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Hands for Dexterous Manipulation and Robust
Grasping: A Difficult Road Toward Simplicity

Antonio Bicchi Senior Member, IEEE

Abstract—in this paper, an attempt at summarizing the evolu- While the dexterity of the human hand has been admired since
tion and the state of the art in the field of robot hands is made. In  the oldest times, it is still an unmatched standard for artificial-
such exposition, a critical evaluation of what in the author's view g5 and perhaps will be for good. Although artificial hands may
are the leading ideas and emerging trends is privileged with respect be built that are stronger or faster than the human hand, perfor-
to exhaustiveness of citations. h o ’

The survey is focused mainly on three types of functional re- mance of the latter are unequaled if a sufficiently broad scope
quirements a machine hand can be assigned in an artificial system, of manipulation tasks is considered. It is therefore natural for
namely, manipulative dexterity, grasp robustness, and human an engineer to take inspiration from such a design success, and
operability. A basic distinction is made between hands designed gat forth for himself the goal of building hands that achieve,
for mimicking the human anatomy and physiology, and hands though partially, such capabilities. However, the toolbox nature
designed to meet restricted, practical requirements. In the latter ’ ’ . : '
domain, arguments are presented in favor of a “minimalistic’ can use is extremely different from what current technology
attitude in the design of hands for practical applications, i.e., use makes available to us, in terms of actuators, sensors, and con-
the least number of actuators, the simplest set of sensors, etc. trol means. Hence, the question whether artificial hands should
for a given task. To achieve this rather obvious engineering goal |44 jikethose of humans, is not quite settled, and answers de-
is a challenge to our community. The paper illustrates some of .
the new, sometimes difficult, problems that are brought about by pend.much on what exaC“Y IS expectgd frF’m _the h.and. Because
building and controlling simpler, more practical devices. 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 func-
tional requirements a machine hand can be assigned in an arti-

. INTRODUCTION ficial system, namely, manipulative dexterity, grasp robustness,
A vaaybpas piv obv ¢mor Sue 1O yelpas éxewr  and human operability. By manipulative dexterity | mean here
ppovipoTarov elvan T Chwr drbporov : cbloyor  the capability of the hand to manipulate objects so as to relo-
5¢ Sty TO pporpdTaTor elvan xeipas AapBdrer.”t In  cate them arbitrarily for the purposes of the task. Grasp robust-
one of his books on nature sciences [6], the greek philosoplmess is the capability of keeping hold of manipulated objects in
Aristotle (384—-3228C) thus argued against the conceptions afpite of all possible disturbances (unexpected forces, erroneous
his late colleague Anaxagoras (5007—428 regarding the estimates of the object characteristics, etc.) while maintaining
relationship between human hands and mind. As they appedigentle” enough grip not to cause any damage. Finally, by
to be the two most distinguished features of humans amongman operability | mean the allowance for an easy and friendly
animals, the two philosophers debated whether it was becaugerface with the human operator, be he the programmer of an
humans had dexterous hands that they became intelligentaatonomous robot task, or the master of a teleoperator system,
the other way around. Anaxagoras’ intuition has been later onthe person needing a prosthetic replacement. In most appli-
confirmed by several findings of paleoanthropologists, showingtions, some or all of these types of functional specifications
that the mechanical dexterity of the human hand has beemay coexist, often with conflicting implications on technical
major factor in allowing homo sapiens to develop a superianplementations. | will try to analyze these conflicts, and put
brain (a similar role played by the anatomical structure of thhe stress on how several devices that have been presented in
human larynx in relation with speech capabilities has been akbe literature addressed these problems.
recognized). 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 prob-
lems are. Several excellent surveys are available on robot hand
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_ _In many artificial manipulation systems, human operability,
“Anaxagoras says that because of having hands, man grew the most intelli-

