
  

 

 

 

   

  

 
 

singlysingly thesethese couldcould bebe introducedintroduced forfor anan addi­addi­
andtionaltional investmentinvestment inin equipmentequipment end components.components. 

TheThe questionquestion thenthen became,became, asas forfor anyoneanyone con­con­
templatingtemplating thethe transitiontransition fromfrom basicbasic auto­auto­
mation,mation, "What"What isis thethe optimaloptimal procedureprocedure toto 
effecteffect thisthis changechange givengiven presentpresent goalsgoals andand 
resourceresource limitations?".limitations?". 

TheseThese decisionsdecisions requiredrequired aa clearclear understandingunderstanding 
ofof thethe expandedexpanded facilityfacility goalsgoals andand familiarityfamiliarity 
withwith thethe capabilitiescapabilities ofof proposedproposed equipmentequipment toto 
insureinsure sufficientsufficient flexibilityflexibility inin thethe future.future. 

WithoutWithout anyany preViouspreVious experienceexperience toto drawdraw uponupon 
itit becamebecame readilyreadily apparentapparent thatthat somesome formform ofof 
systematicsystematic approachapproach assistingassisting thethe transitiontransition 
toto flexibleflexible manufacturingmanufacturing waswas needed.needed. 

SECTIONSECTION 22 

FleXibilityFleXibility inin manufacturingmanufacturing isis aa conceptconcept 
whichwhich hashas beenbeen defineddefined differentlydifferently onon numerousnumerous 
occasionsoccasions dependentdependent onon thethe systemsystem oror situationsituation 
underunder analysis.analysis. WhileWhile eacheach facilityfacility andand pro­pro­
cesscess isis indeedindeed aa distinctdistinct entity,entity, thethe goalsgoals toto 
achieveachieve optimaloptimal productionproduction withwith highhigh qualityquality 
atat minimalminimal costcost areare allall similar.similar. ItIt wouldwould 
thereforetherefore seemseem reasonablereasonable toto assumeassume thatthat aa 
similarsimilar definitiondefinition ofof flexibility,flexibility, andand anan 
approachapproach toto achieveachieve such,such, couldcould alsoalso bebe sharedshared 
amongamong manufacturingmanufacturing applications.applications. 

TheThe successsuccess ofof anyany approachapproach isis dependentdependent onon 
obtainingobtaining aa succinctsuccinct definitiondefinition ofof flexibilityflexibility 
thatthat isis neitherneither restrictiverestrictive nornor overlyoverly broadbroad 
inin focus.focus. SuchSuch aa definitiondefinition hashas beenbeen proposedproposed 

definea asasbyby BuzacottBuzacott [2][2] whenwhen hehe defines flexibilityflexibility 
thethe abilityability ofof aa systemsystem oror decisiondecision processprocess toto 
copecope withwith changingchanging circumstances.circumstances. 

InIn aa manufacturingmanufacturing environmentenvironment thesethese changeschanges 
cancan taketake variousvarious forms,forms, eacheach ofof whichwhich maymay 
impactimpact differentlydifferently onon thethe individualindividual elementselements 
ofof aa manufacturingmanufacturing cell.cell. ItIt thereforetherefore becomesbecomes 
necessarynecessary toto isolateisolate thethe variousvarious componentscomponents ofof 
changechange andand identifyidentify theirtheir effecteffect uponupon thethe 
systemsystem usingusing criterioncriterion ofof thethe overalloverall flexi­flexi­
bilitybility definition.definition. 

TheThe followingfollowing fleXibilityfleXibility criteria,criteria, somesome ofof 
whichwhich areare borrowedborrowed fromfrom Browne,Browne, [3][3] andand GerwinGerwin 
[4],[4], representrepresent thethe majormajor categoriescategories ofof empha­empha­
sissis whichwhich areare addressedaddressed inin thisthis paper:paper: 

1.	1. ExpansionExpansion flexibilityflexibility -- anan abilityability toto 
addadd capacitycapacity easilyeasily andand modularlymodularly 
asas needed.needed. 

