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WPIWPI waswas oneone ofof fourfour collegescolleges andand universitiesuniversities awardedawarded NASANASA grantsgrants forfor 
studentstudent designdesign andand developmentdevelopment ofof anan improvedimproved gloveglove forfor spacespace suits.suits. ThisThis 
paperpaper tracestraces thethe design,design, developmentdevelopment andand testitesti ngng ofof thethe WPIWPI prototypeprototype glove.glove. 
TestTest resultsresults showedshowed thatthat thethe gloveglove diddid notnot significantlysignificantly limitlimit handhand andand fingerfinger 
motionmotion whenwhen pressurizedpressurized atat 88 psi,psi, exceptexcept inin thethe sphericalspherical gripgrip mode.mode. ThisThis 
projectproject demonstrateddemonstrated thatthat problemsproblems originatingoriginating fromfrom spacespace technologytechnology 
provideprovide excellentexcellent vehiclesvehicles forfor studentstudent learninglearning andand cancan generategenerate creativecreative 
solutions.solutions. 
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INTRODUCTIONINTRODUCTION 

ManMan lsilsi nteractinteracti onsons withwith thethe spacespace envienvi ronmentronment havehave increasedincreased tremendouslytremendously
sisi ncence thethe SpaceSpace TransportationTransportation SystemSystem becamebecame operatioperati onaona1.1. SiSi gn1fign1fi cantcant extra­extra­
vehicularvehicular activityactivity byby shuttleshuttle crew-memberscrew-members isis requiredrequired toto fulfillfulfill mission,mission, 
payload,payload, andand contingencycontingency requirements.requirements. BeforeBefore leavingleaving thethe pressurizedpressurized environmentenvironment 
ofof thethe shuttlshuttl e,e, crew-memberscrew-members mustmust dondon spacespace suitssuits andand 1111 fefe supportsupport systemssystems toto 
survivesurvive inin thethe spacespace environment.environment. 

SpaceSpace suitssuits areare currentlycurrently pressurizedpressurized toto 4.34.3 psidpsid (psi(psi differential).differential). ThereThere 
areare variousvarious scenariosscenarios forfor acclimatingacclimating astronautsastronauts toto thethe currentcurrent suitsuit pressure,pressure, butbut 
allall involveinvolve lengthylengthy proceduresprocedures toto preventprevent decompressiondecompression sickness.sickness. InIn oneone commoncommon 
scenario,scenario, ifif thethe cabincabin pressurepressure isis 14.714.7 psidpsid thethe astronautsastronauts mustmust prebreatheprebreathe purepure 
oxygenoxygen toto flushflush thethe bodybody ofof inertinert gassesgasses forfor 220220 minutesminutes andand stillstill runrun thethe riskrisk ofof 
decompressiondecompression sickness.sickness. AnotherAnother methodmethod involvesinvolves loweringlowering thethe cabincabin pressurepressure toto 
10.210.2 psidpsid forfor 33 daysdays beforebefore partakingpartaking inin EVAEVA (1).(1). 

WithWith anan 88 psipsi suit,suit, aa cabincabin pressurepressure ofof 14.714.7 psidpsid couldcould bebe maintainedmaintained andand nono 
prebreathingprebreathing oror delaydelay timetime wouldwould bebe required.required. NASANASA hashas aa prototypeprototype hardsuithardsuit thatthat 
cancan supportsupport anan internalinternal pressurepressure ofof 88 psid,psid, butbut thethe glovesgloves forfor thisthis suitsuit performperform
poorlypoorly atat 88 psid.psid. ThisThis projectproject addressedaddressed thethe needneed forfor anan 88 psipsi spacespace suitsuit gloveglove
withwith maximummaximum flexibilityflexibility andand durabilitydurability whichwhich cancan bebe integratedintegrated asas thethe finalfinal partpart
ofof thethe prototypeprototype 88 psidpsid spacespace suitsuit (2).(2). 

TheThe AmericanAmerican SocietySociety forfor EngineeringEngineering EducationEducation (ASEE)(ASEE) administeredadministered aa NASANASA 
contractcontract toto sponsorsponsor aa gloveglove designdesign competitioncompetition amongamong engineeringengineering colleges.colleges. TheThe 
fourfour finalfinal contestantscontestants werewere selectedselected onon thethe basisbasis ofof proposalsproposals submittedsubmitted toto ASEE.ASEE. 
EachEach finalfinal contestantcontestant receivedreceived aa projectproject grantgrant ofof approximatelyapproximately $30,000.$30,000. 

WPWP I,I, asas oneone ofof thethe fourfour fifi nana11 contestantscontestants inin thethe NASAlNASAlASEEASEE GloveGlove DesignDesign
Contest,Contest, utilizedutilized thethe undergraduateundergraduate MajorMajor QualifyingQualifying ProjectProject (MQP)(MQP) asas thethe vehiclevehicle 
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toto designdesign thethe WPIWPI entry.entry. TheThe MQPMQP isis oneone ofof fourfour degreedegree requirementsrequirements atat WPIWPI and,and, 
asas such,such, requiresrequires essentiallyessentially 1/31/3 ofof aa student'sstudent's entireentire efforteffort duringduring thethe seniorsenior 
year.year. TheThe MQPMQP groupgroup consistedconsisted ofof 1111 studentsstudents fromfrom severalseveral MechanicalMechanical EngineeringEngineering 
sub-disciplines.sub-disciplines. SeveralSeveral facultyfaculty servedserved asas advisorsadvisors andand 1010 additionaladditional studentsstudents 
participatedparticipated inin generatinggenerating gloveglove conceptsconcepts viavia aa campuscampus widewide conceptconcept competition.competition. 
ThisThis paperpaper describesdescribes thethe development,development, testingtesting andand evaluationevaluation ofof thethe WPIWPI prototypeprototype 
design.design. 

DESIGNDESIGN REQUIREMENTSREQUIREMENTS 

TheThe idealideal spacespace suitsuit gloveglove wouldwould provideprovide unrestrictedunrestricted handhand motionmotion andand 
minimizeminimize thethe workwork requiredrequired toto flexflex thethe glove.glove. TheThe gloveglove wouldwould bebe comfortablecomfortable toto 
wearwear andand provideprovide tactilitytactility comparablecomparable toto thethe handhand alone.alone. TheseThese designdesign goalsgoals willwill 
probablyprobably nevernever bebe fullyfully attainedattained sincesince thethe pressurepressure internalinternal toto thethe gloveglove tendstends toto 
stiffenstiffen itit andand causescauses itit toto resistresist bending.bending. InIn addition,addition, designdesign measuresmeasures takentaken toto 
containcontain thethe pressurepressure loadingloading tendtend toto influenceinfluence thethe rangerange ofof motion,motion, comfort,comfort, andand 
tactiltactil ii ty.ty. 

SomeSome aspectsaspects ofof thethe currentcurrent shuttleshuttle glove,glove, whichwhich operatesoperates atat 4.34.3 psid,psid, cancan 
alsoalso bebe usedused inin designingdesigning anan 8.08.0 psidpsid glove.glove. AdequateAdequate wristwrist designsdesigns forfor con­con­
nectingnecting thethe gloveglove toto thethe spacespace suitsuit areare currentlycurrently available.available. TheThe currentcurrent TMGTMG 
garmentgarment whichwhich fitsfits overover thethe gloveglove toto provideprovide thermalthermal andand micrometeoritemicrometeorite protectionprotection
isis adequate.adequate. TheThe currentcurrent bladderbladder isis alsoalso acceptable.acceptable. 