gent among animals. (I think) it is correct to say that because of his intelligen'c@" the availability of an easy and friendly interfa_‘ce with the
he has hands.” human operator, is a key factor of succdaserfaceis meant
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here in general as all the means that make power and informatiofnthropomorphic design also has disadvantages, however. If
flow between the human and the hand, and back. Under tttie control of the robot hand is realized by computer programs,
regard, anthropomorphic design of hands often offers distirend the environment is at least partially available for design de-
advantages. cisions (as it happens in industrial part-handling, for instance),
Examples of such a situation are applications where-a then several reasons may suggest that an anthropomorphic hand
placemenof the human hand is needed. In other words, if the not the best solution. Among the drawbacks of present day
system is to use the same interface with the environment thaiman-like hands are the complex kinematic structure, the high
was designed for the human hand (such as handles, consatesyber of actuators, and the sophistication of sensing systems.
tools etc.), then an anthropomorphic hand can best fit the ta€lost-effectiveness and reliability are at a premium in factory
Such is typically the case with prosthetic devices (see, e.g., [88pplications of robot hands, and make the simplest grippers an
[168], [71], [137], and [36]). optimal solution for most trivial grasping tasks. Manufacture of
Anthropomorphic design makes it easier for the human olarge enough batches of products justifies the development of
erator to map his natural manipulation behaviors and skills inspecialized grippers for the task (Kato [85] reviewed a very large
commands for the device. Planning and programming actionsmafmber of such devices). However, as the life cycle of products
kinematically complex robot hands has always been a difficidecreases in the technological competition, the need for flexi-
task, which contributed to the scarce penetration of robot hartabty in part-handling devices becomes more and more impor-
in practical applications. On the contrary, an anthropomorphiant.
machine hand can be taught directly by “demonstrating” the de-In between the completely unstructured world and the per-
sired human behaviors in manipulation and grasping. In sufdcttly defined environments, there is a whole gray scale of appli-
systems, easily available sensorized gloves, or in some casa&sons where the familiar flexibility/efficiency tradeoffs have to
mechanical masters, are used to provide measurements ofltesought for actively. This concept is well rooted in the robotics
master's hand movements. community (see, for instance, [184], [28], and [27]). Design of
In telemanipulation (see, e.g., [9], [158], [46], [59], [157]devices for this class of problems usually obey the good old en-
[100], and [74]), movements of the master hand are replicatgiheering principle ominimalism choose the simplest mechan-
by the anthropomorphic device. A feeling of “immersion” ofcal structure, the minimum number of actuators, the simplest
the operator in the remote (possibly virtual) environment may Iset of sensors, etc., that will do the job, or class of ppl&ev-
enhanced by the good match of the machine hand functions wéttal examples of minimalist design were collected in [12].
the natural ones, although there exist examples of non strictlyComplexity reduction is especially important in terms of
anthropomorphic hands intended also for remote operation (e&,dware components of the system, as they often make for
e.g., [22]). most of the cost, weight, and failures of robots. On the other
The “teaching by demonstration” approach to machireand, it often turns out that sophisticated design, analysis, pro-
hands programming applies more generally to systems tigaghmming, and control are required to perform difficult tasks
do not just mimics a human hand motion, but learn from lay means of simple devices. Designing simple and effective
sequence of exemplary manipulative operations of the humaevices for executing nontrivial tasks is actually much more
hand the “skill” that is employed to solve different tasksdifficult than contriving very complex systems for the same
This research avenue is currently attracting much attention,jab. This is true both in a technological and theoretical sense,
witnessed by the growing literature (see, e.g., [40], [8], [80&s the rest of this paper attempts at illustrating.
[81], [22], [146], [123], [60], [189], and [49]). In some cases,
authors are using concepts developed in the robotic literature I1l. M ANIPULATION DEXTERITY

to perform analysis of the human manipulation behavior, “Dexterity” is rather broad ti |
with results that are interesting for both their fundamental . extenty” 1s rather broad a concept in common fanguage,
hich involves aspects of ability and stability in performing

hophysical i ill i h link
psychophysical meaning (illustrating those links betweel tions of the manipulated object by means of the hand. We

hands and intelligence Anaxagoras was alluding to), and ) . . . .
g 9 g t0) Il restrict here to the notion, widely accepted in the robotics

fallouts on applications of particular social relevance, such O N . "
rehabilitation (viz., [84], [70], [175]) manipulation literature, that dexterity means the capability of

Finally, in the expectations of many for the future are roboti hangmg the position and orllentat|.on ofthe manlpulated Ob]e.Ct
om a given reference configuration to a different one, arbi-

systems that will interact with human beings directly, in a saff iiv ch ithin the hand K n thi )
and comfortable way [119], [91]. One task for such “friendly’tra” y chosen vv||t tltn t et atn \k/]\{or.sp%ce.t n.tt l|)s Segt'?ﬂ’ wde
robots is rehabilitation [165]. A crucial factor in realizing thigoxamine severaiattempls at achieving dexterity by robot hands.

will be the ability of the robotic technology to move away from RtOb(it hands are sylsttergs B(_)m{Jrl_sed of ttW(t) orTrr?ore fingers
conventional materials and actuators, which are felt “cold aﬁ?ga act on a manipulated object via contacts. The presence
contact phenomena in manipulation makes it peculiar

stiff,” and use innovative solutions for compliant, soft-movin th boti ; d clearl tact del
hands and manipulators. Among possible technologies, dire frong other: robotic Systems, and clearly contact models
eeply affect the analysis of manipulation systems. A stan-

drive magnetic actuators [42], [110], piezoelectric motors [166], PO . : .
and pneumatic actuators [113], [34], [16], [L31], [26] might re dard cIaSS|f|cat!on of'contact models mtrodgced in robotics
resent viable solutions in the short term, while polymeric gei%m]’ [37] distinguishes  point-contact-with-friction  (or

