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ABSTRACT

In this papcr a mcthod ls dcscnbed for automaucally cxplormg

unkhown ob;ects by mcans of a dextrous robotic. hand, and for
rcconszructmg Lhc gcomcmc.ﬂ femures of thcsc surfaces The mcthod
exploits the umquc capabllmcs ‘of Intrinsic Taetile sensing (ITs), m
order to both exécute hybnd (position/force) control of robot acuons.
and 10 acgbire information about the cxplored surface. A brief
description of [Ts, iLe. contict schsing based on forcefiorque
measurements at the hand’s fingentips, is provided in the paper. A
hybrid control scheme is discussed, which is capable of properly
driving the sensorized fingenip during the exploration, The problem,
of reconstructing geometric feitures of the surface from sensory data
is alsd addressed, and gn algorithm for on-line estimation of surface
paramelers is proposed. Finally, an experimental verificmion of the
proposed miethods applied to a robotic hand equipped with IT sensors
is presented.

1. INTRODUCTION

[tis a wide-spread opinion that one of the most challenging tasks of
advanced robaetics is dexerens manipulation, which can be defined as
the ability of a robot 1o perform operations on iis enviroment
comparable in complexity with those dccomplished by human hands.
Although some of the devices proposed in recent years (e.g. the
dextrous hands of Stanfor_d]]PL m and Utah/MIT {21} have already
succeeded in accomplishing rather sophisticated munipulations, it is
widely recognized that furiher improvements will be possible under
condition of intensive utilization of sensory devices, especially wetile

ones.

The sute of the art in tactile sensing is at present characterized by a
rather deep distinction: on the one side are conventional devices,
composed- of muny {hundreds) pressure sensitive elements placed in
arrays on the fingertip surface; on the other, are ‘the so-called
“inwrinsic” tactile sersors. Intringic Tactile (IT) sensing basically relies
on-the -interpretation  of-eontact geometries: staring from force
measurements (3], [4]. 1T sensors are comprised of very simple
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elements: only a mihiamrizéd six-axis forceftorque sensor fixed to the

fi ngcrii;i' is necded in order to infer many data useful for iminipulatio’:'t

control. In compa.nson wuh cofventional factile devxces. IT sensors

lack” the’ abl]ny ‘to provide information” “abont the Jocal. prcssurc

dtstnb_utlon aver the contact area, On the other h_and._ IT sensing is

able to provide very precise information about importarnit geomcmc
quantities and interactions at the contact, such as:

a)the position of the contact point on the fingertip surface: (more
precisely, IT sensors can give the location of the comacr
centroid, an important pomt whose propemes are dxscussed in
&1 - C
" bithe direction of the unit vector normal to the contacung surfaces;
cithe intersity and direction of the resultant contact force
(comprised of both compression and friction cbﬁ'lponbjnls};? ;o

dyhe intensity of the torque generated by fi'it:ti_oh' forces.
Algorithms for IT sensing are presented in [5). iﬁrpicnlqntations of IT
sensors for sensorizing dextrons hands are discussed i 5], {6], [7_]1 A
detailed analysis of advantages and drawbacks of conventional and
intrinsic tactile sensing is reported in [8]. For their simplicity, fast
response and unique information on friction forccs T scnsors resull

o be vcry suitable for mampulauon comrol

By using sensory feedback from the hand fingertips, fingers can’be
driven in the exploration of the surfaces of unknown objects. The goal
of such exploration is the extraction of surface féatures that ¢an be
used during subsequent phases of the maripulation task: for instance,
properties relating to the surface geometry, friction ‘and "material )
compliance can be obtained using IT sensing [5]. In this papet, the
particularly interesting problem of geometric feature cxiraction will be
approached, involving the direct measurement of somic geometric
parameters of the surface. Parameters can be either local; obtainied
through exploration of a small nclghborhood of the contact pomt {c.g.
the orientation of the tangent plane and the principal cunraturc mdu)
or proceed from wider sweep motions.

