time consumption in the process.
Also, in the manipulation of irregular 3-D objects, there may
be a very limited number of stable configurations of the object
on the supporting plane, in which the hand can leave the object
safely enough during the release phase.
An interesting research direction investigates end-effectors
that, while maintaining the simplicity of industrial grippers, include simple (“minimalistic”) mechanical modifications such as
a sliding plate or suitably positioned pins. Sensorless planning
algorithms (such as those described in [51] and [79]) may then
be used to achieve some limited types of manipulations on parts,
which are sufficient to achieve useful tasks such as part reorienting or sorting.
“Finger gaiting” involves the use of three or more fingers,
whereof one at a time is repositioned on the surface of the object, while the remaining fingers manipulate the object locally.
Finger gaiting has been demonstrated for instance by Okada
[126] and Fearing [47] to manipulate a sphere and a stick,
respectively. Detailed theoretical analyzes of some aspects of
finger gaiting are reported in [64], [112], [149], and [33]. Operations of regrasping and finger gaiting involve both continuous
dynamic systems (kinematics and dynamics of manipulation,
effects of gravity, slipping, etc.), and discrete-event systems

BICCHI: HANDS FOR DEXTEROUS MANIPULATION AND ROBUST GRASPING

(events being, e.g., the contact or detachment of one finger
from the object), thus calling for the analysis and control of
“hybrid” systems, i.e., systems that are in part event-driven and
in part time-driven. The stability analysis and verification (in
the automata theory sense) of these systems is in general a hard
open problem for the computer science and automatic control
communities, the robotics applications of which have been
preliminarly studied by, e.g., [190] and [154]. The analysis and
minimization of execution times for regrasping plans, and the
characterization of robustness of such plans in particular for
complex 3-D objects, are also major open problems in this area.
2) Sliding and Rolling: A further degree of flexibility in manipulation is gained if one allows some of the contacts to slide
during certain intervals of time. Such manipulation by sliding is
actually very often observed in human hands, where controlled
slippage is almost ubiquitous. Work toward exploitation of slippage for enhancing robotic dexterity has been reported, e.g., by
[47], [20], [18], [35], [82], [31], [83], [186], [68]. In order to
control slippage, being able to predict its occurrence is instrumental. This implies the need for an accurate analysis of friction and slippage phenomena. In particular, in the case of combined torsion and shear loading, evaluating from sensor readings
a “margin of stability” for the contact before slipping is a very
important but rather difficult task, for which only partially satisfying solutions are known so far (see, e.g., [73], [107], [67],
[52], and [68]). A second open problem in this area is the synthesis of sets of contact locations for selectively preventing and
allowing slippage motions of grasped objects. Tools for the solution of problems of this sort can be derived from results in
the synthesis of mechanical fixtures (see, e.g., [7] and [180])
and in the analysis of partial form-closure (see, e.g., [90], [170],
and [11]). Also, the close relationship between research in the
area of manipulation “at large” (regrasping, finger gaiting, and
controlled slippage) and the field of part feeding and orienting
by pushing, tilting, or fencing (see, e.g., [107], [136], [2], [89],
[43], [183], [163], [99], and [98]) is brought to the attention of
the reader, although it cannot be discussed here.
In the process of accurately analyzing the setup of the manipulation problem, with the aim of reducing the complexity of
the hand hardware, a dramatic improvement is achieved if the
assumption that bars rolling contacts is removed. In fact, as it
will be discussed shortly, manipulation by rolling is a very effective way of lifting the difficulties of dexterous manipulation
from the hardware level to that of software (i.e., to planning and
control algorithms).
In most of the literature on dexterous manipulation, the nonrolling contact assumption is motivated by the hypothesis that
fingers have very sharp curvature, so that the contact point between a fingertip and an object does not change much if the two
roll on each other. However, the high-curvature hypothesis is
hardly verified in most hand models, and changes in the contact
point position due to rolling deeply affect grasping and manipulation. Presence of rolling contacts entails that the kinematics,
statics, and dynamics of the system are completely changed, and
usually appear substantially more complex. The analysis of manipulation in the presence of rolling has been pioneered by Montana [117] and Cai and Roth [24]. A detailed exposition is available in [120].
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If regarded as an undesired effect, rolling has to be compensated for in manipulation by using real-time feedback from tactile sensors indicating the actual position of the contact point at
each time instant. Work in the direction of compensating effects
of rolling has been carried out, e.g., by [129], [142], [29], [58],
[101].
It is by now widely acknowledged that curvature effects and
rolling can actually be turned to play in advantage of the design of simpler dexterous hands. A possibly beneficial effect
of finiteness of the relative curvature at contacts, is that on the
grasping capability of the hand (see Section IV). Another use in
positive of rolling has been considered by [75], who exploited a
dynamic model of rolling to reconstruct the object’s pose from
tactile information on how contact evolves on the finger surface.
Rolling may also be beneficial to manipulation dexterity. In
fact, rolling between rigid bodies in 3-D space is a well-known
example of nonholonomically constrained motion, and a notable
characteristic of nonholonomic systems is that they can be driven
to a desired equilibrium configuration in a -dimensional configuration manifold using less than inputs. Since “inputs” in engineering terms translates into “actuators,” devices designed by
intentionally introducing nonholonomic mechanisms can spare
hardware costs without giving dexterity up.
To exploit such possibilities, a detailed analytical model of the
kinematic laws of rolling contacts is fundamental. Formulas for
predicting how the contact points and the relative orientation of
the surfaces evolve with rolling, have been investigated first by
Cai and Roth [24] and Montana [117], independently. Early work
on this subject has been done by Cole, Hauser, and Sastry [35],
and Li and Canny [92], who studied the problem of rolling by
putting it in the framework of nonlinear control systems theory,
and showed that a ball rolling on a plane can be displaced and
reoriented at will within its five-dimensional configuration manifold (i.e., is controllable) by only using two inputs. A geometric
algorithm was proposed by these authors to plan motions of a very
particular case (a sphere rolling on a plane). Murray et al. [120]
report about using controlled rolling for repositioning the fingertips of a hand on the surface of the grasped object. With such work
as a motivation, [13] investigated the possibility of building dexterous hands with a minimal number of actuators by exploiting
rolling. Exploitation of rolling with manipulative purposes has
been considered, among others, by [54], [152], [55], [76]. A recent general result of Marigo and Bicchi [103], stating that the
system of two rolling bodies is completely nonholonomic if and
only if they are not specular, shows that the minimum number of
actuators necessary to dexterously manipulate any convex object
is just three. In [14], a method for planning manipulation of general convex objects rolling on a flat finger is described, along with
a technique for reconstructing the shape of unknown objects by
rolling. A picture of the four-joint dexterous gripper presented in
[14] is reported in Fig. 1.
In many, perhaps most, cases of manipulation, the object to
be manipulated does not have a smooth surface, such as that
postulated to derive results reported above. Rather, parts may
have sharp edges and vertices. An interesting model for such
objects uses a polyhedral description. The rolling of a polyhedron on a plane is itself a nonholonomic phenomenon, although
a wider definition of nonholonmy is to be accepted than the one
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Fig. 1. Prototype of the dexterous end-effector of the University of Pisa,
DxGrip-II. The gripper has two parallel jaws translating independently and a
turning disk with direct-drive motors and six-axis F/T sensor on each jaw. It can
arbitrarily relocate and reorient any convex body with smooth or polyhedral
surface by rolling it among the fingers; the shape of the object need not be
known in advance, as the gripper can reconstruct it by tactile exploration.

