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ABSTRACT

Althoughcontinuedinvestmentsinnanotechnologyaremade,atomicallyprecisemanufacturing(APM)
todateisstillregardedasspeculativetechnology.APM,alsoknownasmolecularmanufacturing,is
atokenexampleofaconvergingtechnology,hasgreatpotentialtoimpactandbeaffectedbyother
emergingtechnologies,suchasartificialintelligence,biotechnology,andICT.Thedevelopmentof
APMthuscanhavedrasticglobalimpactsdependingonhowitisdesignedandused.Thisarticleargues
thattheethicalissuesthatarisefromAPM-asbothastandalonetechnologyorasaconvergingone-
affectstherolesofstakeholdersinsuchawayastowarrantanalternatemeansfurtheringresponsible
innovationinAPMresearch.Thisarticleintroducesavalue-baseddesignmethodologycalledvalue
sensitivedesign(VSD)thatmayserveasasuitableframeworktoadequatelycatertothevaluesof
stakeholders.Ultimately,itisconcludedthatVSDisastrongcandidateframeworkforaddressingthe
moralconcernsofstakeholdersduringthepreliminarystagesoftechnologicaldevelopment.
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1. INTRoDUCTIoN

Thispaperprovidesatheoreticalandconceptualevaluationofthemeritsofapotentiallyapplicable
design framework known as Value Sensitive Design (VSD) for the responsible innovation of a
speculativefuturetechnologycalledatomicallyprecisemanufacturing(APM).VSDisaphilosophically
predicatedmethodologytotechnologicaldesignthataimstoaccountforhumanvaluesearlyon,and
throughoutthedesignprocessoftechnologies.Likewise,APMistheassemblyofmaterialswhereby
objectsarebuiltatom-by-atom.APMiscontroversial,withsomeexpertsdoubtingitsfeasibility(R.
Baum,2003;Jones,2005b,2005a;Zare,2004)andothersworryingaboutharmfulconsequencesif
APMisachieved(Auffanetal.,2009;Baumbergetal.,2007;Joy,2000;Phoenix&Drexler,2004;
Snir,2008).However,thebest-casescenariosaredramatic,featuringbenefitspredictedtobeonpar
withtheindustrialandcomputerrevolutions(Drexler,2013b;Freitas,1999).

APMisoneformofnanotechnology.Indeed,theterm“nanotechnology”wascoinedbyNorio
Taniguchiin1974anddevelopedingreaterdepthinK.EricDrexler’s1986APMbookEngines of 
Creation.(TheAPMconceptdatestoRichardFeynman’s1959talk“There’sPlentyofRoomatthe
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Bottom.”)Today,mostnanotechnologyresearchanddevelopment(R&D)isnotAPM,butinstead
istechnologyinvolvingsimplernanometer-scaleprocesses;thisissometimesreferredtoas‘normal
nanotechnology’(O’Mathuna,2009).Manynanotechnologyresearcherslikewisedoubtthefeasibility
ofAPMandinsteadfavorresearchonmoredirectlypromisingnanotechnologydirections(e.g.,Baum,
2003;Nordmann,2007,2014;NordmannandRip,2009;Grunwald,2010;Roache,2008;Ferrari,
Coenen,andGrunwald,2012;Michelfelder,2011;King,Whitaker,andJones,2011;Racineetal.,
2014).Despitethesedoubts,currentinvestmentsandnationalintereststowardsthedevelopmentof
APM(Jones,2014;Lewis,2016)warrantinvestigationsintohowwecanensuretheconcept,andits
convergenceswithothertechnologies,isasbeneficialtohumanityaspossiblebyinterveningatthe
designstagesandincorporatingtherelevantvaluesnecessarytoachieveadesiredend.

