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Abstract

" Itis a common observation-that the lurnan hand perlbrms varlous manipulation tasks using

not only its fingertips, but aff the surfaces avallable for contact, i.e, intermediate phatanges

" and the palm, Jn the first patt of this paper some such whole-haud operations are discusssd,

relating to different domains of fine maniputation such ag grasping, explomtior and micro-
motion of objects, :

The design gulde-lines deduced by the analysis of whote-hand manipuiation operations in
humans are outdrawn in order to reproduce a stmilar behaviour ln a robotie hand: re-
quirements on mechanical architecture (to provide proper surface coaformation and opposition
of hand elemaerits) and on sensory equipment (to allow the synthesis of satisfactory control
procedures) result from this analysis, ’

second part of the paper describes how these issues can be implemented in the version [T
UL.B. Hand, cutrently under devalopment. The propensity of version I kinematic architecture

designed force/torque sensors, according to the infrinsic taciile sensing concept: the external
sutface of each phalange in the fingess.and that of the palm thus become integral padts of as
many sensing devices,

“The final part of the paper provides preliminary suggestions an how to use the proposed
hand to perform some lagks requiring whole-hand manipulation. :

Introduction

1t can be observed, in many rohotic applications, that the potential functionality of existing
tobotic devices is seldom filly exploited, often due to Hmitations in Sensory equipmient or
conlrol procedures, but sontetimes also to limits in thelr original conception.

As an example, most present robots are designed to intetact with the environment through
their end-effector, thus Hmiting the range of possible operations and objects the robot can deal
with; the whole am manipulation concept, Involving the use of most parts of the robot arm to
accomplish an enlarged set of tasks, was only recently proposed by {Satisbury,871, and
prelimlnay appications are being presently demensteated.

In the fletd of articulated robot hands, the one this paper is concerned with, a paratlef can
be eosily drawn with the above example: most present robot hands are designed (or at least are
used as i designed) for manipuiating objects using only thetr (ngertips, while the human
hand performs various manipulation iasks using all the surfaces available {or contact, i.e.
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fingertips, intenmediate phatanges and the palin. This results in more poweifid grasps, lner
control of object motion, or better sensory fornistion, which leads to enfinnced dexterity of
the haid.

{n practice, the performances of some artloyfuted hands, 1n spite of their complex and
expensive mulll-dof mechanical struclure, ara ol so far from those of sirnpler and cheaper
grippers. I is ruthors’ opinton that some deslgn criteda need to be revised in view of more
effective mechanica! dnd sensory equipment ltegratlon and that usefnl resalis can be oblained
1 1he means {or full éxplolation of hand elements nre provided in the design phase.

Borrowing the teon ftom Salisbury, by whole pand aapipifation {WHMY we mean that all
the finks of the multd-D.O.F. Kuoentle chaln of the hand ean be used to contact snd sense (he
abject. As in the whole asn maniputailon eose, the WITM concept has been derived from
observation df a biological system, the huniia hand, bul design solulions nre not neceasarily
anthropomorphic,

The gosl of the work reporled in this paper is 1o realize an arll Beial hand that can perform
some WHM operatiens. In order (o do this, hree main aspecty liave to be developed: 1) the
hand design must atlow for sullable kinemattes, aetstring proper mobility and apposability of
land's elements; i) sensocd st be Integrated in all the parts of the hand tial are used to
contact manipalated objects, aud 1) sensory control methods knve to be developed to
guamntee the necessary degrees of fexibillly and adaptability to unprediciable enviromments,
Atthough the mata stress of 1he paper 1s on the design of the mechanical and sensory
components, other agpeets of the praject will be addressed. :

The Implessentation af the concepis dlscussad in this paper i being currentty carried out: a
protolype finger, suitable for whote hond manipulation, has been built and is descibed in this
teport. Previous expetience with designbog and lesting the versfon 1 UB Hand, providing the
basls for the mechanical arrangement of the aewly proposed one, will be afso beielly
explained.

Exampies of whole hand manipuiation In human activity

The finetlonality of the human hand lins been widely investigated in its varlous aspeuis;
[Seflesinger, 193] [Keller, £947) {Tublasa, 1981 1t Is however intuilive (o verily how
frequently eacl patt of the hand {ihe pafm, the phalanges and the Ongedctips) geis into coutict
witly the objects. In the following, some cases of human whole hand ianiptitation are
cominenled on in oder lo extract suggestions for robotic hand degign.

