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SENSORIAL INTEGRATION
FOR A ROBOTIC DEXTROUS HAND
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" | DIEM - Dipariinento di Ingegneria DEIS - Dxpanunmmdlﬂenrm Centro “E.Piaggio®,
delie Costruzioni R Informatica, Sistemistica, Facoita® di Ingegneria,
V.le Risorgimento, 2 Vlie , 2 Via Diotisalvi, 2
40136 Bologna, Italy 40136 Bologna, Italy 56100 Pisa, Italy.
Abstract static grasping, no fine motion being yet imparted to the grasped

The paper examines the feasibility of integrating
multicomponent forceftorque sensors knto the mechanical
structure of an srticulated hand, in order to achieve “whole-
hand” manipulation , that is to use in a controlled way
a!lﬂmmn‘fmcfﬂlcﬁngmandpahnformnmctmgobjm

The suitability of the mechanical design of the University of
Bologaa (U.B.) hand to such & kind of operations is briefly
discussed and the need of improvements in actusl sensorial
equipment is emphasizod.

Intrinsic Tactile €.T.) scmhzg,bascdmthcmummntof
strain components induced by contact forces on & ucer
placed inside a link, is evaluated as a suitable sechnique both for
efficient measuring of contact parameters ahd for casy
integration of sensogs in the strocture of the hand.

'Ihcdcsignofbmltin force-torque sensors, cach of them

to fit shepe and size requirements of miniaturized
fingers, in then sud the general configuration of the
version II. UB. hand is described. Issues onr design
optimization are examined and some remarks on the
development of & computational architecture for the overall
sensorial system are finally discussed.

Introduction

A way to exploit the full poiential of dexterity of an
articulated hand may be the adoption of & whole-hand
manipulation concept [Vassura 1989], that is to use all its parts
for locating coutacts, as the human hand does, and not only its
fingertips, a8 at present many rebotic devioes do.

The version 1 University of Bologna rebotic hand [Belletti
1986] was designed in order to fulfill whole-hand manipulaton
requirements, a great diversification of the achievable grasps
being possible due to the availability of global 10 degreez of
freedom and to the capebility of contacting the objects with all
the phalsnges of the three-fingered structure and with the palm.
Sistematic investigation about the grasping modes of the
Version I hand [Bologai 1989] put in evidence iz suitability to
gresp diversification.

A tool for categarization of achicvable grasps was developed;
it put into evidence that the adopted kinematic configuration,
beyond its versatility in static grasping, has the potential for
mamnipulation procedures based on evolution from one grasp
configuration 1o another, die to the number and position of
tontacts that can be achieved on adjacent links. Mauy operating
" modes were tested in practice by the robot-mounted hand: some
examples of achievable grasps are shown in fig.1, 2, 3, together
with their classification pattern. The hand Bmited its activity 1o

" showed were not attzibutable to the kinematic

object.

Prom testing the version I hand and from the consideration
of the humen hand model, some issnes were drawn to Improve
the manipulation capability of the hand, comoerming both
nmdmmdmguandmjaluq:@mmmnﬂm

As far a3 the overall mechanical design was concemed, the
adopted configuration proved to be satisfactory: even if it was
designied on the base of a heuristic process, coping funcional
requiremenis with constructive and technological constraints,
and not or the base of optimization algorithms, the li(z;gn:hit

c

" contrary, the foll opposability of the thumb against the two

upper fingers, the use of a palm and the relstive position of the

fingers proved to be very effective in achieving a great

diverzification of modes, 2o that the aame kinematic

design will be considered for the version I hand, No need was

still fclt of increasing the number of the fingers or the number
Ireedom.

. of their degrees of

Some major suggestions on mechanical design were drawn
by considering the contact distribution on the grasped objocts
and on the links and the overall robustness of the considered
grasps. As tanght by biclogical models, an elliptic or circular

croas section often provides well shapod contact arcas
for bodies of any shape.