Fig. 2. Example of power grasping (courtesy of Barret Technologies, Inc.).

“Grasping” indicates an action of a hand on an object consisting in preventing its motions relative to the hand, possibly
in the face of disturbance forces acting on the object itself. The
task of grasping is therefore, at least in some sense, converse to
that of manipulation, and it can be expected that in the design
of a hand, tradeoffs between dexterity and grasping robustness
have to be seeked.

on the task. When finely manipulating objects, we mostly
use our fingertips and distal phalanges. On the other hand, in
human and animal grasping, the fundamental role played by
the inner parts of the hand (palm and proximal phalanges)
to enhance both the stability of the grip and the versatility
of operation, can be frequently observed (see, e.g., [37] and
[70]). To transfer this enhanced robustness into robotic devices,
researchers have conceived hands with the ability of using
inner surfaces for contacting the object, and capable of sensing
contact interactions.
By the term “power grasping,” or the equivalent expressions
“enveloping grasping” [172] and “whole-hand manipulation”
[151], the action of a hand holding an object by using not only
its fingertips, but also the internal phalanges and the palm is denoted. Ulrich et al. [174] designed a medium-complexity hand
capable of several grasp modes, including power grasping. An
example of such grasp is depicted in Fig. 2. Mirza and Orin
[115] showed the largely increased holding capability of a robot
hand exploiting its inner links and palm for grasping, given
limits on the actuator torques, and built the DIGITS system to
experimentally assess such grasping style. A hand whose design was integrally thought for whole-hand manipulation was
described in [177]. To the same philosophy was inspired the
hand realized at the University of Bologna by Bonivento et al.
(see, e.g., [109]). The hand described in [143] was also designed
to manipulate objects by using its inner surfaces.
An end-effector that has fewer degrees of freedom than necessary to control forces arbitrarily at all contacts, is sometimes
referred to as kinematically defective). Far from being a pathological case, kinematic deficiency is rather a normal condition
in simple industry-oriented grippers, as well as in more complex devices such as dexterous robot hands when used in “power
grasp” configuration. Notice that it can be easily argued that any
hand with frictional contacts and less than nine actuators is defective.

A. Design

B. Grasp Properties

From observation of the human example, it can be easily
seen that we use our hand in very different ways depending

In order to define what grasping robustness is, the notions
of form-closure and force-closure of grasps are instrumental.