TheThe majormajor problemproblem facedfaced inin spacespace suitsuit gloveglove designdesign isis thatthat thethe handhand isis aa 
complexcomplex anatomicanatomic structurestructure withwith veryvery complexcomplex kinematickinematic motions.motions. ThereThere areare sixsix 
typestypes ofof graspinggrasping patternspatterns FigureFigure 11 (3).(3). FromFrom aa kinematickinematic standpointstandpoint thesethese graspsgrasps 
areare achievedachieved byby motionmotion aboutabout virtualvirtual centerscenters whichwhich areare internalinternal toto thethe handhand andand inin 
manymany instancesinstances traversetraverse aa three-dimensionalthree-dimensional pathpath inin space.space. AnyAny structuralstructural 
componentscomponents oror exoskeletonexoskeleton incorporatedincorporated intointo thethe gloveglove toto provideprovide forfor containmentcontainment 
ofof thethe pressurepressure loadingloading mustmust attemptattempt toto maintainmaintain thethe integrityintegrity ofof rotationrotation aboutabout 
thesethese naturalnatural virtualvirtual centers.centers. FailureFailure toto dodo thisthis willwill resultresult inin restrictionrestriction ofof 
motionmotion and/orand/or considerableconsiderable discomfortdiscomfort (point(point loading,loading, chafingchafing andand abrasion).abrasion). 

SpecificSpecific designdesign requirementsrequirements statedstated thatthat aa personperson wearingwearing thethe gloveglove bebe 
capablecapable ofof graspinggrasping aa 1-1/21-1/2 inchinch diameterdiameter cylinder.cylinder. TheThe WPIWPI studentstudent teamteam feltfelt 
thatthat aa gloveglove whichwhich simplysimply achievedachieved thisthis minimumminimum requirementrequirement wouldwould notnot bebe satis­satis­
factoryfactory andand thereforetherefore setset asas aa goalgoal producingproducing aa gloveglove thatthat wouldwould functionfunction accept­accept­
ablyably inin allall sixsix graspinggrasping patterns.patterns. TheThe WPIWPI designdesign groupgroup focusedfocused theirtheir effortsefforts onon 
fourfour majormajor areas;areas; fingers,fingers, thumb,thumb, palmpalm andand metacarpalmetacarpal jointjoint (Figure(Figure 2).2). 

AlAl thoughthough therethere werewere manymany issuesissues whichwhich couldcould havehave beenbeen givengiven highhigh prioritypriority
suchsuch asas manufacturability,manufacturability, sizing,sizing, tactilitytactility etc.,etc., itit waswas determineddetermined thatthat thethe 
fundamentalfundamental problemproblem waswas thatthat ofof functionality.functionality. ItIt maymay littlelittle sensesense toto thethe studentstudent 
groupgroup toto addressaddress issuesissues otherother thanthan thosethose associatedassociated withwith achievingachieving aa combinationcombination 
ofof conceptsconcepts whichwhich wouldwould yieldyield aa gloveglove thatthat workedworked atat 88 psid.psid. TheseThese otherother issuesissues 
werewere viewedviewed asas secondsecond generationgeneration problemsproblems onceonce thethe fundamentalfundamental problemproblem ofof func­func­
tionalitytionality hadhad beenbeen solved.solved. 

METHODSMETHODS 

AA designdesign teamteam composedcomposed ofof studentsstudents withwith majormajor interestsinterests inin mechanicalmechanical design,design,
materialsmaterials andand manufacturing,manufacturing, andand biomedicalbiomedical engineeringengineering waswas assembled.assembled. EachEach ofof 
thethe eleveneleven studentsstudents spentspent approximatelyapproximately 1/31/3 ofof anan academicacademic yearyear workingworking onon thethe 
gloveglove designdesign asas aa MajorMajor QualifyingQualifying ProjectProject (MQP)(MQP) whichwhich isis aa WPIWPI degreedegree require­require­
ment.ment. AA mulmul titi -di-di scipliscipli nedned groupgroup ofof faculfacul tyty adviadvi sorssors workedworked withwith thethe studentsstudents 
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duringduring thethe entireentire academicacademic year.year. IdeasIdeas forfor thethe designdesign camecame fromfrom twotwo sources:sources: thethe 
projectproject studentsstudents themselvesthemselves andand aa campus-widecampus-wide studentstudent competition.competition. 

ForFor thethe campus-widecampus-wide competition,competition, summarysummary informationinformation regardingregarding specification,specification, 
environment,environment, andand historyhistory waswas distributeddistributed toto potentialpotential contestants,contestants, andand twotwo 
briefingbriefing sessionssessions werewere heldheld toto discussdiscuss thethe issuesissues associatedassociated withwith gloveglove design.design. 
TheThe competitioncompetition solicitedsolicited designdesign conceptsconcepts forfor eithereither anan entireentire spacespace gloveglove oror 
partsparts thereof,thereof, andand waswas openopen toto thethe entireentire studentstudent body.body. TheThe competitioncompetition waswas openopen 
forfor threethree weeksweeks atat whichwhich timetime writtenwritten oror physicalphysical entriesentries werewere received.received. TheThe 
campus-widecampus-wide designdesign competitioncompetition involvedinvolved manymany studentsstudents notnot directlydirectly associatedassociated withwith 
thethe desidesi gngn teamteam andand generatedgenerated somesome innovativeinnovative concepts.concepts. MembersMembers ofof thethe studentstudent 
designdesign teamteam generatedgenerated ideasideas individuallyindividually andand alsoalso byby participatingparticipating asas aa groupgroup inin aa 
synecticssynectics problem-solvingproblem-solving sessionsession thatthat waswas ledled byby aa facilitatorfacilitator fromfrom aa locallocal 
industry.industry. 

TheThe designdesign teamteam developeddeveloped aa decisiondecision matrixmatrix usingusing thethe methodsmethods suggestedsuggested byby 
DiDi etereter (4)(4) toto evaluateevaluate aa1111 ofof thethe concepts.concepts. AsAs designdesign conceptsconcepts evolvedevolved intointo 
hardware,hardware, prototypeprototype glovesgloves werewere buibui 11tt andand testedtested atat 88 psipsi dindin aa gloveglove box.box. AA 
seriesseries ofof gloveglove evaluationevaluation proceduresprocedures werewere developeddeveloped toto testtest thethe kinematickinematic 
capabilitiescapabilities ofof thethe prototypes.prototypes. RedesignRedesign eliminatedeliminated manymany problemsproblems presentpresent inin thethe 
earlyearly prototypes.prototypes. 