Based on such measurements, object classification can follow, and
data can be integrated with other sensed properties of the object in
order 1o perform automatic recognition of objects. Tl_zc geometric




characterization of objects can be usefully applied also 1o the analysis
of grasp stability and to manipulation planning.

Problems involved in sensory-based exploration of objects are
basically two: Yhow to realize smeoth motions of the fingenips in
contact with the object surface, either by stipping or rolling on it, and
ii)how to reconstruct surface shape from sensory data, These problems
are discussed in sect.2 and 3, respectively; in sect.d, some preliminary

experimental results are presented.

2. HYBRID CONTROL OF TACTILE EXPLORATION

In order lo carry out tactile exploration, the fingertips of the robot
hand must follow the object surface, while a proper contact force is
maintained between the fingers and the object. In fact, experiments of

" tactile exploration without continuous control of the comtact force
have been zlready presented in literature: for instance, both Allea {9]
(using a conventional tactile. sensor) and Brock [6] (using an IT one)
realized tectile exploration of object based on probe-withdraw

. mations. However, continnous control of contact force is mandatory
for example when; concurrently with the exploration, the hand is also
expected to mantain a stable grasp on the object. Moreover, finer

" information about the object surface can be elicited in this way.

. Continuous following of unknown surfaces has been perfonmed by
several researchers. in Ihe' recent past. For example, Cutkosky {10]
prescntcd an application 1o surface finishing of a robot equipped with

. & forceftorque sensorized wrist. Montana [17) discyssed a method for
contour following employing sensorial feedback from a planar tactile
sensor. In this paper,: a. method is presented which sighificantly
simplifies the control of tacile exploration, by exploiting the
characteristics of intrinsic tactile sensors.

Fig.1 depicts three fingertips of a robot hand grasping an object of
unknown shape; one of the fingenips is moving to explore a portion of
the object surface. Consider a reference frame C_xyz with origin at
the contact ccntrond and the Cz axls parall | to the outward-pointing
normal dm:cuon fo the fingertip surfac& at C. While a force control
Eoop must be nmplcmcnncd along Ihc z axis in order to follow the
desired normal force trajectory {most often a constant value), t

position of the finger relative to the surfice must be conrolled along
the x and y directions, as well as the rotations of the fingertip about
each axis. According 1o Paul [12), the C_xyz frame represents the
“constraint” frame for the exploration task. It should be noted that, as
the exploration proceeds, the .contact ceatroid moves across the
contacting surfaces, and the constraints frame varies as well. By using
IT information and the direct kinematic relationships of the finger, the
constraint frame can be instantaneously located w.it a fixed base
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An hybnd (forcc/pesmon) control!cr capab[e of rcal:zmg the’ above
dcscnbgd task can be thnacLby surummg at the leads of the fi inger
actuators two sets of inputs, respectively pcrtammg to force and
position control aleng orthogonal directions in the constraint space.
The gcnérarion of such inpu[s is briefly examined in the following.

i The hypothcsns is rnadc hcrc :ha:cxplommry motions start when the rmgcmp 15
already in wuch with the ochcL )

Fig.1: Three fingertips of a robot hénd grasping ang explanm
an unknown object.

Normal force control

The control of the normal component of contact force between the
fingertip and the object is of the foremost :mponance in cxplorauon
tasks, since it involves the integrity of the (possnbly fragxle) object and
sensorized fingertip, and affects the stabilic- of the grasp. A possible
control scheme for normal force control exploiting IT information is
depicted in fig.21. :

The vector f.=(ff, f,q00) of contact forceftorque applied
between the two surfaces, and the direction “of the unit vector
n={n.n; n, 00.0)" normal to the surfaces at the contact éeatroid,
result from IT measurements (note that n is hére the genmzhzauon 1o
Re of the three-dimensignal normal unis vector,n’ =(n, n i'l,;)") The
intensity f, of the normal component of contact force is easily
calculated as f, =f,rn. The error between the desired and sénsed
values of normal force in the constraint frime, e,=(f;-f.)n, is
transformed in the comesponding vector in the. Joint torque space
threugh multiplication by the finger transpose Jacobian matrix:

e =Jre, R 1)