2.	2. MachineMachine flexibilityflexibility -- thethe abilityability toto 
changechange toolstools andand fixturesfixtures toto pro­pro­
cesscess aa givengiven setset ofof partpart types.types. 

3.	3. MixMix flexibilityflexibility -- thethe capabilitycapability toto 
absorbabsorb changeschanges inin productproduct mix.mix. 

4.	4. Mix-ChangeMix-Change flexibilityflexibility -- anan abilityability 
toto alteralter manufacturingmanufacturing processesprocesses 
toto accommodateaccommodate newnew partpart types.types. 

5.	5. OperationOperation fleXibilityfleXibility -- thethe abilityability 
toto interchangeinterchange thethe orderingordering ofof 
operationsoperations forfor aa givengiven partpart type.type. 

6.	6. RoutingRouting flexibilityflexibility -- anan abilityability toto 
processprocess aa givengiven partpart setset onon alter­alter­
nativenative machines.machines. 

TheseThese measuresmeasures areare moremore thanthan adequateadequate whenwhen 
fleXibilityfleXibility goalsgoals areare conciseconcise andand wellwell 
defined.defined. Unfortunately,Unfortunately, asas wewe discovered,discovered, 
eveneven thethe slightestslightest alterationalteration toto originaloriginal 
requirementsrequirements cancan introduceintroduce factorsfactors whichwhich areare 

notnot directlydirectly addressedaddressed byby anyany ofof thethe currentlycurrently 
acceptedaccepted flexibilityflexibility measures.measures. 

PublishedPublished researchresearch toto datedate hashas overlookedoverlooked thethe 
importanceimportance ofof twotwo criticalcritical measuresmeasures ofof flexi­flexi­
bilitybility relatedrelated toto goalgoal sensitivity.sensitivity. InIn 
essenceessence whatwhat hashas beenbeen lackinglacking isis thethe abilityability 
toto dealdeal withwith forecastingforecasting uncertaintyuncertainty whichwhich isis 
anan unavoidableunavoidable reality.reality. 

TheThe twotwo measuresmeasures ofof flexibilityflexibility whichwhich reflectreflect 
thethe systemsystem forecastforecast sensitiVitysensitiVity cancan bebe defineddefined 
asas follows.follows. 

7.	7. ProgrammingProgramming flexibilityflexibility -- anan abilityability 
toto alteralter basicbasic operstingoperating para­para­
metersmeters viavia controlcontrol instructions.instructions. 

8.	8. CommunicationsCommunications flexibilityflexibility -- anan abil ­abil­
ityity toto transmittransmit andand receivereceive infor­infor­
mationmation oror instructionsinstructions freelyfreely 
betweenbetween systemsystem components.components. 

AnAn applicationapplication ofof thesethese twotwo criteria,criteria, andand 
theirtheir importanceimportance inin analysisanalysis willwill bebe presentedpresented 
inin sectionsection 4.4. 

WhileWhile allall thesethese measuresmeasures areare applicableapplicable toto 
overalloverall systemsystem analysisanalysis theirtheir realreal strengthstrength 
appearsappears whenwhen theythey areare appliedapplied toto eacheach ofof thethe 
individualindividual componentscomponents whichwhich makemake upup thethe manu­manu­
facturingfacturing workwork cell.cell. 

InIn agreementagreement withwith thethe basicbasic assumptionassumption thatthat 
allall transitionstransitions shareshare aa setset ofof similarsimilar goals,goals, 
aa generalgeneral methodologymethodology waswas soughtsought whichwhich couldcould 
bebe appliedapplied inin aa widewide varietyvariety ofof situations.situations. 

spproach provideprovide aa systemsticsystemstic proce­proce­TheThe approach wouldwould 
duredure toto identifyidentify potentialpotential flexibilityflexibility problemproblem 
areasareas andand assistassist thethe analystanalyst inin obtainingobtaining aa 
completecomplete andand accurateaccurate estimationestimation ofof systemsystem 
capabilitycapability underunder forecastforecast flexibilityflexibility require­require­
ments.ments. 

