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ABSTRACT

We have createda uniquetool for graspsimulation, visualization,
andanalysisthatallows a userto createandanalyzegraspsof a given
3D objectmodelwith a given articulatedhandmodel. The graspscan
be performedeitherautomatically wherethe systemclosesthe fingers
aroundtheobjectat presetwvelocities,or manuallythroughdirectmanip-
ulationof thejoints. As collisionsoccurbetweerthelinks of thefingers
andtheobject,thesystemocateghecontactsaandanalyzegheevolving
graspon thefly. Eachtime the graspchangesthe systemupdatedwo
numericmeasuresf qualityandrecompute8D projectionsof thegrasp
wrenchspacewhich are usefulwhenvisualizinga grasps capabilities.
We provide examplesof the systembeingusedwith four differentartic-
ulatedrobotichandmodels,eachgraspingdifferentobjectmodels.We
feelthesystemis very usefulfor handdesignersvho prototypedifferent
handmodelsin simulationanddeterminehow designdecisionsaffecta
hands graspingability. It is alsousefulfor researcherin graspplan-
ning or for simulationandvirtual reality designersvishing to perform
realisticgraspingn avirtual setting.

1 INTRODUCTION

Designingan articulatedrobotic handis a difficult task with mary
considerationsuchastaskrequirementsmechanisnmcomplexity, and
physicalsize and weight. Often a physicalprototypeis necessaryo
truly testa hands ability to performtasks,but this canbe quite costly
anddesignchangesare not easyto make. Whatis neededs a system
thatwould allow a userto load a handdesign,to interactwith it and
perform graspsof objects,andto visualize and evaluatethe spaceof
forcesandtorquegthatit canapply.

*This work was supportedin part by an ONR/DARPA MURI award
ONR N00014-95-1-061, DARPA AASERT awardsDAAHO4-93-G-0245and
DAAH04-95-1-0492 andNSF grantsCDA-96-25374andIRI1-93-11877.

The increasingpower of the currentlyavailabletools for geometric
modelingand computationageometryhave madesucha systempos-
sible. An earlier paper[12] describedour initial versionof a system
which whengiven 3D modelsof a robotic handandan object,aswell
asa usersuppliedhandconfigurationwould run offline andanalyzethe
grasp.Uponcompletionit presentswo numericmeasuresf the grasp
quality aswell useful3D projectionsof the 6D graspwrenchspace We
have sincetakenthe core analysisroutinesfrom that systemand built
areal-time,interactve simulatorthat allows the userto manipulatethe
hand,performgraspsandseethe analysisresultson the fly. Theintent
of this paperis to demonstrateéhe versatility and effectivenessof our
latestsystemwhich we have dubbed'Grasplt!”, aswell asto describe
its softwarecomponents.

This systemallows usto testa hands ability to graspdifferentkinds
of objects.This enablexomparisorof handdesigndo find theonebest
suitedto particularkinds of tasks. Until now, handdesignshave emu-
latedthe humanhandbecausef its proven ability to performcomplex
graspingand manipulationtasks,but a systemwith thesecapabilities
would be anindispensablé¢ool for designingandtestingalternatepos-
sibilities. Anotheruseof this systemis planninggraspingtasksfor an
existing robotic hand. Futurework will allow a userto synthesizdo-
cally optimal graspsand will considermore of the task requirements
andreachabilityconstraintsFinally, Grasplt! caneasilybecomepartof
a larger simulationor virtual reality projectwhererealisticgraspingof
objectsis required.

In summarywe feel our systemhasthe following advantages:

¢ We have alargeandgrowing library of handandobjectmodels.

¢ By employinga generalmethodof specifyingkinematicsandge-
ometryit hasthe flexibility to allow a wide variety of new hand
designs.

¢ Real-timecollision detectionand graspevaluationalgorithmsal-
low directinteractionwith the handandresultsare producedon
thefly.

e Graspscanbe performedautomatically saving time over individ-
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Figurel: Theinternalcomponent®f Grasplt!andtheir functions.

ually manipulatingeachdegreeof freedom.

¢ Novel visualization methodsaid the user in understandinga
grasps strongandweakpoints.

The remainderof this paperis laid out asfollows. Section2 briefly
reviews someof the previous research. Section3 describeghe soft-
ware architectureof Grasplt!, and describeshow the various compo-
nentswork togetherto evaluategrasps.Section4 demonstratethe sys-
temin actionby presentinghe analysisof examplegraspsperformed
by a paralleljaw gripperandthe Barrett, DLR, and Robonautrobotic
hands.Finally, Section5 summarize®ur contributionsanddetailsour
proposedesearctdirections.