Furﬂlczmore. the smoothness of the surfaces of the hand

key role in aflowing controlled fine motions of an
Enhaﬂcbyrdﬂngmﬂlorsﬁpmg Angcther impartant
reqtmmcmhtdamdmﬂmmmﬂmcmo{suﬂmmmemms
between adjacent links: a conicat or cylindrical shaping of the
whole finger allows in the o move the contact
point from one link to another during manipulation and to
extend contact area to more then one link when operating with

large, flat

objects.
it must be added that some characteristics of the finger
surfece are desirable for dextrous manipulation. High friction,
kow stiction, and rather compliant materials can greatly increase
grasp stability, by extending the effective contact surface with
mooﬁxobjectsorbymdndngedgecﬁeﬁnwhcnsharpbodim

Forwhazmmedﬂwemroccpmmeqmpment.
the version  adopicd ent force scnsora on

rough one-compon
- fingertips and on intermediate phalanges: it proved to be the
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weakest point of the system in order to achicve that
capability allowed by the mechanical design,

It became pricritary to develope a new prototype, whose
features are described in the following, that could integrate a
new mechanical design of fingers with scnsorial equipment
distribuied on all the active links, so that whele hand
manipolation procedires and consequently more dexterity might



be achieved from the existing articulated configuration of the  Choice of the sensorial cquipment for the version II

hand.

U.B. Hand

An snalyuis of the state of the art in tactile sensors for
dexterous hands development [Nicholls 1989} shows two bagic
orientations, the disributed surface sensing approach and the
Intrinsic sensing approadyL

The former approech is arlented to 2 detafled mapping of the
contact phenomena which are iransduced by arrays of
elementary sensors located as near &s peasible to the contsct

" area itself, that is on the “skin” of the robotic Hmb. A great
rmumber of parameters can be measored, ranging from nosme] ar
tangential contact pressure to temperature and thermal
conductivity, and 80 on. Accurete infermations cen be obtained
on the distribution of the observed parameters all over the
contect sarface and useful exploraticn and recogaition

procedures become possible.

The latter approach i based on remotely located transdpcers
and is usually limited to the measurement of the effects induced
by the contact forces applied at the surface of the robotic imb,
that canse smitiaxis] stradning of a purpasely shaped mechanical
element which links the esternsl shell, where the comtact occurs,

to the inner structure of the limb itself. This kind of sensorial
functionality requires sigorithms for proper reconstroction of
the contact pattern, which is determinsble in terms of global |
effects snd not of detadled distribution over the contact arca.The
intringic-type sensorizlity can allow, as widely demonstrated by
theoretical end experimental work [Brock 86, Bicchi 87, Blochi
§9] to meagure the force/torque components of resultant contact
interactions betwoen the limb and the touched object. Under the
assumptions’of known shape and reduced compliznce of the
bodies in contact, the centrold of the contact arez can be
determined by computations] elgorithms, Furthermore, it was
demonstrated [Blochl 89] that recognition of friction parameters
iz poasible by means of tactile exploration with fingers driven
by inirinsic tactile sensing and that slippage preventing
promdmtscanbehnplanentedonﬂwbaseofthhkindof
information.

According to these considerations, a set of intrinsic
forceftorque sensors seems to be & viable sohution for equipping
a manipulation oriented hand, giving a satisfactory

TheappﬂcsﬂmmﬂmvaUB Hand seems to be
recomspendable meinly for the following aspects:

- it iz suitable for the control of a lerge mmber of grasp and
manipulation procedures, even if it is limited in local seneing
and not suitable for some tactile exploration procedures;

- {t can be designed st & good ievel of ministrizetion it does
not present problems due to the corvature of external gurfaces,
it requires reduced wiring and it is easily integrable into the
mechanics! strocture;

- it 18 however eompatible with a further integration of
distributed epidermic senzoriality with surface-mounted isctile
EENSOTS.

Comsiderations on Intringic Tectile sencor design

An LT. sensor is very simple in ite congtititive parts, which
are a 6-axis, forcefiorque sensor, which can be differently
shaped, and a cover shell whose surface (the phalange or palm
sur{ece) has 2 known geometry.

According to the results of [Bicchi,89], i the LT. zensor

OFPOSITION MODE: FINGER 1 FINGER 2

PALM

ghell contacts an object with 2 emall area-type contact, end

FINCERS & THUMD P I DiFP I

Ve PALM ® e

adhesive forces are not exerted through the contact, by
dabm&ndmefawuquemﬁgmnimlhﬂmaﬂmnh

posaible to know:
-the position of the contact centroid, that i3 & point on the
ghell surface which I8 asstrred 1o be intemal to the coniect area;

-intensity and divection of the resultant contact force applied

12.2.2



gt the contact centrold;

Mymﬁdkealmofﬂmmmnmmmnc.