AnAn overviewoverview ofof thethe resultantresultant methodologymethodology isis 
presentedpresented inin thethe figurefigure below.below. 
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FigureFigure 1.1. -- ModelModel ofof thethe prosedprosed methodologymethodology 



down",down", onceonce insideinside thethe storagestorage binbin 
inin orderorder toto graspgrasp thethe pallet,pallet, maymay 
notnot bebe adjustedadjusted byby thethe user.user. ThisThis 
inin turnturn restrictsrestricts thethe overalloverall en­en­
trancetrance heightheight ofof thethe carriagecarriage whichwhich 
imposesimposes severesevere limitationslimitations onon partpart 
assemblyassembly dimensions.dimensions. CurrentlyCurrently thethe 
maximummaximum allowableallowable heightheight isis sixsix 
inches.inches. 

d.d.	 -- TheThe communicationscommunications protocolprotocol betweenbetween 
thethe AS/RSAS/RS andand thethe externalexternal systemsystem isis 
classifiedclassified asas proprietaryproprietary byby thethe 
manufacturermanufacturer andand doesdoes notnot conformconform toto 
thethe emergingemerging standardsstandards ofof MAPMAP II.II. 

ProbableProbable solutionsolution -- EquipmentEquipment upgradeupgrade 

4.24.2 ConveyorConveyor analysisanalysis 

TheThe presentpresent configurationconfiguration satisfiessatisfies allall re­re­
quirementsquirements includingincluding thatthat ofof expansionexpansion flexi­flexi­
bility.bility. TheThe qualityquality controlcontrol operationoperation willwill bebe 
locatedlocated atat unusedunused workstationworkstation 3.3. 

4.34.3 RobotRobot analysisanalysis 

RevisedRevised goalgoal requirementsrequirements -- TheThe robotrobot shouldshould 
thethe follOWing abilitiesabilities toto provideprovidepossesposses following

ultimateultimate flexibilityflexibility toto thethe system.system.

1.	1. MachineMachine flexibilityflexibility AvailableAvailable 
designdesign andand toolingtooling shouldshould allowallow 
thethe robotrobot toto graspgrasp aa varietyvariety ofof 
partpart configurationsconfigurations andand performperform 
assemblyassembly operationsoperations inin additionaddition toto 
simplesimple materialsmaterials handling.handling. 

2.	2. Hix-ehangeHix-ehange flexibilityflexibility -- RotationRotation andand 
translationtranslation ofof the.the. variousvarious jointsjoints 
shouldshould bebe underunder completecomplete useruser 
controlcontrol andand interactivelyinteractively variablevariable 
toto accommodateaccommodate variousvarious partpart
designs.designs. 

3.	3. ProgrammingProgramming flexibilityflexibility -- TheThe robotrobot 
controlcontrol unitunit shouldshould provideprovide anan 
easyeasy andand reliablereliable methodmethod ofof pro­pro­
gramming,gramming, editing,editing, storingstoring andand 
retrieVing partpartretrieving variousvarious assembly,assembly, 
handlinghandling proceduresprocedures andand tasktask 
descriptions.descriptions. 

4.	4. CoJlllll1llic.ationCoJllllllllication flexibilityflexibility -- TheThe robotrobot 
controllercontroller shouldshould possesspossess thethe 
abilityability toto communicatecommunicate withwith otherother 
componentscomponents ofof thethe systemsystem andand 
respondrespond appropriatelyappropriately toto variousvarious 
sensorysensory feedbackfeedback devices.devices. 

ComponentComponent deficienciesdeficiencies ­
- eXistinga.	a. - TheThe existing PECPEC possesspossess nono abilityability 

toto communicatecommunicate withwith otherother systemsystem 
componentscomponents andand isis limitedlimited inin memorymemory 
toto programsprograms consistingconsisting ofof nono moremore 
thanthan 7272 rungs.rungs. 

b.	b. -- ThereThere areare nono prOVisionsprovisions forfor feedbackfeedback 
ofof anyany kindkind eithereither toto thethe systemsystem oror 
thethe robotrobot itselfitself toto assistassist inin partpart 
orientationorientation oror positioning.positioning. 

