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Abstract

Graspinga curvedobjectfreein the plane may be done
throughrolling a pair of fingers on the object’s boundary
Ead finger is equippedvith a tactile sensorableto record
any instantaneougoint contactwith the object. Contact
kinematicgeveala relationshipbetweertheamountof fin-
ger rotationsandthetotal curvaturesof the boundarysey-
mentsof the fingers and the objectrespectivelytraveised
by thetwo contactpointsduringthesameperiodofrolling.
Sud relationshipmalesit possibleto localizebothfingers
relative to the objectfrom a few pairs of simultaneously
taken finger contactsat different time instants. A least
squaesformulation of this localization problemcan then
be solvedby the Levenbeg-Marquardt algorithm. Simula-
tion resultsare presented.

After localization, a simpleopenloop strategy is used
to control the continualrolling of the fingers until they si-
multaneouslyead two locationson the object's boundary
whetle a graspis finally performed.

1 Introduction

In this papemwe look athow to graspanobjectfreeto move
in the planeusingtwo fingers. We considerpoint contacts
only. Thefingerscantranslateandrotate.Eachfingerhasa
tactile sensombleto locatethe positionof its contactwith
the objecton the finger boundary Below we give a brief
overview of thegraspprocedurdo bedescribedn this pa-
per.

At the initial state,both fingersarein touch with the
object. We assumethat contactfriction betweenthe ob-
jectandthefingersis large enoughto preventary possible
slips,whichis realisticwhenthe angularvelocitiesof both
fingersarekeptsmall. In orderto determinetheir positions
relative to the object,thefingersstartrolling onits bound-
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ary independentlyasshavn in Figure1(a). In responséo
therolling of thefingers,the objectstartsmoving aswell.
Subsequentlythe two contactpoints(shavn asdots),each
betweeronefingerandthe object,move alongthe bound-
ariesof the(correspondingfingersandtheobject. Thetac-
tile sensorsnountedon thefingersrecordtwo contactssi-
multaneouslyoneon eachfinger. As therolling continues,
the sensorgecorda few more pairsof simultaneouson-
tactsat multiple time instants. Using thesecontactdata,
the fingersthen estimatethe contactlocationson the ob-
ject’s boundary therebylocalizing themseles relative to
theobject(seeFigurel(b)).

(a) Touch ‘ (b) Roll

"~ Contact friction
cone

(c) Grasp

Figure 1. Achieving a graspof anobjectby rolling two fingers
onits boundary (a) The configurationbeforesensingstarts. (b)

The configurationright after four pairs of simultaneousontacts
(drawn assolid dots) were collectedsince(a). The fingersnow

have locatedthemseleson the objectboundary (c) Theconfigu-
rationbeforeanantipodalgraspis applied.

After the localization,the fingerscontinuerolling, now
controlledby somestratgy, to simultaneouslyreachtwo
precomputedboundarypointsof the objectwhereit canbe



graspedy thefingersexerting forcesalongthe two in-
ward normals(Figure 1(c)). The angularvelocitiesof the
fingersaresmallenoughsothatthefingerscanhalt almost
instantly

Theabove graspingstratgy bearssomeresemblancéo
humangraspingthat takes advantageof the tactile capa-
bility of the humanfingers. Most traditional stratejiesfor
robotgraspingdo notdisturbtheobject’s posewhichis as-
sumedo beknown, andrely onalmostperfectfingerplace-
mentsat someprecomputedboundarypointsof the object.
Our stratgyy actively exploresthe objectto “calibrate” the
fingersagainsit beforeagrasp.Thisis morerobustagainst
disturbances.