2 RELATED WORK

Thereis agreatdealof previousresearclin thefield of graspanalysis
andsynthesisHowever, dueto spaceconstraintsve canonly highlighta
few of the mostrelevantpapers.Seereviews by MishraandSilver [13]
and by Troccaz[15] for reference®f someof the older work. Salis-
bury [17] classifiedypesof contactswith andwithoutfriction, between
two bodiesandprovidedanapproachhataccountgor uni-senseontact
wrenchesn determiningwhethera graspcompletelyrestrainsanobject
which he calls form-closure. Pollard[16] developeda parallelsystem
to computehigh quality graspausingprototypegraspsasinput, andFis-
cherandHirzinger[5] createdasystenthatrepeatedlyhoose$ contact
pointsonanobjectusingaheuristicandcheckswhetherthesepointscan
berealizedby the hand.Recentwork by Maekava andHollerbach[11]
will allow a userto feel the interactionforcesinvolved in graspingor
manipulatingan objectwith the useof a humanhandmodelanda hap-
tic displaydevice.

Given the goal of minimizing the sum magnitudeof the contact
forces Kirkpatrick etal. [7] proposedigenerameasuref qualityfor an
n-contactgrasp definingit astheradiusof thelargestwrenchspaceball
whichjustfits within theunit graspwrenchspace FerrariandCanry [4]
developedthis measurdurtherandproposedanothermeasureminimiz-
ing the maximumcontactforce. Earlier, Li and Sastry[8] notedthat
similar measuresre not invariantto the choiceof torque origin, and
proposedusing the volume of the graspwrenchspaceas an invariant
qualitymeasureThey alsodevelopedaqualitymeasureaisingtaskellip-
soidsto bettermodelthe spaceof wrenchesequiredfor atask,whereas
thepreviousauthorsall assumedhe taskwrenchspacds unknovn and
thereforedefinedthe spaceasaball centeredat the origin of thewrench
space Ourimplementatiorof the graspquality computationss derived

from the the presentatiorof the L; unit graspwrenchspaceby Ferrari
andCanry.

3 THE GRASPING SIMULATOR

While Grasplt! is quite easyto use,it relieson severalcomponents
to run smoothlyandefficiently. Someof the operationst mustperform
include: assemblinghe geometridink modelsof the choserhand,lo-
cating contacts evaluatinggraspquality, and producingwrenchspace
projections(seefigure 1 for anoverview). We describetheworkingsof
eachof thesepiecesn thefollowing sections.

3.1 Hand Construction

We have designedhe simulatorto beasgenerakhspossiblesothatit
is usefulfor a variety of handsandobjects. However, it wasnecessary
to createstandardormatsfor the definitionsof a handandanobject,so
thatthey canbe understoody the system.An objectconfiguratiorfile
is fairly simple,andconsistonly of a pointerto a CAD modelfile and
a materialspecification.Currentlythe surfaceof the objectis assumed
to becomposedntirelyof onetype of materialto easethestaticfriction
computations.

Our hand descriptionfile similarly allows us to describethe link
geometriesas complete3D entities, eachwith an associatednaterial
specification Furthermoreit fully describeshekinematicsof thehand
usingstandardenavit-Hartenbeg parametersvith additionalinforma-
tion regardingjoint limits andfingerbasetransforms Eachjoint, which
is eitherrevolute or prismatic,hasits free parameterconnectedo one
of the hands degreeof freedomvariableseitherdirectly or througha
linear function. This allows for coupledjoints like the passvely con-
trolled distaljoint found in mary anthropomorphidinger designs.We
have foundourdescriptiormethodis flexible enoughto constructhands
assimpleasaparalleljaw gripperor ascomplicatecasmary of thefully
articulatedhandsin usetoday

After readingthe descriptionfile, Grasplt! readseachof the link
modelfilesandsetstheinitial transformdasednthekinematics Once
thehandconstructioris completedit turnscontrolover to theuser

3.2 Collision Detection and Contact Location

Throughoutthe simulationthe object remainsfixed with its center
of gravity on the WCS origin, andthe usercontrolsonly the configu-
ration of the hand. The handcanbetranslatedn threedimensionsand



rotatedin threedimensionsaboutary arbitrary point. In addition, the
usercanindividually manipulateeachof the hands internaldegreesof
freedomor startanauto-graspvhereseveraljoints closesimultaneously
atvelocitiesspecifiedn the handdescriptiorfile.

