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DANKWOORD

7JFS KBBS HFMFEFO LSFFH JL EF VOJFLF LBOT PN FFO EPDUPSBBU UF TUBSUFO JO IFU *OEVTUSJBM
%FTJHO $FOUFS� 5JKEFOT EF[F QFSJPEF LPO JL EJOHFO EPFO XBBSWBO EF NFFTUF TUBSUFOEF
POUXFSQFST BMMFFO NBBS LVOOFO ESPNFO� JL LPO NJK WFSEJFQFO JO NJKO POEFSXFSQ JL
LXBN JO DPOUBDU NFU BOEFSF POEFS[PFLFST XFSFMEXJKE FO JL IBE EF WSJKIFJE PN UF FY�
QFSJNFOUFSFO NFU EF OJFVXTUF UFDIOPMPHJFÑO� )FU XBT OJFU BMMFFO FFO LBOT PN NJK PQ
UFDIOJTDI�XFUFOTDIBQQFMJKL WMBL UF POUQMPPJFO NBBS PPL PN NJK[FMG WPPS FFO TUVL UF POU�
EFLLFO� %F[F VJUEBHJOH CFO JL OJFU BMMFFO BBOHFHBBO EPPSIFFO IFU WPMMFEJHF QSPDFT LPO
JL SFLFOFO PQ EF TUFVO WBO BOEFSFO� %BBSPN XJM JL HSBBH JFEFSFFO CFEBOLFO NFU XJF JL
EF BGHFMPQFO WJFS KBBS TBNFOHFXFSLU IFC�

*O EF FFSTUF QMBBUT XJM JL HSBBH NJKO QSPNPUPSFO QSPG� +FMMF 4BMEJFO FO QSPG� 'SBODJT
XZêFMT CFEBOLFO� ;F HBWFO NF EF WSJKIFJE FO IFU WFSUSPVXFO PN PQ FJHFO UFNQP UF
FYQMPSFSFO� ;F SFJLUFO NJK LBOTFO FO PQQPSUVOJUFJUFO BBO� &O WPPSBM [F HFMPPGEFO JO IFU
QPUFOUJFFM WBO NJKO XFSL [FMGT XBOOFFS JL IFU [FMG OJFU NFFS [BH� 0PL NJKO CFHFMFJEFST
#SBN 7BOEFSCPSHIU FO .BSJB�$SJTUJOB $JPDDJ XJM JL WBO IBSUF CFEBOLFO� "MUJKE LPO JL PQ
IFO SFLFOFO WPPS FFO QSBLUJTDIF WSBBH WPPS GFFECBDL PQ FFO UFLTU PG HFXPPO WPPS FFO
HPFE HFTQSFL�

%F WPPSCJKF KBSFO IFC JL BMUJKE IFU HFMVL HFIBE PN PNSJOHE UF [JKO EPPS VJUTUFLFOEF DPM�
MFHB�T� .FOTFO EJF HFESFWFO [JKO FO GBOUBTUJTDI [JKO JO XBU [F EPFO� 0Q EF FFSTUF QMBBUT
EFOL JL BBO EF DPMMFHB�T *OEVTUSJFFM 0OUXFSQFO FO *OEVTUSJFFM 1SPEVDUPOUXFSQFO� KVMMJF
TUPOEFO BMUJKE LMBBS NFU FFO HF[POEF EPTJT JOTQJSBUJF IVNPS FO SFMBUJWFSJOHTWFSNPHFO�
*O IFU CJK[POEFS XJM JL %SJFT #PWJKO FO 4UBO /PUFCBFSU CFEBOLFO WPPS XBU [F UPU OV UPF
WFSXF[FOMJKLU IFCCFO WPPS EF 0QTPSP TQJO�Pê� 0PL PVE�DPMMFHB .BBSUFO 7BOIPVDLF CFO
JL EBOLCBBS WPPS EF MFVLF NPNFOUFO JO IFU 1SPUP-BC FO WPPS BMMF QSBLUJTDIF IVMQ JO
ESVLLF UJKEFO� %BBSOBBTU EFOL JL OPH BBO QSPUPUZQJOH iHPFSPFTw #BSU (SJNPOQSF[ FO
$BSM (SJNNFMQSF[� CFEBOLU PN NJK DPOUJOV VJU NJKO DPNGPSU [POF UF TMFVSFO EPPS UF
UPOFO IPF CSFFE QSPUPUZQJOH LBO [JKO� "BO EF NFEF�EPDUPSBOEJ CJOOFO IFU *%$� 1FUFS
'SBODFTDB #FSU %BWZ #SBN� CFEBOLU WPPS BMMFT XBU JL WBO KVMMJF HFMFFSE IFC CFEBOLU
WPPS KVMMJF TVCMJFNF NFFTUFSTDIBQ WBO IVNPS FO [FMGTQPU FO WPPSBM CFEBOLU WPPS BMMF ë�
KOF EJTDVTTJFT UVTTFO QPU FO QJOU� 5FOTMPUUF CFEBOLU BBO BMMF DPMMFHB�T WBO EF PQMFJEJOH
FMFDUSPOJDB�*$5 NFU #FOKBNJO 4BNZO FO 9BWJFS 7BOIPVUUF JO IFU CJK[POEFS� 7BO IFO
IFC JL FOPSN WFFM PQHFTUPLFO XBU CFUSFGU FMFDUSPOJDB�POUXFSQ� *O UJKEFO WBO OPPE LPO JL
BMUJKE PQ IFO SFLFOFO PN FFO TDIBLFMJOH UF EFCVHHFO PG FFO CPBSE UF CFTUVLLFO�
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%PPSIFFO IFU WPMMFEJHF POEFS[PFLTUSBKFDU WBO NJKO EPDUPSBBU XFSEFO TUVEFOUFOPQESBDIUFO
CFUSPLLFO JO IFU POUXFSQQSPDFT� "BO BMMF TUVEFOUFO EJF BBO ÏÏO WBO EF[F PQESBDIUFO
IFCCFO NFFHFXFSLU� EBOL KF WPPS KVMMJF JO[FU DSFBUJWJUFJU JOTQJSBUJF FO FOUIPVTJBTNF�
*O IFU CJK[POEFS XJM JL HSBBH *0�BMVNOJ 1JFUFS�+BO .PMMÏ FO .BSJF 7BO EFO #SPFDL CF�
EBOLFO� ;JK LP[FO PN CJOOFO IVO NBTUFSQSPFG WFSEFS UF XFSLFO NFU 0OP FO IFCCFO PQ
EJF NBOJFS FFO FOPSNF CJKESBHF HFMFWFSE UPU EJU EPDUPSBBU�

5FOTMPUUF XJM JL NJKO PVEFST WSJFOEFO FO GBNJMJF CFEBOLFO WPPS IVO TUFVO EPPSIFFO EJU
QSPDFT� "BO NJKO PVEFST� KVMMJF TUPOEFO BMUJKE LMBBS NFU SBBE FO EBBE KVMMJF IFCCFO WPPS
SVTU FO WSJKIFJE HF[PSHE [PEBU JL NJK WPMMFEJH PQ NJKO EPDUPSBBU LPO SJDIUFO� ;POEFS KVMMJF
TUFVO [PV JL POHFUXJKGFME OPPJU [P WFS HFSBBLU [JKO� "BO NJKO WSJFOEFO� KVMMJF XBSFO BMUJKE
PWFSUVJHE EBU JL EF[F VJUEBHJOH UPU FFO HPFE FJOEF [PV CSFOHFO� 0PL XBOOFFS JL IFU NFFTU
BBO NJK[FMG UXJKGFMEF CMFWFO KVMMJF JO NJK HFMPWFO� )FU CFIBMFO WBO EJU EPDUPSBBU JT ÏÏO WBO
EF NPFJMJKLTUF VJUEBHJOHFO EJF JL UPU OV UPF IFC NFFHFNBBLU� )FU JT [POEFS UXJKGFM PPL
FFO WBO EF NFFTU XBBSEFWPMMF VJUEBHJOHFO� "BO BMMF NFOTFO EJF NJK IJFSCJK EF BGHFMPQFO
KBSFO HFIPMQFO IFCCFO� EBOL V�

$FTBS 7BOEFWFMEF
,PSUSJKL EFDFNCFS ����
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SAMENVATTING

%F WPPSCJKF KBSFO XPSEFO HFLFONFSLU EPPS FFO WFSIPPHEF JOUFSFTTF JO SPCPUJDB XBBS�
CJK BOBMJTUFO TUFFWBTU XJK[FO OBBS SPCPUJDB BMT ÏÏO WBO EF WPMHFOEF HSPUF UFDIOPMPHJTDIF
USFOET� %JU JT OJFU WFSSBTTFOE� EF UFDIOPMPHJF XFSE HFTUBBH WFSCFUFSE JO EF BGHFMPQFO EF�
DFOOJB FO CFSFJLU OV VJUFJOEFMJKL FFO LBOUFMQVOU XBBSPQ SPCPUT OJFU MBOHFS CFQFSLU [JKO
UPU EF GBCSJFLTPNHFWJOHFO� (FMFJEFMJKL WFSTDIVJGU EF BBOEBDIU CJOOFO SPCPUJDB WBO SPCPUT
EJF GVODUJPOFSFO CJOOFO IVO FJHFO BGHFCBLFOEF SVJNUFT OBBS SPCPUT EJF TBNFOMFWFO JO EF
OBUVVSMJKLF IBCJUBU WBO NFOTFO� /BBS HFMBOH IFU HFCSVJL WBO SPCPUT JO IFU EBHFMJKLTF MFWFO
TUFFET WBLFS WPPSLPNU XPSEU IFU CFMBOH WBO JOUVÕUJFWF DPNNVOJDBUJF NFU EF[F DPNQMFYF
TZTUFNFO EVJEFMJKL� 4JNQFMXFH HF[FHE� XF [PVEFO PO[F XFSFME OJFU NPFUFO BBOQBTTFO
BBO SPCPUT� *O QMBBUT EBBSWBO NPFUFO OJFVXF SPCPUT [P POUXPSQFO XPSEFO EBU [F PN
LVOOFO HBBO NFU PO[F XFSFME PQ FFO [JOWPMMF NBOJFS� %F[F FWPMVUJF [PSHU OJFU BMMFFO
WPPS NFFS GPDVT PQ SPCPU WFJMJHIFJE FO DPOGPSNJUFJU IFU IFU SFTVMUFFSU PPL JO TUJKHFOEF
JOUFSFTTF JO TPDJBMF SPCPUJDB FO )VNBO�3PCPU *OUFSBDUJPO 	)3*
 FFO POEFS[PFLTWFME EBU
CFUSFLLJOH IFFGU PQ EF OBUVVSMJKLF JOUFSBDUJF UVTTFO SPCPUT FO NFOTFO� 4PDJBMF SPCPUT [JKO
SPCPUT EJF LVOOFO DPNNVOJDFSFO EPPS NJEEFM WBO JOUVÕUJFWF TPDJBMF WBBSEJHIFEFO [PBMT
CJKWPPSCFFME EPPS NJEEFM WBO FNPUJFT HFMBBUTFYQSFTTJFT TQSBBL FO PPHDPOUBDU� &DIUFS
POEFS[PFL CJOOFO NFOT�SPCPU JOUFSBDUJF IPVEU [JDI NPNFOUFFM WPPSOBNFMJKL CF[JH NFU
IFU QSPHSBNNFSFO WBO HFESBHJOHFO PQ TUBOEBBSE SPCPUT FO IFU POUXFSQ WBO EF CFMJDIBN�
JOH WBO EF SPCPUT CMJKGU WBBL FFO POWFSLFOEF POUXFSQEJNFOTJF� )FU TOFM LVOOFO POUXFS�
QFO WBO CFMJDIBNJOHFO WPPS TPDJBMF SPCPUT IFFGU FFO HSPPU QPUFOUJFFM� &ÏO WBO EF EPFMFO
WBO EJU XFSL JT PN IFU POUXFSQ WBO CFMJDIBNJOHFO WPPS TPDJBMF SPCPUT UF WFSHFNBLLFMJKLFO
PN [P IFU WFSCPSHFO QPUFOUJFFM WBO EF[F POUXFSQEJNFOTJF OBBS WPPS UF CSFOHFO�

.PNFOUFFM [JFO XF FFO BOEFSF HSPUF USFOE EJF EF NPEFSOF NBBUTDIBQQJK [BM CFÕOWMPFEFO�
EF IFSPQMFWJOH WBO IFU EP�JU�ZPVSTFMG 	%*:
 QBSBEJHNB� %F WFSOJFVXEF GPDVT WBO %*:
HBBU WFFM WFSEFS EBO EF BNBUFVS�SBEJP�T FO IVJT�UVJO�FO�LFVLFO LMVTKFT WBO XFMFFS� %F
IFEFOEBBHTF %*: USFOET [PBMT EF NBLFS NPWFNFOU FO EF PQFO TPVSDF IBSEXBSF CFXFHJOH
PNBSNFO FO CFMJDIBNFO UFDIOPMPHJF JO [JKO HFIFFM� %F[F USFOET [JKO WFSBOUXPPSEFMJKL
WPPS IFU UPFHBOLFMJKL NBLFO WBO IFFM XBU FYDMVTJFWF FO DPNQMFYF UFDIOPMPHJFÑO [PBMT
CJKWPPSCFFME NJDSPDPOUSPMMFST �% QSJOUFST $/$ NBDIJOFT FO SPCPUT� )FU CFMBOH IJFSWBO
JT OJFU EF UFDIOPMPHJF PQ [JDI NBBS IFU GFJU EBU EF[F UFDIOPMPHJFÑO UPFHBOLFMJKL HFNBBLU
XPSEFO WPPS FFO CSFFE QVCMJFL XBU MFJEU UPU OJFVXF FO POWFSXBDIUF UPFQBTTJOHFO�

)FU XFSL EBU CFTDISFWFO XPSEU JO EJU QSPFGTDISJGU CFWJOEU [JDI PQ IFU LSVJTQVOU UVTTFO
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SAMENVATTING