The fiest example (see Flg, 1n,b,c.d) refers 10 5 typical plek and place task for objects of
stmilac shape (n 1ectanguinc prism} bt ditferent size snd mass. Diferent grasp conligiadons,

encl one volving more contaets of larger area. are used by the hwman band in ocder Lo
trnprove stabillty.

Fig. I Fuour grasps with diffe ent exteosion of contact surface
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e progresstve tnvolvement of fucther stietueal elements of the hand (Hhe nner plialanges
and the pale) leads to incressed steength of the grasp agaiost the weight of the body belng
tted . .

Lhe second example 1elates to a task which recuires a "power grasp” of o ool n a con-
stratodog envitoament. The 100l must be inttially grasped in a configuration which ls
compatible widu the constraints (the hammer is tying on a plane), and then moved inside the
band lowardy a flnal grasp coufiguration which is suitable for the task accompllshiment. This
case is very common when aperating in an wastiuctured envitonment, where many abjecis
have imited accessibility loy grasping; this lact Imposes inliial grasp configuratlons dilTerent
from those required by (he lask. Another typleal example is pleking up a penctf in fingenip
pichenslon, and then manipulating it (o the flnal configmation of flg. 3. The band opemies a
first grasp acilng on the available surface of the object, typically in fingertip maode (g, ),
thea partlally Hits i, while the abject is forced to arove throwgh a number of inteunediate
conliguratians by condrolled slipping or tolling or by fingess relocation (Fig, 2b). Once the
final confllguration (Fig. 2c) hes been ceached. the power grasp of the loot and the task
acconplishment beceme possible. This example shows how the whale surface of the hund is

tged not valy in fload constiaining, but fs also cruclad 1o tmplenient internal manipulation
peceedures,

Fig. 2 Mandpetation before final geasp

Finally, a thicd exampie relales (o a fine wmdpulation task, which consists of holding a pen
and wiiling. The pen, Fig.3, is usually held iu a four contac grasp with & lateral contact on
the medhim (ingectlp (A), two contacts on ihe index finger, fingectip pad () and laternl
stizface of the proximal phalange (1), one contact on the thimb fingertip (C), The task of
wriling aloug a line is a combiuation of tansverse motion of the pen tip, obtained by Mne
motlon of fingers, and line motion of the fnnd, achieved by woving the wiist or even the anm.
{tis intceesiing to note that in points A, 13, C uo slippage ov totling usuatly occuc and small

lfig. 3 Finemation In writlug
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motlon between the fingers and Lhé pen is allowed by the comptiance of pads, while in contact
D slippage is frequent. 1t is also relevant to o
note that the stabitity and thé precision of the grasp greatty depend on vsing contacts on the
lateral surface of Nngers, .

"The observation of the biological model pioposes useful suggestions and encourages to
implement them In robotic hands design. In the following seclion, some conséquent design
issues will be presented. . :

Design issues and requirements

In erder to reproduce some of the capabiliites of the human hand, including whole hand
manipulatlon & robotic system must exhibit a number of {eatures liherent 1o ils mechanical
destgn ns well as to its sensory equipment, coitrol methods and compulational architecture, [n
{his section, some of these requirements are examined, trying to make the suggesiions coming
from the hwman model explicit.

-Number of flngers,Thé minimum number of {rictional conticis necessary to finnly
Brosp a geaeric object Is liifee {Sallsbury,82): therelore, to obtain. general enough grasp
capabilities, three fingers are the least possihle number. With three properly designed and
controlled finge is also possible to move the geasped object inall directions and orientations.
A {ourth finger is useful (but not stdctly nieceusary) In some cases, e.g. when an explocation
of the surface of he vbject being grasped is required. A fourth or even a fifth finger are useful
to augment the strengih of the grasp in heavy tasks,

-Number of DOF's, The mintmum number of independent!y actuated Joints in the
fingers to obtain fult mobility of the grasped object is three, If slip-motions between the finger
pads and the object surface are allowed [Sallsbuzy,821. On the other hand. if the capability of
rolling the fingertips relative to the object iy desired, then at least three paralie! joints per finger
are necessaty, .