1.1 Redated Work

Montana[l1] derived a set of differential equationsde-
scribing the motion of a point contact betweentwo 3-
dimensionalkigid bodiesin responsdo their relative mo-
tion. In our problem,the objects motion is unknawvn, so
is its relative motionto the fingers. Cai andRoth [2] also
studiedthekinematicsof spatialmotionwith pointcontact.
The specialkinematicsof two rigid bodiesrolling on each
otherwasconsideredy Li andCanry [9] in view of path
planning. Incorporatingdynamicsaswell, Cole et al. [4]

deviseda strateyy to controlan objectgraspedn a multi-

fingeredhandto trackaprescribedrajectory

Force-closurgyraspingvasstudiedby Mishraetal. [12]
andby Markenscof etal. [10] onthenumberof (frictional
and/orfrictionless)fingerssufiicient for gripping 2- and3-
D objects.Thefirst work alsoprovidedan efficient linear
time algorithmfor graspsynthesisundera wide-rangeof
conditions.Blake andTaylor [1] gave a geometricclassifi-
cationof two-fingeredrictional graspof smoothcontours.
Hongetal. [7] shovedthattwo andthreefingergraspsex-
ist with friction for 2- and 3-D smoothobjects. They also
introducedanapproacHor rotatingplanarobjectsbasecn
fingergaits.

Reactve graspingalgorithmswerestudiedearlierby Te-
ichmannandMishra[16] who employed distanceandan-
gle sensingcoupledwith a potentialfunctionto searchfor
agraspof anunknavn corvex objectwithout disturbance.
The cagingwork by RimonandBlake [14] wason how to
confinea given 2-dimensionabbjectusinga two-fingered
handunderonedegreeof control.

Salishury [15] first proposedthe conceptof fingertip
forcesensingwith anapproacHor determiningcontactio-
cationsandorientationsfrom force andmomentmeasure-
ments. Grimsonand Lozano-Rerez[6] usedtactile mea-
surement®f positionsandsurfacenormalson a 3D poly-
hedronto locateandidentify it from a setof known poly-
hedral.

Erdmann[5] shavedthatthe local geometryof a rotat-

ing objectwith known angularvelocity can be recovered
from the readingon two lineartactile sensorgpassiely in
contactwith the object.

In theauthors previouswork [8] jointly with Erdmann,
afingerpushesknown objectin theplaneandestimatedts
poseaswell asmotion from the movementof the contact
on the fingertip. In this paper we are only interestedin
the relative configurationof an objectto the fingers. So
dynamicsarenotused.

1.2 Notation

To avoid any ambiguity the notation‘” meansdifferen-
tiation with respectto time, while the notation‘’” means
differentiationwith respecto somecurve parameter For
example,& = o't = 424 givesthe velocity of a point
maving onacurve a(u). A scalarin a crossproduct(e.g.,
theangularvelocity w in w x a) actsasa vectorof equal
magnitudeandorthogonako the plane.

Thenormalof aclosedwice continuouslhydifferentiable
curve boundinga connectedegion in the planeis always
choserto pointinward. Accordingly, the curvatureof such
a curve is positive everywhereit is corvex, and negative
everywherdt is concae.

2 Kinematicsof Rolling

We beggin with a kinematicstudyof the caseof onefinger
F rolling on oneobjectB. Thefinger F is moving at ve-
locity v androtatingat angularvelocity w. The objectB
meanwhilehasvelocity vz andangularvelocity wg.

Figure 2: FingerF rolling on objects.

Denotethe boundarieof F and B by curvesa and 3,
respectiely. Thesetwo curvesareassumedo be at least
twice continuouslydifferentiable. They arealsoassumed
to be regular, thatis, the first orderdervativesof « and
3 do not vanishanywhere. The correspondingurvature
functionsare k, andxg, respectrely. The two pointsin



contactaredenotedby a(u) and3(s) in thelocal frames
of F andB, respectiely. To guarantegoint contact,the
conditionxq(u) + kz(s) > 0! holds.

To simplify ourderivationof contactkinematicswefirst
considerthatbotha and@ areunit-speedcturves;in other
words,||e/|| = 1 and||3|| = 1.