[_164] and Shape'emor}’ aIon; [137] Will probably need more 2Naturally, if a varied enough class of tasks is considered, then the human
time to be engineered in practical devices. hand is probablyninimalisticas well!
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“hard-finger”), “soft-finger,” and complete-constraint contact©ne figure partially representing such complexity is the number
(or “very-soft-finger”). Other important aspects of contacdf actuators, which ranges between 9-32 for hands considered
modeling regard the visco-elastic behavior (rigid, isotropicallgbove. Further reduction of hardware complexity, even below
elastic, etc.) and the behavior in sliding and rolling conditionthe theoretically minimum number of 9, is certainly one of the
namely, the static and kinetic coefficients of friction, anévenues for overcoming this impasse.

whether the contact point moves on the contacting surfaces alt should be recalled at this point that Salisbury’s analysis
they rotate with respect to each other (“rolling contact”), or nobf minimal design requirements for dexterity was based on a
The latter case corresponds to an idealized situation of contpatticular definition of dexterity and a set of assumptions on

between surfaces with infinite relative curvature. the contact model. Thus, for instance, it can be easily shown
that if soft-finger contacts are considered, fingers with at least
A. Classical Designs four degrees of freedom are needed to achieve dexterity in the

Salisbury ([107]) showed first that the minimum theoreticaéense above defined. Even the human hand cannot be considered

number of dearees of freedom to achieve dexterity in a ha Sxterous if soft-finger contacts are enforced at the fingertips (in
9 y .Pact, rotational slippage is allowed in most human manipulation

with rigid, hard-finger, nonrolling and nonsliding contacts, ? sks). Other means of achieving dexterity can be devised if we

9. As a simple explanation of this fact, consider that at Iea% P .
. ; allow some modifications of the concept of dexterity, and of
three hard-fingers are necessary to completely restrain an ob@nc

) T ) € assumptions on contact models. In most applications, for
On the other hand, as no rolling nor sliding is allowed, fingers L . .
. . o instance, itis not necessary that the manipulated object can track
must move so as to track with the contact point on their fingert

the trajectory generated by the corresponding contact pointaplgllven trajectory in position and orientation at every instant

! - . . . . 8ur|ng manipulation. Rather, it is sufficient that the object can be
the object, while this moves in three-dimensional (3-D) space: - ; ) L .
, . fought from the initial to the desired configuration, irrespective

Hence, three degrees of freedom per finger are strictly neces- : .
of what path it follows in the process.

sary. The Salisbury Hand was accordingly designed to have nin . ) " . .
joints, distributed in each finger so as to optimize a measure ofe'L) Regrasping and Finger GaitingConsidering different

L B . o ) contact models disclose new possibilities of achieving dexterity
individual “manipulability” of the finger. . . ;
in, this latter sense. Thus, if one allows contacts between

Several other hands developed n University or .quemmeﬁngers and the object to be detached at some point during
research centers have adopted design schemes similar to Salis-

bury’s under this regard, as, e.g., those developed at the Urrr11|anipulation, and a new contact to be established in a different
versity of Karlsruhe [185], the Technical University of Darmpgilggnécrggxphllsité%n by “regrasping” or by "finger gaiting
stadt [181], and Delft University [78]. Hands of this type, an& P )

. . . S Manipulation byregrasping[169], [45], [161] involves a se-
in general kinematically optimized hands [167], are not usual(l:},uencepof graspsy(r)ngthe%bjge[ct a]It(E,rnl\t(E:d w]ith phases in which
anthropomorphic. .

. the object is left alone on a work table. End-effectors as simple
Some researchers preferred to introduce redundant degrees . ; .
i : : e as on—off grippers can be used to this effect. However, manip-
of freedom in their hands to achieve more flexibility of use. In;” . -
; . ulation by regrasping has drawbacks, among which is the need
one of the earliest successful hand designs, Okada employe . . ) . .
A . or grasping and releasing the object several times during ma-
two four-joint fingers and one three-joint thumb (see [126]). IP]i ulation, and the consequent time consumption in the process
the design of the hand of the Technical University of MUnch%@: ' q b P '