Opposability of Angers and paim. Besides by increasing the intemai mobility of the
hand, manipulation dexterity can take advaniage by proper conflgurstion of the DOF's in the
kiernatic chain, From this point of view, the position and the excursion of each jolnt can
greatly afTect the resublant manipulatability {Kerr,86]: e.g., the abiliiy of the "thumb” 1o rotate
about an axis normal to the palri sutface permits the opposabifity of the laferal surfaces of the
"Index” Bngers. ‘ :

-Shape of the phalanges. The smoothness of the surfaces of the hand fiuks plays a key
tole tn allowing controffed fine motions of an object, obtainable by tolling and/or sllpping. As
taught by biological models, an elliptic or cireular phalange cross section often provides well
shaped contact areas for bodies of any shape. Another Imporiant requirement is refated to the
smoothness of surface connections between atjacent Hnks: a conical or eylindrical shaping of
the whole (inger altows in the possibility to snsily move the contact potnt from one link to
another during maripulation and to extend contact area to more than one link when operating
with farge, {lat objects.

-Material properties of the peds. Some charactedstics of the finger surface are
desirablé for dextrous manipulation: High friction, low stiction, and rather compliant
materials can greatly increase grasp siability, by extendlng the efTective contact surface with
smooth objécts or by reducing edge sffects when sharp bodies are masipilated.

‘Proprioceptive sensory equipment, Sensing the internal variables of the hand is
necessary to realize efTective Jow-lfevel control loops of actualoes. In particular, Jjolnt position
sensers must have high resolution to allow ine control of Gnger motions. Joint to KGtie
sensors can be used to close a control foop around the disturbance source (smainly friction i
mechanical transmission of power (rom actualors (o the joint), thus achieving beiter controf
perfonmance; hawever. these sensors are not necessary il good transmission means are
adopted. ‘ ‘

-
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-Bxteroceptive sensory equinmment. The role of exteroceptive {i.e., relating to interac- ‘
lions- with the environment) sensory information in dextrous manipulaticn has been widely
recognized ever since a relevant literature appeared in this Aeld. Indeed, their Importance
resufts intuitively when considering low the human hand can pecform Inpumerable tasks
effectively. Notwithstarding ihis, the analysis of Tunetlonal requirements for the extergcoptive
sensory equipment of a dextrous hand has not yet been carried out satisfactorily, The
fundamental work of Harmon (see e.g. [Harmon,821) In the feld of tactie sensing, for
Instence; consisted in reporting what a group of industrial and academic researchers felt to be
the necessary featutes of lactile sensors. These opinlons, though inffuential, derfved from the
assumpilon of biowierphic models for sensors more thar from objective funcilonal analysis,
The development of anatytical nmethods for dextrous manipulation and the appesrance of
lnnovatlve non-anthrapomomhic coniact sensors offered 4 new viewpolni for the statement of
sensory requirements (for an introdaction of these themes, see {Mason,85]). In the followlng
text we will briefly discuss some functional conslderations opn the sensery equipment of
dextrous hands, with particular reference to whole hand manipulation. A subdivision of
dextrous manipulalion tasks in three main clusses will be considered: micro-motion, grasp;
and exploration of manipulated objects,

a) Micro-motion. The accotuplishment of fine motion of objects held by an articulated
hand necessitates of three basic steps: i}deteeminatton of the klnematic relationship between
object motions in cartesian space and motlons of the contact poinis beiween the object and the
hend phatanges and palm (i.e., identification of the gtip transform, see [Mason, 85]);
H)doterminatton of the kinematic relation between mottons of contact points and motions of
hand joints (1.e., the liand Jacobian); fit)control of joint position aleng specified trajectories,
Fot a precise determination of both the grip transform and the hand Jacobian, the accurata
knowledgs of contact potints is mandatory. Hence, sengors in the hand must primarily provide
infermation about the posilion of every zone uf contact between the object and any element of
the hand {flnger phalanges and palii).

b} Gragp, The grasp of an aticulated band on an object can be described by the number
and position of finger-object contacts and by the wrenches exerted through the contacts. In
drder to synihesize a grasp, the hand controlfer has to determine {)where to put the finger
phalanges and the palm wiift respect to the nbject surface, and iiMthe Imensity aod dirsetfon of
the wrench in each contact. The former is baslcally a planning problem, which can be
approached o the base of an a priori knowiedge of the object shape {see e.g. {Nguyen,86])
ot with the help of global sensors like vision. The cholce of optimal contact wrenches can be
cattied out, in the assumption that grasp gevinetry and external load is exactly defined, by
criteria as those proposed by [Ketr,86} and {Bologni,881; an adaptive method for choosing