The velocity of the moving contactpoint in the world
coordinatdramehastwo equivalentforms:

v+wx Ra+Ra'u=vs+wsxRgB+RsP's, (1)

whereR is the orientationof F and R the orientationof
B. Underrolling, thetwo pointsin contactfixedon o and
3, respectiely, musthave the sameinstantaneouselocity,
thatis,

v+wX R =vp+ws x R . (2)

Meanwhile,the tangentof a and 8 mustbe oppositeto
eachotheratthe contactsatisfying

Ra' + RgB' = 0. ©)

Equations(1), (2), and (3) canbe easilysolved [8] to
yield the contactkinematicsof rolling:
wp —w

L g o WBTW 4
U $ o T ig (4)

If « is not necessarilyunit-speedthereexists a repa-

rameterizatiorf a usingthearclengthfunctioni = @(u)
sothata(u(a)) becomesunit-speedSince

o de _daud
T du  dadu’

du 1

a@ = oo holds. Thereforeit follows that

0= du da _ wp — W (5)
T dadt ]| (e + )
Similarly, themoving rateof thecontacton B is
. W —wp
§= ———. (6)
18Il (ko + #5)

3 Finger Localization

In this sectionwe addonemorefinger F, alsowith bound-
ary a, andconsidertherolling of bothfingersF and.F on
B. Our objective is to determinethe locationsof F and F
basedon how the contactamove on their boundaryduring
therolling.

We continueto usethenotationin Section2 sothato(u)
andf(u) locatethe contactbetweenF and. Thecontact
betweenF andB is (@) on F andB(5) on B, respectiely,

D.

Figure 3: Two fingersrolling on oneobject.

asshawvn in Figure3. Denoteby w the angularvelocity of
F.

Onceagainfor clarity and simplicity, we assumethat
botha and3 areunit-speed Generalcurvescanbe easily
dealtwith. Thereare now two setsof contactkinematic
equationg4):

wp —Ww .
ko(u) + kg(s)’
. . UJB - (D
Uu = —8§ = — 7. 8

ko) + Ra(3) ®

Eliminatetheobjectsangularvelocityws from (7) and(8):

(7)

U = —§ =

UKo (u) — $k3(8) + w = Uk (T) — §k3(3) + @.  (9)

We thenintegrateboth sidesof the above equationover a
time period (o, t1) of rolling, obtaining

u1 51 t1
/ fcadu—/ mg(s)d8+/ wdt
ug 80 tO

w1 51 t1
= / Ko du — / kg(s)ds + / @dt. (10)
Uo S0 to

whereu; = u(t,-), S; = S(ti), u; = ﬂ(ti), ands; = g(ti),
fori =0,1.

The two integrals |, ttol wdt and fttol wdt arethe angles
of rotationcompletedby the two fingersduring the same
period(tg, t1). Equation(10)describesherelationshipbe-
tweenthe integrals of curvature over the four curve seg-
mentstracedout by the two contactsyespectiely, andthe
rotationof thefingersduringarolling period.

3.1 Total Curvature

Theintegral [, x4 du is calledthe total curvature of the
curve o over [ug, uq]. Let thetangentof « at the contact
beT andthecorrespondingnormalbe N. Let angle¢ rep-
resentheorientationof T'(u).

1 Herekqa + kg isthetwo-dimensionalbersionof therelativecurvatue
formintroducedby Montana[11].



By definitionk, = T" - N, thus

Kodu = d—T-Ndu
du

_ Jim (T &) - TW) - N

= Jlim [[T]|A¢
= d¢

Thusthetotal curvaturecanbe computedy:

/ nadu=/ d = ¢1 — o,
uo uo

wheregy = ¢(ug) andgr = ¢(uy). It equalsthe total
rotationby thetangentvectoralongthe curve segmentover
[ug, u1]. It is possiblefor ¢ — ¢ to take onary arbitrary
realvalue.In computingtheintegral, we needto keeptrack
of haw mary timesthe contacfcirclesaroundtheboundary
of o asu increase$rom ug to uy.

If a is notnecessarilynit-speedits total curvatureover
[, u1] is definedas [, kalle'|| du sothatthe definition
is independentf the parameterization.

3.2 Locating Contactson the Object

Equation(10) relatestheturninganglesof tangentof both
fingersand the object at the contactsduring the rolling.
Sincefingers F and F have the tactile capability of de-
tectingu andu at ary time instant,uq, u1, g, andu; are
known.