one may be familiar with. However, while for analyzing rolling
of smooth surfaces the powerful tools of differential geometry
and nonlinear control theory are readily available, a completely
different set of mathematical tools are necessary to study rolling
polyhedra, which exhibit quite different behaviors. Work on
graspless manipulation of polyhedral parts by rolling in the
robotics literature include [1], [153], [44]. Results reported in
[102], [104], and [98] are more directly related to the purpose
of achieving dexterity by rolling.
Manipulation by rolling is a challenging new area, whose
promises in terms of hardware simplification still need much
work to be fully supported. Among the open issues, only few can
be mentioned here: the problem of planning sliding and rolling
motions among obstacles (due, e.g., to workspace limitations of
fingers, such as considered in [171], [33], and [94]); the lack of
an efficient feedback control law that could stabilize the pose
of a general rolling object (the problem is unsolved even for a
sphere); the same problem in the (realistic) case that not all states
are directly measurable; and an analysis of the sensitivity of planning and control to modeling errors. Also, the generalization to
nonholonomic systems of useful notions such as manipulability
and dexterous workspace (see, e.g., [132] and [32]) seems to be
important toward engineering applications of rolling.
IV. GRASPING ROBUSTNESS
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These properties concern the capability of the grasp to completely or partially constrain the motions of the manipulated object, and to apply arbitrary contact forces on the object itself,
without violating friction constraints at the contacts.
Form-closure is the ability of a hand to prevent motions of
the object, relying only on unilateral, frictionless contact constraints. This problem (which also has direct bearing to the design of mechanical fixtures and jigs for manufacturing parts)
has been studied since the 19th century. Early results showed
that at least four frictionless contacts are necessary for grasping
an object in the plane, and seven in the 3-D case. An active area
of research is the synthesis of form-closure grasps, i.e., given
the object geometry, where to place contacts so as to prevent
object motions. In [116] and [106], it was shown that four and
seven contacts are necessary and sufficient for the form--closure
grasp of any polyhedron in the 2-D and 3-D case, respectively.
Constructive procedures for placing contacts on given objects to
achieve form-closure have attracted much attention in the literature, due also to the relevance to the fixturing problem (see,
e.g., the early work of [105], and more recently [61], [159],
and [17], [96], [95], and [176]). There is also a form-closure
analysis problem, i.e., given an object and a set of contact locations, to decide whether the object has any degree of freedom
left, and which. Both qualitative (true–false) tests (see, e.g.,
[90], [107], [116], and [62]) and quantitative (quality index)
tests ([88], [170], [114] have been proposed for form-closure.
As already mentioned, the concept of partial form-closure may
prove very useful in analyzing and planning manipulation by
controlled slippage. A recent extension of the classical notion
of form-closure is the so-called immobilization problem, where
second-order effects due to the relative curvature of the surfaces
in contact are taken into account, to provide more detailed results (see, e.g., [147], [148], and [173].
The concept of force-closure is often used with the intuitive
meaning that motions of the grasped object are completely
(or partially) restrained despite whatever external disturbance,
by virtue of suitably large contact forces that the constraining
device (the end-effector) is capable to exert on the object. The
analysis of force-closure has been considered among others
by [124], [48], [31], [122], while literature on the synthesis of
force-closure grasps include [124], [133], [139], [140].
A crucial problem in robot manipulation is the choice of
grasping forces so as to avoid, or minimize the risk of, slippage.
Grasping, or internal, forces are defined as contact forces lying
in the nullspace of the grasp matrix . Contact forces that
are not internal directly affect the equilibrium of the object,
and are sometimes referred to as manipulating forces. The
problem of choosing joint torques so as to realize manipulating
forces required by the task, while imposing grasping forces that
guarantee slippage avoidance, is often referred to as the force
distribution problem. This is a common problem with other
robotic areas, as, e.g., legged locomotion, cooperating and/or
constrained manipulation, and has attracted much attention
in the past few years (see, e.g., [128], [87], [73], [93], [122],
[179], [77], [130], and [21]). An important property of the
nonlinear constrained optimization problem to which grasp
force distribution amounts is convexity. This property, used
first in [11], enables efficient solutions to an otherwise very
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complex problem: [11] proposed integration of an ordinary
differential equation as an iterative solution to the problem;
[23] noticed that nonlinear friction constraints can be rewritten
as positive-definiteness constraints on suitable matrices, and
used projected gradient flow methods to optimize; [56] further
exploited the matrix formulation of [23] to transform the
problem in the format of a standard linear matrix inequality
(LMI) problem, for which off-the-shelf, effective software
exists.
A further important property of grasps is stability. The term
is used in the literature with at least two meanings. One refers
to Lyapunov theory, and dictates that a grasp is (asymptotically)
stable if its dynamics are such that, when the object is displaced
from its reference position, it will stay close (and ultimately
come back), to such position. A second definition is Lagrange’s,
whereby a configuration of a conservative system is stable if it
corresponds to a strict local minimum of the potential energy.
The second usage is prevalent in studies on grasp stability. The
role of compliance and dynamics in grasping has been investigated by many authors, beginning with Hanafusa and Asada
[57] and Salisbury [107]. Cutkosky and Kao [38] discussed how
to compute the aggregated compliance matrix of a hand-object
system, including finger flexibility effects. Relations of compliant and rolling contacts with the stability of the grasp have
been considered, at increasing levels of generality and detail,
by [39], [118], [170], [65], [162], [50].
If Lagrange’s stability criterion applies to an equilibrium
grasp for a conservative system, Lyapunov stability follows. It
should be noted however that Lagrange’s analysis is limited
under some regards. In mechanics, the seemingly intuitive
statement that, if an equilibrium point is not a minimum for
the potential function, then it is unstable, does not have a
proof for systems with more than two degrees of freedom [5].
Perhaps more importantly, from an application viewpoint, is
the fact that no provision is made in Lagrange analysis for
nonconservative forces (except for Rayleigh-type dissipative
terms). Nonconservative forces may arise in grasping systems
because of nonidealities in the mechanical components, and
of the control laws used for actuating the hand joints. The
inclusion of the effects of control on the stability of grasp,
which are apparently of major moment, is as of today a mostly
open research problem. Lyapunov stability, and other structural
properties (controllability, observability, stabilizability) of
general grasping systems in their linear approximation have
been investigated by [19], [141], [3]. Stable control of manipulation and grasping systems has been considered among others
by [121], [144], [155], [145]. Particularly important is work
done toward controlling grasping systems in the (practically
ubiquitous) presence of uncertainties ([30], [41].
A figure measuring stability (useful, e.g., to compare different
possible grasps) may be considered ([65] as the real part of the
dominant eigenvalue of the linearized grasp model (large values
of this measure indicate that small perturbations are damped
away quickly). An even more useful figure, in many applications, would be related to the size of the basin of attraction of the
equilibrium, indicating how large a perturbation can be without
causing instability: however, effective algorithms to evaluate
such measure are not available at present.
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(a)

(b)

Fig. 3. Force-closure depends upon the end-effector: (a) grasp is force-closure
and (b) grasp is not.

C. Grasping and the Kinematics of the Hand
Although few authors in the literature paid attention to the relations between grasping robustness and the end-effector structure [172], [178], [138], [69] these characteristic are indeed crucial to some of the grasp properties discussed above. In fact,
while the analysis of form-closure is intrinsically geometric,
force-closure is tightly linked to the kinematics and characteristics of the end-effector. Consider, e.g., the grasps depicted in
Fig. 3(a) and (b), where the same object is held by two different
end-effectors through three identical contacts (friction cones are
depicted by shaded sectors). It is intuitively clear that, while the
grasp in Fig. 2(a) can resist arbitrary forces externally applied
on the object by suitably “squeezing” the object, the grasp in
Fig. 2(b) cannot oppose, e.g., to forces pulling the object to the
right in the horizontal direction, since no “squeezing” is allowed
by the end-effector. Definitions of force-closure that take into
account the kinematics of the gripping device were proposed in
[11], along with an exact algorithm for testing such property. In
[187], the author presents a detailed classification of passive and
active closures by different mechanisms.
The use of defective limbs in manipulating an object
imply that the object cannot be controlled to move in arbitrary directions, but rather its velocity is constrained within
certain subspaces. Tools for the analysis of the kinematics
of series-parallel coordinating manipulation systems were
provided in [69], [178], and [191]. Explicit consideration of the
kinematics and manipulability of whole-hand manipulation and
of kinematically defective cooperating limbs in general was
made in [15], [108], [182], [134]. As a result of such analysis,
it can be clearly seen that the more defectivity is introduced to
get robust grasping, the less manipulability is left to the object.
As already mentioned, one way of avoiding this impasse is
to exploit rolling for gaining dexterity without increasing the
number of joints.
In defective systems, where the hand jacobian matrix is not
full row rank, it may not be actually possible to choose grasping
forces at will [10]. Such phenomenon happens every time the
nullspace of the grasp matrix and the nullspace of the transpose of the hand jacobian have nontrivial intersection (i.e., the
system is hyperstatic). This is the case, e.g., for the gripper in
Fig. 2(b). In the cited paper, the subspace of internal forces that
can be actually used for avoiding slippage is evaluated by an
algorithm that uses information on the compliance of bodies in
contact. Grasp force optimization techniques should therefore
be redesigned for power grasping [11], [188].
Many open problems remain to be solved in order to be
able to design robot hands to effectively exploit defectivity to

