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ON THE CONTROL OF A SENSORIZED
ARTIFICIAL FINGER FOR TACTILE
EXPLORATION OF OBJECTS

¢ A. Bicchi, P. Dario and P, C. Pinotti

" Centro “E. Piaggin™, Facudiy of Engineering, University of Pisa. ltaly

Abstract. This paper ceais with a basic problem of machine perception: assuming that "
an ideal tactile sensing device is available, how an advanced ropct could use it
effectvively to explores and recognize objects?

This issue is addressed by describinmg f{irst the feztures of the ideal tactile sensing
device. Then a sensar-based control method is proposed, allowing a pluriarticulated
manipulator equipped with such an ideal device, to perform the elemental
surface-tracking task of object tactiles sxploration. .

Real tacrtile sensors are not ideal under many respects: the nature and relevance to the
control matter of sensor limitations are examined. The proposed method i3 then médified
in order to gomtrol a pluriarticulated manipulator provided with a real tactile sensor
during exploratory operdartions. .

The main features of boch control mechods are discussed with reference to the
particular case of a 4 degree-of=fresdom finger-like manipulitor.

. .
Keywords. Compliance; hybrid control; active touch; tactile sensors; tactile
explordtiocn; sensor-based control; robot perception.

PVF2-based, curved tacrile sensor on . the
fingertip, and joints position and torqueés
A vidst and persuasive literature cdocuments the transaucers.' -

mament of tastile informatign in the enhancement
of agvanced rooots capabilities (Coiffet, 1983]
(Harmon, 1982} (parie, 193%a}. Saining information
cn the envirsnment sucrounding the cooot chrougn
touch requires an active sensing system comprising
a tacrile sensing device, a snechan:cal Irame To
move and prass the sensor against opjecits during .
exploration, and a conIrel architeczure to manage -
the whole pracass (analegies wizth =he human skin, THE IDEAL. TACTIEE SENSOR
“hand ancd nervous central system are asvidentl. A
possible scheme of the arganizatian of such  an
artificial ractile sensing system iz shown in

Fig. i.

- . INTRQDUCTION

The problem of managing lh:".c_lse _inguts and
commanding proper . exploratory motions and forces
for tacstile exaloragion can Ue approached in
genegal cerms. In this. paper we discuss a
sensor-baged contrel strategy that has  heen
devised ag a solution to this problem.

The mest desirable features of a tactile sensing
device invended 'for object exploration can be
clasxified as foliows:

a] Geometrical features. A tactile sensor is
expected to recognize, wh_eri touching an object, ag
least one point belonging %o the cbject surface
and the direction normal to that surface in that
point (whenever it can be defined). '

We have addressed sequentially the development of
each component of a robotic tactile sensing
sysTem. A composite ferroeiectric polymer
(PVF2)-based, skin like tactile sensor has been
devised and constructed first (Daric, 1284al. Then
a finger-like mechanical device has been developed
a3 a simple exploratory system able t0 anrticipate
. the features of. the dexterous nands  aof

In order to obtain this information, an ideal
sensar should be feacured by infinite spatial
resolution and double=curved and resgular (with no

fuguie, sopnisticated robots (Daris, 1985b). Some N ) : X
. . ) . N edges} surface. The spherical  shape is
fundamental issues have been consider=d in the i . .
¢ particularly convenient, as the said normal

design and ‘realization of zhis finger, e.g.

. L . 3 direction is simply th it i )
optimal dimensioning of links and actuation of By = radius passing through the

contact point {(the excited 3sensing site): hence
corv_!plex caicui_.ations can be avoided. Since neither
the object nor the sensor are rigid bodies, the
contact will not be truly puncrtuai, but rather a

distal joints b¥ means of remote motors.

inger, schematically illustsared in Fig. 2,
incorporates YArious infarmatisn  scurces: ES
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small sensing ares will e stimulaced. Actually
compiiance is often a2 desirable characteristic of
especiaily when alseo

the fingertips surface,
robot end

manipulating tasks ore assigned to the
effector. In this case, as many [theoretically
infinite) sensing sites are lazated in that area,
the neotionr of ‘“econtact point” and '"normal
direction”. should be reconsidered. For the sake
of simplicity, however, we assume that a centact
point and a normal direciion can be identified
from the tactile sersory data during sensor-object
interaction., -

b) Sensing features. In order to control the
prassure of the fingerui on the 'object, the
sensor should possess a lLinear, non hysteretic,
response to the exerted pressures.