solutionsolution -- PurChase ofof additionaladditionalProbableProbable Purchase 
robotrobot whichwhich wouldwould provideprovide thethe degreedegree ofof 
controlcontrol andand programmabilityprogrammability neededneeded forfor anan 
inspectioninspection operationoperation 

4.44.4 CNCCNC millmill analysisanalysis 

RevisedRevised goalgoal requirementsrequirements -- TheThe followingfollowing 

abilitiesabilities shouldshould bebe availableavailable toto insureinsure a highhigh 
degreedegree ofof systemsystem flexibility.flexibility. 

a 

1.1.	 ProgrammingProgramming flexibilityflexibility -- IndividualIndividual 
NCNC programsprograms andand programprogram segmentssegments 
shouldshould bebe easilyeasily storedstored andand 
retrievedretrieved fromfrom thethe unit.unit. Pro­Pro­
visionsvisions shouldshould alsoalso allowallow thethe 
manualmanual operationoperation ofof thethe millmill byby 
directdirect controllercontroller interaction.interaction. 

2.2.	 HachineHachine flexibilityflexibility -- TheThe fixturesfixtures 
prOVidedprOVided toto mountmount andand securesecure thethe 
materialmaterial beingbeing machinedmachined shouldshould 
possesspossess aa flexibilityflexibility similarsimilar toto 
thatthat ofof thethe robotrobot endend effector.effector. 
InIn eXisting sys­sys­thethe casecase ofof thethe existing 
temstems pneumaticpneumatic vice,vice, thethe jawsjaws 
shouldshould bebe quicklyquickly andand easilyeasily 
interchangeable.interchangeable. 

3.3.	 CommunicationCommunication flexibilityflexibility -- AA methodmethod 
shouldshould bebe providedprovided toto allowallow notnot 
onlyonly basicbasic communicationcommunication overover aa 
LANLAN networknetwork withwith externalexternal systemssystems 
components,components, butbut additionallyadditionally toto 
permitpermit fullfull accessaccess toto allall millmill 
functionsfunctions fromfrom aa remoteremote locationlocation 
suchsuch asas thethe cellcell computer.computer. ThisThis 
lastlast optionoption wouldwould permitpermit thethe 
loading,loading, initializationinitialization andand acti ­acti­
vationvation ofof NCNC partpart programsprograms withoutwithout 
needneed ofof operatoroperator intervention.intervention. 

ComponentComponent deficienciesdeficiencies -­
a.	a. -- MemoryMemory limitationslimitations ofof thethe controllercontroller 

limitlimit partpart programsprograms toto nono moremore thanthan 
ninenine hundredhundred (900)(900) individualindividual com­com­
mands.mands. WhileWhile thisthis maymay bebe sufficientsufficient 
forfor basicbasic operations,operations, itit isis entirelyentirely 
inadequateinadequate forfor surfacesurface andand contourcontour 
millingmilling ofof anyany semi-complexsemi-complex object.object. 

b.	b. -- TheThe programprogram uploadupload andand downloaddownload 
processprocess asas wellwell asas runrun activationactivation 
requirerequire thethe physicalphysical interactioninteraction ofof 
aa humanhuman operator.operator. AA systemsystem allowingallowing 
remoteremote electronicelectronic emulationemulation ofof thesethese 
operationsoperations isis necessarynecessary forfor optimaloptimal 
flexibility.flexibility. 

ProbableProbable solutionsolution -- EquipmentEquipment upgradeupgrade 

4.5	4.5 ControlControl softwaresoftware analysisanalysis 

TheThe importanceimportance ofof softwaresoftware flexibilityflexibility toto 
overalloverall systemsystem performanceperformance cannotcannot bebe over­over­
rated.rated. UnlessUnless thethe softwaresoftware andand hardwarehardware bothboth 
areare ofof anan equivalentequivalent levellevel ofof flexibilityflexibility thethe 
systemsystem willwill remainremain somewhatsomewhat lessless thanthan optimaloptimal 
forfor anyany givengiven situation.situation. 