increase grasp robustness and reduce hardware complexity.
Among these, perhaps the most important is the need for a
reliable estimate of contact compliance, arising with hyperstatic
grasps. In fact, it is hardly reasonable in any practical case
to assume that such data are known a priori. However, it is
conceivable that from the measurement of joint displacements
and contact forces, compliance parameters can be identified
on-line, in a fashion similar to that used to estimate inertial
parameters in adaptive controllers for robots.
V. CONCLUSIONS
In this paper, a review of some of the work being done in
robotic manipulation has been provided, and trends have been
highlighted that, in the author’s view, might allow those devices
to find larger applications in the real world. A main distinction
has been made among anthropomorphic design, and design according to some engineering criterion optimization. While the
first style of design finds motivations in teleoperation, domestic
and humanoid robotics, the latter is more oriented toward applications in the factories and in unstructured environments. Due
to space limitations, many other important aspects could not be
discussed, such as tactile sensing. It is noted in passing that
also in those fields, a trend toward simplification of hardware
by application of more sophisticated analysis can be recognized
(consider, for instance, work reported in [135], [160], [25]3 , and
[125]).
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[44] M. A. Erdmann, M. T. Mason, and G. Vanĕcek, “Mechanical parts orienting: The case of a polyhedron on a table,” Algorithmica, vol. 10, no.
2, 1993.
[45] M. A. Farooqi, T. Tanaka, K. Nagata, Y. Ikezawa, and T. Omata,
“Sensor based control for the execution of regrasping primitives
on a multifingered robot,” in Proc. IEEE Int. Conf. Robotics and
Automation, 1999.
[46] K. A. Farry and I. D. Walker, “Myoelectric teleoperation of a complex
robotic hand,” in Proc. IEEE Int. Conf. Robotics and Automation, vol.
3, 1993, pp. 502–509.
[47] R. Fearing, “Simplified grasping and manipulation with dexterous robot
hands,” IEEE J. Robot. Automat., vol. RA-2, pp. 188–195, Aug. 1986.
[48] C. Ferrari and J. Canny, “Planning optimal grasps,” in Proc. IEEE Int.
Conf. Robotics and Automation, 1992, pp. 2290–2295.
[49] T. Fukuda, K. Mase, and Y. Hasegawa, “Robot hand manipulation by
evolutionary programming,” in Proc. IEEE Int. Conf. Robotics and Automation, 1999.
[50] Y. Funahashi, T. Yamada, M. Tate, and Y. Suzuki, “Grasp stability analysis considering the curvatures at contact points,” in Proc. IEEE Int.
Conf. Robotics and Automation, 1996, pp. 3040–3046.
[51] K. Goldberg, “Feeding and sorting algorithms for the parallel--jaw
gripper,” in Proc. Int. Symp. Robotics Research, R. Paul and G. Giralt,
Eds., 1993.
[52] S. Goyal, “Planar sliding of a rigid body with dry friction: Limit surfaces
and dynamics of motion,” Ph.D. dissertation, Cornell Univ., Ithaca, NY,
1989.
[53] R. A. Grupen, T. C. Henderson, and I. D. McCammon, “A survey of general-purpose manipulation,” Int. J. Robot. Res., vol. 8, no. 1, pp. 38–62,
1989.
[54] L. Han, Y. S. Guan, Z. X. Li, Q. Shi, and J. C. Trinkle, “Dexterous manipulation with rolling contacts,” in Proc. IEEE Int. Conf. Robotics Automat., 1997, pp. 992–997.
[55] L. Han and J. C. Trinkle, “Dexterous manipulation by rolling and finger
gaiting,” in Proc. IEEE Int. Conf. Robotics and Automation, 1998, pp.
730–735.
[56] L. Han, J. C. Trinkle, and Z. Li, “Grasp analysis as linear matrix inequality problems,” in Proc. IEEE Int. Conf. Robotics and Automation,
1999.
[57] H. Hanafusa and H. Asada, “Stable prehension by a robot hand with
elastic fingers,” in Robot Motion Planning and Control, M. Brady,
Ed. Cambridge, MA: MIT Press, 1982, pp. 323–336.
[58] H. Härtl, “Dexterous manipulation with multifingered robot hands including rolling and slipping of the fingertips,” J. Robot. Autonom. Syst.,
vol. 14, pp. 29–53, 1995.
[59] H. Hashimoto, H. Ogawa, T. Umeda, M. Obama, and K. Tatsuno, “An
unilateral master-slave hand system with a force-controlled slave hand,”
in Proc. IEEE Int. Conf. Robotics and Automation, 1995, pp. 956–961.
[60] A. Hauck, M. Sorg, G. Farber, and T. Schenk, “What can be learned from
human reach-to-grasp movements for the design of robotic hand-eye
systems?,” in Proc. IEEE Int. Conf. Robotics and Automation, 1999.
[61] R. D. Hester, M. Cetin, C. Kapoor, and D. Tesar, “A criteria-based approach to grasp synthesis,” in Proc. IEEE Int. Conf. Robotics and Automation, 1999.
[62] S. Hirai and H. Asada, “Kinematics and statics of manipulation using
the theory of polyhedral convex cones,” Int. J. Robot. Res., vol. 12, no.
5, pp. 434–447, 1993.

