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system analyslis of the functicns reguired for rooot Tine manipulation and
1

Based on the indications of experimenis carcisd out on the robot
finger system, wich was equipped with a fzrroelactric polymer-tased,
skin-like tactile sensor, we have designed a new multiple sensing fingertip
intended toc eventually incorporate most of the sansory Iunctions that we
believe are reguired in order to pe rm the very sophisticated exploratory

tasks typical of haptic perception. In this paper we <describe z preliminary
configuration of the fingertip sensor, which possesssas only some fundamenca
sensing capasbilities. At present, in fact, the fingertip sensor includes a
stralin gauge-based force and contact resolving sensor, zn optical tactile
sensor, and a pilezoelectric polymer ultrasonic ran sensor.
The implications of the use of this redundant sensor in some different
roc

exploratory p

The Zingertip sensor has the configuratien depiczad in Fig. 1 {29).

The Tingertip incorperates in the base a force and contact senser. The
cover contains an array of tactile sensors capable of detecting locally the
normal and thes Tangsntial componen of contact forcss, as well zs zn array
of curved golymer transducers, which have The primary function of emitTing
anc rseeiving US waves o~ msnge sensing, Zut zlsc the possizls Junction of
2 very sansitlve Tactlilis rescsptor Ior sensing vitration satIerns (4.
Z2... FORCZ AND CONTACT RESCLVING SZNSCR

A force seunscer is a device wnich measures, in z zarticular coaordinace

frame, the six components of the "generalized foree" vactor {i.s. three pure

forces and three torgues) that is exerted through the sansor itself., This
Task Iz usualle carrisd cul Dy mcaEsuring the deformations that the applied
part of the sensor.

available on robotic force sensors
(5)(8){(7). In most cases, however, force sensors have seen designed =o it
the wrist of a robot a2rm: =thus, specifications concerning size, welight,
rebustness, ate., differ considerably from those regquired for a finger

A fingerTip TforTe Sensor’ bdsed on 4  modificarion  of fhe original

Scheinman design (&) has been recently developed <o be incarporated in the
finger of the Stanford/JPL hand (8). Although this sensor proved to be
rather efficient, a simpler structurs may be desirable in order o integrats
the force sensor with other sensing systems in the same fingertip.

By investigating the theoretical feasibility of a force sensor using
cnly 8 strain-gauges bondsd To a general shape mechanical upRorT,  we
devised an extremely simple, miniaturized sensor cenfiguration, in which the

n’



can Be illustrated

The 1
intse a transpa
internal refl
at the tap s
tne externa er
influences the ec
light can di ate d ig depends on
the dimensicons of the contact area between the rubber and ths plats and,
hence, on the local indentation of the rubcer pad, The intensit;
distribution of diffused light can be intarprestad as a Mezetila image'.

Some investigators. have recently sxploitad <this orincipie Tor the
development of array sensors able & zrovide tacthile images produced sy the
contact between an ooject and a rubber sheet incsrporating a distribdution of
pyramidal, cecnical or hemisgherical asperitiss (12)(13)(14). Very recently,
3egej has also implementad a sansorized Tingertip which has hnemispherical
snhape and incorporatss 255 factile elzments, btased on the zHeve ocgtical
principle {(13).

In practice, %the <tactile images generated oy all ihese devices ars
associatad with the disctribution of normal forces acting ¢a the sensop
surface. A methad which exTends the Trustratad light orinciple o the
Measurement or Langsential contact forcas has heen recently proposed oy Ling
and White (18), in a device in whick tangsntial forces are corralated with
a2 posizion of mobils slaments consisting of small, aslasticall- connecztad,
Tudber spheress.

3y improving on gsrevious examples of tactils sensing devices sased on
The Zfotal  incarnal lighnt reflsaation T2oonigus, we  hava zesizned 2
TingerTip-shaped tazcTile sensor which lncorperatsas an arrasy of microlavers
capacls of devtecting normal and tancential 2CTicnsS. AS siown in Tig. I, zThe
tactile sensing elements would he disposed non-homogenecusly owver She
fingertip surface, according to a foveal concept [17), which avtrizutss most
sopnisticated sensing functions, beth in farms of Spatial resoiution and of

i7fersnt sensed variaples (proximity, camperature, chemicals), =0 a2 small
=owa wi e flogecilo surface (fovea™;. 2 descripticon of the gprototyge
mLCIOlever sensor we nave designed is ziven in =z following paragraph.