EF[F UXFF HSPUF USFOET� )FU QSPFGTDISJGU CFTQSFFLU EF PPSTQSPOH FO EF POUXJLLFMJOH WBO
0QTPSP 	PQFO QMBUGPSN GPS TPDJBM SPCPUT
 FFO %*: QMBUGPSN EBU BNBUFVST FO OPO�FYQFSUT
JO TUBBU TUFMU PN [FMG TPDJBMF SPCPUT UF POUXFSQFO FO UF CPVXFO� )FU QMBUGPSN XFSE TQFDJëFL
POUXPSQFO PN PQFO TPVSDF HPFELPPQ FO HFNBLLFMJKL JO HFCSVJL UF [JKO� %F QMBUGPSN�
BBOQBL XPSEU HFCSVJLU PN TPDJBMF SPCPUJDB UFDIOPMPHJF UPFHBOLFMJKL UF NBLFO WPPS FFO
CSFFE QVCMJFL� 7BBL [JKO SPCPU�POUXFSQFST FO SPCPU�HFCSVJLFST UXFF BG[POEFSMJKLF HSPFQFO
FML NFU IVO FJHFO LFOOJT FO WBBSEJHIFEFO� )FU JT OJFU WBO[FMGTQSFLFOE PN LFOOJT VJU UF
XJTTFMFO UVTTFO EF[F QBSUJKFO� %BBSPN JT IFU [JOWPM PN HFCSVJLFST JO TUBBU UF TUFMMFO PN
[FMG IVO SPCPUT UF CPVXFO JO QMBBUT WBO FFO PQMPTTJOH WPPS IFO UF POUXFSQFO�

)FU POUXFSQ WBO FFO QMBUGPSN JT FFO WFFM DPNQMFYFS HFCFVSFO EBO IFU POUXFSQ WBO FFO
QSPEVDU� &FO QSPEVDU XPSEU EPPS ÏÏO QFSTPPO POUXPSQFO FO XPSEU EPPS FFO BOEFS QFS�
TPPO HFCSVJLU� &FO QMBUGPSN XPSEU POUXPSQFO EPPS FFO TZTUFFNPOUXFSQFS IFU XPSEU
HFCSVJLU EPPS FFO UVTTFOQFSTPPO PN FFO QSPEVDU UF POUXFSQFO FO EBU QSPEVDU XPSEU
VJUFJOEFMJKL HFCSVJLU EPPS FFO FJOEHFCSVJLFS� )FU POUXFSQ WBO FFO SPCPUJDB�QMBUGPSN
JT OJFU BMMFFO VJUEBHFOE WBOVJU FFO UFDIOJTDI TUBOEQVOU NBBS PPL WBOXFHF EF JNQBDU
WBO NFOTFMJKLF GBDUPSFO PQ BMMF BTQFDUFO WBO IFU TZTUFFN� #JKHFWPMH TDIJFUFO USBEJUJPOFMF
FOHJOFFSJOH�NFUIPEJFLFO UFLPSU FO NPFU FS FFO BOEFSF BBOQBL XPSEFO HFCSVJLU� *O
EJU XFSL XPSEU EBBSPN FFO IPMJTUJTDIF VTFS�DFOUFSFE POUXFSQNFUIPEPMPHJF HFIBOUFFSE�
%F[F BBOQBL IPVEU SFLFOJOH NFU EF SPM WBO WFSTDIJMMFOEF HFCSVJLFST EPPSIFFO IFU PO�
UXFSQQSPDFT FO TUFVOU PQ NFFSEFSF JUFSBUJFT PN TUBQTHFXJKT JO[JDIUFO UF WFSXFSWFO JO
EF HFCSVJLTFJTFO FO EF HFCSVJLTDPOUFYUFO� #JOOFO EJU QSPDFT XPSEU IFU CFMBOH WBO HF�
CSVJLTHFNBL FO HFCSVJLTFSWBSJOH CFOBESVLU PNEBU EF[F BTQFDUFO EF TMFVUFM WPSNFO UPU
IFU TMBHFO WBO DPNQMFYF JUFSBUJFWF TZTUFNFO� %PPSIFFO EJU XFSL XPSEU HFCSVJL HFNBBLU
WBO EJHJUBMF QSPEVDUJFUFDIOJFLFO [PBMT �% QSJOUJOH FO MBTFS DVUUJOH PN IFU POUXFSQQSP�
DFT UF POEFSTUFVOFO� %F POUXFSQCFTMJTTJOH PN EJHJUBMF QSPEVDUJFUFDIOJFLFO UF HFCSVJLFO
IFFGU JNQMJDBUJFT PQ EF EPFMTUFMMJOHFO WBO EJU QSPKFDU� #JOOFO EJHJUBMF QSPEVDUJFUFDIOJFLFO
XPSEU EF JOGPSNBUJF EJF OPEJH JT PN FFO POEFSEFFM UF QSPEVDFSFO WFSWBU CJOOFO FFO EJH�
JUBBM CFTUBOE� $PNQVUFSHFTUVVSEF NBDIJOFT HFCSVJLFO EF[F JOGPSNBUJF PN BVUPNBUJTDI
GZTJFLF POEFSEFMFO UF DSFÑSFO [POEFS FFO CFSPFQ UF EPFO PQ EF WBBSEJHIFJE PG IFU WBL�
NBOTDIBQ WBO EF PQFSBUPS WBO EF NBDIJOF� %JU MBBUTUF QVOU JT CFMBOHSJKL WPPS EF SFQSP�
EVDFFSCBBSIFJE WBO FFO POUXFSQ� IFU WFSHFNBLLFMJKLU EFMFO WJB IFU JOUFSOFU IFU WFSMBBHU
EF CBSSJÒSF PN FFO POUXFSQ UF LPQJÑSFO FO IFU [PSHU WPPS FFO IPHF HSBBE BBO IFSIBBM�
CBBSIFJE� %JU IFFGU FFO CFMBOHSJKLF JOWMPFE PQ EF PQFOIFJE WBO IFU TZTUFFN FO NBBLU
IFU NPHFMJKL PN POMJOF DPNNVOJUJFT UF TUJDIUFO� &FO BOEFSF JOUSJOTJFLF FJHFOTDIBQ WBO
EJHJUBMF QSPEVDUJFUFDIOJFL JT EBU FFO IPHF HSBBE WBO POUXFSQDPNQMFYJUFJU HFCSVJLU LBO
XPSEFO XBBSEPPS POUXFSQFST FYUSB GVODUJPOBMJUFJUFO 	CW� JOTUSVDUJFT
 LVOOFO JOUFHSFSFO
JO EF WPSNHFWJOH WBO FFO POEFSEFFM� %JU BTQFDU XPSEU HFCSVJLU PN IFU HFNBLLFMJKLFS UF
NBLFO PN POUXFSQFO UF SFQSPEVDFSFO FO UF BTTFNCMFSFO�

%F WFMF POUXFSQJUFSBUJFT IFCCFO VJUFJOEFMJKL HFMFJE UPU EF IVJEJHF WFSTJF WBO IFU 0QTPSP
QMBUGPSN� *FEFSF JUFSBUJF [PSHEF WPPS BOEFSF JO[JDIUFO JO IFU TMBHFO PG GBMFO WBO WFSTDIJM�
MFOEF BBOQBLLFO FO CJOOFO EF WFSTDIJMMFOEF JUFSBUJFT XFSEFO EF POUXFSQ� CPVX� FO
HFCSVJL�GBTFT WBO FFO QMBUGPSN WFSLFOE� )FU JT CFMBOHSJKL PN BBO UF HFWFO EBU IFU PO�
UXFSQQSPDFT OJFU MJOFBJS JT� )FU JT FFO DPNQMFY OFUXFSL WBO POUXFSQFO EJF HFÕOTQJSFFSE
[JKO PQ FO CFÕOWMPFE [JKO EPPS BOEFSF POUXFSQFO� #JOOFO EJU QSPFGTDISJGU XPSEFO WJKG WFS�
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SAMENVATTING

TDIJMMFOEF QSPKFDUFO CFTDISFWFO� )FU FFSTUF QSPKFDU HBBU PWFS XBOEFMFOEF IFYBQPE SPCPUT�
%JU XBT ÏÏO WBO EF FFSTUF FYQMPSBUJFT CJOOFO %*: SPCPUJDB FO CFÕOWMPFEEF EF DPOTUSVD�
UJFUFDIOJFLFO EJF HFCSVJLU XFSEFO EPPSIFFO EF SFTU WBO EJU XFSL� 5FO UXFFEF XPSEU IFU
POUXFSQ WBO FFO CPVXLJU WPPS LMFJOTDIBMJHF FEVDBUJFWF SPCPUT CFTDISFWFO� )FU EFSEF
FO WJFSEF QSPKFDU HBBU PWFS IFU POUXFSQ WBO 0OP FFO %*: TPDJBMF SPCPU HFNBBLU WPPS
JOUFSBDUJF�FYQFSJNFOUFO NFU LJOEFSFO� 5FOTMPUUF HBBU IFU WJKGEF QSPKFDU PWFS IFU 0QTPSP
QMBUGPSN XBU WFSEFS CPVXU PQ EF WPPSHBBOEF QSPKFDUFO� #JOOFO FML WBO EF[F QSPKFDUFO
XFSE FYQFSJNFOUFO NFU BNBUFVSHFCSVJLFST VJUHFWPFSE XBBSJO EF POUXFSQ� CPVX� FO HF�
CSVJLTGBTFT WBO EF UPPMT UFMLFOT POEFS[PDIU XFSEFO�

)FU 0QTPSP QMBUGPSN XPSEU PNTDISFWFO BMT IFU ëOBMF QSPKFDU CJOOFO EJU XFSL� &DIUFS
IFU POUXFSQQSPDFT XPSEU WFSEFS HF[FU FO IFU TZTUFFN XPSEU NPNFOUFFM WFSEFS POUXJLLFME
NFU PPH PQ DPNNFSDJBMJTBUJF� &S XPSEU NPNFOUFFM HFXFSLU PN UFHFO ���� FFO 0QTPSP
TUBSUFS LJU UF MBODFSFO BMT QSPEVDU NFU FFO TUFSLF GPDVT PQ 45&".�FEVDBUJF� )FU OJFVXF
QMBUGPSN CPVXU WFSEFS PQ EF TUFWJHF GVOEBNFOUFO WBO EJU QSPFGTDISJGU PN UF MFJEFO UPU FFO
VJUCSFJECBSF TFU WBO NPEVMBJSF NBLFS�LJUT EJF LVOOFO HFCSVJLU XPSEFO PN FJHFO TPDJBMF
SPCPUT UF DSFÑSFO FO UF CPVXFO� 7FSEFS XPSEU EF TPGUXBSF NPNFOUFFM PNHFWPSNE UPU FFO
POMJOF POUXJLLFMJOHTPNHFWJOH FO FEVDBUJFWF DPNNVOJUZ� %F XFC�HFCBTFFSEF JOUFSGBDF
TUFMU HFCSVJLFST JO TUBBU PN IVO DSFBUJFT UF CFEJFOFO WJB FFO HSPFJFOE BBOUBM BQQT XBU MFFS�
FO TQFFMBDUJWJUFJUFO PQ NBBU WBO JFEFSF HFCSVJLFS NPHFMJKL NBBLU� )JFSNFF IPQFO XF EF
LFOOJT EJF WFS[BNFME XFSE CJOOFO EJU POEFS[PFL UPFHBOLFMJKL UF NBLFO WPPS IFU CSFEF
QVCMJFL PN [P FFO TJHOJëDBOUF JNQBDU UF IFCCFO PQ EF NBOJFS XBBSPQ TPDJBMF SPCPUT
POUXPSQFO XPSEFO EPPS EF UPFLPNTUJHF HFOFSBUJF�
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SUMMARY

3FDFOU ZFBST IBWF CFFO DIBSBDUFSJ[FE CZ B IFJHIUFOFE JOUFSFTU JO SPCPUJDT BOE BOBMZTUT
IBWF TUFBEJMZ QPJOUFE BU SPCPUJDT BT POF PG UIF OFYU CJH USFOET JO UFDIOPMPHZ� ɨJT JT QFS�
IBQT VOTVSQSJTJOH� UIF UFDIOPMPHZ IBT TUFBEJMZ JNQSPWFE PWFS UIF QBTU EFDFOOJB BOE JT OPX
SFBDIJOH B UJQQJOH QPJOU XIFSF SPCPUT BSF OP MPOHFS DPOTUSBJOFE UP GBDUPSZ FOWJSPONFOUT�
(SBEVBMMZ SPCPUJDT SFTFBSDI IBT TIJGUFE JUT BUUFOUJPO GSPN SPCPUT UIBU GVODUJPO XJUIJO UIFJS
PXO QSFEFëOFE TQBDF UP SPCPUT UIBU DPFYJTU XJUI IVNBOT JO UIF IVNBO�T OBUVSBM IBCJUBUT�
"T SPCPUJD BHFOUT CFDPNF NPSF BOE NPSF DPNNPOQMBDF UIF JNQPSUBODF PG JOUVJUJWF DPN�
NVOJDBUJPO XJUI UIFTF DPNQMFY TZTUFNT CFDPNFT BQQBSFOU� 4JNQMZ QVU� XF TIPVME OPU
OFFE UP BEBQU PVS XPSME UP TVJU SPCPUT� *OTUFBE OFX SPCPUT TIPVME CF EFTJHOFE TP UIBU
UIFZ DBO JOUFSBDU XJUI PVS XPSME JO B NFBOJOHGVM XBZ� ɨJT FWPMVUJPO IBT OPU POMZ ESJWFO
JOUFSFTU JO SPCPU TBGFUZ BOE DPNQMJBODF JU IBT BMTP SFTVMUFE JO UIF TUVEZ PG TPDJBM SPCPUJDT B
ëFME UIBU JT DPODFSOFE XJUI OBUVSBM JOUFSBDUJPO CFUXFFO SPCPUT BOE IVNBOT� 4PDJBM SPCPUT
BSF SPCPUT UIBU DBO DPNNVOJDBUF VTJOH TPDJBM BêPSEBODFT UIBU XF ëOE JOUVJUJWF GPS FY�
BNQMF UISPVHI FNPUJPOT GBDJBM FYQSFTTJPOT TQFFDI BOE HB[F� )PXFWFS SFTFBSDI XJUIJO
)VNBO�3PCPU *OUFSBDUJPO 	)3*
 JT DVSSFOUMZ NPTUMZ DPODFSOFE XJUI QSPHSBNNJOH SPCPU
CFIBWJPST PO TUBOEBSE SPCPUT XIFSFBT UIF FNCPEJNFOU EFTJHO JT GSFRVFOUMZ MFGU BT BO VO�
FYQMPSFE EFTJHO EJNFOTJPO� ɨF SBQJE EFTJHO PG OFX TPDJBM SPCPUJD FNCPEJNFOUT IPMET
HSFBU QPUFOUJBM� 0OF PG UIF HPBMT PG UIJT XPSL JT UP GBDJMJUBUF UIF FNCPEJNFOU EFTJHO PG
TPDJBM SPCPUT VOMPDLJOH UIF IJEEFO QPUFOUJBM PG UIJT EFTJHO EJNFOTJPO�

"U UIF TBNF UJNF BOPUIFS CJH USFOE JT TIBQJOH BOE EJTSVQUJOH NPEFSO TPDJFUZ� UIF SFWJWBM
PG UIF EP�JU�ZPVSTFMG 	%*:
 QBSBEJHN� ɨJT SFOFXFE GPDVT PO %*: NPWFT CFZPOE IBN SB�
EJPT BOE IPNF JNQSPWFNFOU QSPKFDUT PG PME� $POUFNQPSBSZ %*: USFOET TVDI BT UIF NBLFS
NPWFNFOU BOE UIF PQFO TPVSDF IBSEXBSF NPWFNFOU FNCSBDF BOE FNCPEZ UFDIOPMPHZ JO
JUT FOUJSFUZ� ɨFTF USFOET IBWF CFFO SFTQPOTJCMF GPS EFNPDSBUJ[JOH QSFWJPVTMZ FYDMVTJWF BOE
DPNQMFY UFDIOPMPHZ JODMVEJOH NJDSPDPOUSPMMFST �% QSJOUFST $/$ NBDIJOFT BOE SPCPUT�
ɨF JNQPSUBODF IFSF JT OPU UIF UFDIOPMPHZ QFS TF CVU SBUIFS UIBU UIFTF UFDIOPMPHJFT IBWF
CFFO NBEF BDDFTTJCMF PVUTJEF PG B WFSZ TNBMM DPNNVOJUZ PG FYQFSUT MFBEJOH UP OPWFM BOE
VOFYQFDUFE BQQMJDBUJPOT�

ɨF XPSL EFTDSJCFE JO UIJT EJTTFSUBUJPO JT TJUVBUFE BU UIF JOUFSTFDUJPO PG UIFTF UXP USFOET�
ɨJT EJTTFSUBUJPO EJTDVTTFT UIF JODFQUJPO BOE EFWFMPQNFOU PG 0QTPSP 	PQFO QMBUGPSN GPS
TPDJBM SPCPUT
 B %*: QMBUGPSN UIBU FOBCMFT BNBUFVST BOE OPO�FYQFSUT UP EFTJHO BOE DSFBUF
DVTUPN TPDJBM SPCPUT� ɨF QMBUGPSN JT TQFDJëDBMMZ EFTJHOFE UP CF PQFO TPVSDF MPX DPTU BOE
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SUMMARY

FBTZ UP VTF� ɨF QMBUGPSN BQQSPBDI JT VTFE JO PSEFS UP NBLF TPDJBM SPCPUJDT UFDIOPMPHZ
BDDFTTJCMF UP B XJEFS BVEJFODF� 0GUFO SPCPU EFTJHOFST BOE SPCPU VTFST BSF UXP EJTUJODU
HSPVQT FBDI XJUI UIFJS PXO TLJMMT BOE LOPXMFEHF BOE JU JT OPU BMXBZT FBTZ UP USBOTGFS UIJT
LOPXMFEHF� ɨFSFGPSF JU NBLFT TFOTF UP HJWF VTFST UIF UPPMT UP CVJME UIFJS PXO TPMVUJPOT
JOTUFBE PG EFTJHOJOH B TPMVUJPO GPS UIFN�

%FTJHOJOH B QMBUGPSN JT NVDI NPSF DPNQMFY UIBO EFTJHOJOH B QSPEVDU� " QSPEVDU JT
EFTJHOFE CZ POF QFSTPO BOE VTFE CZ BOPUIFS� " QMBUGPSN JT EFTJHOFE CZ B TZTUFN EF�
TJHOFS JU JT VTFE CZ BO JOUFSNFEJBSZ UP DSFBUF UIFJS PXO QSPEVDU BOE UIBU QSPEVDU JT
ëOBMMZ VTFE CZ BO FOE VTFS� ɨF EFTJHO PG B SPCPU QMBUGPSN JT DIBMMFOHJOH OPU POMZ GSPN
B UFDIOJDBM QPJOU PG WJFX CVU BMTP CFDBVTF PG UIF JNQBDU PG UIF IVNBO GBDUPST PO BMM BT�
QFDUT PG UIF TZTUFN� "DDPSEJOHMZ USBEJUJPOBM FOHJOFFSJOH NFUIPEPMPHJFT GBMM TIPSU BOE B
EJêFSFOU BQQSPBDI NVTU CF VTFE� *O UIJT XPSL B IPMJTUJD VTFS�DFOUFSFE EFTJHO BQQSPBDI
JT VTFE JOTUFBE� ɨJT BQQSPBDI BDLOPXMFEHFT UIF SPMF PG EJêFSFOU VTFST UISPVHIPVU UIF
EFTJHO QSPDFTT BOE SFMJFT PO NVMUJQMF JUFSBUJPOT UP HSBEVBMMZ HBJO BO VOEFSTUBOEJOH PG
VTFS SFRVJSFNFOUT BOE VTBHF DPOUFYUT� 8JUIJO UIJT QSPDFTT UIF NFUIPEPMPHZ FNQIBTJ[FT
VTBCJMJUZ BOE VTFS FYQFSJFODF BTQFDUT BT UIFZ IPME UIF LFZ UP TVDDFTT GPS DPNQMFY JOUFS�
BDUJWF TZTUFNT� ɨSPVHIPVU UIJT XPSL EJHJUBM NBOVGBDUVSJOH UFDIOPMPHJFT TVDI BT �%
QSJOUJOH BOE MBTFS DVUUJOH XFSF VTFE UP TVQQPSU UIF EFTJHO QSPDFTT� ɨF EFTJHO EFDJTJPO
UP VTF EJHJUBM GBCSJDBUJPO IBT JNQMJDBUJPOT GPS B OVNCFS PG UIF QSPKFDUHPBMT� 8JUI EJHJUBM
GBCSJDBUJPO UFDIOJRVFT UIF JOGPSNBUJPO SFRVJSFE UP QSPEVDF B QBSU JT DPOUBJOFE XJUIJO B
EJHJUBM ëMF� $PNQVUFS�DPOUSPMMFE NBDIJOFT VTF UIJT EBUB UP QSPEVDF QIZTJDBM QBSUT SFRVJS�
JOH MJUUMF TLJMM PS BSUJTBOTIJQ GSPN UIF PQFSBUPS� ɨJT MBTU QPJOU JT JNQPSUBOU XJUI SFTQFDU
UP SFQSPEVDJCJMJUZ� JU GBDJMJUBUFT POMJOF TIBSJOH JU MPXFST UIF CBSSJFS UP NBLJOH DPQJFT BOE
PêFST B IJHIFS EFHSFF PG SFQFBUBCJMJUZ� ɨJT EJSFDUMZ JNQBDUT UIF PQFOOFTT PG UIF TZTUFN
BT XFMM BT UIF PQQPSUVOJUJFT GPS POMJOF DPNNVOJUZ CVJMEJOH� "OPUIFS JOUSJOTJD QSPQFSUZ PG
EJHJUBM GBCSJDBUJPO JT UIBU EFTJHO DPNQMFYJUZ JT 	OFBSMZ
 GSFF BêPSEJOH EFTJHOFST UIF DIBODF
UP FNCFE FYUSB GVODUJPOBMJUZ 	F�H� JOTUSVDUJPOT
 JO UIF HFPNFUSZ PG B QBSU� ɨJT BTQFDU DBO
CF MFWFSBHFE UP NBLF UIF EFTJHOT FBTJFS UP SFQSPEVDF BOE FBTJFS UP CVJME�

ɨF EFTJHO JUFSBUJPOT IBWF ëOBMMZ SFTVMUFE JO UIF DVSSFOU WFSTJPO PG UIF 0QTPSP QMBUGPSN�
&BDI JUFSBUJPO IBT MFE UP JOTJHIUT JOUP UIF TVDDFTT BOE GBJMVSF PG EJêFSFOU BQQSPBDIFT BOE
UIF EJêFSFOU JUFSBUJPOT IBWF FYQMPSFE UIF EFTJHO CVJME BOE VTF QIBTFT PG B QMBUGPSN� .PSF
JNQPSUBOUMZ UIF EFTJHO QSPDFTT JT OPU MJOFBS� *OTUFBE JU JT B DPNQMFY OFUXPSL PG EFTJHOT
UIBU IBWF JOTQJSFE BOE JOìVFODFE PUIFS EFTJHOT� ɨF EFTJHO JUFSBUJPOT PG ëWF EJêFSFOU
QSPKFDUT BSF EFTDSJCFE JO UIJT XPSL� ɨF ëSTU QSPKFDU JT DPODFSOFE XJUI UIF EFTJHO PG XBML�
JOH IFYBQPE SPCPUT� ɨJT XBT POF PG UIF FBSMJFTU GPSBZT JOUP %*: SPCPUJDT BOE JOGPSNFE
NBOZ PG UIF DPOTUSVDUJPO UFDIOJRVFT VTFE UISPVHIPVU UIF SFTU PG UIJT XPSL� 4FDPOEMZ UIF
EFTJHO PG B DPOTUSVDUJPO UPPMLJU GPS TNBMM�TDBMF FEVDBUJPOBM SPCPUT JT EFTDSJCFE� ɨF UIJSE
BOE GPVSUI QSPKFDUT EFUBJM UIF EFTJHO PG 0OP B %*: TPDJBM SPCPU DSFBUFE GPS JOUFSBDUJPO FY�
QFSJNFOUT XJUI DIJMESFO� ɨF ëGUI BOE ëOBM QSPKFDU JT UIF 0QTPSP QMBUGPSN XIJDI CVJMET
VQPO UIF LOPXMFEHF HBJOFE GSPN UIF QSFDFEJOH QSPKFDUT� &BDI PG UIFTF QSPKFDUT IBT CFFO
UFTUFE XJUI BNBUFVS VTFST JO FYQFSJNFOUT UIBU DPWFS UIF EFTJHO CVJME BOE VTF QIBTFT PG
UIF UPPMT�

8IJMF UIJT XPSL EFTDSJCFT UIF 0QTPSP QMBUGPSN BT UIF ëOBM QSPKFDU UIF EFTJHO QSPDFTT DPO�
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SUMMARY

UJOVFT BOE JT DVSSFOUMZ CFJOH EFWFMPQFE XJUI DPNNFSDJBMJ[BUJPO JO NJOE� 8JUI B TUSPOH
GPDVT PO 45&". MFBSOJOH UIF HPBM JT UP MBVODI BO 0QTPSP TUBSUFS LJU QSPEVDU CZ �����
ɨF QMBUGPSN CVJMET VQPO UIF TPMJE GPVOEBUJPOT PG UIJT EJTTFSUBUJPO SFTVMUJOH JO BO FY�
QBOEBCMF TFU PG NPEVMBS NBLFS�LJUT UIBU DBO CF VTFE UP DSFBUF BOE CVJME ZPVS PXO DVTUPN
TPDJBM SPCPU� 'VSUIFSNPSF UIF TPGUXBSF JT DVSSFOUMZ CFJOH USBOTGPSNFE JOUP BO POMJOF
EFWFMPQNFOU FOWJSPONFOU BOE FEVDBUJPOBM DPNNVOJUZ� ɨF XFC�CBTFE JOUFSGBDF BMMPXT
VTFST UP DPOUSPM UIFJS DSFBUJPOT UISPVHI B HSPXJOH OVNCFS PG BQQT FOBCMJOH MFBSO BOE QMBZ
BDUJWJUJFT UBJMPSFE UP FBDI JOEJWJEVBM VTFS� 8JUI UIJT XF IPQF UP USBOTGFS UIF LOPXMFEHF
HBJOFE UISPVHIPVU UIF SFTFBSDI JOUP TPDJFUZ BU MBSHF TJHOJëDBOUMZ JNQBDUJOH UIF XBZ UIBU
TPDJBM SPCPUT DBO CF EFTJHOFE CZ UIF GVUVSF HFOFSBUJPO�
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Chapter 1

INTRODUCTION

3FDFOU ZFBST IBWF CFFO DIBSBDUFSJ[FE CZ UFDIOPMPHZ QFSNFBUJOH JOUP FWFSZ BTQFDU PG PVS
EBZ�UP�EBZ MJWFT� 4JNJMBSMZ XF TFF UIBU UIF EJHJUBM XPSME BOE QIZTJDBM XPSME BSF DPOWFSHJOH
NPSF FBDI EBZ� 0OF PG UIFTF SFDFOU EFWFMPQNFOUT JT UIF FNFSHFODF PG SPCPUJD TZTUFNT JO
UIF MJWJOH FOWJSPONFOU PG IVNBOT� .BOZ PG UIFTF UFDIOPMPHJFT BSF OPU FWFO OFX UIFZ
IBWF TJNQMZ CFDPNF DIFBQ FOPVHI BOE TPQIJTUJDBUFE FOPVHI GPS XJEFTQSFBE BQQMJDBUJPOT�
/FWFSUIFMFTT CZ CFDPNJOH TP VCJRVJUPVT UIFZ JNQBDU TPDJFUZ USFNFOEPVTMZ GPSDJOH VT UP
SFUIJOL NBOZ XFMM�FTUBCMJTIFE DPODFQUT�

0O UIF PUIFS IBOE XF TFF B QBSBEPY FNFSHF JO UIBU UIF QSPMJGFSBUJPO PG UFDIOPMPHZ HPFT
IBOE JO IBOE XJUI UFDIOPMPHZ EJTBQQFBSJOH GSPN PVS TJHIU� *OEFFE SFTFBSDIFST JO IVNBO�
DPNQVUFS JOUFSBDUJPO IBWF MPOH TJODF BSHVFE UIBU JOUFSGBDFT TIPVME NPWF CFZPOE TDSFFOT
BOE CVUUPOT BT PVS XJOEPX JOUP UIF EJHJUBM XPSME� 'PS JOTUBODF *TIJJ BOE 6MMNFS 	����

IBWF BEWPDBUFE UIF EJSFDU NBOJQVMBUJPO PG EJHJUBM JOGPSNBUJPO UISPVHI UBOHJCMF BSUJGBDUT�
8FJTFS 	����
 QPTJUT UIBU iB HPPE UPPM JT BO JOWJTJCMF UPPMw JOEJDBUJOH UIBU UFDIOPMPHZ
TIPVME CF TVCKVHBUF UP UIF BDUJPO� JU JT TJNQMZ B NFBOT UP BO FOE� 'JOBMMZ JO IJT CPPL
6TFS &YQFSJFODF 	69
 EFTJHOFS ,SJTIOB 	����
 TJNQMZ BSHVFT UIBU iUIF CFTU JOUFSGBDF JT OP
JOUFSGBDFw�

ɨFTF QFSTQFDUJWFT PG UIF GVUVSF BSF TMPXMZ ZFU TUFBEJMZ CFDPNJOH SFBMJUZ� $BST VOMPDL
UIFNTFMWFT XIFO UIFZ EFUFDU UIF QSPYJNJUZ PG B LFZ GPC� /FTU UIFSNPTUBUT PCTFSWF PVS
IBCJUT PWFS UJNF BOE MFBSO UP BEKVTU UIF SPPN UFNQFSBUVSF BVUPNBUJDBMMZ� 0O QIPOFT
(PPHMF /PX QSFTFOUT QFSTPOBMJ[FE JOGPSNBUJPO TVDI BT BJSQMBOF CPBSEJOH QBTTFT PS QBDL�
BHF USBDLJOH SJHIU XIFO UIF VTFS OFFET JU XJUIPVU UIF VTFS SFRVFTUJOH JU FYQMJDJUMZ� 8IBU
BMM UIFTF QSPEVDUT IBWF JO DPNNPO JT UIBU UIFZ UFOE UP TUBZ JO UIF CBDLHSPVOE QVUUJOH BT
GFX TUFQT BT QPTTJCMF CFUXFFO PVSTFMWFT BOE PVS HPBMT�

0OF PG UIF NBOZ XBZT JO XIJDI UIFTF USFOET BSF FYQSFTTFE JT UIF FNFSHFODF PG TPDJBM
SPCPUJDT UIF EPNBJO JO XIJDI UIJT USFBUJTF JT TJUVBUFE� 3PCPUT IBWF CFFO VTFE JO GBDUPSJFT
GPS XFMM PWFS �� ZFBST� /PX NPSF BOE NPSF BQQMJDBUJPOT BSF TUBSUJOH UP FNFSHF PVUTJEF PG
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1. INTRODUCTION

UIF NBOVGBDUVSJOH OJDIF�

"T SPCPUJD BHFOUT CFDPNF NPSF BOE NPSF DPNNPOQMBDF UIF JNQPSUBODF PG JOUVJUJWF DPN�
NVOJDBUJPO XJUI UIFTF DPNQMFY TZTUFNT CFDPNFT BQQBSFOU� 3PCPUJD BHFOUT NBZ BMTP FWPMWF
JOUP UIF SPMF PG B NFEJBUPS CFUXFFO IVNBOT BOE BSUJëDJBM TZTUFNT QSPWJEJOH BO JOUFSGBDF UP
UIFTF TZTUFNT UISPVHI OBUVSBM BOE JOUVJUJWF DPNNVOJDBUJPO� ɨJT JT POF PG NBOZ XBZT JO
XIJDI IVNBO�DPNQVUFS JOUFSBDUJPO DBO FWPMWF CFZPOE BO VOJOUVJUJWF SFMJBODF PO TDSFFOT
BOE CVUUPOT� 'PS VT IVNBOT JOUVJUJWF JOUFSBDUJPO JODMVEFT UIJOHT MJLF WFSCBM DPNNVOJDB�
UJPO HFTUVSFT BOE GBDJBM FYQSFTTJPOT� "GUFS BMM JU JT XJUI UIFTF UPPMT UIBU XF JOUFSBDU BNPOH
PVSTFMWFT�

1SFWJPVT XPSL IBT BMSFBEZ QSPWFO UIF FêFDUT PG FNCPEJNFOU EFTJHO PO IPX QFPQMF QFS�
DFJWF SPCPUT 	8BJOFS FU BM� ����
 BT XFMM BT UIF CFOFëUT PG FNCPEJFE BHFOUT PWFS WJSUVBM
BHFOUT 	-FF FU BM� ����� ,� 8JMMJBNT BOE #SFB[FBM ����
� )PXFWFS SFTFBSDI XJUIJO
)VNBO�3PCPU *OUFSBDUJPO 	)3*
 DVSSFOUMZ NPTUMZ DPODFSOFE QSPHSBNNJOH SPCPU CFIBW�
JPS PO TUBOEBSE SPCPUT 	F�H� /BP
 XIFSFBT UIF FNCPEJNFOU EFTJHO JT GSFRVFOUMZ MFGU BT BO
VOFYQMPSFE EFTJHO EJNFOTJPO� ɨF SBQJE EFTJHO PG OFX TPDJBM SPCPUJD FNCPEJNFOUT IPMET
HSFBU QPUFOUJBM� 0OF PG UIF HPBMT PG UIJT XPSL JT UP GBDJMJUBUF UIF FNCPEJNFOU EFTJHO PG
TPDJBM SPCPUT VOMPDLJOH UIF IJEEFO QPUFOUJBM PG UIJT EFTJHO EJNFOTJPO�

ɨF XPSL EFTDSJCFE JO UIJT UIFTJT BMTP QMBZT JOUP B TFDPOE BTQFDU PG UFDIOPMPHZ QSPMJGFSBUJPO
OBNFMZ UIF BTQFDU PG UIF SFTVSHFODF PG %P�*U�:PVSTFMG 	%*:
 JO UIF GPSN PG UIF NBLFS
NPWFNFOU B TVCDVMUVSF UIBU JT DIBSBDUFSJ[FE CZ UIF EFNPDSBUJ[BUJPO PG UFDIOPMPHZ JO B
DSFBUJWF IBOET�PO TFUUJOH� ɨF NPWFNFOU ESBXT BUUFOUJPO UP UIF FNQPXFSJOH GFFMJOH PG
NBLJOH UIJOHT OPUJOH UIBU XF TIPVME OPU SFTUSJDU PVSTFMWFT UP CFJOH KVTU DPOTVNFST PG
UFDIOPMPHZ CVU UIBU XF TIPVME BMTP CFDPNF DSFBUPST PG UFDIOPMPHZ JO PSEFS UP TIBQF UIF
XPSME BSPVOE VT�

$IBSBDUFSJTUJD FYBNQMFT PG QSFWJPVTMZ FYDMVTJWF DPNQMFY UFDIOPMPHZ UIBU IBT CFFO NBEF
BDDFTTJCMF UP B MBOHFS QVCMJD UISPVHI UIJT NPWFNFOU JODMVEFT NJDSPDPOUSPMMFST �% QSJOU�
FST $/$ NBDIJOFT BOE SPCPUT� .BOZ FOHJOFFSJOH DIBMMFOHFT UIBU XFSF DPOTJEFSFE FY�
USFNFMZ EJïDVMU JO UIF QBTU DBO OPX CF BDDPNQMJTIFE XJUI UIF IFMQ PG PQFO EFTJHOT BOE
Pê�UIF�TIFMG QBSUT� 'PS JOTUBODF CVJMEJOH B RVBEDPQUFS GSPN TDSBUDI VTFE UP SFRVJSF JO�
EFQUI LOPXMFEHF PG DPOUSPM UIFPSZ CSVTIMFTT %$ NPUPS DPOUSPM TPGUXBSF FOHJOFFSJOH
DPNQPTJUF NBUFSJBM EFTJHO FUD� :FU OPXBEBZT UIFTF EFWJDFT DBO CF CVJMU CZ IPCCZJTUT
UISPVHI UIF DSFBUJWF SFDPNCJOBUJPO PG FYJTUJOH EFTJHOT� ɨJT TIJGU JT MBSHFMZ EVF UP UIF
XPSL PG PQFO TPVSDF DPNNVOJUJFT� ɨF OPWFMUZ PG UIFTF QSPKFDUT JT OPU JO UIF UFDIOPMPHZ
QFS TF CVU JO UIF GBDU UIBU UIFZ BSF NBEF BDDFTTJCMF PVUTJEF PG B WFSZ TNBMM DPNNVOJUZ PG
FYQFSUT MFBEJOH UP OPWFM BOE VOFYQFDUFE BQQMJDBUJPOT�

ɨFSF BSF NBOZ EJêFSFOU DJSDVNTUBODFT UIBU IBWF MFBE UP UIJT SFOBJTTBODF PG %*:� 0OF
DPVME BSHVF UIBU JUT FNFSHFODF XBT TJNQMZ UIF JOFWJUBCMF SFTVMU PG UIF SBQJE FWPMVUJPO PG
UFDIOPMPHZ UIPVHI OPUBCMF JOìVFODFT JODMVEF UIF SJTF PG UIF JOUFSOFU BT B DPNNVOJDB�
UJPO NFEJVN UIF PQFO TPVSDF 	TPGUXBSF
 NPWFNFOU UIF TUFBEJMZ DPOUJOVPVTMZ DPTUT PG
FMFDUSPOJDT BOE UIF SJTF PG 'BC-BCT� 8FMM�LOPXO UFDIOPMPHJFT UIBU FNCPEZ UIJT QBSBEJHN
JODMVEF UIF "SEVJOP NJDSPDPOUSPMMFS QMBUGPSN BOE UIF 3FQ3BQ MPX�DPTU �% QSJOUFST�
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1. INTRODUCTION

ɨF FWPMVUJPO PG UIJT %*: DVMUVSF JO UIF QBTU GFX ZFBST IBT PQFOFE FYDJUJOH OFX PQQPSUV�
OJUJFT JO NBOZ EJêFSFOU BSFBT PG BSU BOE UFDIOPMPHZ SBOHJOH GSPN MPX�DPTU QSPTUIFTFT UP
IBDLBCMF TDJFOUJëD JOTUSVNFOUBUJPO UP OFX LJOET PG NBOVGBDUVSJOH NBDIJOFT� 8JUI UIF
XPSL QSFTFOUFE JO UIJT UIFTJT XF JOUSPEVDF BTQFDUT PG UIF %*: DVMUVSF XJUIJO UIF ëFME PG
IVNBO�SPCPU JOUFSBDUJPO JMMVTUSBUJOH UIF NFSJUT PG QVUUJOH TPDJBM SPCPU UFDIOPMPHZ JO UIF
IBOET PG BNBUFVST� 0VS FêPSUT IBWF DVMNJOBUFE JO UIF EFTJHO PG B %*: QMBUGPSN OBNFE
0QTPSP UIBU FOBCMFT BNBUFVST UP EFTJHO DVTUPN TPDJBM SPCPUT GSPN TDSBUDI� 8F IPQF
UIBU UIJT QMBUGPSN XJMM FOBCMF BOE JOTQJSF B OFX HFOFSBUJPO PG IVNBO�SPCPU JOUFSBDUJPO
BQQMJDBUJPOT�

1.1 A NEW GENERATION OF DIY

%*: TIPSU GPS %P�*U�:PVSTFMG JT BO VNCSFMMB UFSN GPS BDUJWJUJFT XIFSF BNBUFVST FOHBHF JO
UIF EFTJHO NPEJëDBUJPO PS SFQBJS PG BSUJGBDUT� ɨF UFSN iBNBUFVSw EPFT OPU OFDFTTBSJMZ
NFBO UIBU %*:FST BSF VOTLJMMFE CVU SBUIFS UIBU UIF BDUJWJUJFT BSF QFSGPSNFE PVUTJEF PG B
QSPGFTTJPOBM DBQBDJUZ 	,V[OFUTPW BOE 1BVMPT ����
� 8PMG BOE .D2VJUUZ 	����
 EFëOF
%*: BT iBDUJWJUJFT JO XIJDI JOEJWJEVBMT FOHBHF SBX BOE TFNJ�SBX NBUFSJBMT BOE DPNQPOFOU
QBSUT UP QSPEVDF USBOTGPSN PS SFDPOTUSVDU NBUFSJBM QPTTFTTJPOT JODMVEJOH UIPTF ESBXO
GSPN UIF OBUVSBM FOWJSPONFOUw� 8IJMF FDPOPNJD GBDUPST EP QMBZ B QBSU JO UIF NPUJWBUJPO
GPS QBSUJDJQBUJOH JO %*: BDUJWJUJFT 	8PMG BOE .D2VJUUZ ����
 NPOFUBSZ HBJOT BSF VTVBMMZ
OPU UIF TPMF NPUJWF PG %*:FST� %*:FST BMTP GSFRVFOUMZ DJUF SFBTPOT TVDI BT DSFBUJWF FYQSFT�
TJPO UIF EFTJSF UP MFBSO OFX TLJMMT BOE UIF OFFE GPS PCKFDUT UIBU EP OPU FYJTU DPNNFSDJBMMZ
	,V[OFUTPW BOE 1BVMPT ����
� 'VSUIFSNPSF %*: QSPKFDUT PGUFO HJWF UIF DSFBUPS B TFOTF
PG BDDPNQMJTINFOU BOE GVMëMMNFOU� ɨJT TFOTF PG BDDPNQMJTINFOU GPSNT UIF CBTJT GPS UIF
TP�DBMMFE i*,&" FêFDUw NFBOJOH UIBU DPOTVNFST QMBDF JODSFBTFE WBMVF JO QSPEVDUT UIBU
UIFZ 	QBSUJBMMZ
 NBEF UIFNTFMWFT 	/PSUPO FU BM� ����
�

ɨF BDU PG DSFBUJOH PCKFDUT JT BT PME BT IVNBOJUZ JUTFMG� 0OF PG UIF EFëOJOH USBJUT PG PVS
TQFDJFT JT PVS SFMJBODF PO UPPMT UP TVSWJWF BOE UISJWF� 'SPN BT FBSMZ BT QSFIJTUPSZ QFPQMF
IBWF GFMU UIF OFFE UP DSFBUF UPPMT BOE EFWJDFT UP NBOJQVMBUF UIF FOWJSPONFOU PS UP IFMQ
UIFN QFSGPSN DFSUBJO UBTLT� 0WFS UJNF IPXFWFS JOEJWJEVBMT IBWF BEPQUFE JODSFBTJOHMZ
TQFDJBMJ[FE SPMFT JO UIFJS DPNNVOJUJFT� 3PMFT JO IVOUFS�HBUIFSFS TPDJFUJFT XFSF NVDI NPSF
HFOFSBMJ[FE XIFSFBT UIF TVCTFRVFOU BHSBSJBO SFWPMVUJPO BOE JOEVTUSJBM SFWPMVUJPO IBWF
HJWFO XBZ UP NVDI NPSF TQFDJBMJ[FE SPMFT� 0XJOH UP UIF FDPOPNJFT PG TDBMF UIJT TQFDJBM�
J[BUJPO SFTVMUT JO JODSFBTFE QSPEVDUJWJUZ HJWJOH JOEJWJEVBMT NPSF BOE NPSF UJNF UP QVSTVF
BDUJWJUJFT UIBU BSF OPU EJSFDUMZ SFMBUFE UP TVSWJWBM BOE MFBEJOH UP BEWBODFT UIBU PUIFSXJTF
XPVME OPU IBWF CFFO QPTTJCMF� )PXFWFS JODSFBTFE TQFDJBMJ[BUJPO JT QBJSFE XJUI EFDSFBT�
JOH TFMG�SFMJBODF BT JOEJWJEVBMT BSF OP MPOHFS DBQBCMF PG TVSWJWBM XJUIPVU UIF BJE PG PUIFST�
%*: DVMUVSF JT SFBDUJPOBSZ JO UIJT SFHBSE BOE TFMG�TVïDJFODZ JT B DPNNPOMZ SFPDDVSSJOH
NPUJWBUJPO JO %*: USFOET�

%*: JT B USFOE UIBU SFPDDVST FWFSZ GFX EFDBEFT� 5ZQJDBMMZ FBDI OFX JODBSOBUJPO PG UIF %*:
USFOE JT USJHHFSFE CZ TPDJFUBM PS UFDIOPMPHJDBM BEWBODFT BOE JT DIBSBDUFSJ[FE CZ B DFSUBJO
EFHSFF PG SFCFMMJPVTOFTT� 4PNF FYBNQMFT PG %*: NPWFNFOUT JO UIF ��UI DFOUVSZ JODMVEF�
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1. INTRODUCTION

t ǲF "SUT � $SBGUT NPWFNFOU 	DB� ���� � ����
 o BO BOUJ�JOEVTUSJBM NPWFNFOU BEWP�
DBUJOH USBEJUJPOBM DSBGUTNBOTIJQ JO EFTJHO BOE EFDPSBUJPO 	/BZMPS ����
�

t )BN SBEJP 	DB� ����T
 o BO FMFDUSPOJDT IPCCZ XIFSF BNBUFVST CVJME BOE PQFSBUF
SBEJP DPNNVOJDBUJPOT EFWJDFT� ɨF IPCCZ DPOUJOVFE UP UISJWF EVSJOH 88 ** EF�
TQJUF B CBO PO BNBUFVS SBEJP DPNNVOJDBUJPO 	)BSJOH ����� .BTTJF BOE 1FSSZ
����
�

t )PNF JNQSPWFNFOU 	DB� ����T
 o B USFOE UIBU TBX B QFBL JO QPQVMBSJUZ JO UIF EFDBEFT
QPTU�88 ** JOìVFODFE CZ UIF TPDJBM BOE FOWJSPONFOUBM WJFXT PG UIF ����T� &WFO
UIPVHI JUT QPQVMBSJUZ IBT QBSUJBMMZ TVCTJEFE %*: IPNF JNQSPWFNFOU JT TUJMM QSBD�
UJDFE CZ NBOZ UPEBZ 	(PMETUFJO ����
�

t )PNFCSFX DPNQVUJOH 	DB� ����T
 o " NPWFNFOU DFOUFSFE BSPVOE UIF )PNFCSFX
$PNQVUFS $MVC JO 4JMJDPO 7BMMFZ GPDVTFE PO CVJMEJOH DPNQVUFST GSPN TDSBUDI� ɨF
IPNFCSFX DPNQVUJOH NPWFNFOU IFMQFE FOBCMF UIF QFSTPOBM DPNQVUFS SFWPMVUJPO
XJUI EFWJDFT TVDI BT UIF "QQMF * 	$FSV[[J ����� %PVHIFSUZ ����
�

ɨF QBTU UFO ZFBST IBWF CFFO NBSLFE CZ B SFOFXFE JOUFSFTU JO %*: DVMUVSF� ɨJT DPOUFN�
QPSBSZ GPSN PG %*: JT DPNNPOMZ SFGFSSFE UP BT UIF NBLFS NPWFNFOU� " LFZ DIBSBDUFSJT�
UJD PG NPEFSO %*: JT UIBU JU UBLFT QMBDF BU UIF JOUFSGBDF CFUXFFO UIF QIZTJDBM XPSME BOE
UIF EJHJUBM XPSME� 5P FMBCPSBUF UIF QSPKFDUT UZQJDBMMZ JODPSQPSBUF TJHOJëDBOU BNPVOUT PG
TPGUXBSF EFTJHO BT XFMM BT IBSEXBSF EFTJHO XJUI CPUI BTQFDUT FRVBMMZ DSVDJBM UP GVODUJPO�
BMJUZ� 'SFRVFOUMZ UIFTF BSUJGBDUT DBO CF EFTDSJCFE BT NFDIBUSPOJD JO OBUVSF JODPSQPSBUJOH
CPUI NFDIBOJDT BOE FMFDUSPOJDT� 5P JMMVTUSBUF UIF EFTJHO PG B �% QSJOUFS o B DPNNPO
.BLFS�DFOUSJD QSPKFDU o SFRVJSFT NFDIBOJDBM FOHJOFFSJOH GPS UIF QSJOUFS�T GSBNF BOE NP�
UJPO TZTUFNT FMFDUSJDBM FOHJOFFSJOH GPS UIF EFWJDF�T ESJWFS FMFDUSPOJDT BT XFMM BT TPGUXBSF
FOHJOFFSJOH UP DSFBUF UIF ëSNXBSF BOE IPTU TPGUXBSF� 8JUIPVU BOZ POF PG UIFTF UISFF UIF
BSUJGBDU XPVME CFDPNF VTFMFTT�

ɨF TFDPOE JNQPSUBOU DIBSBDUFSJTUJD JT UIF TJHOJëDBOU SPMF UIBU UIF JOUFSOFU QMBZT JO DPMMBC�
PSBUJPO� 0OMJOF QMBUGPSNT TVDI BT *OTUSVDUBCMFT BOE (JUIVC FOBCMF EFTJHO DPMMBCPSBUJPO
BOE TIBSJOH JOGPSNBUJPO� %JHJUBM EFTJHO ëMFT PG QIZTJDBM PCKFDUT BSF UIFO USBOTQPSUFE UP UIF
QIZTJDBM XPSME VTJOH EJHJUBM NBOVGBDUVSJOH EFWJDFT TVDI BT MBTFS DVUUFST PS �% QSJOUFST�

ɨF OFYU TFDUJPOT XJMM GVSUIFS FMBCPSBUF PO DPOUFNQPSBSZ %*: QSBDUJDFT EJTDVTTJOH PQFO
TPVSDF TPGUXBSF � IBSEXBSF IBDLJOH BOE UIF NBLFS NPWFNFOU� 0OF TIPVME OPUF UIBU
UIFSF JT TJHOJëDBOU PWFSMBQ CFUXFFO UIFTF USFOET BOE UIBU UIF EJêFSFODF CFUXFFO UIFN JT
OPU BMXBZT DMFBS�DVU� ɨJT JT DPNQPVOEFE CZ UIF JOGPSNBM MPPTF�LOJU TUSVDUVSF PG %*:
DPNNVOJUJFT� $POTFRVFOUMZ TPNF UFSNJOPMPHZ XJMM CF VTFE JOUFSDIBOHFBCMZ UISPVHIPVU
UIF SFTU PG UIJT XPSL�

1.1.1 OPEN SOURCE SOFTWARE

ɨF UFSN iPQFO TPVSDFw SFGFST UP UIF BDU PG NBLJOH UIF TPVSDF ëMFT PG B DFSUBJO EFTJHO
BWBJMBCMF GPS BOZPOF UP WJFX NPEJGZ BOE VTF� ɨJT JEFB PSJHJOBUFT GSPN UIF TPGUXBSF
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1. INTRODUCTION

XPSME XIFSF QSPHSBNNFST XPVME NBLF UIF TPVSDF DPEF PG UIFJS QSPHSBNT BWBJMBCMF�

.PTU TPGUXBSF JT UZQJDBMMZ EJTUSJCVUFE BT B CJOBSZ� 5SBOTGPSNJOH IVNBO�SFBEBCMF TPVSDF
DPEF JOUP B CJOBSZ JT TJNQMF BOE JT EPOF BVUPNBUJDBMMZ CZ B DPNQJMFS� $POWFSTFMZ UVSOJOH
B CJOBSZ CBDL JOUP TPVSDF DPEF JT OFBSMZ JNQPTTJCMF BOE SFRVJSFT FYUFOTJWF SFWFSTF FOHJOFFS�
JOH� %FQFOEJOH PO UIF DPNQMFYJUZ PG UIF TPGUXBSF TVDI B QSPDFTT JT QSPIJCJUJWFMZ EJïDVMU
BOE UJNF DPOTVNJOH� $POTFRVFOUMZ GPS QSBDUJDBM QVSQPTFT BDDFTT UP UIF TPVSDF DPEF JT
SFRVJSFE JO PSEFS UP NBLF NFBOJOHGVM DIBOHFT UP BO FYJTUJOH QJFDF PG TPGUXBSF�

*O FBSMZ DPNQVUJOH IJTUPSZ TIBSJOH TPVSDF DPEF XBT UIF OPSN OPU UIF FYDFQUJPO� .PTU
QSPHSBNT XFSF DVTUPN DSFBUFE CZ VTFST UP GVMëMM B TQFDJëD QVSQPTF BOE DPEF GSPN PUIFST
XBT PGUFO VTFE UP CPPUTUSBQ EFWFMPQNFOU PG OFX QSPHSBNT� .PTU DPNQVUFS VTFST JO UIF
����T BOE ����T XFSF QBSU PG BDBEFNJD PS DPSQPSBUF SFTFBSDI MBCT BOE TBX UIF GSFF FY�
DIBOHF PG TPVSDF DPEF BT B OPSNBM QBSU PG SFTFBSDI DVMUVSF� 0OMZ BU B MBUFS TUBHF EJE UIJT
QBUUFSO DIBOHF� 8JUI UIF SJTF PG DPNNFSDJBM HFOFSBM�QVSQPTF TPGUXBSF NPTU BQQMJDBUJPOT
XFSF EJTUSJCVUFE BT CJOBSJFT XJUIPVU BDDFTT UP UIF TPVSDF DPEF 	)JQQFM BOE ,SPHI ����
�

ɨJT NFOUBMJUZ DIBOHF MBUFS HBMWBOJ[FE UIF FNFSHFODF PG NPEFSO PQFO TPVSDF TPGUXBSF
DPNNVOJUJFT� ɨFTF DPNNVOJUJFT DPNQSJTFE PG IPCCZJTUT BT XFMM BT QSPGFTTJPOBM QSPHSBN�
NFST XPSLJOH JO UIFJS TQBSF UJNF DSFBUFE TPNF PG UIF XPSME�T NPTU XJEFMZ VTFE TPGUXBSF
JODMVEJOH UIF -JOVY PQFSBUJOH TZTUFN BOE UIF "QBDIF XFC TFSWFS� ɨF JOUFSOFU QSPWFE
BO JNQPSUBOU GBDUPS JO GPTUFSJOH UIFTF DPNNVOJUJFT� JU FOBCMFE DPMMBCPSBUJPO PO B NVDI
MBSHFS TDBMF UIBO TJNQMZ UISPVHI TIBSJOH ìPQQZ EJTLT XJUI MBC DPMMFBHVFT BT XBT EPOF
CFGPSF�

*O iǲF DBUIFESBM BOE UIF CB[BBSw 3BZNPOE 	����
 EFTDSJCFT UIF [FJUHFJTU PG PQFO TPVSDF
DPNNVOJUJFT EVSJOH UIF ���T� ɨF BVUIPS EFTDSJCFT UXP EJêFSFOU EFWFMPQNFOU NPEFMT
PG PQFO TPVSDF DPNNVOJUJFT� UIF UPQ�EPXO DBUIFESBM NPEFM BOE UIF CPUUPN�VQ CB[BBS
NPEFM� ɨF BVUIPS MJLFOT UIF EFWFMPQNFOU QSPDFTT PG JNQPSUBOU BOE DPNQMJDBUFE TPGUXBSF
	TVDI BT BO 0QFSBUJOH 4ZTUFN 	04