660

IEEE TRANSACTIONS ON ROBOTICS AND AUTOMATION, VOL. 16, NO. 6, DECEMBER 2000

[63] G. Hirzinger, J. Butterfass, S. Knoch, and H. Liu, “DLR’s multisensory
articulated hand,” in Proc. Int. Symp. Experimental Robotics, 1997.
[64] J. Hong, G. Lafferriere, B. Mishra, and X. Tan, “Fine manipulation with
multifinger hands,” in Proc. IEEE Int. Conf. Robotics and Automation,
1990, pp. 1568–1573.
[65] W. S. Howard and V. Kumar, “On the stability of grasped objects,” IEEE
Trans. Robot. Automat., vol. 12, pp. 904–917, Dec. 1996.
[66] R. D. Howe and M. R. Cutkosky, “Touch sensing for robotic manipulation and recognition,” in Robot. Rev. 2, O. Khatib, Ed. Cambridge,
MA: MIT Press, 1992.
[67] R. D. Howe, I. Kao, and M. R. Cutkosky, “The sliding of robot fingers
under combined torsion and shear loading,” in Proc. IEEE Int. Conf.
Robotics and Automation, 1988, pp. 103–105.
[68] R. D. Howe and M. R. Cutkosky, “Practical force-motion models for
sliding manipulation,” Int. J. Robot. Res., vol. 15, no. 6, pp. 557–572,
1996.
[69] K. H. Hunt, A. E. Samuel, and P. R. McAree, “Special configurations of
multi-finger multi-freedom grippers—A kinematic study,” Int. J. Robot.
Res., vol. 10, no. 2, pp. 123–134, 1991.
[70] T. Iberall, “Human prehension and dexterous robot hands,” Int. J. Robot.
Res., vol. 16, no. 3, pp. 285–299, 1997.
[71] S. C. Jacobsen, S. G. Meek, and R. R. Fullmer, “An adaptive myoelectric
filter,” in Proc. 6th IEEE Conf. Engineering in Medicine and Biology
Soc., 1984.
[72] S. C. Jacobsen, J. E. Wood, D. F. Knutti, and K. B. Biggers, “The
Utah-MIT dexterous hand: Work in progress,” Int. J. Robot. Res., vol.
3, no. 4, pp. 21–50, 1984.
[73] J. W. Jameson, “Analytic techniques for automated grasp,” Ph.D. dissertation, Stanford Univ., Stanford, CA, 1985.
[74] B. M. Jau, “Dexterous telemanipulation with four fingered hand
system,” in Proc. IEEE Int. Conf. Robotics and Automation, 1995, pp.
338–343.
[75] Y.-B. Jia and M. Erdmann, “Observing pose and motion through
contact,” in Proc. IEEE Int. Conf. Robotics and Automation, 1998, pp.
723–729.
[76] S. L. Jiang, K . K. Choi, and Z. X. Li, “Coordinated motion generation
for multifingered manipulation using tactile feedback,” in Proc. IEEE
Int. Conf. Robotics and Automation, 1999.
[77] J. Joh and H. Lipkin, “Lagrangian wrench distribution for cooperating
robotic mechanisms,” in Proc. IEEE Int. Conf. Robotics and Automation, 1991, pp. 224–229.
[78] W. Jongkind, “Dexterous gripping in a hazardous environment,” Ph.D.
dissertation, Delft Univ. Technol., 1993.
[79] D. Kang and K. Goldberg, “Sorting parts by random grasping,” IEEE
Trans. Robot. Automat., vol. 11, pp. 146–152, Feb. 1995.
[80] S. B. Kang and K. Ikeuchi, “Toward automatic robot instruction from
perception—Recognizing a grasp from observation,” IEEE Trans.
Robot. Automat., vol. 9, pp. 432–443, Aug. 1993.
, “Toward automatic robot instruction from perception—Mapping
[81]
human grasps to manipulator grasps,” IEEE Trans. Robot. Automat., vol.
13, pp. 81–95, Feb. 1997.
[82] I. Kao and M. R. Cutkosky, “Quasistatic manipulation with compliance
and sliding,” Int. J. Robot. Res., vol. 11, no. 1, pp. 20–37, 1992.
, “Comparison of theoretical and experimental force/motion trajec[83]
tories for dexterous manipulation with sliding,” Int. J. Robot. Res., vol.
12, no. 6, pp. 529–534, 1993.
[84] I. Kao, M. R. Cutkosky, and R. S. Johansson, “Robotic stiffness control
and calibration as applied to human grasping tasks,” IEEE Trans. Robot.
Automat., vol. 13, pp. 557–566, Aug. 1997.
[85] I. Kato, “Mechanical hands,” Survey Japan, 1982.
[86]
, “Development of WASEDA Robot—The Study of Biomechanisms at Kato Laboratory, 3rd ed.,” Dept. Mech. Eng., Waseda Univ.,
Tokyo, Japan, 1991.
[87] J. Kerr and B. Roth, “Analysis of multifingered hands,” Int. J. Robot.
Res., vol. 4, no. 4, pp. 3–17, 1986.
[88] D. Kirkpatrick, S. R. Kosaraju, B. Mishra, and C.-K. Yap, “Quantitative
Steinitz’s theorem with applications to multifingered grasping,”
Dept. Comput. Sci., Courant Inst. Math. Sci., New York Univ.,
TR460, 1989.
[89] D. J. Kriegman, “Let them fall where they may: Capture regions of
curved objects and polyhedra,” Int. J. Robot. Res., vol. 16, no. 4, pp.
448–472, Aug. 1997.
[90] K. Lakshminarayana, “Mechanics of form closure,” ASME paper
78-DET-32, 1978.
[91] Y. K. Lee and I. Shimoyama, “A skeletal framework artificial hand actuated by pneumatic artificial muscles,” in Proc. IEEE Int. Conf. Robotics
and Automation, 1999.

