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NanoSattechnologyhasopenedEarthorbittoextremelylow-costsciencemissionsthroughacommoninterface
thatprovidesgreaterlaunchaccessibility.Theyhavealsobeenusedoninterplanetarymissions,butthesemissions
haveusedone-offcomponentsandarchitecturessothatthereturnoninvestmenthasbeenlimited.Anaturalquestion
istherolethatCubeSat-derivedNanoSatscouldplaytoincreasethesciencereturnofdeepspacemissions. Wedo
notconsidersingleinstrumentnano-satellitesaslikelytocompleteentireDiscovery-classmissionsalone,butbelieve
thatnano-satellitescouldaugmentlargermissionstosignificantlyincreasesciencereturn.Thekeyadvantagesoffered
bythesemini-spacecraftsoverpreviousplanetaryprobesisthecommonavailabilityofadvancedsubsystemsthat
openthedoortoalargevarietyofscienceexperiments,includingnewguidance,navigationandcontrolcapabilities.
Inthispaper,multipleNanoSatscienceapplicationsareinvestigated,primarilyforhighrisk/highreturnscience
areas. Wealsoaddressthesignificantchallengesandquestionsthatremainasobstaclestotheuseofnano-satellites
indeepspacemissions.Finally,weprovidesomethoughtsonadevelopmentroadmaptowardinterplanetaryusageof
NanoSpacecraft.

I.INTRODUCTION

Thelastdecadeofplanetaryexplorationhasseenthe
developmentofavarietyofsmallplatformsforclose
proximityorinsitusurveyofavarietyofobjects.In-
deed,insituobservationsprovideaccesstoconstraints
onchemistry,especiallycontentinvolatilesandorgan-
ics,andsoilpropertiesthatareotherwisedifficulttoap-
proachwithremotesensingtechniques.Untilrecently,
twotypesofdeployabledaughtershipshadbeenconsid-
ered:(a)staticlanders(e.g.,penetratorsandsoftlanders
likeRosetta’sPhilae)and(b)mobileplatforms,suchas
hoppers,tumbleweeds,androversinthespecificcaseof
Mars.Differencesinenvironmentalpropertiesbetween
planetarybodies,especiallygravityregime,soilproper-
ties,andtemperature,makeitdifficulttodesigngeneric
platformsthatcanenableavarietyofmeasurementsat
abroadrangeofobjectswithoutrequiringlargetailor-
ing.Inparticular,mobilitybecomesincreasinglydiffi-
cult,orprohibitivelyexpensive,withincreasinggravity.
Yet,sciencereturnscaleswithspatialcoverageandthe
capabilityofaplatformtoaccesshighscienceareasas
wellasthesubsurface[1].
Inthispaperweintroduceanalternativeapproachfor

insituandcloseproximityobservationsthataimstoad-
dresstheaforementionedlimitationsbyenablingexten-
sivemobilityofasmallinstrumentpayloadthroughthe
distributionofmultiplesmall,disposablecraftsacross
thesurface,providingaccesstoavarietyofterrainsand

forabroadrangeofcontexts.Thisstudyexploresthe
availabilityofNanoSats,e.g.,fullyautonomousspace-
crafts,assmartinstrumenteddaughtershipsoflarger
missionstotargetdistributedhighscienceareas,guide
themothershipthroughdangerousregions,orsacrifice
themselveswhiletheyperformreconnaissanceofpoten-
tiallydangerousareas.
TheideacomesfromtheobservationthatNanoSatel-

lites,typicallyintheformofCubeSats,havetrans-
formedlow-Earthorbitmissionopportunities. Alim-
itedLEOmissionisnowfeasibleforseveralmilliondol-
lars,withincreasedlaunchopportunitiesandastandard-
izedplatform.Thishasalloweduniversities,traditional
aerospacecompanies,andNASAcenterstocarryouted-
ucational,technologicaldemonstrator,andsciencemis-
sionsatafractionofalargemissioncost,butinacon-
strainedmanner.Learningtohandletheinherentplat-
formandprogrammaticconstraintshasbeenanongoing
challengeforthecommunity,butonethatisnowyield-
ingimpressiveresultswithsciencemissionsaddressing
spaceweather,exoplanetsurveys,andatmosphericcom-
position.TheO/OREOSmissionhlaunchedinNovem-
ber2010isthefirstmissionwiththeobjectivetosup-
porttheobjectivesofNASAAstrobiologyInstitute.This
spacecraftcarriestwoexperiments,oneinvolvingorgan-
ics,andtheotheroneorganicmolecules,inordertotest
thestabilityofthatmaterialinspaceenvironment.This
missionfallsunderNASA’sAstrobiologySmallPayload
Programthatwascalledonlyonce,backin2007,butre-
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sultedinthecollectionofalargenumberofideas,rang-
ingfromastrobiologyexperimentstotestinginreduced
gravity.
Morerecently,NASA’sInstituteforAdvancedCon-