‘grasp forces in changing conditions has bean proposed by [Bicchl 891, Effectlve control of

contact Wrenches requires'a sepsor to feedback (besides contact positions) the 3-component
vector of contact force and the 3-companent vector of contact torque, where contact {orce and
lorque mean the resultants of distributed pressures over the contact sen, Slippage avoldance
(or control) is also a major concemn in object grasping: a sensor able 10 evaluate sllppage
danger at each contact, and to detect when slippage actually ocewrs, would be very useful for
grasping operations. :

¢) Bxploratioa, By the use of active exploration of objects by an articulated hand, It is

- passible to obtaln a very deh information about the object charactedstics otherwise achievable

with diificulty. As an example, onecould manipulate the object to know its shape, the texture
of lts surface, its harduess, its thermat-or even chemical properties, ete. Sensory equipment

{or achieving these information might consist of several transducers based on different

principles. However, we will consider here only the fealures that the hand sensors must
exhibit in order to allow the basic explorative movements which are prerequisite for most
active perceptual tasks, l.e. to move a finger along the object surface while exerting a
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contiolled pressure on it. To do this, coritrol algorithms can be developed (see [Bicchi,391)
which requite informalion about contact position and measurement of contact forces and
torques on the band sucface, ]

1t should be pointed out that so far we referred to contact points as il contacts occurred at
single points on the object and hand surfzces, This assumption 1s not verified when rather
compliant materials are employed to cover hand's surfaces (or the object itself is compliant).
In this case, a small-atea contact will occlis most often: Informiation aboul contact area shaps,
and possibly aboul vefy small ohject {eatires contained in such area. could be reqiiced to the
sensory equipment of the hand. In most cages; though; it could suffice to know
approximately the position of the contnet nrea on the hand surface, by knowing the positton of
one of Ha points, .

R
Robotle end e¢ffectora: an overviow

The idea of using al the parts of the hand to manipulate objects is the abvious result of the
observallon of the human example: thus, the tendency to reprodues this capability with
attiftcial devices can be traced Back to the eatliest prosihetic hands, developed several tens of
years ago. OFf course. the lnck of any sensory and control capabitity peevented such devices
from achieving any autonomeus dexterity,

A review of the state of the art of robotic devices puts in evidence that, while some attempis
have been made to design mechanical structures exploiting all their elements for some
manipulatlon tasks, their appllcation has been hindered agatn by the unsuilability of sensory
equipment and by practical Himitatons of contol algorithms. In most cases, manlpulation
control methods have been defined (2nd sometimes implemented) for inultifingered hands
operating with thelr fingertips onty: significant contributions to the anatysis of multifingered
hand capabilities are in [Yoshikawa 85}, [Kerr,36] and {LI.881; the recemt work by [11,89]
provides an elegant lormalization of mavlpelation modes, where rolling, slipping and foger
relocation are considered. ‘

Robotic end-e(fectors with a paimar sutface acting in opposition to the fingertips have been
proposed by [Skinner,75! and {Rovetta, 77}, whils an adaptable grasping device with many
contact surfaces distribuied all along the kinematic chain of each finger (resulting in an
atticulated tentacle) was designed by {Hirose,78]. A muitifingered gripper capable of
adaplable grasping with many coniacts envelupling an object was proposed by [Vassura,80],
An articulated, three fingered hand proposed by [Okada, 79} fulfilled some of the structural
requirements to perform WHM: even if a palmar surface ‘was nit present, and only joint
position sensors were ernployed, the finger deslgn was suilable for Jocating contnets on lateral
surfaces of distal and Intermediate phatanges and some exhibitions in fine motion of ohjects
were petformed. The Ulah-MIT Hand design [Incobsen, 841, being basically anthropomorhic,
is in principte suitable for whole hand manipulation tasks, even though the sensodzation and
control of Lhe device have not yel been perfected, The Stanford-JPL, Hand of {Salishury,82]
rather emphasizes fingestip mantpulation, being however at present capable of very fine
manipulatloins by exploiting sensory Feedback from built-tn force-torque-sensors located on
the. fingertips. Other known dexterous hands projects, ag the Karlsruhe [Doll,88] and the
MITI [Kancko,88] hands, seem malnly otiented to fingertip manipulation,

The version 11 Belgrade hand [B&L,89] is able to grasp objects using its phalanges and
palin; the vadiable configuration gripper designed by [Ulrich,88]. emphasizes the role of the
palm in order to enhance its grasping capabillly. No provision is made in these projecis for
dextrous manipulation control through sensory: feedback.

