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ABSTRACT

In consideringoperationalneeds forfuturerobotic
cleanupof chemicallyand radiologicallyhazardouswaste

sites,the necessityforsensorsbecomes immediately
apparent.Sensorsarerequiredtodeterminethe current
stateofthe robot,the characteristicsofthe operational
environment,and the statusofrobot-environment
interactions,ltisenvisionedthatsensorswillbe essential

to the entireenvironmentalrestoration,waste

management, and waste minimizationprocess.Before
remediationeffortscan begin,the contentsofthe waste
sitemust be characterizedtodeterminechemicaland

radiologicalhazardsand identifyphysicalobstacles.
During the remediationprocess,sensorswillbe required
to monitorand controloperationsand categorizeextracted
wastes.Afterremediationefforts,sensorswillbe needed

_o inspect and verify the thoroughness of the removal
' processes. This paper will review some of the types of

sensors that will be needed for these applications and
summarize some design considerations unique to
hazardous waste site cleanup applications.

INTRODUCTION

In considering operational needs for future robotic cleanup of
chemically and radiologically hazardous waste sites, the necessity for
sensors becomes immediately apparent, Sensors are required to
determine the current state of the robot, the characteristics of the
operational environment, and the status of robot-environment
interactions, lt is envisioned that sensors will be essential tc the

entire environmental restoration, waste management, and waste
minimization process. Before remediation efforts can beg_n, the
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contentsofthewastesitemust be characterizedtodetermine

chemicaland radiologicalhazardsand identifyphysicalobstacles.
Duringtheremediationprocess,sensorswillbe requiredtomonitor
and controloperationsand categorizeextractedwastes.After
remediationefforts,sensorswillbe neededtoinspectand verifythe
thoroughness of the removal processes.

Inmany instances,new,robustsensorswillenableremote
surveyand remediationoperationsthatpreviouslyWouldhave
requireddirecthuman involvementatthewastesite.For example,
non-contact,sensor-basedremotecharacterizationsurveyswill
providetwo importantadvantages.First,theuseofremotesensing
technologieswillresultinlesshuman radiologicalexposure.Second,
remote,non-contactsurveyswillreducetherequiredquantityofcore
and otherdirectsamplesofthewasteand thusreducethe
generationofnew contaminatedwasteduringcharacterization.The
advantagesnotedinthisexampleofa sensor-rich,remotesurveycan
be extendedtomany oftheothercharacterizationand remediation
operationsrequiredforwastesitecleanup.

ROBOT INTERNAL STATE SENSORS

Internalstatesensorsareusedtodeterminethecurrent

physicalstatusoftherobot.Thesesensorsmeasuretherobot's
currentend-effectorposition,velocity,acceleration,jointtorque,
kinematicconfiguration,linkcurvatureand otheraspectsofthe
robot'sstate.Typicalrobotinternalstztesensorsinclude:joint
encoders,jointresolvers,tachometers,accelerometers,straingauges,
torquesensors,loadcells,and externalrobotlocationsensors.
Althoughthistechnologyhasbeenthefocusofextensivetechnology
developmentduringrecentyears,some novelspecializedinternal
statesensorsspecifictowastecleanupapplicationswillrequire
development.Inaddition,most ofthesesensorswillneedtobe
adaptedtooperateintheanticipatedseverechemicaland

. radiologicalenvironmentsassociatedwithwastesitesduring
extendedperiodsofoperation.For example,some ofthemore
radioactiveundergroundstoragetankswithintheDOE complexare
estimatedtoemithundredsofrad(Si)/hratthesurfaceofthewaste.
One estimateofsome ofthehottertanksattheHanfordSite

suggestssurfacedoseratesof400rad(Si)/hr1.Thiswouldresultin
an accumulateddoseof3.5Mra_yr.For reference,many pressure
sensorsusedinnuclearreactors2 onlyexperience105rad(Si)during
theirusefullife,althoughmost areratedat2 -5 x 107rad(Si).