cepts(NIAC)wentfartherintheexplorationofsci-
enceenabledbysmallspacecraftswiththeselection
ofaprojectinvestigatingInterplanetaryCubeSats[2].
ThisconceptrevolvesaroundusingCubeSatsasprimary
spacecraftsfortheexplorationofsmallbodies,theSun,
andMars. Whilethatprojecthasidentifiedanumberof
challenges(e.g.,telecommunication,long-termsurvival,
etc.)thatwillrequireamaturationprocessinlinewith
thescopeoftheNIACprogram,theyopenthedoorto
excitingpromisesforcheaper,highsciencereturnmis-
sions(increasedsciencereturnperdollar).
Wehaverecognizedthattherearelessonstobe

learnedfromthedevelopmentandutilizationofCube-
SatsinLEOthatareapplicabletotheuseofNanoSats
oninterplanetarymissions,eitherasdaughtershipsoras
primaryspacecrafts.Inthefollowingsections,wecom-
pareandcontrasttheadvantagesandlimitationsofusing
NanoSatsasdaughtershipagainstotherformsofdaugh-
tershipsproposedtodate(Section2),intheframeofthe
scienceobjectivesofthe2013-2022PlanetaryScience
DecadalSurvey[PSDS,3]aswellasprecursormeasure-
mentsrequiredinpreparationfortheHumanexploration
ofasteroidsandtheMartiansystem. Wethendiscuss
thetechnologiesrequiredtobringthecurrentgenera-
tionofCubeSatstothedegreeofmaturationrequiredfor
deepspaceexplorationandproposesomeprioritization
(Roadmap-Section3).

II.CURRENTGENERATIONOFSMALL
PLATFORMS

Theapplicationofinsitudaughtershipplatformsto
planetarybodiesbeyondtheMoonstartedintheearly
90’s(manyprimaryspacecraftmissionsperformedin
situsciencepriortothis)withthehopperPROP-Fon
theRussianmissionPhobos2.In1997,oneofthe
firstUSdaughtershipsforplanetaryexploration,the
Huygenslanderon-boardtheCassinispacecraft,was
launched.Withits318kgandsixelaborateexperiments,
Huygensqualifiesasanextremeformofdaughtership,
butcertainlytailoredtothecomplexityofferedbythe
largemoonTitan. Thiswasfollowedin1999bythe
DeepSpace2twinpenetratorsthatcarriedanEvolved
WaterExperimentandSoilConductivityExperiment∗.
Thesemissionscatalyzedthedevelopmentoftechnolo-
giesenablingminiaturizedinstrumentation. Otherre-
centmissionsandconceptsinvolvingsmalldaughter-
shipsare:theJapanesemissionsLunar-A(seismome-
ter,heatflowprobe,tiltmeter),HayabusaandMinerva

∗Thesepenetratorswerenotdeliveredastheircarrier,theMarsPo-
larLandermission,failed

(camera+contactsensors),thepenetratorsconceptsde-
velopedbytheUnitedKingdomConsortiumtobeused
aspartoftheconceptsMoonline/LunarNet/LunarExand
Europalander[4],thelanderMASCOT(DLR)aspartof
theJAXA-ledHayabusa-2mission(currentlyunderde-
velopment),andEuropeanlanderPhilaeaspartofthe
Rosettamissionenroutetothecomet67P(seeFigure
1).
Forthepurposeofthepresentstudy,wefocuson

smallerplatformsthatmaycomplementlarge,flagship
missions,butarealsoexpectedtoopenanewedgefor
explorationaspartofsmallerscalemissions. Asdis-
cussedindetailin1thescienceemphasizedinthePSDS
andstrategicknowledgegapsidentifiedfortheHuman
explorationofasteroidsand Mars’moonsrequireap-
proachingthecompositionaldiversityandphysicaldi-
versityofplanetarysurfaces. Thecurrentchallenge
posedbythistypeofscienceistheneedtosampleand
characterizematerialrepresentativeofthebulkoftheob-
jects.Thismeansaccessingregionswherefreshmate-
rialhasbeenexcavated,forexamplebyimpact,seismic
shaking,landslides,etc.ordirectlyaccesssourceofma-
terialsuchasoutgassing,Allthisrequiresfinemobility
foraccessingdiscreteandnarrowareasand/orextreme
terrains(e.g.,craterrims,volcanicregions).
Wepresenttheadvantagesandlimitationsofvarious