RESULTSRESULTS 

EvolutionEvolution ofof DesignDesign 

TheThe basesbases ofof thethe WPIWPI designdesign evolutionevolution werewere thethe designdesign conceptsconcepts whichwhich resultedresulted 
fromfrom thethe designdesign contestcontest andand subsequentsubsequent actiacti vivi ty.ty. NiNi nene contestcontest entrientrieses werewere 
received.received. TwoTwo additionaladditional conceptsconcepts werewere generatedgenerated fromfrom thethe synecticsynectic brainstormingbrainstorming
session.session. AllAll eleveneleven conceptsconcepts andand thethe presentpresent NASANASA shuttleshuttle gloveglove werewere evaluatedevaluated 
usingusing thethe evaluationevaluation criteriacriteria developeddeveloped byby thethe projectproject groupgroup andand assignedassigned valuesvalues 
ofof relativerelative acceptabilities.acceptabilities. TheThe decisiondecision matrixmatrix criteriacriteria areare presentedpresented inin TableTable 
I.I. ForFor referencereference thethe relativerelative acceptabilityacceptability ofof thethe currentcurrent NASANASA shuttleshuttle gloveglove waswas 
ratedrated atat aboutabout 42%42% byby twotwo facultyfaculty membersmembers whowho hadhad wornworn oneone atat 4.34.3 psid.psid. 

SomeSome ofof thethe conceptsconcepts generatedgenerated byby thethe designdesign competitioncompetition andand thethe MOPMOP studentsstudents 
themselvesthemselves involved:involved: 

1.	1.	 AnAn almostalmost rigidrigid gloveglove exceptexcept inin thethe jointjoint regionsregions ofof thethe fingers,fingers, thumbthumb 
andand metacarpal.metacarpal. TheThe fifi ngernger sectisecti onsons werewere connectedconnected alongalong thethe neutralneutral 
bendingbending axes.axes. 

2.	2.	 EliminationElimination ofof thethe palmpalm bulgebulge problemproblem usingusing aa shellshell constructedconstructed ofof smallsmall 
triangulartriangular platesplates toto createcreate bendingbending alongalong thethe naturalnatural creasescreases ofof thethe 
hand.hand. TheThe platesplates werewere bondedbonded toto aa flexibleflexible materialmaterial toto createcreate hingeshinges andand 
werewere bevelledbevelled toto limitlimit bUlgingbUlging ofof thethe shell.shell. ThusThus thethe platesplates couldcould bendbend 
withwith thethe palmpalm butbut notnot bulgebulge underunder thethe pressurepressure load.load. 

3.	3.	 TheThe useuse ofof elasticelastic strapsstraps inin combinationcombination withwith rollingrolling oror toroidaltoroidal 
convolutes.convolutes. TheThe strapsstraps exertedexerted aa restoringrestoring forceforce onon thethe convolutesconvolutes toto 
assistassist themthem inin returningreturning toto theirtheir neutralneutral position.position. TheThe elastomerelastomer waswas 
placedplaced overover thethe pressurepressure retentionretention bladderbladder toto helphelp cancelcancel thethe elasticelastic andand 
pressurepressure loads.loads. 

AA combicombi natinati onon ofof thethe aboveabove 33 conceptsconcepts hadhad aa re1re1 ativeative acceptabllacceptabll ii tyty ofof 79%.79%. 
DueDue toto thisthis veryvery favorablefavorable ratingrating thesethese conceptsconcepts werewere studiedstudied andand developeddeveloped
further.further. 
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ItIt waswas recognized,recognized, early,early, thatthat therethere werewere severalseveral fundamentalfundamental issuesissues toto bebe 
addressed.addressed. AmongAmong thesethese werewere thethe palmpalm bulge,bulge, metacarpalmetacarpal joint,joint, andand thumbthumb jointjoint 
areas.areas. SeveralSeveral difficultdifficult problemsproblems hadhad alreadyalready beenbeen solvedsolved byby NASANASA includingincluding 
wrist,wrist, universaluniversal bladder,bladder, andand TMGTMG garmentgarment whichwhich wouldwould bebe retainedretained inin thethe WPIWPI 
prototype.prototype. 

PursuitPursuit ofof anan improvedimproved gloveglove designdesign basedbased onon thesethese selectedselected conceptsconcepts includedincluded 
developmentsdevelopments inin fourfour basicbasic regions:regions: fingers,fingers, palm,palm, thumb,thumb, andand metacarpal.metacarpal. TheThe 
evolutionevolution ofof eacheach componentcomponent isis brieflybriefly tracedtraced inin thethe followingfollowing paragraphs.paragraphs. 

Fingers.Fingers. TheThe fingerfinger evolutionaryevolutionary tree,tree, FigureFigure 3a,3a, showsshows twotwo basicbasic branchesbranches 
correspondingcorresponding toto hardhard andand softsoft fingerfinger elements.elements. TheThe hardhard fingerfinger conceptconcept utilizedutilized 
basebase fabricfabric coveredcovered withwith tubulartubular elementselements connectedconnected withwith flexibleflexible elementselements alongalong
thethe neutralneutral axis.axis. ItIt waswas foundfound thatthat eacheach hardhard elementelement hadhad toto bebe individuallyindividually
sizedsized andand wouldwould havehave beenbeen muchmuch tootoo tedioustedious andand expensiveexpensive toto produceproduce inin practice.practice.
TheThe softsoft fifi ngernger e1e1 ementement conceptconcept isis veryvery similsimil arar toto thatthat usedused inin thethe restrairestrai ntnt 
garmentgarment ofof thethe presentpresent shuttleshuttle glove.glove. BothBoth rollingrolling andand toroidaltoroidal convoluteconvolute jointsjoints 
werewere investigatedinvestigated withwith andand withoutwithout neutralneutral axisaxis restraintrestraint lines.lines. ItIt waswas foundfound 
thatthat restraintrestraint lineslines werewere necessarynecessary forfor loadload controlcontrol and,and, inin addition,addition, providedprovided
adjustabi1ityadjustabi1ity forfor sizing.sizing. RollingRolling convolutesconvolutes onon thethe dorsaldorsal sideside withwith neutralneutral axisaxis 
restraintrestraint lineslines provedproved sufficientsufficient toto allowallow extensionextension duringduring fingerfinger motion.motion. 

Palm.Palm. ThreeThree differentdifferent palmpalm conceptsconcepts werewere initiallyinitially investigated,investigated, FigureFigure 3b.3b. 
First,First, aa softsoft palmpalm similarsimilar toto thatthat ofof thethe presentpresent shuttleshuttle gloveglove waswas tested.tested. ItIt 
waswas soonsoon foundfound thatthat palmpalm bulgebulge couldcould onlyonly bebe preventedprevented usingusing somesome typetype ofof exteriorexterior 
structurestructure toto forceforce aa concaveconcave shape.shape. 

TheThe secondsecond branchbranch beganbegan withwith aa discretediscrete shellshell structurestructure mademade ofof small,small, stiffstiff 
triangulartriangular elementselements fusedfused toto aa flexibleflexible clothcloth backing.backing. ThisThis mademade aa materialmaterial 
capablecapable ofof bendingbending inin oneone directiondirection butbut rigidrigid inin thethe other.other. ThisThis structurestructure couldcould 
bendbend alongalong anyany ofof threethree axes,axes, butbut onlyonly alongalong oneone atat aa time.time. 

