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INTRINSIC TACTILE SENSING FOR ARTI#ICIAL HANDS

R A. Bicchi®®and P. Dario®

% Centro "E. Piaggio”, Faculty of Engineering, University of Pisa, ltaly
A Dipartimehto di Ingegneria delle Costruzioni, University of Bologna, ltaly

In this peper "intrinsic" tactile semsing, i.e. contact sensing besed on pure force and torque messirements and gecmetric
calculations, I1s discussed with reference to the design of sensorized fingertips for artificial hends. Pros and cons of the
intrinsic spproach are examined, as opposed to Mextrinsic" tactile sensing systems, usually carsisting of sensitive arrays
distributed over the sansar surface. While either sensing methed could prove best far specific applicatians, the integration of the
two for a general-purpose artificial fingertip sensor is recamendsble. Some general considerations are made sbout The design of
intrinsic tactilé sensing systems, and the derived guidelines used for the development of an intrinsic sensor conceived to be a part
of a miltifinctional sensorized finger. A description of this sensor is provided in the paper along with the experimental evaluation

of its perfomaces.

INTRCDOCTICN

Dexterous manipulation and haptic perception are the
fuamental aims of the ewlution of present rcbotic end
effectors toward a future artificial hand system, even if the
develepment of end effectors. intended for carvying cut those
two flmctions has proceeded thus far alorg alimest distinct
pattways [Dario 1987].

The design - of an artificial hard system requires

substantial progresses in three main aress: actuators for hand
motion, sensors of the actual state of the hand-enwvirament
system, and AL tedmiques for maeging the percephml ad
decisional processes, irvolved in menipulatory tasks.

In the sensing domain, we cen distinguish between
propricceptive sensing {(i.e. getting information on the hand
itself, such as joint angies or torques) and extercceptive
sensing, which is related to the interactions between the hand
and its enwirament. In the hend (both humen and robotic),
extércceptive sensing  is  essentially distributed force
sensing, although other sensing capebilities (suwch as
proximity, temperature, chemical, etc.) could be also
inplemented. .

Inthispaperwetiismsssmediffermtaspeds of tactile
sensing for artificial hands and pursue solutions to the dual
requirements  of controlling robotic menipulation and
perception.

So far, artificial tactile sensing-has been investigated
mestly through an "extrinsic” aproach (i.e. by means of
Harmon |1982] showed as most research efforts bmwe been
directed to replicate the semscry properties of the humen
skin, by spreading sensing sites over the hand swfaces where
contacts with the envirorment are expected to ccour {“active
surfaces"},

Cn the other hand, "imtrinsic" tactile sensing is comtact
sensing based on pure farce and torque neasurements and
gearetric calculations, as proposed first by J.K. Salishury
[1984]. The tactile system developed by Salisbwry had mo
distributed sensing capabilities in the active surface, but

rather a force sensing device remote from the contact, and the
software memns necessary o infer the desired tachile
information from forde data. :

A summary of the possible atvantages and drowbecks of

" tmetile sensors of the two classes is proposed in Table 1.

TYPS EXTRINSTC INFRDEIC
FEATURES -
SPATTAL TNHERENTLY THECRETTCALLY
RESOLUTICN FINIIE {NFINTTE
BANDWIDTH LIMITED HEGH
CUNTACT FURCE GENERALLY FAST,LINEAR,
MEASUREMENT INACCURATE NONHYSTERETIC
FRICTICNAL AT PRESENT, MEASURED
EETECTS NOT SENSED
SLIPPAGR NONE PSSIBLE
DETECTION
SENSCR SURFACE FREX ONLY SIMPLE
SHAPE SAPES
SENECR: (XVER ALTO0WED IT PROCES
OOMPLTANCE ERRCRS
PARATACTTLE POSSTHEE TMESIELE
SENSTTIVITY
ENCUMERANCE MINY WIRES RATHER BULKY,
FEW WIRES
TABLE 1
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An intrirsic tactile sensor (ITS) is very useful for
renipulation comtrol, becsuse it is sble to monitor the
resultant of contact forces in real time. For this resson, @n
ITS is suitsble for such tasks as cbject contouring, assenbly
cperations, etc. B

1S hendles very well also frictionsl forces, whose
effects it can distinguish and measre. Based oo this
infommation, if a proper model of friction between the
sersor's active surface and the body is available, an "'a
pricri* strategy cen be selected to prevent slippage.