- i . o s0, in the manipulation of irregular 3-D objects, there may
.[111]’ thg three-joint, t_hree-fmggr design has _been mod_|f|ed a very limited number of stable configurations of the object
introducing one more joint per finger, the motions of which e ihe supporting plane, in which the hand can leave the object
however mechanically coupled so that a total of nine degree ; '
of freedom is maintained. Other authors introduced more than ely enough during the release phase.
three fin ersintheirrobot.han ds. with a basicallv twofold moti- An interesting research direction investigates end-effectors
vation: fcg)]ur- and five-fingered ha,nds are closer tyo the anthro {h_at, while maintaining the simplicity of industrial grippers, in-
mor h-ic model. and allogw to alternate the fingers used to rggude simple (“minimalistic”) mechanical modifications such as
P S . . 9 9 .a%liding plate or suitably positioned pins. Sensorless planning
S0 as to achieve richer manipulation patterns. After the Sem'%"f‘gorithms (such as those described in [51] and [79]) may then

work done with the Utah/MIT Hand [72], hands of this type haVBe used to achieve some limited t f inulati ¢
been built in several labs (see, e.g., [4], [63], and [97]). . e nited types ot manipurations on parts,
which are sufficient to achieve useful tasks such as part reori-

enting or sorting.

“Finger gaiting” involves the use of three or more fingers,

Notwithstanding the great effort spent, and the impressinghereof one at a time is repositioned on the surface of the ob-
technological and theoretical results achieved by the robotjest, while the remaining fingers manipulate the object locally.
community in building and controlling dexterous robot handsinger gaiting has been demonstrated for instance by Okada
the number of applications in the real-world and the perfof126] and Fearing [47] to manipulate a sphere and a stick,
mance of such devices in operative conditions should be frankBspectively. Detailed theoretical analyzes of some aspects of
acknowledged as not yet satisfactory. In particular, the high darger gaiting are reported in [64], [112], [149], and [33]. Oper-
gree of sophistication in the mechanical design prevented sodions of regrasping and finger gaiting involve both continuous
dexterous robotics hand to succeed in applications where factdysamic systems (kinematics and dynamics of manipulation,
such as reliability, weight, small size, or cost, are at a premiueffects of gravity, slipping, etc.), and discrete-event systems