2.3. US RANGE TRANSDUCZE

As already pointed CGuUT, range sensing can be very imnorTant Saor oa
rogot end-=ff2ctor oecause 1t allows not only Ta detect the ;;;;ené;“:;E
objects, but =aven o rFReanstrucyt 3-0 images of the external envirsnment
(18). Compared with other “ange sensing technigues, US have a2 number of
atiractive features (1%). As preliminarily investigatad 0y Shoenperz (20},
and by Schoenwald and Mar=in (21), it is possinla 0 use gpolyvinylidene
Iluoride {PVFZ2) curved transducers to emit and recsive US waves. We have
elacorated this concegt oy designing an array of curved, altsrnatively
concave and convex, 2VF2 transducers. Zach concave element emits a Tocused



. % nending load of iC N applied at the tip of the cylinder

a tip deflaction of 0.4 mm and a strain of 1.8x10 at 1ts fixed

send. Larger accidental loads would cause the thin pips £o l2an agzinst a
thicker cylinder, which acts as an overlcad srotzsction {se= Fig. 2)}.

The strains induced by external forces in the cylinder are measured in

this prototype version by 6 foil strain gauges, whose signals are

concitioned and amplifiad by a purposely designed slectronic unit. Then,

signals =zre converted in digital form and seat To a computer Ior further

The following calibration matrix, snowing the normalized sensor
g tad
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AT present, we nave Iabricated and preliminarily testec an aptical
zactila sansor incorporating only one microlsver elament.

The microlsver is rigidly connectaed o a zase, c¢n the botiom of which
three nignly compliant conlecal rubber elements zre located. The contact
farca apTing on #hs misrslever comoresses the three conical rutper slements
againstT the slate. The sptical signal sroduced oy the light diffusing at the

one is coll d by an optical fiber and zarri o a2

todetecTor.
=

Assuming that: a) no pulling forces and no torg ues are exertad on the
) of +the base are zreventsed oy

microlever Tip; %) lateral displacements
suitagpla constraints, and ¢} the microlever i1s not higher than a2 wvalue, ,

resuttimIron ggdelilIeriam considerations, She amount of lignt detected
the output of each optical {iber can be associated with the normal resactions
B ,& and R at the pcints corresponding to the three rubber cones, as
indicated in I

Berarring %to the scheme reported in the same Filg. &, in which the
censtraints that prevent lateral displacsments of the base ars indicatad
ith R and 2 , and the components of the contact forces exerted on Ine

microlever <ip are Fx, Fy, Fz, it is possible to writse the following



in order %o map the US Dopeam accurately, and withou= altering i
S

significantly, we used an ad hoc de
a diametsr of

c & has been assessed for all
five emitters. In er case 1s presented, in which the

er with ls=3mm, r=4.25 mm, 7r=53 ZHz is
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IXAMPLZ OF INTEZGRATION COF FORCE AND TACTILE SENSING IN A4 2C30T GRIDOER

In

Ag zan examnle of integration of senear infarmarian fhabk aan ba momomdad
as rsdundant in scme situations, but as Tun Tionally useful in other, the
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2ct menipulatiscn carrisd out by a rohot grigoer =guipped wizth a
to

rque senscor and distributed taciile senso

Consicer first the information onr ths contzoT Shar we car oTTaliln using
Icrce sensing asscciated wizhoa olanar surlace {for instance —ha lzw 7 a2
grigger). Esferring %o Tilg. 10, let ths goordinace system J-XYZI se the Torge
sensor refsrence Trzme, i.s. The axses along which the rectangular componants
07 the resultant force and torgue orizinaced 2¥ the contact zre m=asured:
the wvectors 7 and M in Fig, 1Q Tepresenc, resgectively, these “orce zndg
Sorgue. sssume that the pad surface liss in the 720 Diane: this can te done
witheut any loss of generality, beczuse &the Krowladge of 7 and M in a

the knowledge of the resultan: force and & rsue

ees
in any other frame. Contact will gecup =t points of the pad plane whose

ensemble Is defined as the contact area A",
“& make the additional assumpticns that only purs forces (no torgues)

can e 2xercted tThrough each contact point, and that the forces exsrted on

the fingerpad have negative companent along the Z axis (that iz, we exclude
adhiesive actions between the snd =ffector and the grasped cbjects). Finaily,
we adoot Tor frictign the classical assum tign ¢f drv contacT, 1o e oha

12

Tocroe ratie is lower than {or =qual To) a static

o

IricTion—-toc—-norma e
, , and 1t equals a constant value {dynamic fric

t, Cd) wnen a relative motion of the paris occurs. In the latzsr
e, the dirsction of friction force is such as 0 oppose Lo the velociiy
t

In these hypotheses, it can be shown that one unique point axists,
respect to which the sysTem of contact forces is equivalent to a pure Torce



parallel to the jaw plane, as in the case illuszrated in Filgz. llc.
Augmenting a force-sensorized gricper jaw with a tzctils sensor of the
SKin-likes {ype, =nhances insg sensing cspabilitiss in two wavs.
dirstly, a distributed taczile sensor will cbviously add all izs

peculiar information, allowing the gripper to sense also the lincal featyres
©f the grasped object that can be useful in order to recognize the object's
ccsition, orientation, or evan identii

Seccndly, the information contzined ia an image of the contact area can
Se integrated with that provided by the force sansor in order t0 address the
unsolived contact instability problems outlined above,
er first the case of incipient rotational slippage (Fig. 11lb)

tactile senser is placed on the pad surface.