By compering this information vith that needed for a
manipuiation-oriented sensory system, it is revealed that most
conditions for whole hand manipulation ere fulfilled by 1.T.
sensing; the exception is the capability of fine imaging of
features inside the contact arca.

In the design phase, the shape of the transducer has 1o be
carefully chosen, as the compliance matrix of its mechanical
structre may be greatly infiuenced by coupling effects induced
by unsuitabie design or by errors cansed by e problematic
calibration.

For this reason, whatever the shape, an optimization
approach must be employed to maximize sensor accuracy
notwithstending the small size that is requived for mounting
inside miniatwerized robotic fingers. This approach uses a
modellization of forceftorque seneors in terms of linear
operations on the vector of sirain measuremenis ¥ obtained
ﬁum stmm-gwg-

Y-CB M

where C is the compliance matrix of the mechanicel structore of
the eensor, relating the load vector P io the measurements V. -

The lead vector P is composed of the unkpown six
components of the force and torque acting on the sensor in a
specified reference frame; the components of P arc normatized
with respect to the nominal valne of each component, so that the
norm of P. Py, is always less than or equal &0 1.

Such modeilization of the forcefiorque eensor leads to some
congiderations about sensor design: the first is that, if a 6
compomnents load vector P is te be measured, then obviously-
mly6mmnmwnmammicﬂynecmaty In the degign of &

sensor with stringent size limitations, keeping in
mmdttmfact,ﬂloughuiml,maybemﬂ‘lﬂ.

Nummmlsmumyamlyxhwdnﬂquesmaybeapﬁbdmﬁm
linear mode} of the sensar in onder to evaluate its rocuracy, The
causes of errors in &2 multicomponent sensor can be in fact
divided into three main groups:

l)errors in strein measurcments, caused by instrumentation
inaccuracies, noise etc. These exrors reflect in a term BV which
_ is summed to the measured strain vecior V.

iijerrors in the compliance matrix cocflicients, dee to the lack
of exact knowledge of the load-strain relationship for the sensor
structure. The C matrix can be in fact evaluated both
numerically {e¢.g. with beam theory or with finite elements
methods) and directdy, by calibrating the sensor with known-

loads; anyway, 2n crror matrix 5C will result from modeling

inaccuracies or from cxperimental errors
zﬂ)pomiblenmpﬂﬂcaﬁonofﬂxcmabovecmomn'whﬂc

salving the lincar system (2):
Y +BY =(C+5C) (P+5P) @

Eg.2 represents the true load-measurcment relationship ~.

idealized in (1); 3P is the error resulting on the ultmate
information of the force sensor, the load vector P.
In case a minimal sensor design it adopted, Le. as many
strain-gauges are used as the load components are, the
form of Wilkinson's formula for error propagation
can be applied 1o give an a prior] estimats of the relative cxror on
P: -

tp = (ev+ £c) Kp(O) @

where v ={OVIIVY, sc =IBCMICY, and £p =[PEWMPY, are
respectively the reiative crroms on strain measurcments, on
calibration and on the results. The tion factor Kp(C)

has an upper bound that is close to the condition number of the

12.2.3

complirnce matrix €
Kp=N(C) = fCh iC1f|= 1

If more sirain-gauges are employed in the sensor than are
sirictly required, a slightly more complex propagation formula
can be obtained (soc [Bicchi, 89)).

From thizs analysis of the causes of errors in foree/torque

B sensors, it follows that the possible means to increase

accuracy
are substantially two: a) to reduce the souree errors i) and i), by
basically employing more sophisticated technologies in strain
measurement and calibration, and b) @ redoce the
of source errors by minimizing the condition mumber of the
‘matrix. While further source error suppression will
conflict at some point with given technological or economic
limitations, error propagation can be limited by carefully
designing the sensor. Hemce, in designing the various
forceftorque eensors employed in our articulated hand, we used
an optimization method whose merit criterion was the
nnnnnizatxmofﬂxeoomhﬂonnumberofﬂwscmorcmnphm

Integration of I.T. scosorz imto the mechamical
structare of the U.B. hand

In order to accomplish the required functicnal capabilitica of
the sensory system for whele hand manipulation, LT. sensing
was realizod in cech phelenge and in the patm, meking & total of
9 sensors for the U.B.Hand architecture. A crucial problem in
LT. scaning implementation is the miniaturization of the 9
force/torque sensors employed in the hand. Different design
schemes have boen adopied in order to fit them in different parta
of the hand, namely the fingertips, the intermediate phalanges
and the palm.