Withoutcarefulselectionofradiationhardenedcomponents,many
electronicsbasedsensorswillfailatsignificantlyloweraccumulated
dosethan iMrad(Si).Forexample,manipulatorsand robots
frequentlyuseoptoelectronicencoderstoreporttheangularposition

ofthemechanicallinkagejoints.This informationisessentialfor
remoteteleoperationorautonomouscontrolofmanipulatorsand
robotarms.Unfortunately,many oftheseencodersutilizesilicon
basedphototransistorsand photodiodeswhichareparticularly
susceptibletoradiationdamage;performanceinthesedevicesbegins
todegradeataccumulateddoselevelsaslow as0.1Mrad(Si)3'4.

CHARACTERIZATION SENSORS

Sensorswillalsobe neededtocharacterizethewastesite's

physical,chemical,and radiologicalenvironmentforsuccessful
roboticoperations.Physicalcharacterizationofa wastesite's
contentswillberequiredtoplantheremediationprocess.The
physicalcharacterizationprocesswillidentifyobstaclestobe avoided
duringmanipulatormotionsand locateregionsrequiringspecial
attention.Thissurveywillalsohelpdetermineappropriate
remediationprocedures.Priorsensingofphysicalcharacteristics
associatedwithdifferentwasteregionsshouldenablebetterchoices
ofrobotend effectorsand remediationprocedures.Before
remediationactivitiesbegin,physicalmeasurementsofthewaste
viscosity,bulkdensity,temperature,physicalhardness,thermal
conductivity,particlesizedistribution,shearstrength,and friction
coefficientswouldbeuseful5. Objectsintheworkspaceshouldbe
identifiedand theirlocation,extent,and mass shouldbemeasuredif
possible.Surfaceprofilemeasurementshouldalsobe made to
providepositioninformationofmounds,bumps,and othernon-
distinctobstructionsthatmay be present.Inadditiontothewaste
sitecontents,thephysicaland geologicalstructuresinand
surroundingthewastesitewillneedtobesensedand monitoredto
preventfurtherenvironmentaldamage.

Chemicalsensingofthewastewillbe requiredtodetermine
theanticipatedeffectsofthewasteon therobot,thepotentialfor
explosionorfire,themagnitudeofthehealthhazard,and the
appropriatewastedisposaltechnique.Typicalchemicalsensors
includegaschromatographs,mass spectrometers,atomicemission
spectroscopyinstruments,fluorescenceinstruments,hydrogen
detectors,humiditydetectors,and laserspectroscopyinstruments.
IntegratinginformationI_ommultipletypesofchemicalsensorscan
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providevaluableinsightsintothebesttechniqueforhandlingthe
waste.For example,multipleminiaturechemicalsensorsmay need
tobe arrangedincloseproximitytoeachotheron a remote
controlledsurveyann toinferimportantinformationaboutthe
flammabilityofthewaste,thepotentialforexplosion,and the
corrosivepotentialofthewasteon theremediationequipment.

Radiological sensors will be needed to determine the type of
radioisotopespresentinthewasteand theirlevelofradioactivity.
Gamma spectroscopytechniquescombinedwithspatialinformation
fromtherobotarm movingthegamma detectorscanbe usedto
determineand map thespeciesofradioisotopespresent.Broadband
gamma techniquescanbe usedtocreatedetailedspatialmaps of
regionswithhighlevelsofradioactivityalthoughspecialshielding
may be requiredtoidentifysome speciesinthepresenceoflarge
backgroundsignals.Thisinformationwillalsobeusefulto assessthe
human healthhazardsofthewasteand todeterminetheultimate
dispositionoftheremovedwaste.