Besides, friction between fingertip and object

should. be negligible, to reduce control
disturbsnces and sensor misreadings.
Additional information about the physical

characteristics of the object, such as its theimal
diffusivity or surface smoothness, can be
colledtéd by some Sskin-like tactile sensors

- (Dario, 1984b). Despite the potential usefulness.

of such data for object recognition, sensory
features of that type do not cancern directly the
gressnt’ control matter, *

A CONTROL STRATEGY FOR TACTILE EXPLORATION

Tactile  exploration essentially consists in
following object surfacss using the information om
contact .f_'ea;r.u:_'es coilected wnile the exploration
pruocesds,

8y dits own nature, tactile data acquisition
requires the sensor to be simultaneously moved
aleng and pressed against the explored surface.
Hence, such a task calls for a control method of a
"eompliant Cype (Hason, L23aZ).

However, tactile explocation is quite differ=nc
frem such tasiks as inserzing a peg into a holes or
placing an object on a zaple, which are orftan
cited as axampies of cperations requiring
“compliance" in comtroi. In Sact, if we refer %o
the organization of the roBoT envirbrment in terms
of a "base" fixed coordinate frame and a task
suitable “compliance" Zrame ({(Paul, 1981} it is
possible s notice s..;n-ficam: differsnces between

the two cases.

Operations which are normally considered to need
compliant control have, in most cases, a position
trajectory assigned in terms of base coordinates:
this trajectory may be modified during its
execution, if contact forces or tactile stimuli
are detécted, accordingly with the compliance
specifications given in the appropriate frame. On
the contrary in che case of tactile exploration
the "task is completely Specified in the compliance
reference frame.

trajectories have not

“Base frame reiated position
to, and cannot, be previously assigned, since the
motion ol the exploratory Jevice is derermined in
real time oy sensocy Teecback.

Let us censicer for axample the sensor depictad in
Fig. 3 winich, incorporated in a suitaple ang
effector, follows tThe surface of arr unknodn ooject
while being pressed against it (actually Fig, 3
refers to a cylindrical real sensor, that will be
described lacer).

In a compliance frame fixed to the fingertip, so
that its z-axis passes through the cantact point
and coincides with the direction normal to the
surface, the task will be speécified as follows:
"move in the dirsction of the x-axis (or in any
direction which lies {n 't;he %=y plane} while
exerting a proper force along the z-dirsction®.
This procedure allows to defind a sequénce of
points helonging to tha surface of the cbject. The
knowledge of these points and of the ctangential
directions in each one of them, allows <o
reconstruct, by interpolation, a spatial curve
lying on the object surface. Finally, under sodie
hypotheses, the snape of the object can - be
ontained from a number of those curves, Such &an
axp.l.orai::ory strategy, that is similar to ‘that’
often ooserved during blind tacrile exploration in
humang, has already beer propossd by R Bajoay
(1983); however, control problems wera net
investigated in their generality thers,

Exploring a surface is a surface-driven task: one
does not know the way the fingertip will go, but
knows that the path followed belongs te tha
surface of the expiored obiect. Singe it neads
force to be commanded along <ertain degrees of
freedom and positicn aleng the remaining ones,
tactile exploration requires a hybrid concowl
{Mason, 1982). Howeier, hone of the hybrid contral
methods proposed so 7ar, among wiich fundamentals
are those described by Raibert and Craig {1981),
Salisbury (1980) and Zhang and Paul (1985}, are
suitable for this tasx. )

In faet, the heart of each one of those sethods
consists of checiking the compatibility becween =he
desired force and position '.:rajecturies._ given in
the fixed coordipate frame, and &She compliance
speci icanons, expressed in the compliance frame.
In all the differsnt methods this checik is done Dy
means of “campliange® or “gtiffness” matrices. On
the contrary, our tacsile explération strategy
provides force and pogition commands “which
inhersntly satisfy (uniess sensor imperfectiona)
the pnysical constraints imposed oy thé conzact.