B. Alternative Designs
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(events being, e.g., the contact or detachment of one fingelf regarded as an undesired effect, rolling has to be compen-
from the object), thus calling for the analysis and control &fated for in manipulation by using real-time feedback from tac-
“hybrid” systems, i.e., systems that are in part event-driven atil® sensors indicating the actual position of the contact point at
in part time-driven. The stability analysis and verification (ireach time instant. Work in the direction of compensating effects
the automata theory sense) of these systems is in general a lo&rdlling has been carried out, e.g., by [129], [142], [29], [58],
open problem for the computer science and automatic contfb01].
communities, the robotics applications of which have beenltis by now widely acknowledged that curvature effects and
preliminarly studied by, e.g., [190] and [154]. The analysis andlling can actually be turned to play in advantage of the de-
minimization of execution times for regrasping plans, and theégn of simpler dexterous hands. A possibly beneficial effect
characterization of robustness of such plans in particular fof finiteness of the relative curvature at contacts, is that on the
complex 3-D objects, are also major open problems in this arg@asping capability of the hand (see Section V). Another use in
2) Sliding and Rolling: A further degree of flexibility in ma- positive of rolling has been considered by [75], who exploited a
nipulation is gained if one allows some of the contacts to slidkynamic model of rolling to reconstruct the object’s pose from
during certain intervals of time. Suchanipulation by slidings tactile information on how contact evolves on the finger surface.
actually very often observed in human hands, where controlledRolling may also be beneficial to manipulation dexterity. In
slippage is almost ubiquitous. Work toward exploitation of sligiact, rolling between rigid bodies in 3-D space is a well-known
page for enhancing robotic dexterity has been reported, e.g..@xample of nonholonomically constrained motion, and a notable
[47], [20], [18], [35], [82], [31], [83], [186], [68]. In order to characteristic of nonholonomic systems is thatthey can be driven
control slippage, being able to predict its occurrence is instrip-a desired equilibrium configuration infladimensional config-
mental. This implies the need for an accurate analysis of frigration manifold using less thahinputs. Since “inputs” in en-
tion and slippage phenomena. In particular, in the case of cogineering terms translates into “actuators,” devices designed by
bined torsion and shear loading, evaluating from sensor readimggntionally introducing nonholonomic mechanisms can spare
a “margin of stability” for the contact before slipping is a venhardware costs without giving dexterity up.
important but rather difficult task, for which only partially sat- To exploit such possibilities, a detailed analytical model of the
isfying solutions are known so far (see, e.g., [73], [107], [67kinematic laws of rolling contacts is fundamental. Formulas for
[52], and [68]). A second open problem in this area is the sypredicting how the contact points and the relative orientation of
thesis of sets of contact locations for selectively preventing atfte surfaces evolve with rolling, have been investigated first by
allowing slippage motions of grasped objects. Tools for the sGai and Roth [24] and Montana [117], independently. Early work
lution of problems of this sort can be derived from results ian this subject has been done by Cole, Hauser, and Sastry [35],
the synthesis of mechanical fixtures (see, e.g., [7] and [18@])d Li and Canny [92], who studied the problem of rolling by
and in the analysis of partial form-closure (see, e.g., [90], [17@utting it in the framework of nonlinear control systems theory,
and [11]). Also, the close relationship between research in thed showed that a ball rolling on a plane can be displaced and
area of manipulation “at large” (regrasping, finger gaiting, aneoriented at will within its five-dimensional configuration man-
controlled slippage) and the field of part feeding and orientirifpld (i.e., is controllable) by only using two inputs. A geometric
by pushing, tilting, or fencing (see, e.g., [107], [136], [2], [89]algorithm was proposed by these authorsto plan motions ofavery
[43], [183], [163], [99], and [98]) is brought to the attention ofparticular case (a sphere rolling on a plane). Mugtgl.[120]
the reader, although it cannot be discussed here. reportabout using controlled rolling for repositioning the finger-
In the process of accurately analyzing the setup of the nt#ps of ahand onthe surface ofthe grasped object. With such work
nipulation problem, with the aim of reducing the complexity o&s a motivation, [13] investigated the possibility of building dex-
the hand hardware, a dramatic improvement is achieved if ttegous hands with a minimal number of actuators by exploiting
assumption that bars rolling contacts is removed. In fact, agalling. Exploitation of rolling with manipulative purposes has