platformsbasedafterthefollowingcriteria(Table1):
extentofmobility,technologicalconstraints,maturity
(readinesslevel)andheritage,andaffordablepayload
mass.However,ingeneral,thesemissionscomparewell
intermsofaffordablepayload. Theextentofscience
returnexpectedforeachplatformisratherafunction
oftheextentoftheirmobility,bothintermsofspatial
coverageandthedegreeofprecisionwithwhichthese
platformscanaccessdiscreteandnarrowareas,aswell
aspointingaccuracyandstability(e.g.,formeasure-
mentsrequiringlongintegrationtimes).Forexample,
staticplatformslikepenetratorsareidealforseismom-
etry,whichrequireshighstabilityandstrongmechani-
calcouplingwiththegroundinordertoallowlong-term
seismicmonitoring.Ontheotherhand,asnotedabove,
capturingthechemicalandphysicaldiversityofplane-
tarysurfacesrequireslargespatialcoverageandfinemo-
bility. Hoppersandroverstosomeextentaddressthis
need,althoughthedegreeofcoverageachievablewitha
singleelementisadirectfunctionofitslifetime,which
isgoingtobelimiteddependingondistancetotheSun
andwhetherRadioisotopeHeaterUnitsareused.
Similarly,fieldandparticlemapping(e.g.,gravity

andmagneticfields,plasma,radiations,dust,etc.)re-
quiresglobalcoverage.Theknowledgeoftheseprop-
ertiesisofcriticalimportanceforthepreparationofthe
Humanexplorationofsmallbodies,andrequiresglobal
scaleobservation,bestapproachedwithanorbiter.Inthe
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MOTHERSHIP AND TAILORED STATIC 
LANDER (E.G., ROSETTA/PHILAE) 

PENETRATOR(S) AND  
ORBITER (E.G., CRAF) 

MOTHERSHIP AND TAILORED 
HOPPER (E.G., HAYABUSA/
MINERVA) 

SINGLE CUBESATS (E.G., SOLWISE) 

MOTHERSHIP AND MULTIPLE CUBESATS (E.G., 
PLANETARY HITCHHIKER AND NCROSS) 
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Fig.1:Examplesofsmallplatformsthathavebeenflownorhavebeensuggestedinmissionconceptsforthepasttwo
decades.FirstimplementedontheHayabusamission,theuseofhoppershasbeenconsideredformanyyearsfor
smallbodymissions[5,6,7,8]withseveralterrestrialdesigns[9,10],typicallywithexternalactuators.TheMinerva
roiver,designedfortheHayabusamission,isuniquebecauseitcontainsaninternaltorquingmechanismthatpro-
videsahoppingmotionwhileremainingsealedtotheenvironmentduringoperations[11].Cubesatsasinstruments
onhitchhikingmissionshavebeenrecentlyproposed(e.g.,NASAAmes’NCROSS,PlanetaryHitchhiker).

caseoflow-gravitybodies,mappingthesefieldsrequires
close-proximityoperationsinchallengingenvironments
withcomplexorbitalmechanics,dustdynamics,andan
uncertainsurface.Thismaybeanareawheresmallfly-
ingelements,likeCubesats,mayprovethemostuseful.

III.USINGCUBESATSASINSTRUMENTS

CubeSatshavebecomeapopularandcost-effective
meansofreachinglow-Earthorbitthroughtheadoption
oftheCubeSatstandard.Firstdevelopedbyapartner-
shipbetweenStanfordUniversityandCaliforniaPoly-
technic-SanLuisObispo,thisstandardhasuniquely
catalyzedarevolutioninnano-spacecraft.Bycontaining
therisktothelaunchvehicleandprimarypayloadwithin
acontainer,theso-calledPoly-Pico-Satellite-Orbital-

Deployer(P-POD),nanosatsareabletousespacepre-
viouslyallocatedtoballast.Recently,theNASACube-
SatLaunchInitiativehasbeguntoprovidelaunchalloca-
tionsatalow-costorfreepricetouniversitiesandgov-
ernmentinstitutions,enablingmorelaunchesthanever
before. Thoughthestandard,andtheCubeSatmove-
ment,haveonlybeenaroundfor10years,thelaunchrate
isacceleratingrapidly,andover50U’s(10x10x10cm
units)areexpectedtolaunchin2012,withconstellations
ofCubeSatsexpectedinthenearfuture.
Thesesmallspacecrafthavetypicallyfalleninto

severalmissionclassareas:educational,technology
demonstrator,andscience,withtherespectiveevolution
ofeachclasstakingsubsequentlylongerasrequirements
havegrownmorecomplex.Scienceadvanceshavebeen
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PLATFORM PENETRATORS SOFTLANDERS HOPPERS
THRUSTER-
DRIVEN HOP-
PERS

ROVERS(wheeled) CUBESATS

DegreeofMobility Static Static Fine, Short range
(meters to 10s of
meters)

Gross,Longrange Fine,Shortrange Fine, Long range
(¿100mcapability)

Mass(kg) 30-40 Scaleswithpayload <5 Scaleswithpayload,
desiredrange, and
lifetime

<5kg(smallbod-
ies)

1.5-10

PayloadMass(kg) <5 10 2-3 5-10 5-10 0.5-4
Target Require-
ment

>100milli-g,hard
surface

< 100milli-g,any
surface

> 100milli-g,any
surface, buttailor-
ingrequired

> 100milli-g,low
dustrequired

> 100milli-g,low
dustrequired

Any

Deployment Complex Simple release
(spring)

Simplerelease Complex Complex Simple (P-
POD/spring)