Since it does not involve ejither compatibilisy
checks or coordinate transiormations {except those
becween compliance frame and joints space), our
hybrid controller is much ' simpler and faster than
the above menticned methods (wnich would have been
by far oo time—-consuming to be ugad in our tasik).
Of course, our non-deterministic way of driving 2
manipulator cannot be extended to control tasks
other than tactile expiocration.

Actudlly, in a more general approach to the
protlem of object handling by robots, the proposed
methad should be regarded as a recurring phase in
a higher - level perceptual strateagy managing
various manipulative and exploratory  tasks.
Obvicusly, hardwars and/or software means should -
be provided o prevent the device from sxceeding
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its suructural limits when an unknown, possibly
dangerous surface is esxplored {see Fig. 1),

Explération with jdeal tactile sensors. Lec us
consider in some detzil che <control scheme
illustrated in Fig. 4, that refers to the case of
cur articulated exploratory finger.

'Il?he fingertip sensing elements are scanned and the
corresponding signals processed s¢ as to be
interpreted by the control computer as an array,
whose elements correspond top the norsal pressure
detectad by eacH sensing site. The unit vectar
normal to the obfect surface in the contact paint
is expressed in the fingertip frame by means of
-fixed geometrical relationships becween tite
sensing sites and a coordinate frame fixed with
the fingercip.

Exerting a force along a cervaip direction of this
frame reguires applying to the manipularor Jjoints
2 set of forques that can be calculated by
agplying the Jacobian transpose matrix to a vector
of the samé direction (Paul, 1981). Hence, if the
aforesaid normal unit vector s  used, joint
torques producing a unit force normal to the
object surface can be catculazed,” If this result
is scaled by the error between the actual contact
force intensity (as measured by .the tactile
sensor) and the degired force, a Yeedback~-type
control is exerted qver the force itself, The
torque error sigrals evaluated in this way ars
then processed by a suitable "torque control law'
algorithm,

AS far as the contrsl of exploratory motions in
tie plane fangent to the contact point is
concerned, one vectar contained in that plane is
chosen (this chgice is at dispgsal of the higher
level controller) and expressed in the fingertip
relarence f{rame; then it is miltiplied by the
desired lenght of the exploratory steep. The
resulting vector is applied to the Jacobian
iaverse matrix, thus generating the angular
displacements of =acn joinZ whigh originate +he
desired notion of the fingertig,

The ercor coused by approximating finite with
differential relationship can be obviocusiy limited
by reducing- the lengnt of- the sotion sTep, ar the
expénses of exploration sneed. The successive
desired fingertip displacements are summed in .a
register to allow the joints to ftrack the desgired
position ' trajectory even {f disturbed by the
friction between the fingertip and the: object.
During each computatiocn eyels, this register is
updated and compered with tha actual angular
pesition of each Jjoint. The resulting position
error signal is also subjected to a syitabla
"position control. Law" algorithm,

In order to exert the proper contact forece against
‘the object and to achieve a canvenient expleratory
mavement aleng its surface, the results of the
operations previously described are simply summed.
We should point out that in the Proposed canti-o:l‘.
strategy™ the "“predictions” made on the surfage
progress {that originate from the knowledge of the
tangential direction in the actual conracs poinct)
are subjec‘éed to a correction at every sampling

T —————— - S —

.

iastant ia the <alculation cycle. It iz  chis
mechanism that aliows us to speak about “innsrsnt
agreement" between commands anc ohysical

restralnis.

The difference between the cases ¢f  tactile
exploration and other robotic tasks requiring
compiiance is now evident: in the latter cage, in
fact, "predictions" (the puesition of the hole, the
arientation of the table) cannot be tested and
corrected diresctly, and ocher checking means (the
aforementioned matrices) must be used.