will be discussed shortlynanipulation by rollingis a very ef- been considered, among others, by [54], [152], [55], [76]. A re-
fective way of lifting the difficulties of dexterous manipulationcent general result of Marigo and Bicchi [103], stating that the
from the hardware level to that of software (i.e., to planning argystem of two rolling bodies is completely nonholonomic if and
control algorithms). only if they are not specular, shows that the minimum number of
In most of the literature on dexterous manipulation, the noaectuators necessary to dexterously manip@ateonvex object
rolling contact assumption is motivated by the hypothesis thiatjust three. In [14], a method for planning manipulation of gen-
fingers have very sharp curvature, so that the contact point leeal convex objectsrolling onaflatfingeris described, along with
tween a fingertip and an object does not change much if the tadechnique for reconstructing the shape of unknown objects by
roll on each other. However, the high-curvature hypothesisralling. A picture of the four-joint dexterous gripper presented in
hardly verified in most hand models, and changes in the contfitd] is reported in Fig. 1.
point position due to rolling deeply affect grasping and manip- In many, perhaps most, cases of manipulation, the object to
ulation. Presence of rolling contacts entails that the kinematit® manipulated does not have a smooth surface, such as that
statics, and dynamics of the system are completely changed, podtulated to derive results reported above. Rather, parts may
usually appear substantially more complex. The analysis of meve sharp edges and vertices. An interesting model for such
nipulation in the presence of rolling has been pioneered by Moobjects uses a polyhedral description. The rolling of a polyhe-
tana[117] and Cai and Roth [24]. A detailed exposition is avaithron on a plane is itself a nonholonomic phenomenon, although
able in [120]. 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-ll. The gripper has two parallel jaws translating independently andRig. 2. Example of power grasping (courtesy of Barret Technologies, Inc.).
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 shap_e of the _object nee_d not 88 the task. When finer manipulating objects, we mostly
known in advance, as the gripper can reconstruct it by tactile exploration. . . . .
use our fingertips and distal phalanges. On the other hand, in
human and animal grasping, the fundamental role played by
one may be familiar with. However, while for analyzing rollinghe inner parts of the hand (palm and proximal phalanges)
of smooth surfaces the powerful tools of differential geometty enhance both the stability of the grip and the versatility
and nonlinear control theory are readily available, a completaly operation, can be frequently observed (see, e.g., [37] and
different set of mathematical tools are necessary to study rollif@p]). To transfer this enhanced robustness into robotic devices,
polyhedra, which exhibit quite different behaviors. Work omesearchers have conceived hands with the ability of using
graspless manipulation of polyhedral parts by rolling in thigner surfaces for contacting the object, and capable of sensing
robotics literature include [1], [153], [44]. Results reported i@ontact interactions.
[102], [104], and [98] are more directly related to the purpose By the term “power grasping,” or the equivalent expressions
of achieving dexterity by rolling. “enveloping grasping” [172] and “whole-hand manipulation”
Manipulation by rolling is a challenging new area, whosp151], the action of a hand holding an object by using not only
promises in terms of hardware simplification still need mucigs fingertips, but also the internal phalanges and the palm is de-
work to be fully supported. Among the open issues, only few cajpted. Ulrichet al. [174] designed a medium-complexity hand
be mentioned here: the problem of planning sliding and rollingapable of several grasp modes, including power grasping. An
motions among obstacles (due, e.g., to workspace limitationssgample of such grasp is depicted in Fig. 2. Mirza and Orin
fingers, such as considered in [171], [33], and [94]); the lack ¢f15] showed the largely increased holding capability of a robot
an efficient feedback control law that could stabilize the posgand exploiting its inner links and palm for grasping, given
of a general rolling object (the problem is unsolved even for|gnits on the actuator torques, and built the DIGITS system to
sphere); the same problemin the (realistic) case that not all staigperimentally assess such grasping style. A hand whose de-
are directly measurable; and an analysis of the sensitivity of plagign was integrally thought for whole-hand manipulation was
ning and control to modeling errors. Also, the generalization Hescribed in [177]. To the same philosophy was inspired the
nonholonomic systems of useful notions such as manipulabilijgnd realized at the University of Bologna by Bonivestal.
and dexterous workspace (see, e.g., [132] and [32]) seems tqd, e.g., [109]). The hand described in [143] was also designed