The auto-grasgs a new featurein our systemthat allows the oper
ator to quickly form a graspat the touchof a key, makingthe manual
positioningof thelinks alesstime consumingprocessequiredonly for
smallrefinementf theinitial grasp.As the graspcloses,ary contact
betweenthe objectanda link causesll of the joints (andtheir related
DOF)thatarepreviousto thelink in thefingerchainto stop,while joints
furtherin the chaincontinueto closeuntil anothercontactis found or
thejointsreachtheirlimits.

To detectthesecontactsandpreventthe links from passinghrough
the objector eachother, we have incorporatedhe V-Collide collision
detectionpackagg6]. During initialization, this packagearrangeghe
trianglesthat makeup eachdistinct objectinto a hierarchyof oriented
boundingboxes. A fastrecursve algorithmdescendshesehierarchies
andcandeterminein realtime if two objectsarecolliding. We modified
the algorithmsothatin the eventthattwo trianglesare colliding, it de-
termineswhetherall the verticesof the triangleshave moved lessthan
somesmallepsilon.Usingthis asa stoppingcondition,we implemented
a binarysearcho refinethe handDOF parametersintil thelink is sep-
aratedfrom the objectby a distancdessthanthetoleranceof the solid
modeler(currentlysetto 10~ mm).

At this point Grasplt! callsthe ACIS solid modelingengineto per
form anintersectiorbetweerthelink andthe objectresultingin a com-
monsurfacepatch.If thepatchconsistonly of apoint, thenwe classify
it asa point contact. If the patchhastwo verticesthenthe contactis
classifiedasa line contact,andfor a patchwith greaterthantwo ver
tices,we consideiit a planecontact.Nguyen[14] pointsout thatthese
complex contactg(linear and planar)canbe representeésthe corvex
sumof properpointcontactsat eachof the verticesof the surfacepatch.

To find the spaceof forcesthat may be appliedat a particularcon-
tact,wefirst find thelocal contacinormalwhichis definedastheinward
pointing normal of the tangentplane of the contact. If a contacttan-
gentplanecannotbe defined,the contactis consideredinstableandis
disrggardedfor the remainderf the process.If we assume Coulomb
friction model,thenthetotal force, f, actingon the objectat a contact
point mustlie within a conethat hasan apex at the contactpoint, an
axis alongthe contactnormal,anda half angleof tan =" z1., where,
is thecoeficientof staticfriction. In orderto find thetotalgraspwrench
spacewhenwe computethe graspquality, we will needa finite basis
setof vectors,soit is necessaryo approximatehis conewith a proper
pyramid (seefigure 2). The coeficient i1, is definedbetweenpairs of
materialsand canonly be found empirically However, sinceit canbe
differentfor eachpairof materialswe have allowedthe materialsof the
links and objectto be individually specified,thus increasingthe flex-
ibility and realismof the system. Table 1 is a matrix containingthe
coeficientswe have assumedor the materialscurrentlydefinedin our
simulation. Thesevalueswereobtainedirom therangegrovidedin the
CRCHandbookof ChemistryandPhysicq9].

Eachtime a contactoccurswe follow this procedureandif thereare
atleastthreepoint contactsGrasplt! computeghe graspquality.

Figure2: We have approximatedhefriction conewith an8 sidedpyra-
mid. The contactforce,f, is represente@dsa corvex combinationof 8
forcevectorsaroundthe boundaryof thecone.

| material || metal | glass]| plastic | wood | rubber |
metal 0.2 0.2 0.2 0.3 1.0
glass 0.2 0.2 0.2 0.3 1.0
plastic 0.2 0.2 0.3 0.4 1.0
wood 0.3 0.3 0.4 0.4 1.0
rubber 1.0 1.0 1.0 1.0 2.0

Table 1: The valuesof the coeficient of friction for materialsdefined
within Grasplt!.

3.3 Computing Grasp Quality

First, the systenmustanalyzeeachcontactanddeterminadts contri-
bution to the overall stability of the grasp. Thenwe computea corvex
hull of the contactwrenchego determinethe overall spaceof wrenches
that canbe appliedby this grasp. Using the hull, the systemcancom-
putetwo commonlyusedmeasuresf graspquality. Althoughwe only
presenta summaryof thesesteps,a morein depthdescriptioncanbe
foundin ourearlierwork [12].