TheThe thirdthird approachapproach utilizedutilized threethree rigidrigid palmpalm piecespieces connectedconnected byby flexibleflexible 
elementselements ofof fabric.fabric. ItIt waswas foundfound thatthat therethere existedexisted aa triangulartriangular areaarea inin thethe palmpalm
thatthat movedmoved veryvery littlelittle relativerelative toto thethe dorsaldorsal sideside andand thatthat therethere waswas aa connectingconnecting
pathpath betweenbetween thethe thumbthumb andand firstfirst fingerfinger whichwhich similarlysimilarly hadhad littlelittle relativerelative 
motion.motion. TheThe TypeType II palmpalm clip,clip, FigureFigure 4a,4a, waswas designeddesigned toto taketake advantageadvantage ofof thethe 
lacklack ofof relativerelative motionmotion andand toto transmittransmit thethe pressurepressure loadload ofof thethe palmpalm toto thethe 
dorsaldorsal sideside ofof thethe handhand wherewhere itit couldcould bebe pressurepressure balanced.balanced. 

UponUpon developmentdevelopment ofof thethe palmpalm clipclip forfor thethe lowerlower palm,palm, thethe discretediscrete shellshell 
elementelement evolvedevolved intointo aa "sheet"sheet hinge"hinge" palmpalm consistingconsisting ofof straightstraight barsbars parallelparallel toto 
thethe metacarpalmetacarpal bendingbending axisaxis andand coveringcovering onlyonly thatthat region.region. TheThe hingehinge waswas designeddesigned 
toto bendbend inin thethe concaveconcave direction:direction: thatthat is,is, itit couldcould notnot flatten.flatten. TheThe sheetsheet hingehinge 
conceptconcept andand thethe TypeType II clipclip werewere combinedcombined toto formform thethe "combination""combination" palmpalm bar.bar. 
AlthoughAlthough thethe hingehinge couldcould onlyonly bendbend oneone direction,direction, interfacinginterfacing itit toto thethe dorsaldorsal 
metacarpalmetacarpal regionregion provedproved veryvery difficultdifficult soso thatthat thisthis approachapproach waswas abandoned.abandoned. ThisThis 
interfaceinterface prob1prob1 emem andand concurrentconcurrent evo1evo1 utiuti onon ofof desidesi gngn conceptsconcepts inin thethe metacarpalmetacarpal 
areaarea ledled toto thethe TypeType IIII palmpalm bar,bar, FigureFigure 4b,4b, whichwhich waswas essentiallyessentially aa TypeType II palmpalm
barbar withwith aa looploop runningrunning aroundaround thethe hand.hand. TheThe looploop ranran alongalong aa connectingconnecting pathpath
betweenbetween thethe thumbthumb andand firstfirst fingerfinger whichwhich hadhad littlelittle motionmotion relativerelative toto thethe TypeType II 
palmpalm clip.clip. WithWith refinementsrefinements thethe TypeType IIII palmpalm barbar evolvedevolved intointo thethe shapeshape usedused inin 
thethe WPIWPI prototypeprototype design.design. 

Metacar~a1Metacar~a1 Joint.Joint. TheThe metacarpalmetacarpal jointjoint componentcomponent beganbegan fromfrom threethree basicbasic branches,branches, 
FigureFigure c.c. TheThe simplestsimplest solutionsolution waswas anan entirelyentirely fabricfabric metacarpalmetacarpal jointjoint employ­employ­
inging convolutesconvolutes onon thethe backback ofof thethe hand.hand. WhileWhile thisthis branchbranch waswas unsuccessfulunsuccessful byby 
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itself,itself, duedue toto bulging,bulging, itit diddid provideprovide thethe basisbasis forfor severalseveral designsdesigns inin thethe otherother 
twotwo branches.branches. 

TheThe secondsecond branchbranch designdesign employedemployed elastomerselastomers toto restrainrestrain thethe metacarpal.metacarpal. TheThe 
neutralneutral axisaxis (NA)(NA) lineslines ofof thethe fingersfingers werewere attachedattached toto elasticelastic stripsstrips acrossacross thethe 
convolutesconvolutes onon thethe dorsaldorsal side.side. ThisThis ledled toto aa designdesign withwith thethe entireentire dorsaldorsal 
surfacesurface ofof thethe gloveglove mademade ofof anan elasticelastic material.material. BothBoth ofof thesethese designs,designs, though,though, 
provedproved incompatableincompatable withwith thethe TypeType IIII palmpalm clip.clip. AnAn attemptattempt waswas mademade toto employemploy 
elasticelastic toto taketake thethe loadload fromfrom thethe NANA restraintrestraint lineslines fromfrom thethe fingersfingers toto thethe 
wrist,wrist, butbut thethe springspring constantconstant ofof thethe elasticelastic provedproved tootoo criticalcritical toto thisthis design.design. 

TheThe finalfinal branchbranch consistedconsisted ofof exoskeletalexoskeletal designdesign solutionssolutions involvinginvolving variousvarious 
mechanicalmechanical hinges.hinges. HingeHinge conceptsconcepts werewere abandonedabandoned becausebecause thethe centercenter ofof rotationrotation 
ofof thethe metacarpalmetacarpal jointjoint isis insideinside thethe handhand andand inaccessible.inaccessible. InIn anan attemptattempt toto 
createcreate aa kinematicallykinematically equivalentequivalent motionmotion aa IItraveler"IItraveler" waswas employedemployed whichwhich consistedconsisted 
ofof aa smallsmall pulleypulley ridingriding onon aa looploop betweenbetween thethe fingers.fingers. TheThe looploop waswas arrangedarranged soso 
thatthat NANA lineslines fromfrom thethe fingersfingers werewere alwaysalways radialradial toto thethe axisaxis ofof thethe metacarpalmetacarpal
joint.joint. DueDue toto concernsconcerns overover frictionfriction andand wear,wear, thethe travelertraveler waswas abandonedabandoned inin 
favorfavor ofof high-strengthhigh-strength cordscords oror lIlIyoyokes"kes" runningrunning throughthrough thethe crotchcrotch ofof thethe fingers.fingers.
AsAs thethe NANA lineslines werewere fixedfixed toto thethe yokes,yokes, thethe yokesyokes wouldwould notnot allowallow extensionextension whenwhen 
thethe metacarpalmetacarpal jointjoint waswas flexed,flexed, soso thisthis designdesign waswas discarded.discarded. 

AnotherAnother lineline ofof developmentdevelopment beganbegan withwith aa 4-bar4-bar linkagelinkage originallyoriginally proposedproposed asas 
aa fingerfinger jointjoint inin thethe designdesign competition.competition. EachEach jointjoint consistedconsisted ofof twotwo ringsrings
placedplaced aroundaround thethe fingersfingers crossedcrossed proximalproximal andand distaldistal toto thethe jointjoint line.line. TheThe 
ringsrings werewere semi-rigidsemi-rigid whilewhile thethe rockersrockers werewere flexibleflexible cords.cords. ItIt waswas realizedrealized thatthat 
twotwo loopsloops aroundaround thethe handhand wouldwould bebe hardhard toto employ,employ, therefore,therefore, aa muchmuch simplersimpler
solutionsolution ofof attachingattaching thethe fingerfinger NANA restraintrestraint lineslines toto aa singlesingle looploop atat thethe basebase 
ofof thethe fingersfingers andand restrainingrestraining thisthis looploop withwith NANA lineslines alongalong thethe sidessides ofof thethe handhand 
waswas employed.employed. WithWith refinementsrefinements inin shapeshape thisthis ""memetacarpaltacarpal restraintrestraint barbarllll (MRB)(MRB)
becamebecame partpart ofof thethe WPIWPI design,design, asas shownshown inin FigureFigure 5.5. 