[92] Z. X. Li and J. Canny, “Motion of two rigid bodies with rolling constraint,” IEEE Trans. Robot. Automat., vol. 6, pp. 62–72, Feb. 1990.
[93] Z. Li, P. Hsu, and S. Sastry, “Grasping and coordinated manipulation by
a multifingered robot hand,” Int. J. Robot. Res., vol. 8, no. 4, 1989.
[94] Z. X. Li, Z. Qin, S. Jiang, and L. Han, “Coordinated motion generation
and real-time grasping force control for multi-fingered manipulation,” in
Proc. IEEE Int. Conf. Robotics and Automation, 1998, pp. 3631–3638.
[95] Q. Lin and J. W. Burdick, “A task-dependent approach to minimumdeflection fixtures,” in Proc. IEEE Int. Conf. Robotics and Automation,
1999.
[96] Y. H. Liu, D. Ding, and S. Wang, “Constructing 3D frictional form-closure grasps of polyhedral objects,” in Proc. IEEE Int. Conf. Robotics
and Automation, 1999.
[97] C. S. Lovchik and M. A. Diftler, “The robonaut hand: A dexterous robot
hand for space,” in Proc. IEEE Int. Conf. Robotics and Automation,
1999.
[98] K. M. Lynch, “Toppling manipulation,” in Proc. IEEE Int. Conf.
Robotics and Automation, 1999.
[99] K. M. Lynch and M. T. Mason, “Dynamic nonprehensile manipulation:
Controllability, planning, and experiments,” Int. J. Robot. Res., vol. 18,
no. 1, pp. 64–92, 1999.
[100] K. Machida, Y. Toda, Y. Murase, and S. Komada, “Precise space telerobotic system using 3-finger multisensory hand,” in Proc. IEEE Int.
Conf. Robotics and Automation, 1995, pp. 32–38.
[101] H. Maekawa, K. Tanie, and K. Komoriya, “Kinematics, statics and stiffness effect of 3D grasp by multifingered hand with rolling contact at the
fingertip,” in Proc. IEEE Int. Conf. Robotics and Automation, 1997, pp.
78–85.
[102] A. Marigo, Y. Chitour, and A. Bicchi, “Manipulation of polyhedral parts
by rolling,” in Proc. IEEE Int. Conf. Robotics and Automation, 1997, pp.
2992–2997.
[103] A. Marigo and A. Bicchi, “Rolling bodies with regular surfaces: Controllability theory and applications,” IEEE Trans. Automat. Contr., vol.
45, pp. 1586–1599, Sept. 2000.
[104] A. Marigo, M. Ceccarelli, S. Piccinocchi, and A. Bicchi, “Planning motions of polyhedral parts by rolling,” Algorithmica, vol. 26, no. 4, pp.
560–576, 2000.
[105] X. Markenscoff and C. H. Papadimitriou, “Optimum grip of a polygon,”
Int. J. Robot. Res., vol. 8, no. 2, pp. 17–29, 1989.
[106] X. Markenscoff, L. Ni, and C. H. Papadimitriou, “The geometry of
grasping,” Int. J. Robot. Res., vol. 9, no. 1, pp. 61–74, 1990.
[107] M. T. Mason and J. K. Salisbury, Robot hands and the mechanics of
manipulation. Cambridge, MA: MIT Press, 1985.
[108] C. Melchiorri, “Multiple whole-limb manipulation: an analysis in the
force domain,” Int. Journ. on Robotics and Autonomous Systems, vol.
20, no. 1, pp. 15–38, June 1997.
[109] C. Melchiorri and G. Vassura, “Mechanical and control features of the
University of Bologna hand Version 2.,” in Proc. IEEE/RSJ Int. Conf.
Int. Robots and Systems, 1992, pp. 187–193.
[110] A. Menciassi, B. Hannaford, M. C. Carrozza, and P. Dario, “4-axis electromagnetic microgripper,” in Proc. IEEE Int. Conf. Robotics and Automation, 1999.
[111] R. Menzel, K. Woelfl, and F. Pfeiffer, “Grasping with a dexterous robot
hand,” in Proc. IFAC Symp. Robot Control, 1994, pp. 303–308.
[112] P. Michelmann, “Precision object manipulation with a multifingered
robot hand,” IEEE Trans. Robot. Automat., vol. 14, pp. 105–113, Feb.
1998.
[113] P. Michelmann and P. Allen, “Compliant manipulation with a dexterous
robot hand,” in Proc. IEEE Int. Conf. Robotics and Automation, 1993,
pp. 711–716.
[114] A. T. Miller and P. K. Allen, “Examples of 3D grasp quality computations,” in Proc. IEEE Int. Conf. Robotics and Automation, 1999.
[115] K. Mirza and D. E. Orin, “Force distribution for power grasp in the digits
system,” in CISM-IFToMM Symp. Theory and Practice of Robots and
Manipulators, 1990.
[116] B. Mishra, J. T. Schwartz, and M. Sharir, “On the existence and synthesis
of multifinger positive grips,” Algorithmica, vol. 2, no. 4, pp. 541–558,
1987.
[117] D. J. Montana, “The kinematics of contact and grasp,” Int. J. Robot. Res.,
vol. 7, no. 3, pp. 17–32, 1988.
, “Contact stability for two-fingered grasps,” IEEE Trans. Robot.
[118]
Automat., vol. 8, pp. 421–430, Aug. 1992.
[119] Y. Murayama and H. Kobayashi, “Study of cooperative works of a
person and tendon-driven robot arm,” in Proc. RSJ Symp. Coexistence
of Robots and Humans, 1996.
[120] R. M. Murray, Z. Li, and S. S. Sastry, A Mathematical Introduction to
Robotic Manipulation. Boca Raton, FL: CRC, 1994.

BICCHI: HANDS FOR DEXTEROUS MANIPULATION AND ROBUST GRASPING

[121] K. Nagai and T. Yoshikawa, “Dynamic manipulation/grasping control
of multifingered robot hands,” in Proc. IEEE Int. Conf. Robotics and
Automation, 1993, pp. 1027–1032.
[122] Y. Nakamura, K. Nagai, and T. Yoshikawa, “Dynamics and stability in
coordination of multiple robotic systems,” Int. J. Robot. Res., vol. 8, no.
2, pp. 44–61, 1989.
[123] Y. Nakamura, T. Yamazaki, and N. Mizushima, “Synthesis, learning
and abstraction of skills through parameterized smooth map
from sensors to behaviors,” in Proc. I EEE Int. Conf. Robotics
and Automation, 1999.
[124] V. D. Nguyen, “Constructing force-closure grasps,” Int. J. Robot. Res.,
vol. 7, no. 3, pp. 3–16, 1988.
[125] M. Nilsson, “Tactile sensing with minimal wiring complexity,” in Proc.
IEEE Int. Conf. Robotics and Automation, 1999, pp. 293–298.
[126] T. Okada, “Object handling system for manual industry,” IEEE Trans.
Syst., Man, Cybern., vol. SMC-9, no. 2, 1979.
[127] A. M. Okamura, N. Smaby, and M. R. Cutkosky, “An overview of dexterous manipulation,” in Proc. IEEE Int. Conf. Robotics and Automation,
2000, pp. 255–262.
[128] D. E. Orin and S. Y. Oh, “Control of force distribution in robotic mechanisms containing closed kinematic chains,” J. Dyn. Syst. Meas. Contr.,
vol. 102, 1981.
[129] E. Paljug, X. Yun, and V. Kumar, “Control of rolling contacts in
multi-arm manipulation,” IEEE Trans. Robot. Automat., vol. 10, pp.
441–452, Aug. 1994.
[130] P. D. Panagiotopoulos and A. M. Al-Fahed, “Robot hand grasping and
related problems: Optimal control and identification,” Int. J. Robot. Res.,
vol. 13, no. 2, pp. 127–136, 1994.
[131] S. R. Pandian, Y. Hayakawa, F. Takemura, and S. Kawamura, “Control
performance of an air motor—Can air motors replace electric motors?,”
in Proc. IEEE Int. Conf. Robotics and Automation, 1999.
[132] F. C. Park and R. W. Brockett, “Kinematic dexterity of robotic mechanisms,” Int. J. Robot. Res., vol. 13, no. 1, pp. 1–15, 1994.
[133] Y. C. Park and G. P. Starr, “Grasp synthesis of polygonal objects using
a three-fingered robot hand,” Int. J. Robot. Res., vol. 11, no. 3, pp.
163–184, 1992.
[134] F. C. Park and J. W. Kim, “Manipulability and singularity analysis of
multiple robot systems: A geometric approach,” in Proc. IEEE Int. Conf.
Robotics and Automation, 1998, pp. 1032–1037.
[135] Y. C. Pati, P. S. Krishnaprasad, and M. C. Peckerar, “An analog neural
network solution to the inverse problem of early taction,” IEEE Trans.
Robot. Automat., vol. 8, pp. 196–212, Apr. 1992.
[136] M. A. Peshkin and A. C. Sanderson, “Planning robotic manipulation
strategies for workpieces that slide,” IEEE J. Robot. Automat., vol. 4,
Oct. 1988.
[137] C. Pfeiffer, K. DeLaurentis, and C. Mavroidis, “Shape memory alloy
actuated robot prostheses: Initial experiments,” in Proc. IEEE Int. Conf.
Robotics and Automation, 1999.
[138] N. S. Pollard and T. Lozano-Perez, “Grasp stability and feasibility for
an arm with an articulated hand,” in Proc. IEEE Int. Conf. Robotics and
Automation, 1990, pp. 581–585.
[139] J. Ponce and B. Faverjon, “On computing three finger force-closure
grasp of polygonal objects,” IEEE Trans. Robot. Automat., vol. 11, pp.
868–881, Dec. 1995.
[140] J. Ponce, S. Sullivan, A. Sudsang, J. D. Boissonnat, and J. P. Merlet, “On
computing four-finger equilibrium and force-closure grasps of polyhedral objects,” Int. J. Robot. Res., vol. 16, no. 1, pp. 11–35, 1997.
[141] D. Prattichizzo and A. Bicchi, “Consistent specification of manipulation
tasks for defective mechanical systems,” ASME J. Dyn. Syst., Meas.,
Contr., vol. 119, pp. 760–767, 1997.
[142] D. Reynaerts and H. Van Brussel, “Design and transputer based control
of a two fingered robot hand,” in Proc. IFAC Symp. Robot Control, 1994,
pp. 309–314.
, “Whole-finger manipulation with a two-fingered robot hand,” Jpn.
[143]
Robot. Soc.—Adv. Robot., vol. 9, no. 4, 1995.
[144] D. Reznik and V. Lumelsky, “Multi-finger hugging: A robust approach
to sensor based grasp planning,” in Proc. IEEE Int. Conf. Robotics and
Automation, 1994, pp. 754–760.
[145] A. Rodriguez-Angeles and V. Parra-Vega, “Adaptive control with
impedance of cooperative multi-robot system,” in Proc. IEEE Int. Conf.
Robotics and Automation, 1998, pp. 1522–1527.
[146] P. E. Rybski and R. M. Voyles, “Interactive task training of a mobile
robot through human gesture recognition,” in Proc. IEEE Int. Conf.
Robotics and Automation, 1999.
[147] E. Rimon and J. W. Burdick, “Mobility of bodies in contact—Part I: A
2nd order mobility index for multiple-finger grasps,” IEEE Trans. Robot.
Automat., vol. 14, pp. 696–708, Oct. 1998.