The commianded torgues to _]Olm. actuators t,arc choscn accordmg 1o
the law: :

t,,.-.f‘,yr.n+ert+l(1,let_d:‘+l(_‘.,e't L (2)

wherc K. KL._K, are’ posmvc dcﬁmm constant mamces
com:spondlng o propomonal mtcgral and dcnvauve ga.ms
respcctwely Eq.2 is an cxamplc of Pm-plus-feedforward force

- control law, and it can be easily shown 1o steer e, to: zer0, Thls will

also guarantee the convergence of the normal componcnt of contact
force f, to the desired value £, - Cor e

Position control in the tangeni plane.
Small motions of the fingentip along the object smfaoc can bc

— represented by any cembination of the 5 positional degrees of freedom

in the constraint frame. Translations along the C_x and C y axes
involve slipping between the surfaces, while rotations about C_x &nd
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Fig.2: Normal force control loap.

C_y arc obtained through rolling the fingertip on the objc.ct, and a
rotation about the C_z axis involves a "ﬂspinn_-ing“ relative motion.

Any small position/rotatioh vector & (in the constraint framé) which is
orthogonal to n lS thcrcfore a possible exploratory motion. The choice
of the dzrccnon of & is arbma.ry to the extent that is allowed by the
ﬁngcr kmcms;nc capabilities: good choices of & are those which
permit © gather the maximum information about the investigated
geometric parameters of the surface.

In the joint space, a motion of & corresponds 1o joint motions 3, given

by: :

§o=J1 3 6)

A PID control law- can Be applied to generate joint torgues 1, so. that
the fingertip is constrained to track the desired exploratory rajectory:

Ta= K8+ Ky f8,d1+ Ky 5, @

In the presence of friction, stick-slip is one of the main obstacles to a
smooth control of the sliding of objects. This pheriomenon consists of
unsiable motions with sudden stops and accelerations, resulting from
the coupled effects of finger elasticity and stiction between surfaces.
The peculiar capability of IT sensors to measure the friction
components of contact force and torque opposing to  smooth
cxploratofy motions, can be used to compensate for these ef‘fects In
fact, the joint torques nccessary to equilibrate fncnon force ¢ are
given by:

=) i =JTH, - (f.,rn)n] (5
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Fig.3: The hybrd controlier for tactile exploration using IT sensing. Normal
!orce resfonng lorques 1, are syn:hes:zed by the controller in fig.2.

In principle, cancellation of the effects of friction would be possible
by commanding to the finger actuators the friction compensating
torques Ty, in addition 10 the normal force restoring torques Tn and to
position control torques T, (see fig.3). However, perfect compensation
can not be achieved, due to the finite stiffuess of the links connecting
finger acwators io the fingertip.

3. SURFACE RECONSTRUCTION ALGORITHM

In order to reconstruct the characteristics of the object surface being .

explored and render it possible to use such information. in further
mampu!auve operations on the same objecz the Iarge amount of data
collected during exploration (specifically, a set of pomts bclongmg o
the explored surface and the corresponding normal anit “vectors) must
be processed and reduced 10 a3 more compact form. Montana [11)
proposed a method 1o infer punctual characteristic of the explored
surface (namely, the 2x2° mamx of surfacc curvaturcs form at l.hc
explored point) starting from ‘aetile dam. Although lhc mcthod IS

elegant, and the information provxded very uscful for mampulation '

* control, it seems that results are 100 pronc o scnsor nonsc and other
errors in the system, Fltnng ‘the collected points with large patches of
geometrical surfaces can provxdc 2 more Tobust way of compressmg
tactile data. Allen [9] used bicuibic surface paiches to fit data fmm two
CCD. cameras and used tactile sensing to-disambiguate features like
concavity-convexity. In both Montana and Allen works, surface
characteristic extraction can only be performed off-line, at the end of
the éxploration phase.