Operational Re-
quirements

Alignment<1deg. Pointingcontrolre-
quired for proper
orientation

Pointingcontrolre-
quired for proper
orientation

Mustbeabletoro-
tateinflight

Musthavetraction Autonomous navi-
gationrequired

Risk Deployment Landing/Poor me-
chanical coupling
withsurface

Landing, stabil-
ity in dynamic
environment

Deployment,dust LowTRLforsmall
bodies

LowTRLindeep
space

MaturityandHer-
itage

High-UKConsor-
tium,CRAF,DS-2

High,Philae Medium, Minerva
(Itokawa)

Medium,CHopper Low(Muses-CN) NCROSSThumpers

ExpectedLifetime Months Months Days Weeks Weeks Days
Autonomy Passive Backroomteam Required Backroomteam Backroomteam Required

MainAdvantage
Access to the
subsurface, long-
integration time
measurements and
monitoring (e.g.,
surface tracking
withbeacon, seis-
mometry),littlereq.
oncomm.

HighTRL,scalable Flexibility,lowcost,
fineGNC

Large payload
and/orbatteries

Finemobility Fine GNC, access
toextremeterrains,
cheap

MainDrawback
Deploymentmecha-
nismiscomplexand
sinkofmass

Stability on low
gravity bodies is
unclear

Limitedlifetime interaction with
small bodies re-
golithissourceof
risk, deployment
complex

Historically higher
cost/Risk; Ttoo
much tailoring
requiredforindivid-
ualsurfaces

LowTRLfordeep
space

Table1:Keycharacteristicsofthemaintypesofinsituelementsproposed,requirements,andadvantages/drawbacks.
InformationisbasedonspecspublishedbytheUKConsortiumforPenetrators,NASAInstituteforAdvanced
Concepts,DraperLabs,andtheRosetta/PhilaeProject.
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Fig.2:TablesummarizingthecurrentstateofperformanceofthedifferentCubeSatformfactorsdevelopedtodate.

achievedusingthissmallplatform,asintheNASA
AmesO/OREOSmission(astrobiology)[12]andthe
UniversityofMichigan’sRAXmission(spaceweather)
[13].
TheRAXmissioninparticularprovidesanexam-

pleofaCubeSatassistingintheinvestigationofanarea
previouslyunexplored.RAX,ortheRadioAuroraEx-
plorer,isabi-staticradarmissionbuilttoexploremag-
neticfield-alignedirregularitiesintheionosphere. A
radartransmitteronEarth’ssurfacetransmitsacoded
pulse,whichscattersofftheirregularities. Thisscat-
teriscollectedbyRAX,passingoverhead,andusedto
characterizetheirregularities. Duetoaperpendicular-
ityrequirementonthescatter,thismissionisunachiev-
ablebyatraditionalradarsystem,anditrequiresaded-
icatedreceiverinspace. Bytakingadvantageofthe

low-costnatureofRAX,themissionwasdesigned,con-
structedandoperatedwithin2years,andunder1mil-
liondollars(RAXwasfundedbyagrantfromtheNa-
tionalScienceFoundation).Almostmoreimpressively,
theteamlaunchedasecond,upgraded,RAXspacecraft
lessthan11monthsafterthefirstencounteredanon-
orbitanomaly[13]. Recently,RAX“successfullytook
thefirst-evermeasurementofnaturallyoccurringauro-
ralturbulencerecordedusingananosatelliteradarre-
ceiver”[sr.com/news/releases/032212.html].Thisturbu-
lencewasadirectresultofarecentgeomagneticstorm.
OthersciencemissionshaveincludedNSF’sFirefly,

examiningterrestrialgammarayflashesandtheirlink
tolightning,[14],MontanaState’sExplorer1Prime-
FlightUnitTwo,whichflewanoriginalVanAllengeiger
countertomeasurevariationsinthelocationandinten-
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sityofenergeticelectronstrappedintheVanAllenradi-
ationbelts[15],andMIT’sExoPlanetSat,thefirstCube-
Sattolookforexoplanetsusinganultra-stable(2-3arc
secondpointingaccuracy)platform[16]. Manymore
CubeSatmissionsarenowbeingdesignedandprepped
forflight,providingindividualinvestigatorsalow-cost
optiontoachievenovelscienceataquickcadence.
RAX,andotherCubeSats,havenotonlyachieved

greatscience,buttheyhavedemonstratedthatsmall
spacecraftcanbeusedtocreatecollaborativescience,
unachievablebyeitheralargerinstrument(theground
transmitterinthecaseofRAX),orthesmallerspacecraft
alone. Alongwiththeothercharacteristicsthatmake
CubeSatsunique,theselessonscanalsobeappliedto
deepspacemissions,wheretheuseofsmalldaughter-
shipNanoSatscanenhanceaprimarymissionthrough
collaborationand/orwidedistribution.