Thumb.Thumb. TheThe thumbthumb designdesign evolvedevolved fromfrom twotwo branchesbranches (hard(hard andand soft)soft) similarsimilar toto thethe 
fingerfinger design,design, FigureFigure 3d.3d. ConceptsConcepts concurrentlyconcurrently developeddeveloped inin fingerfinger andand meta­meta­
carpalcarpal areasareas werewere combinedcombined inin thethe thumbthumb area.area. TheThe upperupper thumbthumb usedused aa designdesign
similarsimilar toto thethe fingers.fingers. TwoTwo saddle-shapedsaddle-shaped loopsloops werewere joinedjoined andand usedused toto restrainrestrain 
thethe lowerlower thumb.thumb. NANA restrairestrai ntnt 11ii nesnes fromfrom thethe upperupper thumbthumb werewere attachedattached toto thethe 
upperupper loop,loop, andand thethe lowerlower looploop waswas attachedattached toto thethe wristwrist andand palmpalm barbar byby NANA lines.lines. 

AnotherAnother designdesign consistedconsisted ofof justjust aa restraintrestraint looploop attachedattached toto NANA lineslines 
11eadieadi ngng toto thethe palmpalm clcl ii pp andand wriwri st.st. ThiThi ss desidesi gngn andand thethe saddlsaddl e-shapede-shaped looploop 
conceptconcept werewere combinedcombined andand modified,modified, resultingresulting inin oneone looploop alongalong non-extensionnon-extension 
lineslines inin thethe palmpalm andand anotheranother looploop atat thethe basebase ofof thethe thumbthumb digit.digit. NANA lineslines werewere 
runrun fromfrom thethe wristwrist andand palmpalm clipclip toto thethe firstfirst looploop andand fromfrom therethere toto thethe secondsecond 
loop.loop. NANA lineslines onon thethe thumbthumb digitdigit werewere attachedattached toto thethe secondsecond loop.loop. 

TheThe WPIWPI PrototypePrototype DesignDesign TheThe WPIWPI prototypeprototype gloveglove waswas thethe resultresult ofof integratingintegrating
ideasideas developeddeveloped fromfrom thesethese concepts,concepts, asas shownshown inin FiguresFigures 5,5, andand 6.6. TheThe TypeType IIII 
palmpalm clipclip waswas usedused toto controlcontrol palmpalm bulgebulge andand toto serveserve asas aa basebase ofof attachmentattachment forfor 
otherother components.components. TheThe fingers,fingers, metacarpal,metacarpal, andand thumbthumb allall usedused designsdesigns basedbased onon 
forceforce transmissiontransmission throughthrough thethe neutralneutral bendingbending axes.axes. InIn eacheach casecase thethe pressurepressure
loadingloading waswas supportedsupported eithereither inin thethe directiondirection ofof zerozero bendingbending oror alongalong lineslines ofof 
non-extensionnon-extension neutralneutral axes.axes. 

ForFor thethe fingers,fingers, thethe radialradial pressurepressure loading,loading, hoophoop stress,stress, waswas supportedsupported byby
thethe restraintrestraint garmentgarment fabric.fabric. TheThe axialaxial pressurepressure loadload waswas supportedsupported byby restraintrestraint 
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lineslines runningrunning downdown thethe sidessides ofof thethe fingersfingers alongalong thethe neutralneutral bendingbending surface,surface, aa 
planeplane ofof non-extension.non-extension. ToTo ensureensure thatthat thethe axialaxial loadingloading waswas notnot supportedsupported byby thethe 
gloveglove fabric,fabric, thethe restrainingrestraining garmentgarment fingersfingers werewere designeddesigned overlyoverly longlong soso thatthat 
thethe restrairestrai ntnt 11ines,ines, whenwhen adjusted,adjusted, woulwoul dd bebe shortershorter thanthan thethe garmentgarment fingerfinger 
length.length. TheThe restraintrestraint lineslines werewere fixedfixed atat oneone endend toto thethe gloveglove fingercapsfingercaps whilewhile 
thethe otherother endend couldcould bebe adjustedadjusted atat thethe attachmentattachment toto thethe metacarpalmetacarpal restraintrestraint barbar 
(MRB).(MRB). PlPl eatieati ngng onon thethe dorsaldorsal sisi dede allowedallowed forfor anan increaseincrease inin 11engthength duriduri ngng 
bending.bending. UnderUnder thethe pressurepressure loading,loading, axialaxial loadsloads werewere supportedsupported byby thethe restraintrestraint 
11ii nesnes whiwhi 11ee radiradi allall oadsoads werewere supportedsupported byby thethe fabrifabri cc whiwhi chch functifuncti onedoned asas hoopshoops 
aroundaround thethe finger.finger. WithWith thesethese dorsaldorsal pleats,pleats, thethe fingerfinger jointsjoints werewere functionallyfunctionally 
equivalentequivalent toto aa rollingrolling convolute.convolute. 

TheThe metacarpalmetacarpal flexureflexure designdesign employedemployed thethe samesame operatingoperating principlesprinciples asas thatthat 
usedused inin thethe fingerfinger joints.joints. SinceSince thethe cross-sectioncross-section ofof thethe metacarpalmetacarpal regionregion isis 
non-circular,non-circular, thethe fabricfabric itselfitself couldcould notnot bebe usedused toto containcontain thethe radialradial pressurepressure 
loads.loads. TheThe MRB,MRB, aa continuouscontinuous oval-shapedoval-shaped looploop ofof rigidrigid materialmaterial waswas attachedattached toto 
thethe gloveglove fabricfabric justjust aboveabove thethe knuckles.knuckles. Non-extensionNon-extension lineslines connectedconnected thethe MCBMCB 
toto thethe TypeType IIII palmpalm clipclip andand thusthus supportedsupported thethe axialaxial loadsloads throughthrough thethe metacarpalmetacarpal
hingehinge axis.axis. AnAn ellipticalelliptical convoluteconvolute inin thethe fabricfabric waswas designeddesigned toto allowallow extensionextension 
ofof thethe metacarpalmetacarpal dorsaldorsal area.area. SomeSome difficultiesdifficulties werewere experiencedexperienced sincesince thethe 
convolconvol uteute tendedtended toto bu1bu1 gege outward,outward, ii ndindi caticati ngng thatthat possipossi b1yb1y anan addiaddi titionalonal re­re­
straintstraint inin thethe formform ofof aa rigidrigid hoophoop oror palmpalm clipclip extensionextension wouldwould bebe required.required.
SuchSuch aa structurestructure waswas notnot implementedimplemented onon thethe WPIWPI prototype.prototype. Functionally,Functionally, thethe 
jointjoint workedworked satisfactorilysatisfactorily butbut requiredrequired expenditureexpenditure ofof flowflow work.work. AsAs inin thethe 
fingers,fingers, thethe metacarpalmetacarpal fabricfabric waswas overlyoverly longlong toto ensureensure thatthat thethe restraintrestraint lineslines 
wouldwould carrycarry thethe axialaxial loadingloading ratherrather thanthan thethe gloveglove fabric.fabric. 