In the following, we will describe an algorithm f'or ﬁmng tacnle data
with a quadratic surface, and show that estimates of thc sutface
parameters can be updated at each cxplorauon sl_cp_uasymptoncally
converging to the actual values of the fifting surface.

If-the explored surface is approximated with a quadratic fo_rm.'it' can
be described in a general reference frame choosen to be the “base”
frame by the implicit equation:

S() =etQr + 2p™r- 1 =0 . ()]

where Q € Rud, Q=QF, pe R, and ¢ descnbas a generic point
* in R3, .

The information available at each exploration step consisis of: ithe -
contact centreid lecation, ¢ = (x y z)7; ii).the vnit vector normal to the
surfaces at ¢, 0’ = {n, n, n,)7. Both C and n can be obtained through
the usc of IT sensing, and expressed in terms of the base frame using
the direct kinematic relationship of the exploring finger. The
following equations can be written:

eTQec+2ple=l m

2Qc+2p+kn =0 (8)

respectively stating that the detected point ¢ belongs to the quadraric
surface S, and that the gradient of S at ¢ is parallel to the detected

nonna_{ n Eq.7 and _8 fo_n_n a linear system of 4 scg_]a.r q:gpations_ip_ 10,

R

<\




unknowns {6 elements qg 4 of Q, 3 clements p, of p, and the gradient
magnitude k), which can be rewritten as:

y=Wa . 9

where 8 = (Q11 Q22 933 912 423 §13 Py P2 P3 K)T is the unknown surface
parameter vector, y =(1 0 0 0)r, and the coefficient matrix is given

by:

x2 y2 zll Zxy 29z 2xz 2x 2y 2z 0O

_Ix 0 0 y 0 z H ¢ 0 n,
W=

0 y O x .z 0 0 1 0

0 0 = 0 y x ¢ o 1 n,

Since eq.9 is underdeterthined, at least three points on the surface
must be detected to solve for the unknown parameters. By gathering
datd from n exploratory motions, an over-determined linear system of
4n eguations in 1Q unknowns could be formed, and the unknown
parameters could be evalnated by using e.g least-squares
approxXimation techiniqués. However, this methéd is subject 10
amj:_z!iﬁtat"i‘on of errors in dala measurement In fact, the coefficient
mawrix W' formed b;-( stacking the W's obuined from each
measurement, may easily be ill-conditioned if measurements are taken
al points ciose to each other; and, unfortunately, least-squares
problems are paticularly sensitive to ill-conditioning [13]. -

As an alternative to the algebraic solution of €q.9, the problem can be
reformulated in  dynamic terms, so that the parameters dre
commuous]y estimated through an adaptive control algorithrn. If a4,
is the csummc of the parameter vcctora after the kth exploration step,
a prediction ervor veetor €, can be obtained as: )

e =Y -¥y=Wa, -Wa ) a0

An estimator algorithm can be designed having the form:

Boen -Agw), == Py Whey, an
whére Py, is a positive definite ‘gain matrix. The asymptotic

convergence of the algorithm to the actual parameter values can be

discussed using the Lyapunev function:

Vi =@ -30) @ -26)) (12)

By substituting eq.11 we have:

Vi - Vi =@ - 30)" B™B-Dag, - ?(k;) (13)

_ wliere B =1- P, WrW, Different characteristics of the estimator

algorithm rcsult from different gain matrices, as discussed (for the
continue time domain) by Li and Slotine [14]. Choosing Py, =c i 1.
which involves B =B, it can be easily verified that IBI <1 for
0 < ¢y €2/ hnax(WTW). Therefore, for such ¢’s, we can write:
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Vien - Voo SOBIZ- Dlag, -agl20 .~ (19)