SENSORS FOR ROBOT-ENVIRONMENT INTERACTIONS

Sensors to monitor the interaction between the robot and the
environment are necessary for real-time robotic control and for
alerting a human operator of developing difficulties. Incomplete
knowledg e of the waste Site environments necessitates sensor rich,
closed loop control in many robotic remediation operations. Due to
the extremely hazardous content of many waste sites, remediation
operationswillrequirerobustsensorstomonitorremediation
processesand informhuman operatorsofabnormalconditions.In
themore common mode ofhuman directed(teleoperated)
manipulatoroperations,processmonitoringsensorswillbe neededto
providecontinuousinformationdirectlytothehuman operator.
Examplesofinteractionsensorsincludeforcesensors,tactilesensors,
machinevision,and proximitysensors.Multiplevisionsensors,
ultrasonicproximitysensors,tactile"touch"sensors,and force
sensorsmay be requiredtoappr,jacha tankwall,contactthewall,
and carefullyscrapeobjectsoffthewall.The visionand ultrasonic
sensorswillprovidetheopera_orortherobotcontrollerwith
approachdistanceinformat_.on;thetactilesensorwil!identifythe
timeofcontactand directthecontrolle:toswitchfromfreespace
motioncontroltoin-contactmotioncontrol;and theforcesensorwill
controland monitortheappliedforcestopreventdamage tothe
wall.Inaddition,thisclassofsensorsincludesthosedevices



requiredtomonitorend effectortoolingparameterssuchaspayload
weight,suctionstatus,steam/airpressure,cuttingtemperature,and

I toolsharpness.Continuousknowledgeoftheend effectorstatuswill

berequiredtoperformin-processcontroloftheremediation
processesand alertthecontrolsystemtoabnormalsituations
requiringoperatorinterventionsuchasa cloggednozzleora dulltool.

I

SF__SOR DESION CONSIDERATION

Inadditiontoidentifyinggroupsofsensorsthatappeartobe
importanttofutureroboticwastecleanupactivities,sensordesign
criteriamust alsobe consideredwhen discussingfuturesensorneeds.

For many sensorsneedsdescribedabove,sensingtechnologiesexist
buthaveonlybe_ndemonstratedforapplicationsinconventional
industrialenvironments.Intheanticipatedseverechemicaland
radiologicalenvironmentsassociatedwithmany wastesites,
additionalsensordevelopment,testingand evaluationwillbe
required.Inadditiontoenvironmentaldurabilityand conventional
_nsor criteria(e.g.highaccuracy,highresolution,lowdrift,
repeatableoperations,lowhysteresis,rugged,lowcost,etc.),sensors
forwastecleanupapplicationswillprobablyneedtomeet several
otherstringentrequirements.Theseadditionalrequirementsinclude
thefollowing:lightweighttoenabledeploymentbya limitedpayload
robot;miniaturetomeet limitedsizeconstraints;radiationhardened
toenablecosteffective,continuedoperationaftermoderate
accumulateddoselevelsofionizingradiation;hightemperature
capableforextendedsensoruseatelevatedtemperature;remote
maintenanceand remotecalibrationcapable;saferesponsedueto
sensorfailure,lossofpower,orexposuretoelectromagnetic
interference;freefromsparkgeneratingelectro-mechanical

mechanismstodiminishexplosionhazards;remote,automaticself-
checkcapable;sealedtokeepenvironmentalcontaminationoutof
thesensorhousings;capableofbeingdecontaminated;theexternal
housingshouldbe corrosionresistant;costeffectiveusefullife;and
designedtominimizethegenerationofadditionalhazardouswaste
attheend ofsensor'susefullife.

Inconsideringsensorsforapplicationsinroboticsystemsfor
remediatinghazardouswastesites,designersshouldbe awareofthe
extremelyhazardousenvironmentinwhichthesesensorsmust

operate.Synergisticeffectsfromradiation,chemicalcorrosivity,and
elevatedtemperaturesmay make many "reliable"sensors
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unacceptableforhazardouswasteapplications.In addition,certain

operationalconsiderations,suchasremoterepair/replacement,may
becomeprimaryselectioncriteria.
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