III.I.ScienceApplicationsandInstrumentAvailability

Theavailabilityofsmart,guidedinstrumentswith
accesstoplanetarysurfacesoffersthepotentialfora
wholenewclassofscienceexperiments.Theseappli-
cationsinclude(andarenotlimitedto)

(i)Imagingandremotesensing:veryhigh-resolution
geological,compositional,andfield mapping
(e.g.,magneticandgravityfields),surveyofsur-
facedynamics,e.g.,dustlevitation,searchforout-
gassingactivityandsignsofexosphericactivity,
etc.

(ii)Directsurfacesampling: soil mechanics(e.g.,
adaptingapenetrometer),soilmicroscopy,fine
chemistry(suchasisotopicandelementalcompo-
sition),surfacetrackingwithbeacon,seismome-
try,etc.

NanoSatsdonothavethetraditionalseparationbe-
tweeninstrumentandspacecraftthatlargervehicles
have.Infact,NanoSats,includingCubeSats,canbe
thoughtofasinstrumentswithafewspacecraftparts
attachedtotheoutside.Thisallowsgreatflexibilityin
thecustomizationandconstructionofthesesmallve-
hicles,oftenmotivatedbythestrictmassandvolume
constraintsimposedbytheprimaryspacecraft(CubeSats
arelimitedto10x10x10cmperunit,andunderapproxi-
mately1.5kginmass).Technicaldetailsonthecurrent
stateoftheartarepresentedinFigure2.Shouldthese
vehiclesgrowtoolarge,theybegintoviolatetheir”ig-
norable”nature,andprimaryspacecraftmighthaveto
changeconfigurationtoaccommodatethem.
Eventhoughthespacecraftare,inmanyrespects,

tiny,manyexistinginstrumentsalreadyfitwithinthis
form-factor.Thecurrentgenerationofminiaturizedin-
strumentscoversavarietyofapplications(seeFig.3).

Instrumenttechnologyhasbeenevolvingtowardsmaller
detectorsandsensors.Thetraditional1Upayloadpack-
agefora3UCubeSatcan,apriori,accommodatemany
oftheseinstruments,includingradiationmonitors,ac-
celerometers,imagers,seismometers,theAPXS,and
spectrometers.Still,opticalremotesensingandanalyti-
calinstrumentsstillrequirefurtherdevelopmentinorder
todecreasetheirmassandpowerconsumptionbelow2
kgand5W.Anoverviewofthepowerversusmassfor
avarietyofhigh-TRLinstrumentsispresentedinFig-
ures4and5.Themoremassiveinstrumentscorrespond
toanalyticalinstrumentsthatrequiresomeprocessing
ofthesampleandlongintegrationtimes,suchasmass
spectrometry,X-rayspectroscopy,etc. Ontheother
hand,geophysical/geologicalinstruments(accelerome-
ters,tiltmeters,panoramiccameras)arefoundwellbe-
low500g. Themorepowerhungryarethoseinstru-
mentsthatrequiresomeformofheat,illumination,or
communication(likebeacon,thermoprobe,etc.)Hence
manyinstrumentsoftheseinstrumentdorequiremore
powerthanistypicallyavailableinthe1Uform-factor,
whichmightnecessitatelowduty-cyclesordeployable
panels.
Oflowertechnologyreadinesslevel,mechanismsfor

samplingmaterialforinsituanalysisarelaggingbehind.
Samplingdependsonmaterialpropertiesthatmaydras-
ticallyvaryfromonesurfacetoanother(e.g.,extreme
finedust,stickyorganicsmaterial–differentadhesion
properties). Alsolowgravityandelectrostaticcharg-
ingmakesitdifficulttosampleatsmallbodies,while
icymaterialsamplingrequirespriormeltingandsuction
mechanisms. Thiskeepsanalyticaltechniquesoutof
reachforthetimebeingbuttheportfolioofNASA’sin-
strumentprogramsindicatethatthisgapcouldbeclosed
beforetheendofthedecade. Anopenquestionisthe
appropriatesizeforasecondaryNanoSatspacecraftsup-
portinginterplanetarymissions.Thoughinstrumentsare
availableinasmallform-factor,supportingelectronics,
sufficientlydesignedtohandlethedeepspaceenviron-
ment,alongwithcommunicationsandpropulsionneed
tobeappropriatelydesignedforthescienceortechnol-
ogyapplicationonhand.