An Intetesting implementation of a prototype hand has been presented by [Qomichi 88
tactile and lorce sensors are inlegrated also in ntermediate phalanges and the palin 8 exploiled
in power grasps. )

As a conclusive remark, # can be observed that, even if a widespread opinion holds that
most irportant research topics in the area of dexterous maaipulation are related to control
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algorithms and task plauning, much is left to do also in hand design, since a satisfactory
Integration between mechanieal structure and distributed sensory equipment enabiing the
achievement of dextrous, whole hand manfputations s stifl fsr from being completed.

The U.8. Hand

The first version of the U.B. Hand [Belleui,86] [Botogni,88] started working on a test frame
in March 1988 and has heen operative on a IBM 7565 gantry rabot singe the beginning of -
198%; most of the experimentnl work catried out so far bas sonslsted of examindng the
retiability of the proposed device and evaluaiing its effectiveness In dexterous manipulation
tasks, with particular reference to grasping.

tn order 1o provide a quaniitative mensurement of the hand grasping abifty, 1o enablé a
eomparlson of difTerent hand daslgns, and hence fo guide In the cholce of poasible soluttons,
the need has been felt to overcome the limitations of previous grasy classification methods,
which where found to be qualliative aud InsuMicienily detatled. A methad for the classifieation
ol ail the achievable grasps has been proposed by [Bologni,88).

The proposed method is basad on the L ¥ W SR K
generation of a table of the feasible contact “::‘_, E Rt o e 2 A
configurations, where all possible opposi- o AR AN
tlons of the hand elements {proximal, in- ] 2 T
termediate, and distal phalanges of the iwo a2 - £

o

"tndex” (ingers with each other or with the e 8
proximal and distal phalanges of the "thumb" ijﬁ

and the palm} are enumerated (see Fig.4).

The version 1 U.B, Hand has been iy hss 5

evaittated according to this method, showing

that its kinematic configuration was suitable T e e T e e
for whole hand manipuiation. Experirental DA - 71
tests confirmed the hand effectiveness, espe- o

cially i grasping: some whole hand grasps, e [T B OIS To R IBT ¥ 1
mimicking the above presesed fiuman hand il f LI . L 00

Lo

examples, are shotwn in Fig.5 I order to
fitrther improve mechanical effectiveness and
reliability, and to exploit the propensity of Fig.4 The table of apposition modes
version [ kinematic architecture to whole-

hand manipulation, a second version of the

Fig.5 The U.B.Hand
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hand is being developed, :

The fingers of the verston 11 UB Hand are designed nceording to @ blomorphic skeleton-
and-fesh model: in ench phaiange, an externnt shel; covered by a comptant bigh friction
'ﬂll’f.’l'. and capable of sensing contacts, 1§ connéeted fo an inner tigld element of the kinematic
coatn.

The skeleton structure s composed of CNC machined links, connected through ball
hensing eevolule pairs, The deaign emphastzes inodularity and tends (o pertnanent agsembly
solutlons In order fe increase relablitly and reduce the number of pars. The actuatlon of the
11 joinis of the fingers is oblained thiough téndons and paileys. The adopted configuration
permils an easy temoval of the cktemal shell, 3o as to allow thorough accessibility and easy
?nt;n"vetsﬂion'on tendons. A delailed sketch of one of the "index” fingers of the hand s shown
in Fig.6, ’