Using the objects centerof gravity asreferencepoint, we startby
findingthe6D-wrenchthatis associateavith eachforceactingatacon-
tact point. Thenwe must computethe unit graspwrenchspace,and
Ferrariand Canry [4] describetwo differentmethods. Onelimits the
maximummagnitudeof the contactnormalforcesto 1, andthe other
limits their summagnitudeto 1. We have implementedhe secondop-
tion dueto its easeof computation. Under this constraint,the set of
wrencheghatcanbe exertedon the objectis:

W = ConvezHull(U{Wm oo s Wim}) @)
i=1
If this corvex hull containsthe wrenchspaceorigin thenthe grasp
is stable.Onequality measurehatis often proposeds theradius,e, of
thelargest6D ball, centeredat the origin, thatcanbe enclosedwith the
hull. The vectorfrom the wrenchspaceorigin to the point wherethe
ball contactghe boundaryof the hull is the smallestmaximumwrench
thatcanbe appliedby the grasp.In this worst casethe summagnitude
of the contactwrenchesvould have to be % timesthe magnitudeof the
disturbancenvrench. The closere is to 1 the moreefficient the graspis.
However, this measuras not invariantto the choiceof torqueorigin as
Li andSastrypoint out, sothe volumew of thecorvex hull canbe used
asaninvariantaveragecasequality measurdor thegrasp.
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Figure3: Left: Translatinghe paralleljaw gripperinto positionover the phonehandsetRight: A completedstablegraspof the phone.

We have implementedthis portion of the analysiswith the Qhull
program[2]. It producesa list of facetsof the corvex hull, and each
is describedby a normal vector and a signedoffset from the origin.
This makesit easyto determinewhetherthe origin is containedn the
hull, indicatinga stablegrasp,andwhich facetis closestto the origin,
indicatingthe mostdifficult wrenchfor the graspto apply. Clearly, the
wrenchin theoppositedirectionis themostdifficult externalwrenchfor
the graspto resist. The minimum offsetvalue givesuse andindicates
how efficient thegraspis at handlingthis worstcase.Qhull canalsobe
queriedfor the volumeof the computecdhull which givesuswv.

3.4 Wrench Space Visualization

Onereason3D examplesare avoidedin previous papersis dueto
the difficulty of visualizingthe results.A 2D planarobjectwill have a
3D wrenchspaceput a 3D objectwill have a 6D wrenchspaceandto
displayit, we mustprojectit into 3D spaceby fixing threeof thewrench
coordinatesWe have choserfour projectionsof thegraspwrenchspace
that canhelp us understandsomeof the characteristicof a particular
grasp. If we fix the torque coordinatef the wrenchspaceto 0, the
resultingprojectionshownsthe spaceof forcesthatcanbeappliedby the
graspwithout imparting a net torqueto it, andlikewise, if we fix the
forcecoordinatego 0, we canvisualizethe spaceof torquegthatcanbe
appliedto the objectwithout a netforce actingon the body. By setting
the torquecoordinatego their valuesat the point on the hull boundary
thatis closestotheorigin, w7, ;,,, we candisplaythespaceof forcesthat
canbe appliedif the worst casetorqueneedsto be applied. Similarly
we candisplaythe spaceof torqueshatcanbeappliedif theworstcase
force,w};m, mustbeapplied.In generalwe startwith the collectionof
6D halfspacesH,xsx < b, but oncewe have choservaluesfor three
coordinate®f x, we arrive atanew setof 3D halfspacesH, . ;x < b’.
Fromtherewe useQhull againto computetheirintersectiorwhich gives
usthehull bodiesthatarepresentedn the next section.

4 EXAMPLES

In this section,we presentexamplesof different graspsof various
objectsperformedusing modelsof a paralleljaw gripperandtwo ar-
ticulatedrobotic hands. Eachsectionbegins with a descriptionof the
handusedandcontinueswvith a demonstratiorof the processlescribed
in the previoussection. Theseexamplesareintendedo demonstrat¢éhe
versatility of the systemandits effectivenessasatool for visualizinga
grasps strengthsaandweaknesses

4.1 A Parallel-Jaw Gripper

Ourgrippermodelhastheapproximatelimension®f anactualLord
gripper For easeof use,we changedhe kinematicsof our gripperso
thateachplatecanbeindependentlyontrolled.Whenonly onecoupled
DOF is usedto grip a non-maing object,the grippermustbe centered
over the objectexactly for both platesto comein contact. Besideghe
kinematics we alsospecifiedthe surfacematerialof the palm asmetal
andthe platesasrubber