III.II.TechnologyRoadmap

Thedevelopmentofaninterplanetarycapable
NanoSatcouldfollowoneoftwopaths-CubeSatshave
traditionallybeenatechnologydrivenplatform(what
canwegettospaceina10cmx10cmx10cmbox?
Fig.2)andhaveprovensmallspacecanproducereal
science.Weproposethatratherthanfollowingthesame
pathforinterplanetaryNanoSats,lessonslearnedfrom
CubeSatsshouldbecombinedwithscienceapplications
thatcantakeadvantageofthesmallsize-theinterplan-
etaryNanoSatshouldbedrivenbyscienceapplications
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INSTRUMENT GEOPHYSICS CHEMISTRY HABITABILITY HERITAGE 
MASS 
(ESTIMATED) 

Seismometer   OPTIMISM/Mars 96/InSIGHT 50-500 g 

PanCam    CIVA/Rosetta; Phobos 11  100-1000 g 

Radiation dose   RADOM/Chandrayaan-1 100g 

Gravimeter   GRAS/Phobos 11 250g 

Tiltometer   Huygens  250g 

Optical microscope    Beagle-2; Phobos 11 100-300g 

Magnetometer    MMO Bepi Colombo 770g 

XRF    APXS/Rosetta 640g 

Immuno-arrays   SOLID/ExoMars1 (1000g) 

Laser-ablation MS    LASMA/Phobos 11 1000g 

INMS    MANAGA/Phobos 1000g 

IR close-up 
spectrometer 

   
CIVA/Rosetta 
MicrOmega/ExoMars 

(1000g) 

Raman spectroscopy    RAMAN-LIBS/ExoMars1 1100g2 

LIBS    RAMAN-LIBS/ExoMars1 1100g2 

XRD3   XRD/ExoMars 1200g 

XRS    No prototype (2000g) 

ATR spectroscopy 
   

MIMA/ExoMars1 for FTS 
analyzer 

(2000g) 

IR spectroscopy    
No direct prototype; technique 
well established  

(2000g) 

Wet chemistry set   Urey/ExoMars1 2000g 

GCMS 
   

GAP/Phobos 11; COSAC/
Rosetta  

(5000g) 
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Fig.3:Reviewofinstrumentswithheritageorindevelopment(TechnologicalReadinessLevelgreaterthan4)asa
functionofkeysciencethemes.

anddesignedbyengineersandscientistscollaborating.
TypicalCubeSatcharacteristicsthatmustbetaken

forwardinclude:

•LowMass/LowInertiaPayloadsthathavelow
massandinertiacanbeignoredforsomemajor
analysesinlargerspacecraftdesignastheyhave
littletonoimpactonstructure,thermaldesign,or
configuration.Infact,somepayloadsmayeven
actasballastreplacements(assumingtheircenter
ofmassandgeometryiswelldefined).

•LowRisktoPrimaryAnypayloadofsignificant
risktotheprimaryspacecraftorprimaryscienceis
atriskofbeingdescoped,especiallyifthepayload
isofsecondaryimportance.Withthelow-budget,

low-riskmethodologyimposedonplanetarymis-
sions,itemsofsignificantriskarespecificallytar-
getedforremovaltoassuremissionsuccess.This
riskisoften”boughtdown”throughcompromises
inbudgetorschedule,whichwouldinvalidatethe
reasontoincludesmallsecondaryNanoSatstobe-
ginwith.

•TargetedScienceCubeSatconstraintstypically
requirethatthereisoneinstrumentperspacecraft,
whichcanmakeforcreativesolutionsthatareop-
timizedforthemission.Theattempttoinclude
multiplepayloads,ormakethestandard”justalit-
tlebitbigger”maycreatecomplicatedsecondary
vehicleswhichcannotbeafforded.
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Fig.4:Volumeversusmassforsomehighheritagein-
struments.

Fig.5:Powerversusmassforsomehighheritageinstru-
ments.

•CreativeDesignTheopportunityforlowcostand
obtainablelaunchaccesshasledtocreativede-
signsformissionsthatknowasecondopportu-
nityisobtainable.Unfortunately,itislikelythat
multipleopportunitiesmaynotbethecaseforin-
terplanetaryNanoSats,buttheabilitytoinclude
multiplecraftofdifferentarchitecturesmaystill
allowfornoveldesigns.Ratherthanincludeonly
asingleNanoSatonamission,constrainingthe
targetsizetobetheminimalpossibleforscience
applicationswouldprovidemultipleopportunities
onthesamevehicletoapproachthesameinvesti-
gationinseveraldifferentmanners.

Thesecharacteristicscanbeusedtodevelopastan-
dard-perhapsnotforeveryinterplanetarymission-but
onethatcanbeslightlycustomizedforeachflightoppor-
tunity,whileretainingimportantcharacteristicstoallow

formulti-missionuseifapplicable.
Inadditiontocommoncharacteristics,sometechnol-

ogydevelopmentwouldbeusefultosupportthesemis-
sions,inalooseorderofimportance..

1.Rad-tolerantMissionOperationStrategiesand
MainboardComputerThedeepspaceenviron-
mentisnotfriendlytoprocessorsorelectronic
components.JupiterissothreateningthatJUNO’s
avionicsarebuiltwithintank(17).Thusprotection
fromradiationforsecondaryspacecraftisimpor-
tant,especiallyastraveltointerestingdestinations
canoftencoveryears.Rad-tolerancehasalready
beenconsideredforCubeSatmissions,generally
throughtheuseofwatchdogsystems,automatic
reboots,andtheuseofindividualrad-hardparts.
ButthefundamentalunitofaCubeSat,thecom-
mandanddatahandlingboard,hasfewproducts
thatarereadyfordeep-spaceflight.Severalsolu-
tionsmayexist:1)Reduceoverallexposureby
shieldingtheNanoSat’sdeploymentmodule,2)
Determinerad-sensitiveandcriticalpartsbasedon
previousdeep-spacemissionexperienceandde-
velopagenericflightcomputerordaughterboard
whichsupportsthesetypeofoperations,3)De-
veloprad-tolerantoperationstrategiesandsoft-
ware(e.g.,automaticresetevery2daystoclear
latch-ups,memoryandcachecheckingsoftware).