If the contact can be hypothesized as punchuml, i.e. if
the contacting surfaces are rigid encugh and have different
spatialclmum%,andjfﬁlemmcttakeﬁ place in no more
then one point at a time, the ITS can resolve with high
{thearetically irnfinite) spatial rescluticon the contact point.

Cowersely, an edrinsic tactile sensor (EIS) hes
jrherently finite spatial resclution and it is not able, in

gerﬂal,tosa‘sefrictimalfm,bywmdlitisoftmewm,

deceived.-

Anadvan’cageofEBsisthat&Jeyarecepa)leofmmgﬁg
canta:ts,cverlargeare&,mimarelikelytoocmrifa
veryompliantfjngeﬁipmveriSLsedtDenharnegrasa
stebility. Furthermore, an EIS permits the extraction of
"tactiie images', which are very usefil in arder to recognize
local feabrss of dbjects.

A few EIS also incorporate sensing elements capable of
detecting some very useful "paratactile .pfaracterﬁstics, such
as the thermal properties of the cbject being touched |Dario
et al. 1984] {Siegel 1986{.

"’ In this paper some gereral issues related to the design of
an 1TS are discussed, and the febrication and testing of a
pmtotypéofﬂ:chsersurared&ecribedsmeprelimhﬂrymrk
aimed at integrating this ITS sawar with the ETSs being
developed in our laboratory is alse cutlined.

CENETAL CONSITERATICNS ON 'INTRINSIC™ TACITLE SENSING

Basically, an TIS system consists of twee elements: a
farce sensor, an active surface, and an electronic compubing
unit..

A foree senser is a device which measires, in a particular
coordinate frame, the six comonents of the generalized (forece
| and torque) force vector which is exerted through the sensor
iteelf. Similar devices have been already studied and applied
in robotics, mostly as sensarized pedestals ar wrists |Bejozy
1983, '

The active surface of a sensor is the set of points where
the cortacts with the eviroment are expected to coour. In an
IS, the ective surface is integral with the force sensar, to
which the mechanical effects of the contact forces are

M acorate gecretrical description of the active surface
in the force sensor coordinate frame is mandatory.

Although there are infinite load configurations statically
equivalent to a given generalized resultant faree vector,
there is only one such pure farce (no tarquel.

With reference to Figre 1, let F,-F be te resultant
force ccmponents which are sensed by the farce sensor along
its coordirate frame axes X,,X,,X;.

FIG.1. The force sensor reference frame f4

If a pwre fave load is assumed (ie., if pachal
conbacts tranemiting no local torques are hypothesized), then
such farce mist lay oo the line |Salistury 1884]:

X = Porwy U
where: !
Po= Fst‘_'Fan s BERAF ; RE-GE
|F#* |E[* [F[*
l_j: = _]-__ (Fy3F25Fs >
|F}

[F|*= (Ff+F;+F3)

Intersecting this line with the active surface
£X,X, ,X,)=0, 50 a5 to cbiain the value of w corresponding to
the cortact point, is the tesk of the compubing unit of an 115
systen.

In the parbicular case of a spherical active swrface,
having its center in the crigin of the farce sensar coordinate
frame, and radius R, the expression for w is:

- 3
W=1(R2— (Fst—Fan)z—(Fthwﬁ Fs)z;(EE—FzFu)z ) , 2}
I£|"
and the contact poin‘t P_E= (X],,Xz,Xg) can be calculated from
(1). The sign awiguity in (2) is essily solved, if only
compressive forces are assumed on the active surface.