important toward engineering applications of rolling. to manipulate objects by using its inner surfaces.
An end-effector that has fewer degrees of freedom than nec-
IV. GRASPING ROBUSTNESS essary to control forces arbitrarily at all contacts, is sometimes

“Grasping” indicates an action of a hand on an object co Qf(_erred to aski_nematipally (_j(a_-fecti\/)_e: Far from being a path(_)—_

sisting in preventing its motions relative to the hand, possib. glgal case, klnemayc def|C|e_ncy Is rather a norm al condition

in the face of disturbance forces acting on the object itself. T S'mp'? industry-oriented grippers, as well as in more Ezom-
& devices such as dexterous robot hands when used in “power

task of grasping is therefore, at least in some sense, converse ) ; X . . .
fasp configuration. Notice that it can be easily argued that any

that of manipulation, and it can be expected that in the desi d with frictional tact dl th . tuators is d
of a hand, tradeoffs between dexterity and grasping robustn S:ggivgl rictional contacts and less than nine actuators Is de-

have to be seeked.

A. Design B. Grasp Properties

From observation of the human example, it can be easilyln order to define what grasping robustness is, the notions
seen that we use our hand in very different ways dependiafjform-closureand force-closureof grasps are instrumental.
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These properties concern the capability of the grasp to cooemplex problem: [11] proposed integration of an ordinary
pletely or partially constrain the motions of the manipulated olkfferential equation as an iterative solution to the problem;
ject, and to apply arbitrary contact forces on the object itse[23] noticed that nonlinear friction constraints can be rewritten
without violating friction constraints at the contacts. as positive-definiteness constraints on suitable matrices, and
Form-closureis the ability of a hand to prevent motions ofused projected gradient flow methods to optimize; [56] further
the object, relying only on unilateral, frictionless contact corexploited the matrix formulation of [23] to transform the
straints. This problem (which also has direct bearing to the daroblem in the format of a standard linear matrix inequality
sign of mechanical fixtures and jigs for manufacturing partghMI) problem, for which off-the-shelf, effective software
has been studied since the 19th century. Early results shovesdsts.
that at least four frictionless contacts are necessary for grasping\ further important property of grasps ssability. The term
an object in the plane, and seven in the 3-D case. An active aigased in the literature with at least two meanings. One refers
of research is theynthesiof form-closure grasps, i.e., givento Lyapunov theory, and dictates that a grasp is (asymptotically)
the object geometry, where to place contacts so as to prevstaible if its dynamics are such that, when the object is displaced
object motions. In [116] and [106], it was shown that four anftom its reference position, it will stay close (and ultimately
seven contacts are necessary and sufficient for the form--closcoene back), to such position. A second definition is Lagrange’s,
grasp of any polyhedron in the 2-D and 3-D case, respectivelyhereby a configuration of a conservative system is stable if it
Constructive procedures for placing contacts on given objectsdmrresponds to a strict local minimum of the potential energy.
achieve form-closure have attracted much attention in the litGhe second usage is prevalent in studies on grasp stability. The
ature, due also to the relevance to the fixturing problem (seele of compliance and dynamics in grasping has been inves-
e.g., the early work of [105], and more recently [61], [159]tigated by many authors, beginning with Hanafusa and Asada
and [17], [96], [95], and [176]). There is also a form-closur§s7] and Salisbury [107]. Cutkosky and Kao [38] discussed how
analysisproblem, i.e., given an object and a set of contact locts compute the aggregated compliance matrix of a hand-object
tions, to decide whether the object has any degree of freedeystem, including finger flexibility effects. Relations of com-
left, and which. Both qualitative (true—false) tests (see, e.@liant and rolling contacts with the stability of the grasp have
[90], [107], [116], and [62]) and quantitative (quality index)been considered, at increasing levels of generality and detail,
tests ([88], [170], [114] have been proposed for form-closurby [39], [118], [170], [65], [162], [50].
As already mentioned, the conceptpaftial form-closure may  If Lagrange’s stability criterion applies to an equilibrium
prove very useful in analyzing and planning manipulation bgrasp for a conservative system, Lyapunov stability follows. It
controlled slippage. A recent extension of the classical notishould be noted however that Lagrange’s analysis is limited
of form-closure is the so-called immobilization problem, wherender some regards. In mechanics, the seemingly intuitive
second-order effects due to the relative curvature of the surfaséstement that, if an equilibrium point is not a minimum for
in contact are taken into account, to provide more detailed ke potential function, then it is unstable, does not have a
sults (see, e.g., [147], [148], and [173]. proof for systems with more than two degrees of freedom [5].
The concept oforce-closures often used with the intuitive Perhaps more importantly, from an application viewpoint, is
meaning that motions of the grasped object are complete¢he fact that no provision is made in Lagrange analysis for
(or partially) restrained despite whatever external disturbanemnconservative forces (except for Rayleigh-type dissipative
by virtue of suitably large contact forces that the constrainirtgrms). Nonconservative forces may arise in grasping systems
device (the end-effector) is capable to exert on the object. Thecause of nonidealities in the mechanical components, and
analysis of force-closure has been considered among othefrghe control laws used for actuating the hand joints. The
by [124], [48], [31], [122], while literature on the synthesis ofnclusion of the effects of control on the stability of grasp,
force-closure grasps include [124], [133], [139], [140]. which are apparently of major moment, is as of today a mostly
A crucial problem in robot manipulation is the choice obpen research problem. Lyapunov stability, and other structural
grasping forces so as to avoid, or minimize the risk of, slippagaroperties (controllability, observability, stabilizability) of
Grasping, or internal, forces are defined as contact forces lyiggneral grasping systems in their linear approximation have
in the nullspace of the grasp matr&. Contact forces that been investigated by [19], [141], [3]. Stable control of manipu-
are not internal directly affect the equilibrium of the objectiation and grasping systems has been considered among others
and are sometimes referred to as manipulating forces. Tine [121], [144], [155], [145]. Particularly important is work
problem of choosing joint torques so as to realize manipulatidgne toward controlling grasping systems in the (practically
forces required by the task, while imposing grasping forces thatiquitous) presence of uncertainties ([30], [41].
guarantee slippage avoidance, is often referred to afothe Afigure measuring stability (useful, e.g., to compare different
distribution problem. This is a common problem with othepossible grasps) may be considered ([65] as the real part of the
robotic areas, as, e.g., legged locomotion, cooperating anddominant eigenvalue of the linearized grasp model (large values
constrained manipulation, and has attracted much attentiminthis measure indicate that small perturbations are damped
in the past few years (see, e.g., [128], [87], [73], [93], [122hway quickly). An even more useful figure, in many applica-
[179], [77], [130], and [21]). An important property of thetions, would be related to the size of the basin of attraction of the
nonlinear constrained optimization problem to which grasguilibrium, indicating how large a perturbation can be without
force distribution amounts is convexity. This property, useghusing instability: however, effective algorithms to evaluate
first in [11], enables efficient solutions to an otherwise verguch measure are not available at present.
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increase grasp robustness and reduce hardware complexity.
A A Among these, perhaps the most important is the need for a
reliable estimate of contact compliance, arising with hyperstatic

ﬁ
|

LTI

< n m‘}d grasps. In fact, it is hardly reasonable in any practical case
Y Y 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

Fig. 3. Force-closure depends upon the end-effector: (a) grasp is force-clogparameters in adaptive controllers for robots.
and (b) grasp is not.

) ) . V. CONCLUSIONS
C. Grasping and the Kinematics of the Hand _ ) ) )
In this paper, a review of some of the work being done in

Although few authors in the literature paid attention to the resbotic manipulation has been provided, and trends have been

lations between grasping robustness and the_end-e_ffector StrIjﬂgjhlighted that, in the author’s view, might allow those devices
ture [172], [178], [138], [69] these characteristic are indeed crifs™ 4 larger applications in the real world. A main distinction

cial to some of the grasp properties discussed above. In far%;,5 been made among anthropomorphic design, and design ac-

while the ana_lys!s of fqrm-closure IS Intrlns_,lcally geometr'ccording to some engineering criterion optimization. While the
force-closure is tightly linked to the kinematics and charact

it £th d-effector. Consid h denict irst style of design finds motivations in teleoperation, domestic
IStics of the end-efiector. Lonsider, €.g., the grasps depicte humanoid robotics, the latter is more oriented toward appli-

Fig. 3(a) and (b), where the same objectis held py_two d'ﬁeregétions in the factories and in unstructured environments. Due
end-effectors through three identical contacts (friction cones 3