wne t n

resolution tactile sensor is shown ror simplicity, Raving larzer dots where

the sensitive slements of the matrix are pressed by the base of the grasped
£ e

s
cbject. In general, frictional force Detween the btase and the pad are
2

Aand = tarmaiiae m whnnea  uvsluas

f:l‘

ual contict area is =

o E
-—

supposed tc be measured by the force sen
< D

Triction circls grawn arsund esach active Zavel .

ng -t
Iz %he crizical condition, just Lefore slippage occurs, the vectors

Tepresenting friction forces will have Their origin in the center cf =he

waxel, the =2nd soint on the circle arsund it andg direction normal to the
1 4=

Ted by friction, we must then fingd this velocity zole:

0

In order %o calculate the maximum value of the torque @ that can ne
stag if
(4} is verifisd, than P exists in the olane of the jaw at a finite distance

t40,Y2) 92 the pols coordinates and (Xi,Y1) be fhe :.tn  raysd

-
£ = -C5 i (YiLvy)
©im Tt r S{(Yioyp v
: (s)
£ o= Cs Fi {Xi-Xn)
T Kk r +{Yi-yg ¥



sased on the fechnology of the plzzo—gyrosizcoric solymer DVTZ,

The structurs of fthe ssnsor, alrsady described in a =rsvicus cager
{28), comgrises a rigid printsd zircuif board [PO3) susporting a 110 micron
thick PVDF film. On the upper side of the PIB, the pattern of The sensing
elements is obtained by arranging 128 circular elsctrodes, having 1.5 an

plezoslactric effect in the thickness of the PVDF film when pressure isg
applisd. The charges are collected by each electrode, muliinlexed,
amplified, and processed in order to reaconstruct the Torce signal waveform.
The preprocessing technique has been described in deczail in {23}, where datz
on sensor force sensitivity and bandwidih were also srovided.

wrated and pressed In 3 controlled manner. All the softTware necessary  To
manage <the Iforce and  tactils sensors, and the integration o¢f their
D )
d

e
o L

Sased on the position of the contac: centroid relative =o the aczive
a

a
distTrizution of contact pressures over the 2ctive zlsments o

xels ;
tactile sensor can ne derived sven if thae signal is *hresholded and 2 cinary
age 1s obtained. It should be notad <hat such an avaluacicn of normal

s T mam ol —~ - =l - [ = — R W . -
BT 2SEHE - C L TR L UIL OR-ASERRES—SRAT COntaT T ooUrS oniy on Thée™ (zxel Tentzrys

—a 1

and that the low resolution of the zac<tile grid can badly affect th

6]
t
(o
n
[
s
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.

Hdowever, since a grey-level information is srovided by the tactile sensor of
our gripger, the integral measure of normal force has Deen utilized o
esTimate local pressurs oy taking into account the relative ceonuritution of
each active taxel. This method is likely &o srovide a better aporoximation
of the real sressure distrisution than in the case of a2 oinary Image.

o]

=
finally, the program svaluates the danger of rotaticnal sligpage, using
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Jet Propulsion Laboratory
Calforma Ingtitute of Technology

4800 Qak Grove Dnive
Pasadena, California 91109

(818) 354-4321 May 19, 1988
Refer to: 347-AKB/dlm

Dr. P. Dario
‘Engineering Department
University of Pisa
Centro "E. Piaggio™
Via Diotisalvi, 2
56100 Pisa, ITALY

Dear Dr. Dario:
Your paper entitled
Multiple Sensing for Dexterous End Effectors

has been accepted for presentation at the NATO ARW on "Robots
with Redundancy" in Salo, Italy, on June 27-July 1, 1988. For
each paper, 30 minutes is allocated at the workshop. Please plan
for 20-25 minutes presentation plus 5-10 minutes discussion.
Overhead projector and 35mm slide projector will be availlable for
}our presentation.

Enclosed is (i) a copy of the final program, (ii) a brochure
of the hotel, (iii) local map, (iv) information on local travel

and hotel accommedation, and (v) a registration form. Please
return the registration form to the indicated address by June 10,

1988. You are scheduled to stay at Hotel Laurin where the
workshop will be held. o .

Please bring with you 70 copies of the final draft of your
'full paper for distribution at the workshop. = The editorial
board’s comments on your paper for inclusion in the Proceedings
to be published by Springer Verlag will be based on your final
draft. vou will receive all information and auxiliary material
regarding the preparation of your paper for the publisher at the
workshop. The final camera-ready copy ofgpur paper will be due
by September 1, 1988.

Your stay at Hotel Laurin in Salo during the workshop (five
nights) will be free, covered from a NATO,grant. This includes
room and all meals. The cost of any person accompanying you at
the hotel will have to be covered by you: 105,000 lira (about $85
US) per person per night, including all meals.

I am looking forward to seeing you at the workshop.

Best regards,

Dr. A;tal K. Bej

ARW Director

Enclosures