It is apparent thet the spatial resolution of an ITS 1is
only thearetically infimite, even in the point-contact
hypothesis. In fact, the ultimete resclutic tg limited by the
ervors with which the sbove expressions are calculated.
Assuming that the errors made in the determirgtion of the
geametric canstants of the active swrface are small with
respect to the inaccuracies in force measurement, the criteria
for the error propagation in algebraic calculations give the
fellowing upper limit for the eror:

|&F| £ 2 max |dFi| ; i=1,3 =2 Ef
IE| |Fil 3)

lax | « 2 Ef 2(F,F [+F,F[) + K IF,|
(¥ 4)

x| £ 2 Ef 72(|F3 F +FF |} + K [F,]
iFiz 5)




lax| = 2 EBr 2([FF, HEF D K IF
[Fiz o )

*1Q{" is the absolute value of the scalar quantity Q"
"dQ" indicates the absolute error on the quantity "Q'":

Ef= max |dFil ; i=1,6 1is the madmum relative errar made

|Fif by the sensor in the measurement of
F,—Fas
w2 = ! 2
K= [F| R 42 (IFaFe|+|EsFs [T +(|8 Fu [+8 Fs|) +(|FiFs {+|FeF | f
w |F|

It should be pointed cut that the foregoing expressions
have been actually evaluated neglecting the arrors due to the
use of finite precision computing units.

The application of (3)-(6) to the cases of comtact with
and without friction will help in wderstonding the entity of
such errors:

Case a): Contact without friction (F,=F,=F=0};

|&il < 2R [Fil BF, i=1,3 7}
|E|
The meximun error in the lccalization of the comtact point is:
:

[dpf 2 (@C+ad+a2)" = 2 REC 8)
For example, with R=10 mm, Ef = 1%, the accuracy is 0.2
mm; the maximum anguiar error in the determination of the
contact force vectar {|dP|/R) is 1 degree.
Case b): Contact with friction.
Let, for example, F.Fo cos{q), F,=Fo sen(q), B =F,=F;=0,
F¢=R Fo sen{q), where "tang{q)" is the Coulow fricticn
cosfficient. Then: '

[P € 2 REF £{q) where flg)= 1.08 for teng(q)=0.1
£{g)= 1.62 for tang(g)=0.3 9)
f{g)= 2.30 for tang(q)=0.5

Tt appears from thess expressions that the precisio of an 18
is essentially related to the accuracy of the force sensor
(1/Zf). Owing to this fact and to the problems assooiated with
the miniaturization of the sensing device, the development of
anIISsystanmquir\esexiz?neattentimto the dssign of the
force sensor.

FORCE SENSCRS FOR INTRINSIC! TACTIIE SENSING

A force sensor consists of a mechanical struchre Tixed to
a rigid frame at one end, whileanéc’tarnalfomesysten is
applied to the other end. When the classical linear elesticity
hypotheses hold, it is poss;ble to deduce the state of siress,
and ultimately the load originating it, fromw strain
measurenents. o

The state of strain in a point of a mechamical struchure
is described by 6 components of the strain tensar; in general
they are correlated to the stress temsor through relations
accounting also for the effects of temperature. However, most
available strain trensducers measure only cne. component of the
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strain tensor along some peculiar direction; moreover, the
teperatire effects on strain are most often keot under
control by means of "dumy" transducers, or even inherently
comensated for., Thus, the electrical output Vi of the i-th
strain trensducer can be written:

B & 1 N
Vi = Gl Zadj Fj =§[Gi Aij fFj,nj] [ Fj ]:EC]’.J’ P} 10}

=t j=t iFj,n{ =1

mereGijsmetr‘arEducerccxWersimfactorandAijdepmdm
the geometry and elastic properties of the sensor structure,
In order to narmalize these equations, in (10} are introduced
the "nominal values" Fj,n of the components B-Fy, i.e. the
maximun values that those quantities are supposed to attain
during the tesk operations |Von Brussel et al. 1885,

If several such trensducers are placed in the mechanical
structure of the force sensor, we chtain 2 Linear algebraic
system, expressed in matrix notation as:

V=CP : 1)

Some methods of linear algebra cen be applied to this
system in order to study the optimal configurations of a foree
sensor. In genersl, at Jesst 6 sirain transducers are needed
to solve 2q.(13) for the six components of P, provided that

_ those trensducers’are placed so that the rows of the € matrix

are linearly independent. We say that a force sensor using
Just 6 trensducers hes a "minimal" configuration, as opposed
to "extended" configrations using more transducers.