TheThe thumbthumb ofof thethe restraintrestraint garmentgarment waswas designeddesigned usingusing conceptsconcepts similarsimilar toto 
thosethose usedused inin thethe fifi ngersngers andand metacarpalmetacarpal regiregi ons.ons. TwoTwo riri gigi dd loopsloops werewere usedused toto 
attachattach restraintrestraint lineslines inin thethe thumbthumb area.area. TheThe thumbthumb basebase restraintrestraint looploop waswas 
affixedaffixed toto thethe gloveglove fabricfabric atat thethe basebase ofof thethe thumb.thumb. TheThe secondarysecondary thumbthumb looploop 
waswas attachedattached toto thethe gloveglove fabricfabric aboveabove thethe secondsecond joint.joint. RestraintRestraint lineslines werewere 
attachedattached betweenbetween thethe twotwo loopsloops alongalong non-extensionnon-extension lineslines toto supportsupport thethe axialaxial 
pressurepressure load.load. AsAs withwith thethe fingersfingers andand metacarpal,metacarpal, aa combinationcombination ofof thethe dorsaldorsal 
convolutesconvolutes andand excessexcess lengthlength ensuredensured thethe loadingloading waswas takentaken byby thethe restraintrestraint lineslines 
ratherrather thanthan thethe gloveglove fabric.fabric. RadialRadial loadingloading waswas supportedsupported byby thethe gloveglove fabric,fabric, 
andand byby thethe restraintrestraint loopsloops inin thethe lowerlower thumbthumb region.region. 

TheThe TypeType IIII palmpalm clipclip waswas thethe finalfinal elementelement ofof thethe WPIWPI design.design. ItIt waswas 
installedinstalled soso thatthat thethe triangulartriangular sectionsection coveredcovered thethe regionregion ofof negligiblenegligible deforma­deforma­
tiontion onon thethe palm.palm. TheThe rigidrigid palmpalm clipclip servedserved toto balancebalance thethe pressurepressure loadload overover 
thethe palmpalm andand dorsaldorsal sideside ofof thethe handhand andand eliminateeliminate palmpalm bulge.bulge. BothBoth thethe palmpalm clipclip
andand thethe thumbthumb basebase restraintrestraint looploop werewere terminalterminal pointspoints forfor thethe neutralneutral axisaxis 
restraintrestraint lineline system.system. BetweenBetween thesethese piecespieces andand thethe wristwrist thethe gloveglove fabricfabric 
assumedassumed allall loading.loading. InIn thisthis wayway loadingloading waswas evenlyevenly distributeddistributed intointo thethe sleeve.sleeve. 
LittleLittle flexibilityflexibility waswas lostlost sincesince bendingbending waswas notnot requiredrequired inin thethe areasareas distaldistal toto 
thethe wrist,wrist, wherewhere thethe fabricfabric waswas loadload bearing.bearing. AsAs notednoted earlier,earlier, thethe existingexisting NASANASA 
wristwrist jointjoint providesprovides aa nearnear optimumoptimum solutionsolution forfor thatthat region.region. 

TestTest 'Procedures'Procedures andand ResultsResults forfor thethe WPIWPI PrototypePrototype DesignDesign 

AsAs manymany ofof thethe standardstandard gloveglove teststests werewere developeddeveloped toto proveprove safety,safety, thethe WPIWPI 
designdesign teamteam createdcreated severalseveral non-standardnon-standard teststests toto evaluateevaluate thethe functioningfunctioning ofof thethe 
prototypeprototype gloves.gloves. EvenEven thoughthough thethe teststests werewere ofof aa somewhatsomewhat qualitativequalitative nature,nature,
theythey diddid evaluateevaluate thethe kinematickinematic capabilitiescapabilities ofof aa particularparticular design.design. InIn general,general,
thethe testtest sequencesequence waswas designeddesigned toto comparecompare thethe motionmotion ofof thethe handhand inin itsits naturalnatural 
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statestate toto thethe motionmotion ofof thethe handhand whilewhile inin thethe gloveglove atat 88 psid.psid. TheThe teststests usedused andand 
thethe resultsresults forfor thethe finalfinal WPIWPI prototypeprototype follow:follow: 

1.	1.	 CylindricalCylindrical GripGrip TestTest 
DowelsDowels fromfrom 1/41/4 toto 33 inchesinches inin 1/41/4 inchinch stepssteps werewere successfullysuccessfully graspedgrasped 
inin thethe cylindricalcylindrical gripgrip modemode withwith thethe gloveglove underunder pressure.pressure. 

2.	2.	 GripGrip ModesModes 
AllAll 66 basicbasic gripsgrips areare executedexecuted asas shownshown inin FigureFigure 1.1. EachEach gripgrip isis ratedrated 
onon aa scalescale ofof 1/poor1/poor toto 5/excellent.5/excellent. 

PoorPoor GoodGood 

TipTip 11 22 33 44 5
5
 
PalmarPalmar 11 22 33 ~~ 5
5
 
CylCyl indricalindrical 11 22 33 ~~ 5
5
 
SphericalSpherical 11 22 '!'! 44 5
5
 
HookHook TT 22 33 44 5
5
 
LateralLateral 11 22 33 ~~ 5
5
 
AverageAverage 3.5
3.5
 
AverageAverage w/ow/o SphericalSpherical 4.0
4.0
 

3.	3.	 IndividualIndividual FingerFinger MotionMotion 
UsingUsing aa flatflat boardboard withwith aa slotslot cutcut forfor oneone finger,finger, eacheach fingerfinger waswas bentbent 
throughthrough thethe slotslot whilewhile keepingkeeping thethe restrest ofof thethe handhand flatflat andand thethe rangerange ofof 
movementmovement waswas recorded.recorded. TheThe performanceperformance ofof thethe handhand withwith thethe gloveglove 
unpressurizedunpressurized andand ofof thethe handhand withwith thethe gloveglove pressurizedpressurized toto 88 psidpsid werewere 
comparedcompared withwith thethe fullfull rangerange motionmotion ofof thethe handhand withoutwithout aa glove.glove. 

Finger	Finger	 %% ofof fullfull rangerange motionmotion 

gloveglove w/o	w/o	 pressurepressure gloveglove withwith pressurepressure 

IndexIndex 9797 8888 
MiddleMiddle 8282 7272 
RingRing 7777 6767 
LittlLittl ee 9494 6868 

Avg.Avg. ofof 4	4	 digitsdigits 8787 7474 

ThumbThumb 95	95	 1919 

4.	4.	 ComfortComfort 
TheThe subjectsubject forfor whomwhom thethe gloveglove hadhad beenbeen fittedfitted worewore thethe gloveglove forfor 1/21/2
hourhour underunder pressurepressure whilewhile executingexecuting basicbasic movements.movements. TheThe subject'ssubject's handhand 
waswas examinedexamined forfor bruising,bruising, chafingchafing andand avulsions.avulsions. TheThe gloveglove causedcaused 
minorminor swellingswelling ofof thethe knucklesknuckles andand somesome chafing.chafing. MuchMuch ofof thethe swellingswelling 
waswas causedcaused byby pointpoint loadsloads onon thethe hand.hand. TheThe subjectsubject ratedrated thethe comfortcomfort ofof 
thethe gloveglove asas onlyonly fair.fair. 