Additionally,theresearchhasexpressedcriticismregardingthevalueandresourcesexhausted
towardsethicalspeculationonadvancednanotechnologyinfavourofmoreimmediatenanotechnology
concerns(i.e.,Nordmann,2007;Grunwald,2010).Threepotentialresponsescanbeleviedtothese
concerns. Firstly, arguments can be made that rudimentary forms of APM are existent such as
biomoleculesandribosomesandtheyprovideasolidfoundationformoreadvancedAPMforms
(Freitas&Merkle,2004).Secondly,persuasiveargumentshavebeenproposedbyRoache(2008)
arguingforthemeritsofspeculativeethicsforfuturetechnologiesgiventheirgovernabilitybeingmore
manageableintheearlystagesratherthanex-post-factoregulatorymeasures(seealsoCollingridge,
1980forargumentswhyanticipatoryanalysisoftechnologyiscritical).Similarly,althoughspeculative
futuretechnologiesposemanyuncertainties,attentioniswarrantedwhenthepotentialimpactofthose
uncertaintiesproveconceptuallylargeenough(Ćirković,2012).Tothisend,Iarguethatcontinued
ethicalspeculationonnanotechnologyisofvalue,particularlyinanalysesthatprovidenoveland
potentiallyfruitfuldesignpathwaystowardsdesirablefutures.1

Tothebestofmyknowledge,thispaperisthefirsttoevaluatethemeritsoftheVSDframework
onAPMR&D.PriorliteratureonAPMhasfocusedonitsfeasibility(Drexler,1986;Freitas,1999;
Freitas&Merkle,2004;Haggstrom,2016;Huang,Chen,Chen,&Roco,2004;Roco,2011;Ross,
2007)andontheimplicationsifitisachieved(Altmann,2005;Drexler,2013b;Dupuy&Grinbaum,
2007;Freitas,2006,2007;Hansson,2004;Harmon,Yen,&Tang,2011;Hughes,2007;McCray,
2012;Umbrello&Baum,2018).Thesestudiesprovideusefulinformationbutdonotfullyintegrate
theeffectsofstakeholdersandtheinclusionofvaluesintheearlydesignstages.Similarly,unlike
otherresearchprojectsthatfocusonaparticularapplicationorsubdomainofnanotechnologysuch
as(Timmermans,Zhao,&vandenHoven,2011)ornanofoods(teKulve,Konrad,AlvialPalavicino,
&Walhout,2013;teKulve&Rip,2011),thedecisiontofocusonAPManditspotentialimpacts
shouldnotbemisconstruedasanoverlygeneralanalysis,butinsteadawideningofthespeculative
circleofaparticularformofnanotechnologyinordertomorecomprehensivelyassessthemeritsof
earlydesignphaseinterventions(seeforexampleUmbrelloandBaum,2018).

VSDtakesasitsinitialpremisethattechnologyisnotvalue-neutral,butinsteadissensitiveto
thevaluesheldbystakeholders,suchasthedesigners,engineers,andusers,amongothers(Friedman
&Kahn,2002;Timmermansetal.,2011;vandenHoven&Weckert,2008).Bydoingso,thevalue
sensitivemethodologyaimstoincorporatestakeholdervaluesattheearlydesignphasesinorderto
directthedesignanddevelopmentofthetechnologyinsuchawayastosuccessfullymapthevalues.

DiscussionssurroundingAPMR&Dresembledecisionsforotherhigh-stakesspeculativefuture
technologiessuchassomeformsofbiotechnology,informationandcommunicationtechnologies
(ICT),andartificialsuperintelligence(ASI).Thesetechnologiescouldbegame-changersintheir
respectivesectors,yettheyeachhaveimpactsonthedevelopmentanddesignofeachother.The
exampleofASIisespeciallyrelevantbecausesomebelieveitcouldhavecatastrophicresults(e.g.,
Bostrom2014),thesameholdsforAPM.Thepossibilityofeitherimmensegoodorimmensebad
createsa‘greatdownsidedilemma’(Baum,2014)forbothAPMandASI.Thus,aneedtodetermine
howtechnologieslikeAPMeffectstakeholdersneedtobetakenintoconsiderationtoinformhowto
addresstheconceptual,empirical,andtechnicalfacetsofthetechnologyatanearlydevelopmental
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