. S X Bespace limitations, many other important aspects could not be
depicted by shaded sectors). It is intuitively clear that, whﬂetlbef cussed, such as tactile sensing. It is noted in passing that
grasp in Fig. 2(a) can resist arbitrary forces externally appli%gz '

the obiect b itably ind” the obiect. th o in those fields, a trend toward simplification of hardware
on the object by suitably “squeezing™ the object, the grasp application of more sophisticated analysis can be recognized
Fig. 2(b) cannot oppose, e.g., to forces pulling the object to t

= ) T : N onsider, for instance, work reported in [135], [160], nd
rightin the horizontal direction, since no “squeezing” is allowe P [135], [160], (25

T . [125]).

by the end-effector. Definitions of force-closure that take int D
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 his paper grew out of work initially stimulated by G. Giralt
active closures by different mechanisms. and G. Hirzinger to be presented at the Seventh International

The use of defective limbs in manipulating an objecymposium on Robotics and Research. The material has been
imply that the object cannot be controlled to move in arbmuch elaborated since then, thanks to the feedback and con-
trary directions, but rather its velocity is constrained withistructive criticism of many colleagues. The authors wishes to
certain subspaces. Tools for the analysis of the kinematitsnk them all.
of series-parallel coordinating manipulation systems were
provided in [69], [178], and [191]. Explicit consideration of the REEERENCES
klnematlcs_and manlpu!ablllty of Who_le-hgnd m_anlpulatlon and [1] Y. Aiyama, M. Inaba, and H. Inoue, “Pivoting: A new method of gras-
of kinematically defective cooperating limbs in general was ~ pless manipulation of object by robot fingers,” Rioc. IEEE/RSJ Int.
made in [15], [108], [182], [134]. As a result of such analysis, . gOf/Lfl-("ﬂt R\?Vboizs znd Systlim;l (ITOSJEI3993d MM o
: PR . Akella, W. H. Huang, K. M. Lynch, an . T. Mason, “Planar
it can be clearly seen that the more defc_a_ctl\(lty is mtroduced to manipulation on a conveyor with a one joint robot.” Robotics
get robust grasping, the less manipulability is left to the object.  Research: The Seventh International Symposi@n Giralt and G.
As already mentioned, one way of avoiding this impasse is . ;’lfaﬂgA?hFEﬁSa N'-Oﬂdor;, /li-K'\-Ai SAr)rIFr'lgeralQ%, répHZf'i/?—i?f': §

. . s . . . . . M. -Fahe useirat, A. M. A. Hamaan, an . M. A. Hamdan,
to exploit r?",'”g for gaining dexterity without increasing the “Stability and modal control of an object grasped by a multifingered
number of joints. robot hand,”ZAMM Z. Angew. Math. Mechvol. 79, no. 7, pp. 473-479,

In defective systems, where the hand jacobian matrix is not[4] &9989-AI_ < 3. Kuriakonou JH.E. Steon The ;

. . . . S. Ali, K. J. Kyriakopoulos, and H. E. Stephanou, “The kinematics
full row ranlf’ itmay not be actually pOSS|b|e to choose gr_aspmg of the Anthrobot-2 dexterous hand,” Rroc. IEEE Int. Conf. Robotics
forces at will [10]. Such phenomenon happens every time the  and Automation1993, pp. 3-705-3-710.
nullspace of the grasp matrix and the nullspace of the trans{5] V. I. Arnold, Mathematical Methods of Classical MechanicdNew

ose of the hand jacobian have nontrivial intersection (i.e., the,., o SPringer verlag, 1980.
P . J ) A R ,e[6] Aristotle, De partibus animaliumé87a 7, ca. 340 BC.
system is hyperstatic). This is the case, e.g., for the gripper in7] H. Asada and A. B. By, “Kinematic analysis of workpart fixturing for
Fig. 2(b). In the cited paper, the subspace of internal forces that flexbible assembly \1vith automatically reconfigurable fixturesEE J.

T : : Robot. Automatvol. RA-1, pp. 86—-94, Apr. 1985.
can t_)e aCtua”y use.d for aVF"d'”g shppage '§ evaluated .by a 8] G.A.Bekej, H. Liu,, R. Tomovic, and W. J. Karplus, “Knowledge-based
algorithm that uses information on the compliance of bodies in" ~ control of grasping in robot hands using heuristics from human motor
contact. Grasp force optimization techniques should therefore  skills,” IEEE Trans. Robot. Automatol. 9, pp. 709-722, Dec. 1993.
be redesigned for power grasping [11], [188].
Many Op?n problems remain to _be solved .'n order .to be3NaturaIIy, if a varied enough class of tasks is considered, then the human

able to design robot hands to effectively exploit defectivity tBand is probablyninimalisticas well!
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