TestTest ConclusionsConclusions 

TheThe cylindricalcylindrical gripgrip rangerange ofof 0.250.25 toto 3.03.0 inchesinches diameterdiameter shouldshould bebe moremore thanthan 
adequateadequate forfor anyany tasktask requiringrequiring thisthis grip.grip. ThisThis largelarge rangerange ofof mobilitymobility waswas 
directlydirectly attributableattributable toto thethe easeease ofof metacarpalmetacarpal motionmotion asas aa consequenceconsequence ofof thethe MRBMRB 
andand fifi ngernger desidesi gns.gns. TheseThese samesame factorsfactors proviprovi dedded forfor goodgood resulresul tsts inin thethe grigripp
modes.modes. TheThe sphericalspherical gripgrip waswas limitedlimited byby lowlow rangerange ofof thumbthumb motionmotion andand minorminor 
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interferenceinterference fromfrom thethe palmpalm clip.clip. AsAs thethe sphericalspherical gripgrip isis notnot usedused asas oftenoften asas 
thethe otherother grips,grips, thisthis shouldshould notnot proveprove toto bebe aa majormajor problem.problem. 

IndiIndi vivi dualdual fifi ngersngers werewere ablabl ee toto movemove inin excessexcess ofof 65%65% ofof theithei rr fullfull rangerange 
whilewhile underunder pressure.pressure. TheThe indexindex fingerfinger achievedachieved 88%88% ofof itsits fullfull rangerange motionmotion 
whiwhi chch accountsaccounts forfor thethe goodgood resulresul tsts inin thethe grigri pp modesmodes tests.tests. TheThe thumbthumb motimoti onon 
althoughalthough ratherrather limited,limited, neverthelessnevertheless coveredcovered thethe midrangemidrange usedused forfor mostmost appli­appli­
caticati ons.ons. TheThe gloveglove functifuncti onsons overover aa substantisubstanti alal rangerange ofof usefuluseful workwork modesmodes andand 
retainsretains tactilitytactility comparablecomparable toto thethe currentcurrent shuttleshuttle glove.glove. TheThe limitedlimited thumbthumb 
motionmotion waswas largelylargely duedue toto aa smallsmall allowanceallowance forfor extensionextension inin thethe dorsaldorsal sideside ofof 
thethe restraintrestraint garment.garment. 

NoNo attemptattempt waswas mademade toto addressaddress thethe comfortcomfort issue.issue. CurrentCurrent meansmeans ofof increas­increas­
inging comfortcomfort couldcould eliminateeliminate muchmuch ofof thisthis problem.problem. FlockingFlocking insideinside thethe gloveglove 
blbl adderadder woulwoul dd bebe oneone majormajor improvement.improvement. PaddiPaddi ngng ii nsinsi dede thethe restrairestrai ntnt garmentgarment oror 
palmpalm clipclip couldcould distributedistribute thethe pointpoint loadsloads andand greatlygreatly increaseincrease thethe useruser comfort.comfort. 

InIn conclusion,conclusion, thethe WPIWPI designdesign performedperformed wellwell atat 88 psid.psid. SomeSome minorminor problemsproblems 
suchsuch asas sphericalspherical grip,grip, comfort,comfort, andand limitedlimited thumbthumb motion,motion, 
throughthrough furtherfurther designdesign work.work. 

couldcould bebe improvedimproved 

DISCUSSIONDISCUSSION 

NumerousNumerous toto keyskeys functionalfunctional gloveglove designdesign werewere identified.identified. ItIt waswas determined,determined, 
perhapsperhaps notnot originally,originally, thatthat radialradial pressurepressure loadsloads mustmust bebe carefullycarefully controlledcontrolled 
andand thatthat axialaxial loadsloads mustmust actact throughthrough thethe jointjoint centerscenters toto retainretain maximummaximum flexi­flexi­
bility.bility. ForFor example,example, aa circularcircular cylindricalcylindrical sectionsection suchsuch asas aa fingerfinger supportssupports thethe 
radiradi alal pressurepressure vivi aa thethe hoophoop stressstress onon thethe fabric.fabric. TheThe currentcurrent shuttlshuttl ee gloveglove 
fingersfingers provideprovide aa goodgood example.example. TheyThey areare basicallybasically circularcircular cylindercylinder sectionssections 
tracedtraced withwith restraintrestraint lineslines whichwhich causecause thethe axialaxial loadsloads toto passpass throughthrough thethe 
knuckleknuckle jointjoint axes.axes. ApplicationApplication ofof thesethese fingers,fingers, whichwhich werewere developeddeveloped forfor 4.34.3 
psi,psi, toto thethe 88 psipsi designdesign waswas veryvery successful.successful. AlthoughAlthough thethe loadsloads areare greater,greater, useuse 
ofof strongerstronger materialmaterial providesprovides aa flexible,flexible, tactiletactile finger.finger. 

AA non-circularnon-circular section,section, suchsuch asas thethe metacarpalmetacarpal regionregion whichwhich maymay bebe consideredconsidered 
acylacyl ii ndernder ofof ovaloval sectisecti onon requirequi resres aa riri gigi dd hoophoop restrairestrai ntnt toto controlcontrol radialradial 
pressurepressure loads,loads, asas thethe naturalnatural tendencytendency underunder pressurepressure wouldwould bebe toto becomebecome circu­circu­
lar.lar. TheThe WPIWPI designdesign team1steam1s approachapproach usesuses thethe MRSMRS whichwhich alsoalso permitspermits flexibilityflexibility 
inin thethe metacarpalmetacarpal regionregion byby providingproviding coincidentcoincident virtualvirtual centerscenters whichwhich areare 
accessabaccessab11ee OtherOther 11ii nkagesnkages coulcoul dd havehave beenbeen used,used, butbut woulwoul dd notnot serveserve toto containcontain 
thethe radialradial pressurepressure loadsloads asas well.well. 

TheThe thumbthumb rootroot isis aa twotwo degreedegree ofof freedomfreedom joint,joint, thusthus aa universaluniversal jointjoint 
exoskeltonexoskelton wouldwould bebe requiredrequired similarsimilar toto thatthat usedused inin thethe wristwrist ofof thethe presentpresent 
shuttleshuttle glove.glove. TheThe WPIWPI prototypeprototype permitspermits rotationrotation aboutabout aa singlesingle axisaxis usingusing aa 
rockerrocker assembly.assembly. TheThe fullfull cylcyl ii ndrindri caca11 grigri pispis retainedretained atat thethe expenseexpense ofof thethe 
sphericalspherical grip.grip. FurtherFurther designdesign workwork isis neededneeded inin thisthis area.area. 