In order to sllow the integration of the semsors in the
mechenical stroctzre of cach phalange, the fingers of the
version Il UB Hand are according to a biomorphic
skeieton-and-flesh model: in each phalange, an external ahell,
covered by a compliant high friction layer, and capable of
sensing contacts, 18 connected to an inner rigid clement of the
kinematic chisin. Bach commeciing elements is the body of
foree/torque sensing deviee and is design hes been affected by
severe contreints due to timited available space snd to the shape
of the external shell. The stracture of the sensors reatized inside
the fingertips and the intermediate phalanges are shown

reapectively in fig.4.

Fig4 Sensor configuration fos fingertip snd phalange




The suctore of fingertip sensors simply consists of a thin
walled cyiinder, on which strain-gauges are applied at optimal
locations and orientations. The sensor arrangement has some
attractive featres, which have been discuesed in [Biechd, 87].
In the intermediste phalanges sensors, one end of an internally
drifled. beam with rectangular cross-section is fizxed t0 the
phalange sheil, the opposiie end being fixed to the finger frame
(the skeleton, 80 10 speak). Gauges are bonded on the beam
surface; the length of section sides, the radivs of the internal
hole, the position and crientation of the gauges have been
chosen following the previously described optimal design

procedure.

The skeleton structure of esch finger is compaosed of CNC
machined parts, connected through bail bearing revolute pairs.
The design emphasizes modularity and tends to permanent
amembly solutions in onder to incresse relability and recuce the
pumber of parts. The actuation of the 11 joints of the fingers is
obtained through tendons end pulleys. The adopted

configuration permits an easy removal of the external shell, so
- as to allowr thorough accessibility and essy intervention on
tendons. It also offers a free cross area between the inner
structure and the outer shell afl along each finger that is used for
wire routing, A detziled sketch of one of the “index” fingers of
the hand is réparted in fig.5.

The shape of the external shell of finger phalanges has been
chosen so as to provide a regular surface for contscs all around
the finger axis. The intermediate are covered with a
cylindrical surface with elliptic cross-section, while the fingertip
shells are revolution ellipsoids with the longitudinel axis
imehined 20 degrees in the upward direction. A flat surface in the
upper region enhances the approach capability to objects in
presence of contraints, and is very nsefol in plcking-up small
objects that lic on a plane,

Finally, the palm surface has been designed a3 a portion of
the convex surface of & large radius sphere.

The palm sensor, sketched in fig.6, consists of three thin
flexures, placed behind the palm surface, on which strain-
ganges are placed. The flexures are inclinated and are spaced
120 degrees apart. Agsin, the inclination angle, and the location
of strain-gauges on the flexures sre chosen to optimize sensor

SCCUTACY.

Fig.5 Sensors mounted into the finger skeleton

Computational Architecture for the sensorized hand

The integration of the 9 complex sensors into the U.B. hand
is & very challenging task from the point of view,
g8 seversl are the problems to be solved and the costrain®s to be

respected.

Conceptuaily, three levels of problems have to be solved.

At the LT. sensor level, the designer can choose betwreen
foil-type or semiconductor-type ganges. The better gange factor
of the latter type is coupled with & stromger influence of
temperatere changes on this parameter, which, in any case, asks
for compensaction actions.

Begides a carefully designed measuring electronics, a non
minimal sensor can help solving this problem. A pon-minimal

" solution is adopted with seven semiconductor-type strain-

gauges. As pointed out in [Bicchi 1989], the seventh strain-
gauge is located on & rigid pert of the sensor. It can be used to
pre-compensate the cther measurements, maintaining the size of

L

F¥S - Fingeriip Senser
IFS - Entermediste Phaolange Sensor
PS - Palm Sensor

Fig 6 Preliminery dezign of version If $1.8. Hand
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6 in the C matriz in (1), or used as an sdditionsl measurement in
a redundant sensor with & C matrix of size 7.

At the measuring electronics level, the classical Wheatstone
bridge circuit woukd require four tines more ganges. Due to the
space constizints, all of these gauges cammot be located into the
finger itaclf.

Using surface-mounting technology and special-purpose

devices, boards for conditioning, amplification and snalog tc

digital conversion of sirsin-gauges signals arc under
development at an Italian firm.

At the computaticnal Jevol, each sensor requires the solution
of the linear constant cosfficient matrix equation (1). Since the
resulilng force vector is to be used in a feed-back force loop, the
vector force equivalent sampling time hes sn upper bound

on the external force signal dinamics.