Figure 3 shaws two screenshotsfrom Grasplt!. Thefirst shotis a
portion of the main window which containsour model of the gripper
and a model of a telephonehandsetwith a coordinateframe attached
to its centerof gravity. The useris translatingthe gripperto a position
above the phones centerat which point the grippercanbe loweredand
its platesclosed. Sincethereis no contactbetweenrthe gripperandthe
object, the graspis still unstable,andthat is indicatedin the quality
readoutat the bottomof the window. The secondshot, this time of the
full-screen,shows that whenthe jaws are closed,theresultis a stable
grasp,andthetwo sidewindows displayselected3D projectionsof the
computedgraspwrenchspace. Currently the top sidewindow shows
the 3D spaceof forcesthat can be appliedto the phonewith no net
torque,andthe bottomsidewindow showvsthe spaceof torqueghatcan
be appliedwith no net force, althoughtheseprojectionchoicescanbe
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Figure4: Left: TheBarretthandhasbeentranslatedintil the palmcontactedhe mugsurface Right: A completedstablegraspof themug.

changedTheredcones seerontheinsidesurfaceof the phonearethe
friction conesplacedat the verticesof the contactregions. Finally, in
additionto the coordinateaxespresenbefore,two new indicatorshave
appearedn the mainwindow. They shaw the directionsof the force-
torquecombinationthatis mostdifficult for this graspto resist,in this
casea twist parallelto the jaw axis and a simultaneoudorce pushing
tangentiallyalongthe the plates. This sort of disturbancenvrenchcan
only be resistedwith the frictional forcessincethereare no contacts
normalto thetwist axisandno contactopposingheforcevector

4.2 The Barrett Hand

Thedextrousrobothandusedin this exampleis the BarrettHand[1].
It is aneight-axis three-fingerednechanicahandwith eachfingerhav-
ing two joints. Onefinger is stationaryandthe othertwo canspread
synchronouslyup to 180 degreesaboutthe palm (finger 3 is stationary
andfingersl and2 rotateaboutthepalm). Althoughthereareeightaxes,
thehandis controlledby four motors.Eachof thethreefingershasone
actuatedproximal link, anda coupleddistal link thatmovesat a fixed
ratewith the proximallink. A novel clutchmechanisnallows thedistal
link to continueto move if the proximallink’s motionis obstructedre-
ferredto asbreakaway). An additionalmotorcontrolsthe synchronous
spreaddf thetwo fingersaboutthe palm.

The Barretthandhas10 degreesof freedom: 6 for the poseof the
wrist, 1 for the spreadangleof thefingers,and3 for the anglesof the
proximallinks. Our currentmodelof the handusesslightly simplified
link geometriesbut thekinematicsof themodelmatchtherealhandex-
actly. Becauseheactualhandin ourlabis outfittedwith tactile sensors
on the inner padof eachlink, including the palm, we have setthelink
materialof eachlink in themodelto rubber Our objectto begraspeds
amug,andwe have setthe materialasglassin the objectconfiguration
file.

1A color versionof this papetis availableat
http://www.cs.columbia.edu/amiller

We beganthis graspby translatingthe handuntil theflat palm con-
tactedthe roundedouter surfaceof the mug. At this point we have
Grasplt! performan auto-graspvherethe threefinger motorshave the
samerelative velocity and the spreadmotor hasits velocity setto 0.
Eachfingerhasa contactonits innerlink which resultsin the outerlink
breakingaway and continuingto closeuntil anothercontactoccursat
the finger endpoints. The resultingwrappinggraspis very stabledue
to the numberof highly frictional contactsspreadut aroundthe mug’s
centerof gravity (figure4).

4.3 The DLR Hand

The DLR hand[3], developedat the GermanAerospaceCenter is
afour-fingeredarticulatedrobotichand,andit hasan anthropomorphic
design. The fingersareidentical,andeachconsistsof threelinks with
two joints atthe base onejoint betweerthe proximalandmediallinks,
and one joint betweenthe medial and distal links. This last joint is
coupledin afixedratio to the previousjoint in the chainjust asit is in
thehumanhand.TheDLR handhasatotal of 18 degreesof freedom:6
specifythe poseof thewrist, andthereare3 independentlyontrollable
jointsin eachof the 4 fingers. In the descriptiorfile for the DLR hand,
we specifyits kinematics,including joint limits, andits link materials
(metalfor the palm, proximal,andmediallinks, rubberfor distallinks).
Also specifiedarethe link models,which are accuratereplicasof the
actualhand, exceptwe have omitted unnecessy detailsat the joints.
The objectto begraspedn this exampleis a glassErlenmeer flask.