In order to avoid the computation of the eigenvalues of WIW, he
scalar gain factor ¢, can be chosen as:

Cqxy = 2/ race (WWT) ’ s

which can be easily computed at each exploration step. |

The condition for persistent excitation usually needed in adaptive
control theory is easily seen to correspond to non trivial trajectorics of
the fingertip on the object surface. This can be achieved by a suitable
choice of the direction of the position input vector § (s¢e sect.2). In
the exploratory phase it is possible, in prini':iplﬂ. to improve the
convergence characteristics of the recognition algorithms g_éin‘g from
a rough. description of the local properties of the surface to a finer one,
through a betterment process; such learning procedures will be the
subject of subsequent investigations. . ' ‘ ‘

4, EXPERIMENTAL RESULTS

The above-déscribed method for the exploration of the surfaces of
unknown objects has been experimentally verified vsing a mfec-ﬁngct
articulated hand (Stanford/JPL hand, [1]) equipped with an intrinsic
tactile sensor on the “thumb®,

In a preliminary verification phase, experiments have been carried out
as. follows: '

Lyobjects of different shape and material afe firtly grasped
between two fingers. Only joint position and torque, senso_l_s are
used in this phase; '

Dthe sensorized thumb is moved towards tl’e object slowly,
woisches its surface and presses it until the normal component of
contact force (read by the IT sensor) reaches a dcsxred valuc, )

Iyhe thumb fingertip starts moving with respect to Ihe _object,
while mamammg the desired value of normal contact force, ©
according to the conircl scheme described in sect.2y '

$)tactile data are stored while exploration goes on ol

With reference to the simple planar explomtory- mouon dep:cted in
fig.4, the Jacobian mamix relating motion$ in the constraint frame.

C-yz with joint angles, employed in the relationships of sect.2, is:

'(b+zc)512 'ycc12'

LT PRORIP

(b-i»zc)Cu "TY:S;-:

-a81-(0+2:)8,2- v.Ciz
- | S
3C1"+(b+ic)c1'i WS

where: 8, Sx 2 Cn C12 stand for the siné’and cosm&of _|omt anglcs 61
and 0, respectively; a, b are the lengths of the ﬂngcr hnks and ¥, Z:
are the contact centroid coordinaies measured in a rz:fcn:nce frame
fixed with the IT sensor at the base of the fingertip, S-yz. The unit
vector normal to the surfaces at the contact cenu'o:d ini"base frame
coordinates is: 0 = (n,.1,)" = (Z.C127¥eS1s 5 2=5_1sz9£:122'- A
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Fig.4: Exploration of the surface of a cylincirical object of unknown diamoter.
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Fig.5: Reconstruction of the cross seclion of a cylindrical object.
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Fig.6: Normal force oscillations duning exploration. Dashed ling corresponds
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Contact cehtroid coordinates in the base frame, obtained during the
cxplorazibn of a cylindrical object (38 mm diameter), are plotted in

fig.5. A solid line contour, corresponding to the actual shape of the
object in the cross section being explored, is superposed to

experimental data for reference, _ .

The measured iniensity of the normal component of the contact force

is plotied versus time in fig.6

Similar exploration experiments have been camied out with 5

cylindrical objects having diameters ranging between 40 and 100 mm.

17

Carvature radii could be detected vmh crrors less than 5 mm, -

Further experiments are currently bemg undertakcn in order o
evaluate the effectiveness of the friction compensation method of
sect.2, and the Teconstruction algorithm discussed in sect.3, -

CONCLUSIONS . : RS

s

A method for conu*ollmg the expioranon of lhc surfaccs of unknown
objects using articulated hands has been discussed in this paper. The
hybrid control scheme capimalizes on informaition provided by
“intrinsic" tactile sensors situated in the hand’s fingertips. An
algorithm for - estimating explored surface parameters during
exploration has also been proposed. Experiments validating the
proposed control scheme are preseated. ‘
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