Exploration with real tactile 5. ,A real
sensor does not possess infinive sparizl
resolution. This means that contact peint and
directions cannot be calculated exactly: the
grosser the sensér resolution, the worse the
performance of the proposed control pethed, For
example, a typical PVF2 sensor we have 'dave;!._oped
has a density of about 1 sensor per 10 mm
{however, the .sénsor we ‘use in our present
exploracory fingss has a density even lower),

Furchermory compiex sensor shapes ({or instance
sensors with double curveture and surface non
developable on a planeg, e.g+ spherical) cannot be
easily constructsd using present technologies. The
sensorized terminal link of our finger Thas
cylindrical shape: hence exploratory morzion
requiras  soma fingertip adaptation and the
generality of the explorsd surfacs is unavoidably
limited. Tactile explorsvion algo inplies
inevitanly friction effecrs beatween fingertip and
chject. A semsor able to detser alss the
tangential stresses originated during contact
would be extremely useful and parmit cloger -
control of finger motion and finer ma’nj.gula‘t_ion.

ot even nor;na.l. pressure reading is completely
reliabtle in present tactile sensors. Poor

linearity and significant hystheresis are some
' common drawbacks of most current sensors.

TThus, it is reasanable o suppose che gserformance
‘of a reliable, ang practically availaoie, tactile

sensor limited to the detection of hare on-off
(conzact-no contacs) gignals originaved at each
sensing site. Suék an on-off sensor would provide
enly geomstrical information on sensor-object
gontact; other wransducing means should be usad

‘for the control of exerted forces.

A second conrrol method, Mmodified: in ordss o
mantain the peculiar fsatures of the firgp we have
proposed, but also to allow the use of a simple,
binary type tactile sensor, has baeen ctherefore
devisad. A scheme of this second control method is
given-in Fig, S.

Acgording to .this modified contrel method, thae
torque on each joint is calculated by aultiplying
the normal unit vector (provided by the binary
force sensor) by the desired contact forge
intensity, and applying the result to the Jacobian
transpose matrix. These torque goals are
accomplished by four analogic serve logps, in
which the desired torgque is compared with a
feedback signal provided by a strain-gauge-based
Eransducing device {thac aeasurss the actual joint
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torgue exerted by the actuating tendons). The
error, signal is cthen ampiified, integrated and
compensated in a conventional 2.I.D0. servo.

The use of the computer as a mere "target painter”
for the analogic actuating torque serve allows
greater bandwidth of the servo jtselfl, and
decreases significantly the strain-gauge signal
conversios and acquisition times in the computing
cycle. In an alternative, possible configuration,
the computer could also manage the torque
feedback. However, the expected benefit provided
by its versatility in compensating for torgue
control law would be probably nullified by the
time-lag and inaccurancies introduced by the A/D
conversion process. It should be pointed out that
in this second version of the proposed method, the
centacst force cantrol remains substantially
“open-loop”, as 1o means are provided for
correcting errors made in computing the target
toy ques.

IMPLEMENTATION AND DISCUSSION

The Implementatisa of the concepts we have
introduced above has been preliminary investigated
by applying the method outlined for the case of a
real tactile gensor to the control of the
relatively simple robot finger shown in Fig. L.

The finger has five links connected by 4 revolute
Jjoints, eagh actuarted by a D.C. motor through a
tendon~like cable and sneath system. The ractile
3ensor array is incorporated in the distal link of
the finger, The contiel mechod is implemented in a
DEC Micro #OPI1/73 computer, interfdiced to
purpasely designéd hardwars instrumentation.

. The computations leading fom <the input ({sensor
‘signal vecTor and encoded pasition feedbacks) to
the output (forgue and position command signals!
Iavelve, for eocur 4 Z.s.f.  cdewige, atouz 12
trascendental calls, 30 mulziplies and 8 adds. The
details of the computations are given in the

Appencix.