The attermtion of the irvestigabars who dealt with the
development, of force sensing devices hes been focused this far
mostly on "extended" configirations |Bejozy 1983| |Vin Brussel
et ab. 18685| |Brock and Chiu 1985{ |Hirzirger 1957|. The
requirements in tems of simplicity, low cost and small rimber
of wires, for a faree sensor to be incorparated in a rcbot end
effector sugpest, instesd, to irvestigate "minimal" force
sensar configrations.

According to (13}, we might place arbitrarily 6 strain
‘transducers on whatever mechanical structire to build a farce
sensar (excluding. the unlikely case in which the associated
matrix "C" is singular), The Cij comonents of the matrix ¢
may be caloulated by means of the elasticity theary relations
in any but the simplest cases. However, it is- possible to
evaluate those components with an accurate calibration of the
sersar, consisting in the application of well known loads and
mﬁmmmmmtofmemofeachbaéic&m
to each component of P.

Once the matrix C associated with the sensar is known, an
algaritim can be written to solve far'P any V measurement:
Gassisn eliminafion is generally the prefersble method
[Witkinsan 1965 .

Ay corfigration of 6 basic tremsducers will be then
equally suitsble for a farce sensor? The answer is no, of
course. Optimization criteria for the disposition of the &
basic transducers are provided by the amalysis of the farce

_Sesor accuracy. Both V oand C are not kown with sbsolute
" precision. Meesiwing trensducer signals gemerally implies

electrical moise and amalog—to-digital conversion inaccura—
cies: a relative error is defined as the ratic of the narm of
ﬁ}eermvecbard_v.tomemofthemeasuments vector Vi
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[/ V] (the Ffuclidesn nomm, iIndifferent to reference
changes, is the prefersble choice in this case}. Also the
calibration operations, notwithstanding the care one can pay,
introduce sane errars in estimated Cij. A relative errar on C
is defired a5 JaCllf fC] , where the definition of speciral
norm is assumed. From the thecry of Llinear systems solution
[wilkinsan 1965], we cbserve that these errors "propagate!!
through the algoritims to the solution P, being amplified by
the "eondition mmber'' Ne of the C matrix:

Il = (vl Yl Ne 14}
ey vl ki ) 1 leclich
where: Ne = jof §i¢71

The condition mumber of a mairix is always greater then,
or eqel to, 1: the latter case ocors anly when the matirix
has orthogonal colums. A well ocadifioned sensor, having
smil Ne, will not megnify the errors intrinsic 0 its
fabrication. It should be moted that, while decreasing
favi/ livh and Jacl/ Ic] is a matter of instrumentation quality
(thuss, ultimately, of mere cost), Ne depends ondy on the
quality of the sensor design. Small Ne gusrentee also other
good qualities to the sensor, such as uniferm accurscy over
the whole allowed range of cantact points and contact force
intensities. Hemce, the mmber 1/Nc can be assured as a figure
of merit for different codigiwrations of basic tansduers in
a force sensar.

Tt should be noted that incressing the basic sensitivily
of transducers to strain by a constamt factor (for instence,
by usirg selid state, instead of foil, strain gaiges) would
rot: affect sersor acourecy (as No remins uxchanged), but only
the messurement range, allowing smaller forces to be sensed.

Unforomately, the condition muaber of a matrix is, in
general, a very involved function of matrix entries. Thus, the
optimization of the sensor design is not achieveble in clese
farm. Only in particular cases we get sare intelligible hints;
for instance, if Cis diagonal:

Ne(C) = Jcf el = max(Cii, i-1,6) 15)
min{Cii, i=1,5)

Given a minimm Cii (the sensitivity to the force vector
component Pi), there is mo advantage in having better
sensitivities to other components, as this would mke acouxracy
even worse. The equalization of sensitivities is then strongly
recamendable, condlirming the inbitive guess.