Eventhoughs; ands; areunknown, theequations; =
—$andg = —5 imply

51 = 8o —u1+uo,

51 = 5o — U1+ do.

We areessentiallyleft with two variablessy andsg in one
equation(10), which is insufficient for solution. To setup
more equa_tions,we canrecordfinger contactsu; and;,
onF andF, respectiely, attimeinstantst;, i = 2,...,n,
wheret; < ts < --- < t,. Thisyields a systemof n

f 1

Figure 4: Fingerlocalizationasa leastsquaregroblem.During
therolling the two fingers“feel” the turning of the two tangent
vectors,eachat onecontact,on the objects boundary The least-
squaresneritfunction (12) aggrgatesthe discrepanciebetween
the fingers’ “feeling” and whatis predictedfrom the estimated
fingerplacement.

equations

u; So—uituog
/ feadu—/ kg ds+6;
ugQ S0

Ui S0—uit+uo B
= / madu—/ kg ds +6;,
Uo S0
fori=1,...,n. (11)

Hered, = ftt" wdt andd; = fto" @ dt.
To simplify thenotation,for1 < i < n let

so—ui+uo So—1u; +uo
fi(s0,30) = / kg ds —/ kgds

S0 80

/nadu—/ ko du + 0; — 0;.
uo Uo

Next, we formulatethefingerlocalizationproblemas

d;

n

minZ(fi(so,Eo) —di)Q. (12)

50,50 ©
i=1

Equation(12) minimizesin a leastsquaregashionthe dif-
ferencebetweenthe estimatedurning of the two tangent
vectorsandthe measurementsy thefingers(seeFigure4).
To solvethefingerlocalizationproblem(12),weemploy
the Levenbeg-Marquard algorithm[13, 540-547],which



variessmoothlybetweerthe steepestiecentmethodwhen
farfrom aminimumandtheinverseHessiansnethodwhen
closeto aminimum.

4 Grasp Achievement

Having localizedbothfingersontheobject,we needo con-
trol their rolling suchthatthe two contactswill simultane-
ouslyreachboundarypositionswherea graspof the object
canthenbeformed.

More specifically wewould lik eto movetheobjectcon-
tactss ands to two antipodalocationg on 3 by controlling
theangularvelocitiesw andw of thetwo fingers.Methods

Figure5: Rolling two disk-like fingersto form anantipodalgrasp.
Thetwo disksarerolling from their currentconfigurationgdravn
with solid circular boundary)to reachtheir goal configurations
(dravnwith dashedircularboundarysimultaneouslyvherethey
canform an antipodalgraspof the curved object. Note thatthe
objecthasits own motionin responséo therolling.

for finding antipodalpointswerestudiedby ChenandBur-
dick [3].

The graspingproblem has essentiallypbecomehow to
controlthenonlinearsystendefinedby thekinematicequa-
tions(7) and(8).

We first look at how to estimatethe objects angularve-
locity wp. Sincewu, s,5 canbe sensedr computedwe
know theobjectB relative to thefingersF and.F. Suppose
F andF canlocalizethemselesin the world coordinate
system.We thus cancomputethe orientationof 5 during
rolling, therebyableto estimatewp by, say finite differ-
encing.Thedetailsareomittedhere.

With wp estimateda simpleopen-loopstratgy canbe
employedfor thecontrolof w andw. Setr to betheamount
of time that we expectboth fingersto reachthe antipodal
positions@(a) and B8(a), asshovn in Figure5. We can
alwayschooser largeenoughsothatneitherfingerrotates

2The normalsof B at thesetwo pointsmustbe oppositeto eachother
andalsocoincidewith theline segmentjoining thetwo points.

too fastto maintaintherolling contact.Let 3(b) and3(b)
be the presentcontactlocationson B. We may chooseto
move the contactsat constanspeeds = b — a/7 ands =
b — a/, by applyingthefollowing controllaws:

w = b;a(na(u)+ﬁg(s))+w3
= b;(l(,ia(u)—i—lig <a+(b—a)£>> + wag,
o = B;a(,ﬁa(ﬂ)"‘ﬁg <a+(6—a)£>> + wp.