Additicnal, rather short computation time is
consumed Dy the above mentioned warnming algérizhm:
the position constraifts set by the higher level
controllier for each sxploration phase are compared
with the actual values., Torgue limiting, instead,
iz carrisd cut mors reliably oy hardvgar‘é MEAFS. &
short time is also consumed by addressing tactile
‘and positional informacion storage; these darta
will be rerrieved in the subsequent phases of path
reconstruction and analysis -(see Fiz. 1). An
extimated value for the sampling ~ate is 8CHz.

It should be pointed out thaTt the solution for the
pesitions and torques of joints Is simple enough
to be perrormed in real <ime only in a few
particular cases: for most & d.o.Z. manipulators,
in fagz, it is very difficult <to . invert

~-symbolically —the—Jacobiammatrix. Owing %6 the
particular configuration of our finger, a
symoolical inversion of the Jacoblian matrix was
possible. Computation times would have been mucn
lenger (I numerical inversion of =Iie natrix wers
necessary.

Al Bicchi, P Darwo and B . Pinoty

No compensation teras are provided Sor the dyramiz
erfects of the structural Iipsrtia and masses,
simce  fast motions are notT csguired, ‘.")n The
contrary, Coulombian friction effecus, which are
high in the cable-and-sheath transmission systenm,
reavily affect force contral performances. 3y
closing the torque control loop arcund the najor
friction sources, and supsrizposing a *"cithery
signal (a high-frequency vibration with' null
average value which eliminaces "stick-slip"
effects) smooth finger movements have been
obtained.
.

At this time most compopents of our system have
been realized and tested with satisfacrory
preliminary results,

APPENDIX

For our manipulator, the matrices referred o in
the scheme of Fig., 5 are:

o

o o g

3T . (13

0 0 /Y ]
. J,! -u'b o] ;\;_ )
P V21 (27
. Ja G Q

whaere:
e .S+ L 3
ivy T oLaS,e L35,
vy = La3.
i " -
Yo = La s+ L.,C;_. 33
!.:., = LaCa -
IJ‘ = =323
e = Jy - Jy
and Li = lengnt or the i¥y link

5j(Cj) = sine (cesine} of the j-th
joint angle

Sfk(l) = sine of the sum af j-th and
k—th (ané l-th} joint angles

It is appropriate to provide a brisf explanation
Tor the x4 sizeing of matrizes (L} and (2).

In fact the ariginal size of the Jacobian matrix
is 4 {as the joints! x 6 (as the d.o.<.
regresenting the general motion of he fing=ri.
Acgcordirgly, possible fingertip movements =usct
comply -4ith the conditions Ziven Ly the wo
following eguaticns:

D= 5334 D, (a1
Cz1a
D, = it 4. (=3

Rl ik it [P
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Dx, Dy are the motion components along
X and-y axes of the fingertip frame
(see Fig. 3);

where:

€z = rotation about z axis.

Vhenever the desired motion is possible (ezvations
(4) and (5} are verified), two raws of the
Jacotian matrix are a linear coembination of the
remaining four and are then omitted.

The kinematic limitations of our 4 d.9.f. finger
conflguration ean be partly overcome by selccting
appropriate motion directions in the plane
tarigentiil to the object surface,

By developing the matrix notation used in the
scheme of Filg. S we obtain the following
expressions for joint torques (T} and anguiar
displacements (d@i}):

[Te= (Jg ~ 4y ()7 cose
[Ty= {J. ={) P sina
(6}
Tie {Jy ~{) ? sina
Tg= (P sina .
des = ~ gina D
Jq
d46; = - Jy cosa B,
Iy
(7)
48y = i cosa D,

In

d8; = Ja —.J', cosa D,
Vi
where:
Jg = I—;Czj* L2C2+ L,

dm o= = Oy

? and 0, = imposed normal foree ang
lengiht of exploratory step,
resgectively.

xand ( define she sensor in contact with ¢he
object, as gnown in rig. 3.
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tile sensors provide analogic signals.
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In chis comrfiguration tactile sensors operace in bipary node.

Fig. 3 Configuration of the sensorized fingertip
with its compliancs frame (left: c»oss