Even in the general case, however, a rmmerical evaluaticn
of Ne for a certain rumber of configurations varying about a
reference design can help in wderstanding the roles played by
scme design parameters. An example of the gpplicaticn of this
agproach is given in the next paragreph.

DESIGN (F AN TTS FOR ARTIFICTAL FINGERTTFS.

e caxept of a fingertdp ITS has been recently
implemented by Brock and Chiu (1985}, who designed a sensor
incorporating 16 very sensitive (but costly and fregile)
semiconductor strain gauges.

As anticipated in the introdwtion, our goal in studying
IT senging was the design end realization of a precise,
relishle, cost effective device to be ftegrated in a
thoroughly sensarized, real size fingertip for artificial
hands. We tried to fulfill the specificalions for this
application (miniatirization, robusiness, low muber of
camecting cables, in addition to precision and time response)
emphagizing sensor simplicity.

We elected to employ Strain gauges as "bosic” strain
transducers in aur prototype sensor, since this technigue has
proved relisble, acowrate and ecowmical  in irrumerable
applicatiass. A thin walled cylindrical centilever besm wes
chosen as the mechanical structre of the force sensar. The
sensor struchre is depicted in Figwe 2, along with the

associated coordinate frame X,X,,X,.

X3~

FIG. 2. The mechamical. siruchre of the farce semsor. The,
dashed line sketches the active surface. ’

In order to realize a minimal" force sensoar, six geges
are to be bonded to the beam surfsce: their position will be
uniquely determined by the cylindricel coordinates Z, 9 of the
stzam;;augeomter,andbyﬂ)eaﬂglthhegsgea;dsfmrs
with the X axds.

By messuring the rbalencement of a Wheatstone bridge
havjngﬂlei—thggugeasaleg,asigmlﬁgivmby(lz)mﬂ
be cbtained:

3 3
Vi = SCijPj =6 = & |Fiml __Fi 121)
1=t - [F3.n

where G is a constant depending uwpon the gope factor, the
excitation voltage and the bridge amplifier gain (which cen be
reasonably assumed the seme for each gage).

Assuming the hypotheses arrently adopted in the theory of
elasticity in order to describe the strains in a cylindric
cantilever beam loaded with normal and shear farces, and with
trsional and bending torques, the i-th row of the C matrix
can be written as:

cit = G [F,n| [eos’(Qi) sin’ QL] Wa
Ciz = G |F,,n) {2t [cos® (Qi)p sin®(QL)] cos(Bi) WE +
+ =in(2 Qi) sin(6i) s}
i3 = G Fy,nf {21 [cos™(Qi)-p $1n*(Qi)] sin(@i) W +
+ sin(2 Q1) cos(8i) wS}
Cib = G {F,,n} sin(2 Qi) Wt 16)
Cis = G [F,nl [cos” (Qi)—p sin” (Qi)] cos(ei) WE
Cif = G [Fg,n| [cos®(Qi)—p sin®(QL)] sin(ed) Wf




where "' is the Poisson coefficient of the beam material, and
Wn, WF, Ws, Wt are constents depending on the elestic
properfies of the material and on the geomnetry of the beam
section:
Wn = T : WD = 2 Wn/R;
2ETTR s 17)
Ws =2 (1+p) Wn ; Wk = (1w) /R

where E is the material Young's modius, R is the cylinder
radius and s the cylinder wall thickness.

The condifion number asscciated with this sensor is a
camplicated function of the nineteen parameters at designer's
disposal (Q1,84,Zi (i=1,6) and R). This fimction is by far too
camplex to be minimized symbelically, although this procedure
would have led to the absclute "optimsl" sensor in this class,

Thus, we followed a semihewristic procedwre: a basic
corfigurati was  chosen "inbuilively”, and only twee
parameters @, d and R, described in Figwe 3, were left for
cptimization.