5 Simulations

We simulatedthe finger localizationprocedure. Circular
fingerswere usedbecauseheir constantlocal geometry
simplifiesthe computation. All fingersusedin our simu-
lations were of this type. Objectsin the simulationshad
elliptic andclosedcubicsplineboundariesFigure6 shovs
a samplesimulation. For the easeof coding,only constant

AL
%

Figure 6: A localizationexample. The disks F; and F» rotate
at /4 rad/sec and 3w /2 rad/sec, respectiely, while the ob-

jectboundedby a concae cubic splinerotatesat —0.4 rad/sec.

A pair of disk contactsis recordedevery 1/6 secin a 3-second
period. Thescenega), (b), (c), (d) respectrely representheini-

tial configurationthe configurationafter 3 secondspnerandom
guesof theinitial configurationandtheresultingestimate Note
theslightdifferencein disk placementbetweena) and(d). Such
estimationerrorwaslatereliminatedusingmultiple guesses.

angularvelocitieswereconsidered This would be unreal-
istic for a real objectrotatingpassvely in responsdo the
rolling of the fingers. Sincethe formulation of the local-
ization problem(12) dependdirectly on the amountsof



finger rotationsratherthan on the angularvelocities, it is
hardto seethatthe outcomesvould have beenaffectedhad
realisticvelocitiesbeenused.

With single guesson aninitial finger placementfail-
uresof localizationoften occurredwhenthe guessesvere
quite far from the actual placements. In such a case,
the Levenbeg-Marquard algorithm was trappedin a lo-
cal minimum of the leastsquaresbjective function (12).
To copewith this limit of the algorithm as a local opti-
mizationmethod,we usedmultiple randomguessesnthe
finger placementand selectedthe one that generatedhe
smallestvalueof theobjective function. Thisapproactwas
successfuin mostof thetrials.

Anotherpossibility is to usea more sophisticatedon-
linear programmingmethod, for instance,simulatedan-
nealing,to escapdocal minima.

6 Summary and Future Work

We have introducedan approachthat combinessensing
andgraspingor themanipulationof planarcurvedobijects.
Two fingerswith tactile capability actively localize them-
selesrelative to an objectthroughrolling onits boundary
andrecordingmultiple contactsin synchronization.After
the localization,a graspof the objectis attainedby con-
trolling the rotation ratesof the two fingersto drive their
contactswith the objectto a pair of antipodallocations.
Basedon the kinematicsof rolling, finger localization
is doneby reducingthe discrepang betweenthe fingers’
tactiledataandtheestimatedotal curvaturesof theobject’s
boundaryseggmentdraversedoy thefingers.
Theglobalcontrol problemof moving thefingersto the
antipodabositionsmaybereducedo alocaloneby replac-
ing the fingersat the estimatedantipodalpositions(there-
forein thevicinity of theactualpositions).Fingerlocaliza-
tion afterthereplacementvould alsobecomeeasierdueto
thelocal natureof the Levenbeg-Marquard procedure.
Basedon rolling kinematicsthe localizationproblemis
transformednto a purelygeometricoptimization.Thefin-
gerrotationcanbe controlledvery slov. However, in im-
plementatiorthe issueof force control is very important.
The forcesinclude dynamicforcesexertedby the fingers
on the object, contactfriction betweenthem,and support
friction betweerthe objectandthetable. Quasi-stati@anal-
ysis can provide us a qualitative estimateof the object’s
motion,which maythenbe usedfor fingercontrol.
Theresultsin this paperhave the potentialto combine
sensing shaperecognition,andgraspingin a smoothway
to resemblethe dexterity of humanmanipulation. They
represenbne steptowardsthe integration of sensingand
manipulation.
The undegoing and future work include improvement

on finger localization, finger motion control, and imple-
mentationwith an AdeptCobra600robot.
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