L1

graxtmnr
mhalgngs apngor

Inlermadlste
phalangs sensbr,

campliant loyger

PHALANGE

CROSS SECTION - rigin ghall

driva publay

fingariio sensor

\ -
phatangs struclire sananr basm

Fig.6 Integration of sengors and mechanical structure

The shape of the extemal shell of inger phalanges has been chosen so as to provide a
regular surface [or contacts all around the fAnger axis. The intermediate phalanges are covered
with a cylindrical surface with elfiptic cross-section, while the fngenip shells ace revolution
elllpsoids with the longiiudinal axis tuctined 20 degrees tn the upwaid diréction. A flat surface
in the upper region enhances the approach capability, as shown in Fig.7. Finally, the patm
surface has been designed a5 a portton of the convex susface of a large radius sphere.

raEGRE A s
R N N N N
L A A A AP AV AP

1J.B. Hand version §

U.B. Hand version K

Fig. 7 Fingerip approach capabifity

The general view of the version 1Y UB Hand can be seen in Fig.8! the modular design wili
allow the synthesis of different configurations, e.g. by varying the relative position of fingers
with respect to the. palm, The adduction-abduction movements of the upper fingers are
Independent, so that syncronous fateral movements of both fingers are allowed.
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Fig. & Rinematic architecture of the U.B, Hand

The sensory equipment of .the hand consists basteally of joint position sensors
(conventional shaft encoders on motor axes) and contact sensors, realized by means of the
Intrinsic Tactile sensing method [Bicchi,87]. In fact, this approach seems to satisfy most of
the finctional specifications above examined, while its implementation does not require too
complex hardware and sofiware means,

An IT sensor is very simple in its constituiive pants, which are a 6-axls, force/torque sensor
and a cover shetl whose surface (ihe phalanx or palm surface} has known geometry,

According to the results of [Bicchi,89], il the {T sensor shell contacts an object with a
small area-type contact, and adhesive [orces are not exeded through the contact, by
elaboration of the force/lorgue and geomettical information it is possible to know:

-the positton of the contact centroid, that Is a point on the shell surface which is assured to
be intemnal to the contact area; ‘

-the resultant contact force applied at the contact cenirald, in intensity and direction;

-the resuitant contact torque; in intensity and direction.

By comparing this with the information needed for a manipulation-octented sensory
systém, {t iy revealed that most conditions for W.H.M. are [ullilled by 1T sensing; the
exception is the capability of fine imaging of features inside the contact area. We decided to
postpone the realization of such fine imagiug, since it would have required very high
resolution skin-fike tactile sensors which, if at all available at present, would represent a
computational boitfeneck for the whole system. )

In order to accomplish the required functional capabilities of the sensory system for whole

hand manipuiatien, 1T sensing had to be realized in each phalanx and in the palin, making a
total of ¢ sensors,
A ciucial problem in IT sensing implementation is the miniatutization of the 9 force/torque
sensors employed In the hand. Different deslgn schemes have been adopted in order to fil
them in different parts of the hand, samely the fingertips, the intermediate phalanges and the
patm. All sensors however employ semiconductor strain-gauges applied to deformable
alumlaum structutes! cemmmon: 1o the design of all the lorce/torque sensors g also the
optimization approach employed to maximize sensor accuracy notwithstanding the small size
of the sensors. This approach uses a modellization of forcestorque sensors in terms of tinear
operations on the vector of strain measurements ¥ obtained from strdin-gauges:

. V=CpP (1}
where C is the compliance matrix of the mechanical structure of the sensor, relating the toad
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vector P to the measurements. Y., The toad vector P is composed ol the unknown six
components of the force and torque acting on (se sensot In a spectfled reference frame; the
componenis of I’ are normalized witl respect 4 the nominal valie of each component, so that
the norm of P, {|Pll, is alwsys lesi hdn or equaito |, ‘

Such modellization of the forcestorque sengot leads to some considerations about sensor
design: the first is that, if a 6 components load vectot P is to be measured, then obviously
only 6 neasurements are strictly necessary, In the design of a force/torque sensor with
stringent size limititichs, keeping in arind this fact, 1hough frviat, may be useful,

Numedeal-stabllity analysis techntques may be applied to the linear model of the sensor in
order to evaluate its accuracy, The catses of etrots n a multdcomponent sensor can be in fact
divided into three maln groups:

i) etrors in strain measurements, caused by listrumentatian inaceuracies, noise éte. These
errors rellect in a term dV which is summed to the measured stisig vector V.