TheThe palm,palm, beingbeing concave,concave, cancan bebe restrainedrestrained byby observingobserving thatthat somesome regionsregions ofof 
thethe palmpalm havehave nono relativerelative motionmotion duringduring grip.grip. UseUse ofof aa rigidrigid structurestructure suchsuch asas 
thethe TypeType IIII clip,clip, whichwhich fitsfits thesethese regions,regions, controlscontrols palmpalm bulge.bulge. 

RollingRolling convolutesconvolutes andand tuckstucks provideprovide forfor extensionextension ofof thethe restraintrestraint garmentgarment 
wherewhere required.required. RestraintRestraint lineslines cancan easilyeasily bebe incorporatedincorporated wherewhere required.required. 
MaterialsMaterials are,are, ofof course,course, importantimportant forfor durabilitydurability andand safety,safety, andand shouldshould bebe 
carefullycarefully selected.selected. 
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TheThe keykey toto mobilitymobility inin gloveglove designdesign isis toto provideprovide anatomicalanatomical kinematicskinematics whilewhile 
controllingcontrolling shapeshape changeschanges inducedinduced byby pressurepressure loads.loads. Non-extensionNon-extension lines,lines, areasareas 
ofof limitedlimited oror zerozero deformation,deformation, andand virtualvirtual centerscenters ofof rotationrotation mustmust bebe identifiedidentified 
andand rigidlyrigidly oror semi-rigidlysemi-rigidly supported.supported. FlexibleFlexible materialsmaterials oror pleatspleats andand convo­convo­
11utesutes mustmust bebe usedused inin areasareas ofof extensiextensi on,on, butbut mustmust bebe carefullycarefully controlcontrol 11eded toto 
minimizeminimize volumevolume changes.changes. TheThe WPIWPI prototypeprototype gloveglove incorporatesincorporates thesethese conceptsconcepts inin 
itsits design.design. 

TheThe spacespace gloveglove designdesign projectproject waswas aa goodgood exampleexample ofof thethe typetype ofof activityactivity 
wellwell suitedsuited toto thethe WPIWPI MajorMajor QualifyingQualifying ProjectProject degreedegree requirement.requirement. First,First, itit 
dealtdealt withwith aa realreal problemproblem withwith elementselements ofof conceptualization,conceptualization, analysis,analysis, design,design, 
fabrication,fabrication, andand testing.testing. InIn addition,addition, aa strictstrict timelinetimeline hadhad toto bebe maintainedmaintained 
bothboth toto meetmeet graduationgraduation deadlinesdeadlines andand contestcontest entryentry requirements.requirements. OneOne difficultydifficulty 
experiencedexperienced waswas thatthat nono individualindividual emergedemerged clearlyclearly asas aa studentstudent leaderleader whichwhich 
causedcaused somesome tendencytendency towardstowards groupgroup fractifracti onalonal ii zatizati onon andand increasedincreased thethe adviadvi sisi ngng 
burden.burden. ThisThis couldcould havehave beenbeen thethe result,result, byby chance,chance, ofof thethe groupgroup formationformation oror ofof 
thethe studentsstudents II inexperienceinexperience inin workingworking inin groupsgroups ofof thisthis size.size. 

IndependentIndependent ofof whetherwhether elel ementsements ofof thethe WPIWPI prototypeprototype areare eventuallyeventually ii ncor­ncor­
poratedporated intointo thethe spacespace glove,glove, aa significantsignificant numbernumber ofof conceptsconcepts werewere generatedgenerated andand 
severalseveral werewere tested.tested. InIn conjunctionconjunction withwith conceptsconcepts fromfrom thethe otherother 33 collegescolleges thesethese 
shoulshoul dd proviprovi dede NASANASA wiwi thth manymany freshfresh approachesapproaches toto gloveglove desidesi gngn whiwhi chch cancan bebe 
pursuedpursued onon aa researchresearch oror contractcontract basisbasis asas appropriate.appropriate. 

Finally,Finally, thisthis projectproject hashas broadenedbroadened thethe horizonshorizons ofof thethe facultyfaculty involvedinvolved asas 
advisors.advisors. SeveralSeveral facultyfaculty fromfrom mathematics,mathematics, materials,materials, biomedical,biomedical, mechanics,mechanics, andand 
designdesign diciplinesdiciplines havehave beenbeen exposedexposed toto NASANASA engineers,engineers, currentcurrent technology,technology, andand 
havehave becomebecome knowledgeableknowledgeable inin thethe problemsproblems associatedassociated withwith spacespace technology.technology. 
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TableTable I
I
 

DecisionDecision MatrixMatrix Criteria
Criteria
 

## 

11 
22 
33 
44 
55 
66 
77 
88 
99 

1010 
1111 
1212 
1313 
1414 
1515 
1616 
1717 
1818 
1919 
2020 
2121 
2222 
2323 
2424 
2525 
2626 
2727 
2828 
2929 

WeightWeight 

.0415.0415 

.0393.0393 

.0237.0237 

.0698.0698 

.0764.0764 

.0611.0611 

.0960.0960 

.0679.0679 

.0087.0087 

.1047.1047 

.0022.0022 

.0178.0178 

.0468.0468 

.0114.0114 

.0259.0259 

.0405.0405 

.0454.0454 

.0470.0470 

.0584.0584 

.0149.0149 

.0178.0178 

.0104.0104 

.0092.0092 

.0092.0092 

.0082.0082 

.0082.0082 

.0083.0083 

.0164.0164 

.0123.0123 

1.00001.0000 

DescriptionDescription 

ManufacturabilityManufacturability
HeatHeat TransferTransfer 
Abrasion/WearAbrasion/Wear
PalmPalm BUlgeBUlge
FingerFinger MobilityMobility
ThumbThumb MobilityMobility
MetacarpalMetacarpal MobilityMobility
ProtectionProtection 
EaseEase ofof DonningDonning andand DoffingDoffing
CatastrophicCatastrophic FailureFailure ModesModes 
WeiWei ghtght LiLi mimi tt 
TactilTactil ityity
DegreesDegrees ofof FreedomFreedom 
PredictedPredicted LifetimeLifetime 
ComfortComfort 
UserUser FatigueFatigue
FlexibilityFlexibility
NoncatastrophicNoncatastrophic FailureFailure ModesModes 
Decompression/EdemaDecompression/Edema ConsiderationsConsiderations 
InspectionalInspectional PropertiesProperties
EaseEase ofof MotionMotion 
SiSi zabilityzability
ComplexityComplexity ofof thethe ConceptConcept
StandardizationStandardization 
Creativity/NoveltyCreativity/Novelty ofof thethe ConceptConcept
AestheticsAesthetics 
CostCost 
ClearnessClearness ofof thethe ConceptConcept
AmountAmount ofof TestingTesting RequiredRequired 

TotalTotal 

ThisThis tabletable waswas developeddeveloped usingusing thethe methodsmethods suggestedsuggested byby DIETERDIETER (4)(4) 
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Cylindrical Grasp Tip 

Hook or Snap 
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Palmar SphericalSpherical Lateral
GraspGrasp Lateral 

FigureFigure 11 HandHand GripGrip ModesModes (3)(3) 
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FigureFigure 22 RegionsRegions ofof thethe HandHand 
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