.._._DL-\ ‘ - .,
a) ?R ‘ :
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__\ x H d ,""
—]— \\_ ,".
Z a To
— o
oo N oo Strein Qi 6Lz
e % 1 ¢ 0 o
b) . “
5 1 ] e 2 9 W o0
R A 3 g 10° O
g{ﬁm_ | ZRe 4 -5 270° 9]
| 5 9 ° 4
6§ -9 w° d
- '

FIG. 3 Gross section a) and plane development b) of the force
sensor

Substituting these values in (14), we cbtain the € matrix
for our sensor:

a
0
i
&
&
a
5

Y
El
w

bLaodo

>~
b
o
r
.

w
£
o

18)

-
m
£
w

~
("
-
&

ox

H
o 00
(l) QG O-(|) <
(@] J} p] ({l <
a o (I') <O o
O O O (l) ]

¢, =@ IF, ,nf [cos®™(@ sin®(@)] wn
¢, =G [F,n| sin(2 Q) ws

¢, =G |F,,n| sin(2 Q) ws
c
C

it

G IF, ,n| sin(2 Q) Wt
=G [F,,n| [cos®(Q) sin¥(@)] wr

3
Y
3
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Ce = G |Fy,nl [cos™(Q)y sin’(Q)] wf
C; = G IFy,n| [cos’(Q)n sin’(Q)] wE 4
Co = G [F3,n| [oos’ (@) sin®(@)] wE &

Moving through the space of the paremeters §, d and R, the
Pigure of merit No(C) varies wpredictably. However, Ne (C) is
likely to have several local mirdma, while it certainty tends
to infinite as C approaches singularities. Notwithstending
that idesl configurations (Ne=1) might well rot exist, placing
Ne(C) in e ‘of the lowest "hollows" of its locus can be
assuned as a design targst.

4 computer program which, given a set of initial
parameters, moves in the paremetsr space and "mbies dowr!
into the hollows it encounters, has been purposely written,
The flow chart of this optimization progrem is sketched in
Figure 4.

INCPUT
~Mumber of parameters: N
Matrix identiFication: Solect o suitable routine
—knitial value of parameters: Y=(¥,,¥,,...,Tn)
~tnitial fength of probing steps :5,5,,...,5n
{along parameter-space directions Iy, 1p,....1n)

£ Reduce step
length

CALCHLATE NefY)
{Number of condition in Y)

i<
[}
g
SR

CALCULATE (e [, Abe
ori e

| ¥=tm

CALCILATE Mc(Yj), j=I1,N

-Nc(ﬂ)=NchSjsign e JJ
: ii‘fjl _

Ho{Ym) = min NelYj), j=1,

An Apparent Minimaen has been lound
QUTAT Ym

[An Isotropic Point has been Found ]

FIG, 4. A simplified flow-chart of the design optimization
rroeram
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The progrem, suiteble for general matrices with any maber
of parameters, adspts autcmatically the probing step length,
and it stops in the points where the Ne value of the point
stself and the NG's of neighbouring points differ less than an
adjustable threshold value.

Bya)plyingﬁuisprogantothemtrix (18}, some
different local minima {cbtained by varying the starting
points) have been fond. The parameters corresponding to hese
local minima are reported below.

10CAL ACTUAL,
MINIMA DIMENSTONS
R 41 6.6 | 7.2 5.0
Q | 11.5° | 19.5° | 20.0° 14.0°
al a7 li1as a6 10.0
Nei 4.9 3.7 | 3.6 4.2

While the best choice for Q, d and R would have been the
third colum (Mo = 3.6), we traded off a little scowecy In
arder to comly with practical febrication constraints. Thus,
we chose the design pereweters Refmm,  &=ldmm, Q=14°
corresponding to Ne=4.2

Actually, the basic configration {llustrated in Figure 4
has not been chosen anly far reducing the dinensionality of
the design problem. In fect, by premdtiplying both terms of
the equation describing the sensor, V= the matrix M:

111100
-1 00010
M= [0 100 0-1 19)
1 1-1 100
10-1 000
010-100
we chtain
VAV Y, 4, 0 C 060
v,V 0cC,00CGC
WV o=V, ~=McPp=lo 0g, 000! P 20)
VA A 0O 0 04,0 0O
vy 0-2C,0 02,0
D’z—v“ ] Lo o2, © ozcﬂ

Thus, an almost uncoupled sensor is cotained with the same
hardwere, allowing shorter time response by reducing the
computational urden associated with the solution of the
linear system.