661

[148]
[149]
[150]
[151]
[152]
[153]
[154]
[155]
[156]
[157]
[158]
[159]
[160]
[161]
[162]
[163]
[164]

[165]
[166]
[167]
[168]
[169]
[170]
[171]
[172]
[173]
[174]
[175]

, “Mobility of bodies in contact—Part II: How forces are generated by curvature effects,” IEEE Trans. Robot. Automat., vol. 14, pp.
709–717, Oct. 1998.
D. Rus, “In-hand dexterous manipulation of piecewise-smooth 3-D objects,” Int. J. Robot. Res., vol. 18, no. 4, pp. 355–381, 1999.
A. Russell, Robot Tactile Sensing. Englewood Cliffs, NJ: PrenticeHall, 1990.
J. K. Salisbury, “Whole-arm manipulation,” in Proc. Int. Symp. Robotics
Research, 1987.
N. Sarkar, X. Yun, and V. Kumar, “Dynamic control of 3-D rolling contacts in two-arm manipulation,” IEEE Trans. Robot. Automat., vol. 13,
pp. 364–376, June 1997.
N. Sawasaki, M. Inaba, and H. Inoue, “Tumbling objects using a multifingered robot,” in Proc. 20th ISIR, 1989, pp. 609–616.
T. Shegl and M. Buss, “Hybrid closed-loop control of robotic hand regrasping,” in Proc. IEEE Int. Conf. Robotics and Automation, 1998, pp.
3026–3031.
M. J. Sheridan, S. C. Ahalt, and D. E. Orin, “Fuzzy control fro robotic
power grasp,” Jpn. Robot. Soc.—Adv. Robot., vol. 9, no. 4, 1995.
K. B. Shimoga, “Robot grasp synthesis algorithms: A survey,” Int. J.
Robot. Res., vol. 15, no. 3, pp. 230–266, 1996.
M. Shimojo, S. Sato, Y. Seki, and A. Takahashi, “A system for simultaneous measuring grasping posture and pressure distribution,” in Proc.
IEEE Int. Conf. Robotics and Automation, 1995, pp. 831–836.
L. Singh, A. Silverthorne, S. Gottschlich, and H. Stephanou, “Variablyautonomous manipulation,” in Proc. IEEE Int. Conf. Robotics and Automation, 1994, pp. 3217–3222.
G. Smith, E. Lee, K. Y. Goldberg, K. Bohringer, and J. Craig, “Computing parallel-jaw grips,” in Proc. IEEE Int. Conf. Robotics and Automation, 1999.
T. H. Speeter, “Three-dimensional finite element analysis of elastic continua for tactile sensing,” Int. J. Robot. Res., vol. 11, no. 1, pp. 1–19,
1992.
S. A. Stoeter, S. Vosst, N. P. Papanikolopoulos, and H. Mosemann,
“Planning of regrasp operations,” in Proc. IEEE Int. Conf. Robotics
and Automation, 1999.
M. M. Svinin, K. Ueda, and M. Kaneko, “Analytical conditions for the
rotational stability of an object in multi-finger grasping,” in Proc. IEEE
Int. Conf. Robotics and Automation, 1999.
P. J. Swanson, R. R. Burridge, and D. E. Koditscheck, “Global asymptotic stability of a passive juggler,” in Proc. IEEE Int. Conf. Robotics
and Automation, 1995, pp. 1983–1988.
S. Tadokoro, S. Yamagami, M. Ozawa, T. Kimura, T. Takamori, and K.
Oguro, “Multi-DOF device for soft micromanipulation consisting of soft
gel actuator elements,” in Proc. IEEE Int. Conf. Robotics and Automation, 1999.
T. Tanaka, T. Noritsugu, K. Hashimoto, and M. Takaiwa, “Rehabilitation
robot using rubber artificial muscle,” in Proc. RSJ Symp. Coexistence of
Robots and Humans, 1996.
T. Tanikawa, T. Arai, P. Ojala, and M. Saeki, “Two-finger micro hand,”
in Proc. IEEE Int. Conf. Robotics and Automation, 1995, pp. 1674–1679.
C. R. Tischler, A. E. Samuel, and K. H. Hunt, “Dexterous robot fingers
with desirable kinematic forms,” Int. J. Robot. Res., vol. 17, no. 9, pp.
996–1012, 1998.
R. Tomovic and G. Boni, “An adaptive artificial hand,” IEEE Trans.
Automat. Contr., vol. AC-7, no. 3, pp. 3–10, 1962.
P. Tournassoud, T. Lozano-Perez, and E. Mazer, “Regrasping,” in Proc.
IEEE Int. Conf. Robotics and Automation, 1987, pp. 1924–1928.
J. C. Trinkle, “On the stability and instantaneous velocity of grasped
frictionless objects,” IEEE Trans. Robot. Automat., vol. 8, pp. 560–572,
Oct. 1992.
J. C. Trinkle, R. C. Ram, A. O. Farahat, and P. F. Stiller, “Dexterous manipulation planning and execution of an enveloped slippery workpiece,”
in Proc. IEEE Int. Conf. Robotics and Automation, 1993, pp. 442–448.
J. C. Trinkle, J. M. Abel, and R. P. Paul, “An investigation of frictionless
enveloping grasping in the plane,” Int. J. Robot. Res., vol. 7, no. 3, pp.
33–51, 1987.
J. C. Trinkle, A. O. Farahat, and P. F. Stiller, “Second order stability cells
of a frictionless rigid body grasped by rigid fingers,” in Proc. IEEE Int.
Conf. Robotics and Automation, 1994, pp. 2815–2821.
N. Ulrich, R. Paul, and R. Bajcsy, “A medium-complexity compliant end
effector,” in Proc. IEEE Int. Conf. Robotics and Automation, 1989, pp.
434–436.
F. J. Valero-Cuevas, “Applying principles of robotics to understand
the biomechanics, neuromuscular control and clinical rehabilitation
of human digits,” in Proc. IEEE Int. Conf. Robotics and Automation,
2000, pp. 270–275.