In the U_B. hand the external contact forces to be measured
are usually generated during grasping actions. Considering the
very low inertia effects involved in the contact, a relatively high
dinamics, lower however than that of the driving motor torque,
mnbccmﬁdacdfmﬂxc:xtmalfm

From these remarks, it results that a powerful sensor data
aaqxﬂstﬁmamioompmaﬂmalmtmnmustbcdcdgned.

Assuming to use the redundant sensor configuration, as
many as 63 sigoals (9 sensors with 7 signals each) have to be
sampled and 9 Inear matrix equations solved (approximately
1000 floaling-point operation) in some milliseconds at a
reasonable cost and size. Mogeover, in the design of the data
acquisition system, another jmportant specification is the delay
among the sampling of the different strain-gauges in the
(obviously) multiplexed measurement system. In fact such a
deiay must be neglegible with respect to the signal dinamics, to
mmmepmnlhlmmanhypmshn;ﬂhdmequaum(l)

A computationsl architecture for the fully sensorized roboti
U.B. hamiisundaanadvnnmddcvebpmmmgsmxdm;m
the gencral scheme presented in Fig. 7

FoﬂowmgthemodtﬂardcuignorﬂleUB hand, the compu-

tational architecture reflects the same phalange/finger/hand

structure.

At the hand level, the senscr compirations are embecdded into
the real-time hand comdrofier. It is built around two powerful
floating-point Digital Signal Processor (DSP) boards, housed in
a standard IBM Industrial AT Computer. The L.T. sensors
computations are performed by & Communication Automation &
Coatrol board based on an AT&T DSP32 NMOS device
operatng at 16 MHz. For structured computation (scalar
products), it can reach peak performance of 8Mflops. The
computation of one force vector (linear matrix equation only)

requiresabout?.ﬂus
The processing unit is connected to the data acquisition
gystem by means of a serial high-speed link, directly supported
at the DSP chip level. A 16/32 bit 2Mbii/s protocol ensures the
trans{er speed required for the application.
At the finger tevel, Analog to Digital conversion of the strain-
gauges signals is performed and the digital outputs are
in the format most suitable for the serial transmission
1o the hand controlier
At the phalange level, i.e. for each sensor, a smsll board,
housed near the hand wrist, provides for proper referencing,

amplification, filtering and multiplexing for the 7 strain-gauge

signals.

Corclualon

The feasibility study proved that enough sensing capatility
can be achieved by an articulated hand by adonting LT, seming
omnpmmt,ﬂmtcanbcdjstﬁlmﬁednllovu‘ﬂxehandsﬂuﬂmby
integrating a sensor in cach active link. This seeins to
e competitive with different surface- nysm,mnhﬂy
in terms of epsier miniaturization, reduced wiring, better

with complex shaping of active links.

In terms of informations that are made available for
mantpulation control purpose, 1.T. sensors can folly satlafy the

Fig.7 Computational architectere for the I.T. seasorial system
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danandfurwhaxoomumﬁledctzminaﬂmdmmfm
cmnponmlﬁandcmmﬂcenuﬁdp(ﬁﬁm,thmpmvﬁinsinpm
forglmpamlyﬁsmoh,weninﬂxccmcof Erasping
modes.NOpropemitytodcmih:dmappmgormrfmmmaa
phenomens is shown, but ih most cases it is not strictly

'medmignofmchmdforl.’r.smshmmingm
hmmwbcampaﬂhlewimmmwm&onofsmfm
moumed skin-Hke devices.

As it was pointed out in the papet, the problems to solve for '

achieving satisfactory resulis are bound not only to sensor
dexign snd ca,lihmﬂon,hxtahowmesct-npofan'efﬁchnt
compinational architectare: integration is not only a problem
fmmthcmedmhalpdntdview.hnaboahmdmnmrforﬂm
connection of the sensing equipment 10 the whole control
system of the hand. '
PmmmbpdntofvicwthendoptedDSP-basedardﬂmme
seems fo be suiteble for full accomplishment of reai-tiine

The work is in progress: & proiotype finger of the folly
- sumnﬂmdhamihmbeenblﬂtandmnmmybcgmmnw
ardﬂwcuneisahmdynnminginﬁdemeATPCforcvnMaﬁon
on the version [ U.B. Hand frame.
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