2.LaserCommunicationsorReliable Miniatur-
izedRelayCommunicationsLasercommunica-
tionsmaysoonbeavailableforbothlargeand
smallspacecraft2,butwillrelyonaccuratepoint-
ingandgroundstationavailabilityonEarth.The
firstinterplanetaryNanoSatmissionswilllikely
relyonrelaycommunicationwithamothership
(e.g.,HayabusaandMinervaatItokawa,Ikaros
andsubsatellitecameraslikeDCAM-1/DCAM-
2).TheCubeSatcommunityhasdevelopedmany
lowspeedradiosapplicableforLEOflight,yet
frequencystabilityduetooscillatordriftand
protocoldifferencesoftenrequiregroundstation
tweakstooptimizethereceivedsignalstrength.
Furtherdevelopmentofasimple,smallandsolid
radio,builtfromCubeSatheritageanddeep-space
experience,couldquicklyandeasilyclosethe
link.

3.MiniaturizedInstrumentDevelopment Some
instruments,asshowninFigure3,doexistthat
fitwithinaCubeSatformfactor,andwouldbe
applicableforinterplanetaryNanoSats. Asrides
becomescarce,thereisgreaterimpetustotake
instrumentswithnovelmethodsthatsizethem
withinanavailablevehicle. Withgrowingcer-
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taintythatinterplanetaryNanoSatswouldbeuse-
ful,itbehoovestheinstrumentcommunitytode-
cide”howgoodisgoodenough”toobtaincom-
pellingscience,anddevelopinstrumentsaccord-
ingly;notinstrumentsthatcompetedirectlywith
aFlagship-classinstrument,butonesthatcan
performimportantcomplementaryscienceata
tenthofthesize.Importantinstrumentdevelop-
mentareasincludeimagingandspectrographic
microscopy,aNanoSat-classUSOortransponder,
onboarddataprocessing,radiationsensors,dust
collectorsandmanyothers.

4.NanoSatPropulsionDemonstrationThoughthe
mothershipmaydropofftheNanoSatsatinter-
estingtargets,itislikelytheywillneedtomove
tochangetheirlocation,evenifitistodescend
toaninterestingspot. HadMinervacontaineda
smallpropulsivemodule,itmaynothavemissed
Itokawaduringdeployment18. CubeSatpropul-
sionisnowunderdevelopment(andatargetof
therecentNASAOfficeoftheChiefTechnolo-
gistEdisoncall),butasmallsystemhasyetto
berepeatedlyandreliablydemonstratedonmul-
tiplemissions,norhasnavigationormaneuver-
ingsoftwarebeenflown,allowingforpreciseor-
bitplanning. BothforCubeSatsandinterplane-
taryNanoSats,thisisanopportunitytoopenup
newareasofexploration. ElectricPropulsion,
Cold-Gas,HydrazineandSolar-Sailpropulsiveel-
ementsarenowavailable,andshouldbefurther
developedforeasyimplementationanduse.

5.Deep-SpaceDeploymentThedeploymentmod-
ulefordeep-spacemaynotlookentirelylikethe
currentlyusedP-PODonLEOmissions.Anum-
bilicalmayberequiredforhealthmonitoringor
batterymaintenanceduringthelongflight,which
mustthenbeseparatedbeforedeployment.The
P-PODmayneedtobeshieldedtominimizecon-
straintsonthesecondaryspacecraft.Andifmul-
tiplevehiclesaretobedeployed(evenfrommul-
tipleP-PODs),theremustbeassurancethatthey
willnotimpacteachotherorthemotherspace-
craft.Asetofdesignstudies,withreferencemis-
sionarchitectures,shouldbeconsideredtode-
velopanext-generationP-PODthatisflexible
enoughforuseonmultiplevehicles,butmaintains
theminimalriskposturethatsocharacterizesthe
existinglaunchvehicleP-PODs.

6.NanoSatSurfaceMobilityManyofthescience
applicationswouldbenefitfromtheuseofsurface
mobility. Minerva,oneofthefirstNanoSatsto
seeuse,employedanovelinternaltorquerallow-

ingforhoppingacrossanasteroid’ssurface.Like-
wise,tumbling,rolling,hoveringorothermecha-
nismsshouldbedevelopedthatmightseemultiple
use-reactionwheelinflight,internaltorqueron
theground.Suchdevelopmentswillallowfordis-
tributedsampling,orgreaterexplorationacrossa
planetarysurface.