fi) errors in the compliance matrix coelfictents, due to the fack of exact knowledge of the toad-

steain relatignship for the sensor structure. The € matrix can be in fact evaluated bath’

numerically {e.g. with™eam theory or with finite elemenis methods}) and directly, by
calibrating the sensor with known loads; anyway, an error matrix dC will resutt from
modeling lnaccuracles of from expetimental srrors,

i#) possible amplification of the ettors above can occur whilé solving the Hnear system (2):
‘ Y +d¥ =(C+dC) (p+dp) , @

Equation 2 represents the true load-meastrement relationship idealized in (1); dP is the
ervor resulting on the ultimate inforimation of the force sensor, the load vector B

In case a minimal sensor design is adopted, i,e, as many strain gauges are used as the load
componenis-are, the generalized form of Wilkinson's formula for efror propagation can be
applied to give an a prlor estimate of the relaitve error on P: :

ep ={ev +ec) Kp(C) (3)

where ey =[lAVIAIVI, ec ~IdCIACH, and ep =HdPIIPH, are respectively the relative errors on

strain measurements, on calibratlon'and oo the results. The propagation factor Kp(C) has an
upper bound that is close to the condiion number of the compliance matrix C:

K,= NO) = et o = ¢

If more strein-gavges are employed in the sensor-thart are strictly required, a stightly more
complex propagation formula can'be obtained (¥ee [Blechi,897). :

From this analysis of the causes .of ertors in lorce/torgque sensors, it foltows that possibla
means to Increase accuracy are substantially two: alto reduce the sonrce ercors i) and i), by
basically employlng more sophisticated lechnotogies in stratn measurement and calibraiton,
and bito reduce the amplification of soutce errors by minjmizlng the caridition number of the
compliance mateix. Whije listther source error suppressjon will confHet at some point with
given technological or economic liniltations, error propagation can be limited by cacefully
designing the sensor. Hence, in designing the various force/torque sensors employed in our
articulaled hand, we used an optimization method whose mesit crilerion was the minimization
of the condition number of the sensor compliance matrix.
~ The structure of the sensors realized insida the fingertips, the intermediate phatanges and
the palm are shown respeciively in Fig. 9 a,b.g, :

The sthuctre of lingectip sensors simply consists of a thin walled cylinder, on which strain
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gruge 8 are applied at aptimai locations and oddentations. The sensor arrangement has some
altractive features, which have been discussed in [Bicchi 87),

In the intermediate phalanges sensors, one end of a rectangular cross-section, intemally
drilled beam is Gixed to the phalanx shell, the opposite end being Mxed lo the Minger frame (the
skeleton, so to speak), Cauges are bonded on the beam surface: the length of sectlon
sides, the radius of the internaf hole, iheposition and crientation of the ganges have been
chosen following the above deseribed optimal design procedure.

Fig. % Sensor configuration for fingertip, phalange and pahn

Finally, the palm sensor sketched in Fig. 9c consists of three thin flexures, placed behind.
the palm surface, on which strain-gauge s are placed. The flexures are inclinated and are
spaced 120 degrees apart. Again, the nchination angle, and the location of siratn-gauge § on
the flexures are chosen Lo oplimize sensor accuracy.

Conelusions

The paper has repocted on the design Issues of both mechanical and sensory equipment of a
robotle adiculated hand, by which tasks will be accomplished wlth full explotiation of the
available links. Following from an analysis of some dextrous manipulation operations
pecformed by the human hand, some design requirements have been derived: it should be
possible to touch manipulated cbjects with every part of the hand surfaces and it should be
possible to detect the position of etich contact point and to measure the forces and torques
exerted by contact.

The basic idea of integrated and distributed Intrinsic Tactile sensoriality in a purposely
designed mechanical configueation. the version [ U.B.Hand, has been presented, and its
practical feastbility iffustrated. The mechanical and sensoty equipment design ace the first step
towards the implementation of a complete system for dextrous manipulation, of which some
elements are still being developed. However, a prolotype [inger designed according to the
proposed principles has been realized, and prefiminarly tested,

Despite the broad poteniial of the device, deriving from the 11 D.O.F.'s and thorough
sensorization, the resulting design appears to be reasonably compact and feasible, both for its
mechanical struclure, due to simplification in machining and assembly process, and for
sensoty equiptnentand data Integration, due to the peculiarities of Intrinsic tactile sensing.

Puture work wiil tie mainly focused on the design and implementation of suitable com-
puiational architecture and sersory control procedures.
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