662

IEEE TRANSACTIONS ON ROBOTICS AND AUTOMATION, VOL. 16, NO. 6, DECEMBER 2000

[176] A. F. van der Stappen, C. Wentink, and M. H. Overmars, “Computing
form-closure configurations,” in Proc. IEEE Int. Conf. Robotics and Automation, 1999.
[177] G. Vassura and A. Bicchi, “Whole hand manipulation: Design of an articulated hand exploiting all its parts to increase dexterity,” in Robots
and Biological Systems, ser. NATO-ASI. New York: Springer-Verlag,
1989.
[178] K. J. Waldron, M. Raghavan, and B. Roth, “Kinematics of a hybrid series-parallel manipulation system,” J. Dyn. Syst. Meas. Contr., vol. 111,
no. 2, pp. 211–221, 1989.
[179] I. D. Walker, R. A. Freeman, and S. I. Marcus, “Analysis of motion and
internal loading of objects grasped by multiple cooperating manipulators,” Int. J. Robot. Res., vol. 10, no. 4, Aug. 1991.
[180] A. Wallack and J. Canny, “Planning for modular and hybrid fixtures,” in
Proc. IEEE Int. Conf. Robotics and Automation, 1994, pp. 520–525.
[181] A. Weigl and M. Seitz, “Vision assisted disassembly using a dexterous
hand-arm system: An example and experimental results,” in Proc. IFAC
Symp. Robot Control, 1994, pp. 314–322.
[182] J. T. Wen and L. S. Wilfinger, “Kinematic manipulability of general constrained rigid multibody systems,” in Proc. IEEE Int. Conf. Robotics and
Automation, 1998, pp. 1020–1025.
[183] J. Wiegley, K. Goldberg, M. Peshkin, and M. Brokowski, “A complete
algorithm for designing passive fences to orient parts,” in Proc. IEEE
Int. Conf. Robotics and Automation, 1996, pp. 1133–1139.
[184] D. E. Whitney, “Real robots don’t need jigs,” in Proc. IEEE Int. Conf.
Robotics and Automation, 1986.
[185] G. Wöhlke, “A programming and simulation environment for the Karlsruhe dexterous hand,” J. Robot. Autonom. Syst., vol. 9, pp. 243–262,
1990.
[186] Y. Xue and I. Kao, “Dexterous sliding manipulation using soft fingertips,” in Proc. IEEE Int. Conf. Robotics and Automation, 1994, pp.
3397–3402.
[187] T. Yoshikawa, “Passive and active closures by constraining mechanisms,” in Proc. IEEE Int. Conf. Robotics and Automation, 1996, pp.
1477–1484.

[188] Y. Yu, K. Takeuchi, and T. Yoshikawa, “Optimization of robot hand
power grasps,” in Proc. IEEE Int. Conf. Robotics and Automation, 1998,
pp. 3341–3347.
[189] M. Zacksenhouse and T. Moestl, “Segmenting manipulative hand movements by dividing phase plane trajectories,” in Proc. IEEE Int. Conf.
Robotics and Automation, 1999.
[190] H. Zhang, K. Tanie, and H. Maekawa, “Dexterous manipulation planning by graph transformation,” in Proc. IEEE Int. Conf. Robotics and
Automation, 1996, pp. 3055–3060.
[191] Y. F. Zheng and J. Y. S. Luh, “On the inertia duality of parallel-series
connections of two robots in operational space,” IEEE Trans. Robot.
Automat., vol. 9, pp. 846–854, Dec. 1993.

Antonio Bicchi (S’87–M’89–SM’99) was born in
Toscana, Italia, in 1959. He received the Laurea
degree from the University of Pisa, Pisa, Italy, in
1984, and graduated from the University of Bologna,
Bologna, Italy, in 1988.
From 1988 to 1990, he was a Postdoctoral Scholar
with the Artificial Intelligence Laboratory, Massachusetts Institute of Technology, Cambridge. He is
currently an Associate Professor of Systems Theory
and Robotics with the Department of Electrical
Systems and Automation (DSEA), University of
Pisa. Since 1990, he has been leading the Robotics
Group at the Interdepartmental Research Center “E.
Piaggio,” University of Pisa. His main research interests within robotics are in
dextrous manipulation, as follows: force–torque and tactile sensing, haptics,
and sensory control; dynamics, kinematics, and control of complex mechanical
systems; and motion planning and control for nonholonomic and quantized
systems.