ThisThis paperpaper willwill notnot addressaddress thethe issueissue ofof soft ­soft­
wareware compatibility.compatibility. TopicsTopics andand concernsconcerns inin 
thisthis areaarea areare tootoo numerousnumerous toto bebe includedincluded inin aa 
paperpaper ofof thisthis length.length. 

4.6	4.6 AnalysisAnalysis ofof remainingremaining cellcell elementselements 

AnAn in-depthin-depth analysisanalysis ofof thethe remainingremaining cellcell 
componentscomponents willwill bebe omittedomitted inin thethe interestinterest ofof 
brevity.brevity. TheThe precedingpreceding examplesexamples provideprovide ampleample 
illustrationillustration ofof thethe appropriateappropriate methodmethod ofof 
application.application. 

CONCLUSIONSCONCLUSIONS 

AsAs aa resultresult ofof thethe methodologymethodology developeddeveloped inin 
thisthis paper,paper, andand thethe introductionintroduction ofof thethe addi­addi­
tionaltional measuresmeasures ofof flexibility associatedassociated withwithfleXibility 



forecastforecast sensitivity,sensitivity, aa listlist ofof proposedproposed 
systemsystem changeschanges waswas obtained.obtained. TheThe statusstatus ofof 
thesethese changeschanges andand systemsystem transformationtransformation 
follows.follows. 

AA decisiondecision waswas mademade toto pursuepursue aa softwaresoftware 
updateupdate forfor thethe AS/RS.AS/RS. ToTo thisthis datedate thethe 
replacementreplacement EPROMSEPROMS havehave notnot beenbeen receivedreceived fromfrom 
thethe vendor,vendor, howeverhowever alternatealternate palletpallet toolingtooling 
hashas beenbeen designeddesigned andand testedtested toto circumventcircumvent thethe 
problemsproblems resultingresulting fromfrom grippergripper clearanceclearance onon 
thethe carriage.carriage. ThisThis hashas allowedallowed materialsmaterials 
retrievalretrieval toto functionfunction asas required.required. 

TheThe pneumaticpneumatic robotrobot provedproved tootoo inflexibleinflexible toto 
functionfunction inin aa dualdual rolerole whichwhich includedincluded qualityquality 
controlcontrol andand inspection.inspection. AA decisiondecision waswas mademade toto 
obtainobtain anan additionaladditional servoservo robotrobot allowingallowing thethe 
pneumaticpneumatic robotrobot toto continuecontinue itsits primaryprimary 
functionfunction ofof millmill loading.loading. 

AA secondarysecondary robotrobot whichwhich includesincludes aa visionvision 
systemsystem waswas obtainedobtained byby donation.donation. ItIt isis cur­cur­
rentlyrently beingbeing installedinstalled inin thethe facilitiesfacilities labo­labo­
ratory.ratory. ResearchResearch andand experimentationexperimentation isis underunder 
wayway toto determinedetermine thethe effectivenesseffectiveness ofof thethe 
visionvision systemsystem supplied.supplied. TheThe resultsresults asas yetyet 
areare inconclusive.inconclusive. 

AA CAD/CAMCAD/CAM linklink hashas beenbeen establishedestablished betweenbetween 
thethe cellcell computercomputer andand thethe CNCCNC mill.mill. SampleSample 
namename platesplates havehave beenbeen constructedconstructed whichwhich werewere 
designeddesigned inin AutoCad,AutoCad, processedprocessed intointo NCNC codecode 
andand downloadeddownloaded overover thethe LANLAN networknetwork intointo thethe 
mill.mill. 

AA CNCCNC equipmentequipment upgradeupgrade whichwhich willwill circumventcircumvent 
thethe 900900 lineline memorymemory limitationlimitation andand allowallow 
remoteremote controlcontrol ofof allall controllercontroller functionsfunctions isis 
pendingpending completioncompletion ofof finalfinal testingtesting byby thethe 
manufacturer.manufacturer. 

PortionsPortions ofof thisthis transitiontransition areare stillstill ongoing.ongoing. 
FortunatelyFortunately wewe areare notnot subjectsubject toto rigidrigid dead­dead­
lineslines forfor thethe completioncompletion ofof thethe project.project. 
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