7.NanoSatSampleReturn/AtmosphericRe-
EntryMechanismReturningsamplesfromLEO
orbeyondrequiresthesurvivalofsomepartof
thevehiclethroughtheatmosphere. Balutes,
parachutes,andevenablativepackaginghave
beenproposedtoallowforCubeSatsamplere-
turn. Suchtechnologiesmaybeusefulinthe
deploymentofinterplanetaryNanoSatstofor-
eignworldswithunfamiliaratmospheres,allow-
ingthese”disposal-sats”tobeusedinahighrisk
/highsciencereturnendeavor.

8.SampleCollectionandCaching Mechanism
Oncesurfacemobilityisenabled,itislikelythat
thecollectionofsampleswouldbeofhighpri-
ority. AninterplanetaryNanoSatswarmspread
acrossthesurfaceofasmallbodycouldsample
andcachemultiplepoints,readyforpickupatthe
nextopportunity. Basicmechanismsinasmall
platformsupportingthesegoalsmaysupportfu-
turemissions,includingCometsurfacesamplere-
turn.

9.MiniaturizedRHUDevelopmentRHUsmaybe
usedtosupporttheuseofNanoSatsintheouter
solarsystem,beyondtheusefulrangeofsolar
power.Eitherasheaters,orcombinedwithsmall
heatexchangerstoproducepower,development
ofthesekindofpowersystemswouldenablethe
interplanetaryNanoSattomovebeyondprimary
batteriestoanextendedmissionofusefulscience.

Eachofthesetechnologiesislikelyachievable,and
manyonlyrequirecreativeimplementationofavailable
products.Indeed,NASAAmeshasproposedthePlan-
etaryHitchhikerarchitectureuseCubeSatsforsmall-
bodyinvestigations,andbothHayabusaandIkaroshave
showntheusefulnessofsecondaryNanoSats.Further
developmentofthesetechnologieswouldextendCube-
SatuseinLEO,wouldenableinterplanetaryNanoSats
todepartontheirownfromEarthorbit(whichseems
possibleevennow,e.g.,2),andwouldsupportthenovel
useofinterplanetaryNanoSatsassecondaryspacecraft
atotherworldsanddestinations.

IV.CONCLUSION

ThecapabilityofCubeSattoreturnsciencemeet-
ingthehigheststandardshasbeendemonstratedthrough
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multiplerecentandongoingmissions.Theperformance
oftheseplatformskeepprogressing,forexamplein
termsofattitudecontrol,accesstomultiplepropulsion
options,etc. whilepreservinglow-costapproachwith
appropriaterisk.Withgrowinginterestforsamplingthe
surfaceofavarietyofobjectsacrosstheSolarsystem,it
istherighttimetostartdevisingscienceapplicationsfor
CubeSatsbeyondLEO,possiblyintheframeofDiscov-
ery,NewFrontiersandotherlargemissions. Manyin-
strumentsarenowavailablethatfitwithinaNanoSpace-
craftplatform,andthesecanbeleveragedtoenablea
newtypeofexploration-onewithlow-cost,disposable
probestoperformhigh-risk/highsciencereturnmis-
sions. Agreatdealofworkstillhasyettobecom-
pletedtoreadyNanoSpacecrafttoparticipateonlarger
missions,includingalargeamountoftechnologicalde-
velopment. Bypursuingthesetechnologiesnow,with
testingavailableinLEOusingCubeSats,wecanpre-
paretheinvestigationsoftomorrowwiththelessonsof
today.Itishoweverimportanttokeepinmindthatfur-
therdevelopmentofCubeSat-basedNanoSatswithout
coordinationwiththescientificcommunityandthein-
clusionofexpectedscienceapplicationsmaywelldoom
theendeavorfromthestart.CubeSatshaveshowngreat
sciencereturn,yetarestilloftenrelegatedtoonlyedu-
cationaltoolsandtoys.Ratherthandesignthescience
tofitinthetechnology,designthetechnologytosup-
porttheapplication,withlessonslearnedfrombothen-
gineersandscientists.
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V.ACRONYMS

CHopperCometHoppermissionconceptproposedto
NASA’sDiscoveryProgram

DLRGermanAerospaceCenter

DS-2DeepSpace2Mission(NASAMilleniumPro-
gram)(failed)

GNCGuidance,Navigation,andControl

LEOLow-EarthOrbit

NCROSSNEACloseRendezvousandOperationS
Satellitemissionconcept

NIACNASAInstituteforAdvancedConcepts

NRCNationalResearchCouncil

NSFNationalScienceFoundation

O/OREOS Organism/OrganicExposureto Orbital
StressesMission(ongoing)

P-PODPoly-PicoSatelliteOrbitalDeployer

PSDSPlanetaryScienceDecadalSurvey

RHURadioisotopeHeaterUnit

TRLTechnologyReadinessLevel

UHFUltraHighFrequency

USOUltraStableOscillator

VHFVeryHighFrequency
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