Translatingthe handtowardsthe flask resultsin only onepoint con-
tact on the palm, but by rotating aroundthat contactpoint, as seenin
theleft portionof figure5, anothercontactwill occur After performing
an auto-graspwvherethe motor velocitiesare setso the fingerscurl at
equalspeedstheresultis a somavhatweakbut stablegraspshawn in
theright portionof thatfigure. However, by manuallyadjustingthefin-
gerjoints sothatcontactsoccuron the proximalfingerlinks andsothe
thumbcontactghe bottomsurfaceof the flask, we have found a higher
quality grasp(figure 6).
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Figure5: Left: The DLR handbeingrotatedabouta contactpoint until the secondpoint of contactbetweerthe palmandflask occurs.Right: After
theauto-grasghasfinishedthe resultis a stablegraspof theflask.
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Figure6: Adjustingthe DOF manuallycanimprove uponthe auto-graspNote the proximallinks of thefingersarenow in contactwith theflask.



Figure7: TheRobonauhandmodel.

4.4 The Robonaut Hand

The final handwe examinedwasthe Robonauthanddevelopedat
NASA's JohnsonSpaceCenter[10]. It is the mostanthropomorphic
andcomplex of the handdesignswith 5 fingersand14 internaldegrees
of freedom(seefigure 7). The index and middle fingers along with
thethumbareconsideredhe primary manipulationfingersandarecap-
bableof abductionandadduction.Thering andpinkie aremountedon
squeezingpalm joint which makethem good graspingfingerscapable
of wrappingarounda tool or otherobject. Althoughthe link geometry
only specifiesthe metalstructureof the hand,we assumedubbercon-
tactsurfacedo facilitate strongemgrasps.In this example,we chosethe
ratherdifficult starmodelto seeif the hands mary degreesof freedom
couldallow it to graspthe starstably

After moving the palminto contactwith the top surfaceof the star
we rotatedthe two primary fingersto the left away from the secondary
graspindfingers. This pregraspshapeis shavn on the left side of fig-
ure8. Thenwe performedanauto-graspvhich closedthefingersaround
the sidesof the star A smallbit of adjustmentvasnecessaryo bring
two of thefingertipsin contacwith thebottomsurfaceof thestar While
we wereableto performarelatively stablegraspof thestar, we notethat
the graspis still weakat resistingforcespushingaway from the palm.
This objectmodelmaybeatthelarge endof therangeof whatthishand
cangraspgivenits kinematicstructure.Furtherresearchwill determine
thesizeandshape®f objectsthatareeasiesfor this handto grasp.

5 CONCLUSION AND FUTURE WORK

We have demonstrated systemthat, givenmodelsof a handandan
object, allows a userto manipulatethe handto perform graspsof the
objectwhich the systemanalyzes Thereal-timeanalysisresultsin two
numericmeasure®f graspquality aswell asindicatorsof the grasps

weakpoint, andapartialvisualizationof the spaceof forcesandtorques
that canbe appliedby the grasp. The systemhasbeendesignedo be
flexible soit is easyto addin new handor objectmodels,andthanksto

thefastcollision detectionalgorithm,we areableto analyzehow com-

plex modelsinteractwith real link geometriesratherthan restricting
ourselesto contacton the endsof roundedfingertips.

Futurework will include addingmore quality measureso the sim-
ulator, including a measureof a grasps manipulability and addinga
variety of handand objectmodels. Sucha graspinglibrary will allow
usto performmary comparatie testsandhelp answerthe questionof
how the kinematicand geometricdesignof a handaffects graspsta-
bility and graspmanipulability We are alsointerestedn the areaof
graspsynthesisandwhile thetotal spaceof handconfigurationss pro-
hibitively large, we hopeto useheuristicsanda limited numberof hand
preshapeto limit thetotal spacewe actuallylook at. We would like to
have Grasplt! at leastlocally optimize a graspperformedby the user
Finally, we would like to adda workspaceandanarmattachmensowe
canconsiderreachabilityconstrainteandpossiblytestthesegraspawith
arealhand.
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