The different algorithms which solve the linear system
associated with the sensor can be inplemented in subroutines
{rwoked alterratively, according to the prevelence of either
acouracy or response swiftness requirerents in the current
task phase.

of course, meaocmacyoffmemaammtissumgly
dependent, in this case, on how well the real sensor matrix
approximates (16). In fact, the actual MC matrix {(estimated by
mesns of appropriate calibration procedures) will have small
clements instead of the expected zerces, since machining the
sensor body, bonding the transducers, efe. will not allow the

exact elimination of the Cij. In order o use the fast furce
sensing method, these small quentities mst be ignored, and
the corresponding error will add to calibration inaccurecies;
the overall error |@C[/[MC], propageting to the salution in
accordance to (14), will be normally much larger then the
original. |dcl/ic], emhssizing constructive inacourasies.

EXPERIMENTAL

is a first implamentation of the above considerations on
ihed%ignofmeforbesermrelanmtofanﬂs,apmmtype
fingert:i.pj:mrpor’atingtmﬂshasbemreahzedinmr
lsboratory, The Fingertip was designed in view of a fubmre
integration with an ETS.

The present prototype consists of a hollew cylinder made
out of alumdrum allay, which supports a sphere at cne end. As
depicted in Figme 2, a flange located at the other end
comects the Tingertip to the distal phalanx of an articulated
finger [Bicchi 1984} |Dario et al. 1985.

Sixfoil—typestrainga:gesarebondedmaﬂﬁnwaﬂed
portion of the cylinder, according to the disposition shown in
Figur'eBandmmediwersimalda‘mrm'tedabove.Asevenﬁu
strﬂgaugeisfixedﬁoap_artof’dﬁﬂcyﬁ:ﬁﬂrhavingmh
mickerwa]l,soﬁjatitsmtputcanbeusedtocarpaﬁatefor
possible thermal. drift. .

The thickness of the thin walled cylinder has been
dimensimedtowiﬂds‘tan{iana}dmnloadof%ﬂ(itsknﬂdbe
noted that ihe wall thickness doss not affect the sepsar
Condition Mamber, i.e. its accurscy); if lerper bending loads
‘are spplied orthoponal to the dylinder axis, the cylinder is

“prevented fram collapsing by a stiff coedal cylinder.

The force sensor fits into & cylindrical cavity in the
sphere. The eenter of the sphere (that is the active surface
of the ITS) lies in the same plane as the centars of the
strain gauges in the first row-

The sphere radius is 13 mm; the active surfece {where
corrtacts can be detected) is 9% of the sphere surface,
corresponding to 2 solid angle of 11,58 sgherical redians.

Each strain gauge is individually wired in a Wheatstone
quartertridoe arrengement; the bridee cutput is amplified,
A/D corverted and sent to a TEC PIP 11/73 comirter.

Some experimentd} tests have been carried out in arder to
assess sansor perfarmences. Although neither very acourate
construction or precise Istrumentation were used in the
present prototype, experimental results were fairly good,
probably owing to the "robust! design resulting from the
conditicn rurber approach.

The accuracy of Torce mezsurement In the prototype was
about 2% of the measured value; the minimum detectzble farce
was 0.1 N, i

The location of the contact point can be calculated with a
precision varizsble with the intensity of the contact force:
Figure 5 (a){b) shows the graphic displays corresponding to a
point contact load of 1 N and 10 N, respectively, on the top
of the fingertip sphere.

The measured forces were, respectively, 1.0 N and 10.1 N;
the position errors were, respectively, 0.2 mm and 0.05 m.
For the general case of a contact force in the range
0.1 N-30 N, the precision is betber than 1 mn.
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FiZ. 5 {a,b). The grephic display of two experimental tests,
showing the calculated position of the contact point
and the contact force compaents for b different
loads. '

Finally, some preliminary experiments have been carried
out in arder to evaluate the feasibility of slippage control
trough IT sensing. A plane surface was pressed against the
sersor with comstent normal force, while an increasing force
tended to slide the surface over the sensor. Resultsnt normal
and tangential forces on the fingertip surface were mondtored;
the ratic, Rnt, between normal and tangential force is plotted
vs, tme in Figee 6, referring to the case of a rubber
surface.

F-

nt

t 'd Tive

FIG. 6. Monitaring of friction and slippege by the TTS.
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a5 the sliding force increases, the contact opposesan
incressing counteracting friction foree, uniil, at time Td,
the static friction coefficient (Fs) is overcome awd
shick—slip ccours.

Two slippage control modes are possible. A first strategy
is appropriate when the material and  the superficial
characteristics of the menipulated chjects have been
axperimartally evaluated in advence. By comparing current Rnt
ratios mesmred during the manipulation tasks, with a
threshold value set on the basis of a safe estimate of Fs ,
adequate actions can be undertsken by the controller. In the
general case in which dbject properties are not known a
priori, slippage detection is still possible by detecting the
abrupt variations of the Bnt ratio due to the first ccourrence
of dynamic friction.

CONCTUSTONS

The approach to tactile sensing presented in this paper
has, in prireiple, general validity: an ITS is capable of

+ detecting data on the contact between the end effector and the

manipulated cbject informative and accurate enough to allow
the controller not only to menage manipulation tasks, but also
to infer information useful for percephual prposes. As
anticipated in the infroduction, however, since the pecudiar
characteristics of the IIS are reliabilily, robustness and
fast cperation, while the main (although, at present, mostly
potential) advantages of EIS are their cepability of measuring -
locally mimute stress or shrein, and their sensitivilty o
ghysical and chemical perameters other than force, mn idesl
configuration of an advericed robot hend would include both
types of sensors. In such confiplration, the primary role of
the ITS would be providing data useful far the low level
control of menipulation, while the function of the EIS should
be detecling extercceptive data on the memipulated chject.
According to this schematization, that has some analogies with
the orgenization of the nervous central system in hmérs, the
accurate cantrol of contact conditions is a2 mrerequisite to
true tactile eploration |Bicchi et al. 1985} [Dario and
Buttezzo 1987, while the ITS measures scourately the overall
cantact conditions, as is actually necessary in order to carry
out any menipulative task, an EIS located at’ the fingertip
surface can sense a mber of significant maramsters relative
to the local features of the explored chject. If we accept the
anthropamorphic analogy, we could tolerate that the acouracy
of some of the measurements cbtained by the ETS is relatively
Jow: in  fact, provided twt a substantial level of
intelligence is incarporated in the too levels of the
hierarchical contrel, ‘even semiqualitative, redundant
infamation could be organized in arder to obimin a coherent
model of the explored chject.

In order to verify the practical value of this spproach,-
we have designed a testbed for the amalysis of the
fuindamentals of haptic perception which is intended to

“inplement most of the concepts outiined above, The main

camponent. of the experimental testhed is an articulated robot
finger incorporating many different sensors, each having a
primery finction distinet fram that of the other sensors.
However, same of the data provided by the different sensors,
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Just Jike iIn bhiolegical systers, may overlap. Devising

gppropriate methods and techniques for dealing with sensor
redrdancy in the proposed robot system are the ultimeste goal
of this research.

Figure 7 ilustrates a schene of the version of the
fingertip being cwrrently developed |Dario et al. 1887]. The
fingertip incorporates the ITS presented in this paper, ad a
new ETS comprising, st present, an optical tadtile sensor
czpable of measuring Iccally the normal and  tangential
components of contact forces |Femi et al. 1987], as well as an
array of wndilated, piezoeleciric polymer {ilm tremsducers for
ultrasonic imeging. A further intaresting featire of the new
Tinger is the shape memory alloy-bassd actuator located within
the phalanxes, that, allowing to eliminate most of the tendon
routings, is specifically intended for generating the smooth
motions required for fine menipulation.

Fig, 7, Schematic view of a sensorized {ingertip irvorporating

both the TIS described in this peper and a new ETS.
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