 UP DBUIFESBM�CVJMEJOH SFMZJOH PO B WFSZ TNBMM HSPVQ PG
iXJ[BSETw UP EP UIF JOJUJBM EFWFMPQNFOU� ɨF PQQPTJUF BQQSPBDI JT EVCCFE UIF CB[BBS NPEFM
CZ UIF BVUIPS� *U JT DIBSBDUFSJ[FE CZ NBOZ EJêFSFOU BHFOEBT BOE BQQSPBDIFT BT PQQPTFE UP
UIF TJOHVMBS FYQFSU�EJSFDUFE GPDVT PG UIF DBUIFESBM NPEFM� ɨF BVUIPS UIFO EFTDSJCFT IPX
UIF CB[BBS NPEFM MFE UP UIF TVDDFTT PG -JOVY B DPNQMFY QSPKFDU XIFSF POF XPVME FYQFDU
UIBU UIF DBUIFESBM NPEFM TIPVME CF VTFE� ɨJT CB[BBS NPEFM XBT JOUFOUJPOBMMZ VTFE CZ UIF
BVUIPS EVSJOH UIF EFWFMPQNFOU PG GFUDINBJM BOE UIF QBQFS TVNNBSJ[FT MFTTPOT MFBSOFE
GSPN BQQMZJOH UIF CB[BBS BQQSPBDI JO QSBDUJDF�

4PNF MBSHF TPGUXBSF DPNQBOJFT TVDI BT (PPHMF BOE 3FE )BU IBWF FNCSBDFE UIF PQFO
TPVSDF TPGUXBSF NPWFNFOU BT QBSU PG UIFJS CVTJOFTT NPEFM� /PU POMZ EP UIFZ CVJME UIFJS
QSPEVDUT VQPO PQFO TPVSDF TPGUXBSF UIFZ BMTP SFMFBTF QBSUT PG UIFJS PXO QSPEVDUT VOEFS
BO PQFO TPVSDF MJDFOTF� &BTUIBN 	����
 EJTDVTTFT UIJT QIFOPNFOPO OPUJOH UIBU UIJT JT
OPU OFDFTTBSJMZ QVSF BMUSVJTN� BO PQFO TPVSDF TUSBUFHZ DBO CF VTFE UP CPMTUFS UIFJS PXO
QSPEVDUT CZ NBLJOH UIFN CFUUFS TBGFS BOE NPSF XJEFTQSFBE� 'VSUIFS BOBMZTJT PO UIF
NPUJWBUJPOT GPS PQFO TPVSDF TPGUXBSF JT EPOF CZ )JQQFM BOE ,SPHI 	����
 XIP QVSQPTFT
B IZCSJE GPSN CFUXFFO UIF iQSJWBUF JOWFTUNFOUw NPEFM BOE UIF iDPMMFDUJWF BDUJPOw NPEFM BT
B UIFPSFUJDBM GSBNFXPSL GPS UIF PQFO TPVSDF QIFOPNFOPO�
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1. INTRODUCTION

0WFS UJNF PQFO TPVSDF FWPMWFE CFZPOE UIF EPNBJO PG TPGUXBSF SFTVMUJOH JO B NPSF HFO�
FSBMJ[FE PQFO TPVSDF NPWFNFOU� ɨF DPSF JEFB CFIJOE PQFO TPVSDF TPGUXBSF XBT BEBQUFE
UP TVJU EJêFSFOU BSFBT PG UFDIOPMPHZ� *O NPTU BSFBT UIFSF JT BO BOBMPHPVT DPODFQU UP UIF
TPVSDF DPEF ëMFT PG PQFO TPVSDF TPGUXBSF XIFSF GPSN " JT FBTJMZ UVSOFE JOUP GPSN # CVU
UIF SFWFSTF EJSFDUJPO JT FYUSFNFMZ EJïDVMU� ɨVT iTPVSDFw JT JOUFSQSFUFE JO B CSPBEFS XBZ
BOE DBO FODPNQBTT UIJOHT TVDI BT SFDJQFT CMVFQSJOUT NPEFMT JOTUSVDUJPOT FUD�

0OF PG UIF NPSF FTPUFSJD FYBNQMFT PG UIJT QSJODJQMF JT 0QFO$PMB� B TPGU ESJOL TJNJMBS
UP $PDB $PMB PG XIJDI UIF SFDJQF XBT SFMFBTFE VOEFS UIF (/6 (FOFSBM 1VCMJD -JDFOTF�
4JNJMBSMZ JO ���� UIF 4DPUUJTI CSFXFSZ #SFX%PH SFMFBTFE JUT SFDJQF DPMMFDUJPO VOEFS BO
PQFO TPVSDF MJDFOTF 	.BTPO ����
� 0OF ëOBM FYBNQMF JT 0QFO %FTJHO /PX 	"CFM FU
BM� ����
 B CPPL XIPTF DIBQUFST XFSF HSBEVBMMZ NBEF BWBJMBCMF PO UIF JOUFSOFU VOEFS B
$SFBUJWF $PNNPOT MJDFOTF�

1.1.2 OPEN SOURCE HARDWARE

ɨF QSFWJPVT TFDUJPO JMMVTUSBUFE UIF FWPMVUJPO PG PQFO TPVSDF TPGUXBSF JO UIF MBUF ��T BOE
FBSMZ ����T DPODMVEJOH XJUI FYBNQMFT PG UIF VTF PG UIF PQFO TPVSDF NPEFM PVUTJEF PG
TPGUXBSF� ɨJT TFDUJPO XJMM EJTDVTT UIJT QPJOU GVSUIFS FMBCPSBUJOH PO POF PG UIF NPTU JO�
ìVFOUJBM USFOET XJUIJO UIF PQFO TPVSDF DPNNVOJUZ JO SFDFOU ZFBST� PQFO TPVSDF IBSEXBSF
	04)8
 	1PXFMM ����
� "T UIF OBNF JNQMJFT PQFO TPVSDF IBSEXBSF JT B QIZTJDBM BSUJGBDU
PG XIJDI UIF PSJHJOBM EFTJHO ëMFT IBWF CFFO NBEF BWBJMBCMF BOE BOZPOF JT GSFF UP SFQSP�
EVDF BOE NPEJGZ UIF BSUJGBDU� ɨFSF BSF NBOZ EJêFSFOU EFëOJUJPOT PG 04)8 BOE FBDI
IBT JUT PXO OVBODFT� ɨF 5"13 PQFO IBSEXBSF MJDFOTF GPS JOTUBODF PêFST UIF GPMMPXJOH
EFëOJUJPO 	5"13 ����
�

i0QFO )BSEXBSF JT B UIJOH o B QIZTJDBM BSUJGBDU FJUIFS FMFDUSJDBM PS NFDIBOJDBM o
XIPTF EFTJHO JOGPSNBUJPO JT BWBJMBCMF UP BOE VTBCMF CZ UIF QVCMJD JO B XBZ UIBU
BMMPXT BOZPOF UP NBLF NPEJGZ EJTUSJCVUF BOE VTF UIBU UIJOH�w

8IJMF UIF JEFB CFIJOE 04)8 JT OPU FOUJSFMZ OFX 	(JCC ���� Q� ��
 UXP GBDUPST IBWF
CFFO QJWPUBM GPS UIF JOUFSFTU BOE XJEFS BEPQUJPO PG UIF NPWFNFOU JO SFDFOU ZFBST�

�� "DDFTT UP BEWBODFE NBOVGBDUVSJOH QSPDFTTFT TVDI BT �% QSJOUJOH MBTFS DVUUJOH
BOE 1SJOUFE $JSDVJU #PBSE 	1$#
ΉNBOVGBDUVSF IBT JNQSPWFE ESBTUJDBMMZ� -PX�DPTU
�% QSJOUFST 'BC-BCT BOE POMJOF NBOVGBDUVSJOH TFSWJDFT IBWF PQFOFE UIF EPPS UP
QFSTPOBM NBOVGBDUVSJOH 	%� "� .FMMJT ����
�

�� ɨF FNFSHFODF PG OFX TIBSJOH NFDIBOJTNT 	F�H� GPSVNT JOTUSVDUJPOT WJEFP JN�
BHFT
 XIJDI QMBZT B NBKPS SPMF JO NPUJWBUJOH BOE TVTUBJOJOH DPNNVOJUJFT PG CVJMEFST
DSBGUFST BOE NBLFST 	,V[OFUTPW BOE 1BVMPT ����
�

�4PGU %SJOL 'PSNVMB 7FSTJPO ����� o
#//+Γχχ�'!- �*Α*�/�1$*Α) /χ.*!/ν�-$)&ν!*-(0'�Α+�!

26

http://alfredo.octavio.net/soft_drink_formula.pdf


1. INTRODUCTION

0QFO TPVSDF IBSEXBSF IBT B XJEF BOE WBSJFE BVEJFODF JODMVEJOH BNBUFVST BOE IPCCZJTUT
DPNNFSDJBM DPNQBOJFT BOE SFTFBSDIFST� &BDI PG UIFTF HSPVQT IBT UIFJS PXO NPUJWBUJPO
UP FOHBHF JO 04)8 BDUJWJUJFT� "NBUFVST SFQPSU SFBTPOT TVDI BT SFDFJWJOH GFFECBDL FEV�
DBUJOH PUIFST BOE TIPXDBTJOH UIFJS XPSL 	,V[OFUTPW BOE 1BVMPT ����
� 'PS DPNQBOJFT
NPUJWBUJPOT DBO JODMVEF SFEVDJOH 3�% DPTUT JODPSQPSBUJOH DPNNVOJUZ EFWFMPQNFOUT BT
XFMM BT DSFBUJOH B QMBUGPSN BSPVOE UIF QSPEVDU 	(JCC ���� Q� ���
� 'JOBMMZ "� 8JMMJBNT
FU BM� 	����
 ESBX B QBSBMMFM CFUXFFO UIF QFFS SFWJFX QSPDFTT JO SFTFBSDI BOE UIF QSPDFTT
PG PQFO TPVSDJOH SFTFBSDI IBSEXBSF OPUJOH UIBU EPJOH TP JODSFBTFT UIF MFHJUJNBDZ PG UIF
XPSL CFDBVTF PUIFST DBO JOTQFDU JU BOE DPOUSJCVUF UP JU�

0QFO�TPVSDJOH IBSEXBSF JT OPU B CMBDL�BOE�XIJUF NBUUFS CVU SBUIFS B DPOUJOVPVT TQFD�
USVN PG WBSZJOH EFHSFFT PG PQFOOFTT 	(JCC ����� :BOBNBOESBN BOE 1BODIBM ����
�
ɨF FêFDU JT BMTP NVDI NPSF OPUJDFBCMF UIBO XJUI PQFO TPVSDF TPGUXBSF� "U UIF NPTU
SVEJNFOUBSZ MFWFM JU NBZ TJNQMZ NFBO UIBU UIF DSFBUPST QSPWJEF B QJOPVU EJBHSBN PS CB�
TJD NBJOUFOBODF JOTUSVDUJPOT� "OPUIFS OVBODF JT JO UIF EFTJHO UPPMDIBJO� NBOZ 04)8
QSPKFDUT VTF QSPQSJFUBSZ EFTJHO UPPMT TVDI BT &"(-& PS 4PMJE8PSLT UP DSFBUF UIFJS EF�
TJHO� 4PNF 04)8 QSBDUJUJPOFST TUSJWF GPS B DPNQMFUFMZ PQFO XPSLìPX PQUJOH GPS PQFO
TPVSDF EFTJHO TPGUXBSF XIFSFWFS QPTTJCMF� (JCC 	���� Q� ���
 OPUFT UIBU PQFO IBSEXBSF
XJMM QSPCBCMZ OFWFS DPNQMFUFMZ DPWFS BMM MBZFST PG IBSEXBSF� *O FYUSFNJT UIF QSPDFTT XPVME
IBWF UP FYUFOE EPXO UP UIF MFWFM PG UIF QSPEVDUJPO PG SBX NBUFSJBMT XIJDI TFFNT VOMJLFMZ�

0OF PG UIF ëSTU MBSHF�TDBMF TVDDFTT TUPSJFT PG 04)8 JT UIF "SEVJOP NJDSPDPOUSPMMFS QMBU�
GPSN 	ëH� ���
 	%� "� .FMMJT *HPF FU BM� ����
� ɨF QMBUGPSN DPOTJTUT PG B QIZTJDBM
IBSEXBSF 1$# BT XFMM BT BO *OUFHSBUFE %FWFMPQNFOU &OWJSPONFOU 	*%&
 BQQMJDBUJPO
BOE B TFU PG TPGUXBSF MJCSBSJFT UP QSPHSBN UIF 1$#� "SEVJOP XBT PSJHJOBMMZ EFTJHOFE UP CF
VTFE CZ TUVEFOUT BU UIF *OUFSBDUJPO %FTJHO *OTUJUVUF *WSFB GPDVTJOH PO FOBCMJOH BSUJTUT BOE
EFTJHOFST UP QMBZ XJUI FMFDUSPOJDT�

8IJMF UIF "SEVJOP CPBSE JUTFMG JT BENJUUFEMZ GBJSMZ TJNQMF UIF QSPKFDU JUTFMG TJHOJëDBOUMZ
JOìVFODFE DPOUFNQPSBSZ %*: BOE 04)8 DVMUVSF� "SEVJOP XBT BMTP POF PG UIF ëSTU
DPNNFSDJBMMZ TVDDFTTGVM 04)8 QSPEVDUT 	ɨPNQTPO ����
� "MM SFMFWBOU TPGUXBSF BOE
IBSEXBSF TPVSDF ëMFT XFSF SFMFBTFE BT PQFO TPVSDF CVU UIF OBNF i"SEVJOPw XBT SFHJTUFSFE
BT B USBEFNBSL CZ UIF DPNQBOZ 	ɨPNQTPO ����
� $POTFRVFOUMZ PUIFST XFSF GSFF UP
DPQZ BOE NPEJGZ UIF CPBSE BT UIFZ QMFBTF CVU UIFZ DPVME OPU DBMM UIFJS CPBSE BO "SEVJOP�
4UJMM UIJT EJE OPU EFUFS PUIFST GSPN DSFBUJOH WBSJBOUT 	%� .FMMJT BOE #VFDIMFZ ����
� ɨF
"SEVJOP CVTJOFTT NPEFM XBT MBUFS DPQJFE CZ B OVNCFS PG PUIFS 04)8 DPNQBOJFT�

"OPUIFS QSPNJOFOU FYBNQMF JT UIF 3FQ3BQ QSPKFDU 	ëH� ���
 	+POFT FU BM� ����
 B QSPKFDU
XJUI UIF BJN PG DSFBUJOH B TFMG�SFQMJDBUJOH 'VTFE %FQPTJUJPO .PEFMJOH 	'%.
 �% QSJOUFS�
ɨF QSPKFDU XBT JOìVFOUJBM JO NBLJOH �% QSJOUJOH BWBJMBCMF UP B XJEFS BVEJFODF BOE UIF
MBSHF NBKPSJUZ PG UIF TVC ���� &63 �% QSJOUFST DVSSFOUMZ PO UIF NBSLFU DBO USBDF UIFJS
MJOFBHF CBDL UP UIF 3FQ3BQ QSPKFDU� 3FQ3BQ �% QSJOUFST BSF DPNQMFY NFDIBUSPOJD NB�
DIJOFT BOE UIF IBSEXBSF HPFT XFMM CFZPOE UIF TJNQMF 1$# PG UIF "SEVJOP QSPKFDU� "T
:BOBNBOESBN BOE 1BODIBM 	���� Q� ���
 JMMVTUSBUFT UISPVHI B QSPEVDU IJFSBSDIZ EJB�
HSBN 3FQ3BQT IBWF NBOZ JOUSJDBUF IBSEXBSF TVCTZTUFNT JODMVEJOH UIF DPOUSPM FMFDUSPO�
JDT UIF ��BYJT DBSUFTJBO NPUJPO TZTUFN UIF FYUSVEFS OP[[MF BTTFNCMZ BOE UIF FYUSVEFS GFFE
NFDIBOJTN� 0O UPQ PG UIBU UIFZ BMTP SFRVJSF B TJHOJëDBOU CPEZ PG TPGUXBSF UP GVODUJPO
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Fig. 1.1 Arduino Uno� Fig. 1.2 RepRap Prusa Mendel i3�

JODMVEJOH ëSNXBSF NPEFM TMJDJOH TPGUXBSF BOE IPTU TPGUXBSF� %FTQJUF UIF DPNQMFYJUZ B
3FQ3BQ DBO CF CVJMU XJUI B DPNQMFUFMZ PQFO TUBDL� ɨJT IBT MFE UP BO FYQMPTJWF HSPXUI PG
3FQ3BQ�EFSJWBUJWF �% QSJOUFST BT FWJEFODFE CZ UIF 3FQ3BQ GBNJMZ USFF��

0QFO TPVSDF IBSEXBSF JT B WFSZ SFDFOU QIFOPNFOPO� 8IJMF UIF 04)8 BQQSPBDI IBT
TFFO TPNF FBSMZ TVDDFTTFT NBOZ PCTUBDMFT SFNBJO� *O UIF SFNBJOEFS PG UIJT TFDUJPO XF
XJMM EJTDVTT UIF GPMMPXJOH DIBMMFOHFT�

�� $PTU PG SFQMJDBUJPO

�� %PDVNFOUBUJPO

�� %FTJHO TPGUXBSF

�� -JDFOTJOH � DPNNFSDJBMJ[BUJPO

0OF PG UIF BNCJUJPOT PG PQFO TPVSDF JT UP BMMPX BOZPOF UP CVJME BOE NPEJGZ B DFSUBJO XPSL�
*O UIF QBTU UIJT IBT XPSLFE WFSZ XFMM JO TPGUXBSF� )PXFWFS XIJMF EVQMJDBUJPO PG EJHJUBM
EBUB JT QSBDUJDBMMZ GSFF UIFSF JT B NFBTVSBCMF DPTU BTTPDJBUFE XJUI SFQMJDBUJOH IBSEXBSF� *O
ǲF DBUIFESBM BOE UIF CB[BBS 3BZNPOE 	����
 MJTUT B OVNCFS PG QSPQFSUJFT PG TVDDFTTGVM
PQFO TPVSDF TPGUXBSF QSPKFDUT� 3FMFBTJOH DPEF FBSMZ BOE PGUFO JT POF PG UIF LFZ QPJOUT BT
JT PVUTPVSDJOH BT NVDI XPSL BT QPTTJCMF UP NFNCFST PG UIF DPNNVOJUZ�

�1IPUP CZ 4QBSLGVO &MFDUSPOJDT� -JDFOTFE VOEFS $SFBUJWF $PNNPOT "UUSJCVUJPO ����
�1IPUP CZ +PTFG 1SVTB� -JDFOTFE VOEFS (/6 'SFF %PDVNFOUBUJPO -JDFOTF ����
�3FQ3BQ 'BNJMZ 5SFF o #//+Γχχ- +-�+Α*-"χ2$&$χ� +��+ν��($'4ν�-  
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1. INTRODUCTION

0OF EJêFSFODF XJUI TPGUXBSF JT UIF CBSSJFS UP TJNQMZ DPQZ B XPSL B QSFSFRVJTJUF UP DPMMBC�
PSBUJPO� ɨJT CBSSJFS FODPNQBTTFT TLJMM UJNF BOE DPNQPOFOU DPTUT� 8IJMF EJHJUBM NBOV�
GBDUVSJOH UFDIOJRVFT IBWF ESBNBUJDBMMZ MPXFSFE UIF TLJMM CBSSJFS UP QSPEVDF DPNQPOFOUT
PUIFS TLJMMT BSF SFRVJSFE UP DPNF UP B NFBOJOHGVM BSUJGBDU TVDI BT BTTFNCMJOH BOE TPMEFSJOH�
%� .FMMJT BOE #VFDIMFZ 	����
 OPUF UIBU XIJMF NBOZ EFSJWBUJWF "SEVJOP CPBSET IBWF CFFO
DSFBUFE GFX IBSEXBSF DIBOHFT IBWF NBEF UIFJS XBZ CBDL UP UIF "SEVJOP QSPKFDU� %� "�
.FMMJT 	���� Q� ���
 OPUFT UIBU EFWFMPQFST NBZ CF JODMJOFE UP SFDVQFSBUF TPNF PG UIFJS
DPTUT CZ TFMMJOH B EFSJWBUJWF JOTUFBE PG DPOUSJCVUJOH DIBOHFT CBDL UP UIF PSJHJOBM BVUIPS�

4FWFSBM QSBDUJUJPOFST JEFOUJGZ NPEVMBSJUZ BT B LFZ BTQFDU GPS UIF TVDDFTT PG PQFO TPVSDF
IBSEXBSF� :BOBNBOESBN BOE 1BODIBM 	����
 OPUFT UIF GPMMPXJOH� i0OF PG UIF CJHHFTU
GBDUPST BJEJOH UIF TVDDFTT PG PQFO TPVSDF TPGUXBSF JT JUT DBQBCJMJUZ GPS NPEVMBSJUZ BOE UIF
BEFRVBUF GPDVT HJWFO UP UIF WBSJPVT NPEVMFT CZ QSPHSBNNFST UIFSFBGUFS� <y> *U JT OFDFT�
TBSZ UP QSPNPUF QBSUJDVMBS QBSUT PG B TZTUFN BOE NBLF UIFN UIF GPDVT PG UIF EFWFMPQNFOU
QSPDFTT TP UIBU EJêFSFOU QFPQMF DBO QVSTVF EJêFSFOU QBSUT CBTFE PO UIFJS EPNBJO LOPXM�
FEHF BOE TLJMMTFU� ɨJT XPVME TIPSUFO UIF MFBSOJOH DVSWF JNQSPWF QSPEVDUJPO UJNF BOE
RVBMJUZ�w ɨF TBNF TFOUJNFOU JT FDIPFE CZ #BBë 	����
� 0OF TIPVME OPU IBWF UP SFJOWFOU
UIF XIFFM CVU SBUIFS iQJDL B UJSF QJDL B TQPLF BOE QJDL B IVC�w� .PEVMBSJUZ BOE JOUFS�
DIBOHFBCJMJUZ BSF POF PG UIF LFZ BTQFDUT UIBU FOBCMF DPMMBCPSBUJPO BOE EBSXJOJBO FWPMVUJPO
JO PQFO IBSEXBSF� 8IJMF UIFSF DFSUBJOMZ BSF QBSBMMFMT XJUI 3BZNPOE�T NPEFM PG EFWFMPQ�
NFOU PQFO TPVSDF IBSEXBSF JT TFQBSBUF JO JUT PXO SJHIU� ɨF RVFTUJPO SFNBJOT� EPFT UIF
CB[BBS NPEFM XPSL JO PQFO TPVSDF IBSEXBSF 

$SFBUJOH TVDDFTTGVM PQFO TPVSDF IBSEXBSF OFDFTTJUBUFT NPSF UIBO NFSFMZ NBLJOH $"% ëMFT
BWBJMBCMF� /PU POMZ JT JU LFZ UP EFTJHO XJUI SFQMJDBUJPO CZ PUIFST JO NJOE HPPE EPDVNFO�
UBUJPO JT FTTFOUJBM JO PSEFS UP TUJNVMBUF CSPBEFS VTF BOE BEBQUBUJPO� :BOBNBOESBN BOE
1BODIBM 	����
 BSHVFT UIBU UIF EPDVNFOUBUJPO OFFET PG PQFO TPVSDF IBSEXBSF HP CFZPOE
XIBU JT OPSNBMMZ PêFSFE CZ PQFO TPVSDF TPGUXBSF QMBUGPSNT TVDI BT (JU)VC� /PU POMZ
EP PQFO IBSEXBSF QSPKFDUT OFFE UP NBOBHF EFTJHO ëMFT CVU BMTP BTTFNCMZ JOTUSVDUJPOT
NBUFSJBM BOE UPPM EPDVNFOUBUJPO BOE NBOVGBDUVSF QSPDFEVSFT� ɨF TIBQF PG B QIZTJDBM
DPNQPOFOU DBO CF DBQUVSFE SFMBUJWFMZ XFMM JO B EJHJUBM ëMF TVDI BT BO 45- ëMF GPS �%
QSJOUJOH� )PXFWFS ,V[OFUTPW BOE 1BVMPT 	����
 TIPX UIBU DBQUVSJOH QIZTJDBM QSPDFTTFT
JT NVDI IBSEFS� 5TFOH BOE 3FTOJDL 	����
 TIPXT UIBU NBOZ PQFO TPVSDF IBSEXBSF QSBD�
UJUJPOFST FYQFSJFODF EFTJHOJOH BOE EPDVNFOUJOH BT UXP EJTUJODU NPEFT� %PDVNFOUJOH DBO
CF FBTJMZ GPSHPUUFO JO UIF QSPDFTT PG EFTJHOJOH BOE EPDVNFOUJOH XIJMF EFTJHOJOH DBO JO�
UFSSVQU UIF ìPX PG UIF EFTJHO QSPDFTT� 5TFOH BOE 3FTOJDL 	����
 OPUF UIBU TPNF DIPPTF
UP DPNQMFUFMZ EJTBTTFNCMF B QSPKFDU BU UIF FOE PG UIF EFTJHO QSPDFTT TP UIBU JU DBO CF
SFBTTFNCMFE BOE EPDVNFOUFE TUFQ�CZ�TUFQ� )PXFWFS UIJT NFUIPE JT POMZ QPTTJCMF GPS
TNBMM QSPKFDUT UIBU DBO CF SFCVJMU FBTJMZ� 'PS MBSHFS BOE NPSF DPNQMFY EFTJHOT UIJT RVJDLMZ
CFDPNFT JOGFBTJCMF�

ɨF BWBJMBCJMJUZ PG BQQSPQSJBUF EFTJHO UPPMT UIBU BSF MPX�DPTU GSFF PS FWFO PQFO TPVSDF JT BO
JNQPSUBOU QSFSFRVJTJUF GPS DSFBUJOH PQFO TPVSDF IBSEXBSF� 8IFSFBT BO PQFO TPVSDF TPGU�
XBSF QSPKFDU NJHIU SFRVJSF B DPNQJMFS UP HP GSPN TPVSDF DPEF UP BO FYFDVUBCMF CJOBSZ PQFO
TPVSDF IBSEXBSF QSPKFDUT SFMZ PO $"% UPPMT UP EFTDSJCF B QIZTJDBM PCKFDU JO B EJHJUBM ëMF�
8F TFF TPGUXBSF UPPMT BT POF PG UIF MJNJUJOH GBDUPST GPS PQFO IBSEXBSF QSPKFDUT� ɨF JEFB PG
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PQFO TPVSDF IJOHFT VQPO DPMMBCPSBUJPO CFUXFFO WPMVOUFFST� .PSF PGUFO UIJT DPMMBCPSBUJPO
UBLFT QMBDF PWFS UIF JOUFSOFU� $POTFRVFOUMZ UPPMT UP NPEJGZ UIF EFTJHO TIPVME CF FBTJMZ
BDDFTTJCMF JO PSEFS GPS B QSPKFDU UP CF TVDDFTTGVM� 6OGPSUVOBUFMZ USBEJUJPOBM $"% TPGUXBSF
GPS NFDIBOJDBM EFTJHO JT QSPIJCJUJWFMZ FYQFOTJWF GPS BNBUFVST IBNQFSJOH UIJT DPMMBCPSB�
UJPO� 5P JMMVTUSBUF NBOZ EFTJHOT XJUIJO UIF 3FQ3BQ QSPKFDU BSF DSFBUFE VTJOH 0QFO4$"%�
ɨJT PQFO TPVSDF UPPM HFOFSBUFT QPMZHPOBM �% NPEFMT GSPN B TDSJQU ëMF EFTDSJCJOH $PO�
TUSVDUJWF 4PMJE (FPNFUSZ 	$4(
 PQFSBUJPOT� 0QFO4$"% BMMPXT GPS QBSBNFUSJD EFTJHOT
TP UIBU DIBOHJOH POF WBSJBCMF 	F�H� UIF TJ[F PG UIF CVJME WPMVNF
 XPVME BVUPNBUJDBMMZ DBVTF
BMM BQQSPQSJBUF DPNQPOFOUT UP CF SFHFOFSBUFE� ɨPVHI QPXFSGVM BOE GSFF UIF TZTUFN JT
DPNQMFY UP VTF�

.PSF SFDFOUMZ OFX NFDIBOJDBM $"% UPPMT IBWF CFDPNF BWBJMBCMF UIPVHI NPTUMZ GSFFXBSF
PêFSJOHT GSPN DPNNFSDJBM DPNQBOJFT BT PQQPTFE UP PQFO TPVSDF TPGUXBSF� 'PS JOTUBODF
"VUPEFTL OPX PêFST B OVNCFS PG GSFF�PG�DIBSHF FBTZ UP VTF $"% BQQMJDBUJPOT VOEFS UIF
���% NPOJLFS� ɨFTF UPPMT JODMVEF B NFTI FEJUPS B QIPUPHSBNNFUSZ UPPM BOE B $4(
UPPM GPS NFDIBOJDBM EFTJHOT� *O BEEJUJPO UP UIFTF NBLFS�DFOUSJD UPPMT UIFZ BMTP PêFS B
DMPVE�CBTFE USBEJUJPOBM NFDIBOJDBM $"% TVJUF GSFF GPS OPO�DPNNFSDJBM VTF� *O BEEJUJPO
PQFO TPVSDF TPGUXBSF PêFSJOHT TVDI BT 'SFF$"% BOE 0QFO4$"% IBWF NBEF HSFBU TUSJEFT
JO UFSNT PG GVODUJPOBMJUZ BOE TUBCJMJUZ� ɨJT JT FWJEFODFE CZ QSPKFDUT TVDI BT (VNNJ"SN
	4UPFMFO FU BM� ����
 B �%�QSJOUFE SPCPU BSN UIBU XBT DPNQMFUFMZ EFTJHOFE JO 'SFF$"%�

4UJMM NBOZ PQFO TPVSDF IBSEXBSF QSPKFDUT o FTQFDJBMMZ DPNQMFY POFT o BSF EFTJHOFE JO
4PMJE8PSLT B QPQVMBS DPNNFSDJBM $"% QBDLBHF� &YBNQMFT JODMVEF 0QFO)BOE 	.B
FU BM� ����
 1PQQZ 	-BQFZSF FU BM� ����
 0ODJMMB 	4QSPFXJU[ FU BM� ����
 0QFO1$3
6MUJNBLFS � BOE 8PPEFO)BQUJDT 	'PSTTMVOE FU BM� ����
� 8F TFF B OVNCFS PG QPUFO�
UJBM FYQMBOBUJPOT GPS UIJT QIFOPNFOPO� 'JSTUMZ JU DPVME CF EVF UP $"% UPPM iJOFSUJBw
XIFSF DVSSFOU QSPKFDUT XJMM DPOUJOVF UP VTF UIF TPGUXBSF UIFZ BSF VTJOH BOE TJNQMZ OPU
FOPVHI UJNF IBT QBTTFE GPS OFX QSPKFDUT UP CF TUBSUFE VTJOH OFX GSFF TPGUXBSF� " TFD�
POE FYQMBOBUJPO XPVME CF UIBU NBOZ QSPKFDUT PSJHJOBUF GSPN VOJWFSTJUJFT BOE DPNQBOJFT
XIFSF SFTFBSDIFST IBWF BDDFTT UP FYQFOTJWF $"% TPGUXBSF� " UIJSE SFBTPO DPVME CF UIBU
GSFF QBDLBHFT UIBU BSF NPTU JO MJOF XJUI USBEJUJPOBM NFDIBOJDBM $"% 	J�F� 'VTJPO��� BOE
0O4IBQF
 BSF DMPVE�CBTFE NFBOJOH UIBU ëMFT BSF SFTUSJDUFE UP B �SE QBSUZ TFSWFS BOE DBO�
OPU CF TZODISPOJ[FE UP POMJOF SFQPTJUPSJFT� $MPVE�CBTFE UPPMT BMTP IBWF UIF EPXOTJEF
PG NBLJOH B QSPKFDU EFQFOEFOU PO BO FYUFSOBM DPNQBOZ XIJDI DPVME QSPWF QSPCMFNBUJD
TIPVME UIF DPNQBOZ FWFS EFDJEF UP DIBOHF TUPQ PS DIBSHF GPS UIFJS QSPEVDU� *O BOZ DBTF
BQQSPQSJBUF EFTJHO UPPMT GPS PQFO TPVSDF IBSEXBSF QSPKFDUT BSF SBQJEMZ FWPMWJOH BOE XJMM
NPTU MJLFMZ DPOUJOVF UP EP TP� *U XJMM CF JOUFSFTUJOH UP TFF UIF JNQBDU PG UIFTF OFX UPPMT
PO PQFO TPVSDF IBSEXBSF JO HFOFSBM�

0QFO TPVSDF IBSEXBSF QSPKFDUT PSJHJOBUF GSPN NBOZ EJêFSFOU TPVSDFT� GSPN BNBUFVST
GSPN BDBEFNJB GSPN DPNNFSDJBM DPNQBOJFT� 1SPKFDUT UIBU ëOE UIFJS PSJHJOT JO BDBEFNJB
UZQJDBMMZ UFOE UP USBOTJUJPO UP TQJOPê DPNQBOJFT� JU DBO CF EJïDVMU UP GPDVT PO QSPEVDU
EFWFMPQNFOU 	BT PQQPTFE UP QVSF SFTFBSDI
 XJUIJO UIF GSBNFXPSL PG B VOJWFSTJUZ� "SEVJOP
	*OUFSBDUJPO %FTJHO *OTUJUVUF *WSFB %� "� .FMMJT *HPF FU BM� ����
 3FQ3BQ 	6OJWFSTJUZ PG
#BUI +POFT FU BM� ����
 BOE .BLFZ .BLFZ 	.*5 +� 4JMWFS FU BM� ����
 BMM PSJHJOBUF GSPN
BDBEFNJB BOE MBUFS USBOTJUJPOFE UP JOEFQFOEFOU DPNQBOJFT�
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ɨPNQTPO 	����
 EFTDSJCFT TPNF PG UIF SFBTPOT XIZ "SEVJOP DIPTF UP SFNBJO PQFO TPVSDF
BT B DPNQBOZ�

t *EFBMJTN� PQFO TPVSDJOH TUJNVMBUFT DPQJFT UIFSFCZ TQSFBEJOH UIF QSPEVDU BOE MFBE�
JOH UP XJEFS BEPQUJPO�

t "O PQFO "SEVJOP JOTQJSFT NPSF JOUFSFTU BOE NPSF GSFF QVCMJDJUZ UIBO JU XPVME IBWF
JG JU XFSF QSPQSJFUBSZ�

t *U FOBCMFT FOUIVTJBTUT UP IBDL UIF CPBSE� *NQSPWFNFOUT GSPN UIF DPNNVOJUZ DBO
CF JODPSQPSBUFE JOUP UIF QSPEVDU�

"T B DPNQBOZ UIF DIBMMFOHF JT IPX UP CF PQFO CVU TUJMM HFOFSBUF B QSPëU� *OUVJUJWFMZ POF
XPVME UIJOL UIBU HJWJOH BMM EFTJHO ëMFT BXBZ GPS GSFF XPVME CF EFUSJNFOUBM UP CVTJOFTT� "G�
UFS BMM ZPV IBWF UBLFO UIF SJTL UP EFWFMPQ B QSPEVDU BOE ZPV BSF JOWJUJOH PUIFS DPNQBOJFT
UP DPQZ ZPV� ɨPNQTPO 	����
 JEFOUJëFT UXP TUSBUFHJFT GPS 04)8 DPNQBOJFT�

�� %PO�U XPSSZ BCPVU TFMMJOH B QSPEVDU TFMM ZPVS FYQFSUJTF JOTUFBE� "T UIF PSJHJOBM
DSFBUPS UIF QSPEVDU�T DPNNVOJUZ XJMM OBUVSBMMZ EFWFMPQ HSPX BSPVOE ZPV HJWJOH
ZPV BO FEHF PO LOPXMFEHF�

�� 4UBZ BIFBE PG UIF DPNQFUJUJPO CZ JOOPWBUJOH GBTUFS BOE CZ PêFSJOH B IJHIFS�RVBMJUZ
QSPEVDU� ɨPNQTPO NFOUJPOT� i.FSFMZ IBWJOH UIF TQFDT GPS B QSPEVDU EPFTO�U NFBO
B DPQZDBU XJMM NBLF B RVBMJUZ JUFN�w

4UJMM DPNNFSDJBM 04)8 JT TUJMM B WFSZ OFX CVTJOFTT NPEFM BOE DPNQBOJFT BSF TUJMM FYQFS�
JNFOUJOH XJUI EJêFSFOU NFUIPET UP TUBZ QSPëUBCMF� 'PS JOTUBODF BMM "SEVJOP EFTJHOT BSF
PQFO CVU UIF OBNF "SEVJOP JUTFMG JT QSPUFDUFE� "T ;JNNFSNBOO 	���� Q� ���
 SFNBSLT�
i#SBOET JO PQFO TPVSDF IBSEXBSF BSF BT JNQPSUBOU BT UIFZ BSF GPS CVTJOFTTFT XJUI DMPTFE
TPVSDF PS QBUFOUFE IBSEXBSF�w� ɨF 04)8 BQQSPBDI PG "SEVJOP QSPUFDUJOH UIFJS CSBOE
OBNF WJB B USBEFNBSL o XIJMF TPNFXIBU DPOUSPWFSTJBM BU UIF UJNF 	%� "� .FMMJT ���� Q�
���
 o IBT QSPWFO RVJUF TVDDFTTGVM BOE IBT CFFO DPQJFE CZ PUIFS DPNQBOJFT�

.BLFSCPU *OEVTUSJFT o POF PG UIF QPTUFS DIJME DPNQBOJFT XJUIJO UIF �% QSJOUJOH XPSME
o PSJHJOBMMZ TUBSUFE BT BO PQFO IBSEXBSF DPNQBOZ BOE FOKPZFE DPOTJEFSBCMF BNPVOUT PG
TVDDFTT� *O ���� UIFZ PQUFE UP USBOTJUJPO UP B DMPTFE QSPQSJFUBSZ CVTJOFTT NPEFM DJUJOH
QSFTTVSF GSPN $IJOFTF DMPOFT 	1FUUJT ����
� ɨF EFDJTJPO MFE UP DPOTJEFSBCMF DSJUJDJTN
GSPN UIF DPNNVOJUZ� 4JODF UIFO UIF DPNQBOZ XBT CPVHIU CZ JOEVTUSZ HJBOU 4USBUBTZT
CVU GBDFE EJTBQQPJOUJOH TBMFT ëHVSFT MFBEJOH UP B MBZPê PG ��� PG JUT TUBê 	#JHHT ����
�
.BLFSCPU�T DPNQFUJUPS 6MUJNBLFS IBT SFNBJOFE PQFO TPVSDF� )PXFWFS UIF SFMFBTF PG
TPVSDF ëMFT JT EFMBZFE CZ TFWFSBM NPOUIT BMMPXJOH UIF DPNQBOZ UJNF UP SFDVQFSBUF UIFJS
JOWFTUNFOUT�

"T B ëOBM QPJOU PG OVBODF JU TIPVME CF OPUFE UIBU IBSEXBSF JT iPQFOw CZ EFGBVMU 	(JCC
���� Q� ��
� 6OMJLF TPGUXBSF XIJDI GBMMT VOEFS DPQZSJHIU JOWFOUJPOT DBO POMZ CF QSP�
UFDUFE VTJOH 	DPTUMZ
 QBUFOUT� 6OMFTT QBUFOUFE BOZPOF JT GSFF UP SFWFSTF FOHJOFFS BO FYJTUJOH
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1. INTRODUCTION

QSPEVDU BOE CSJOH JU UP NBSLFU� ɨF MFHBM GSBNFXPSL PG PQFO TPVSDF IBSEXBSF MJDFOTFT JT
NPSF DPNQMFY UIBO NFFUT UIF FZF� 0QFO TPVSDF IBSEXBSF MJDFOTFT BSF CVJMU VQPO DPQZ�
SJHIU MBX� $POTFRVFOUMZ TVDI MJDFOTFT DPWFS POMZ UIF SFGFSFODF EFTJHOT BOE OPU UIF PCKFDU
JUTFMG 	ɨPNQTPO ����
�

1.1.3 HACKING PARADIGM

5P UIF MBZQFSTPO UIF XPSE iIBDLJOHw VTVBMMZ JOWPLFT UIF NFOUBM JNBHF PG B DSJNJOBM CSFBL�
JOH JOUP B DPNQVUFS TZTUFN XJUI UIF QVSQPTF PG TUFBMJOH EBUB PS JOUFSSVQUJOH TFSWJDF� )PX�
FWFS UIF UFSN IBT B NVDI SJDIFS NFBOJOH BOE IJTUPSZ CFZPOE JUT DZCFSDSJNJOBMJUZ DPOOP�
UBUJPO� 0MEFS EFëOJUJPOT PG IBDLJOH EP OPU IBWF UIF DPOOPUBUJPO PG NBMJDJPVT JOUFOU BOE
JOTUFBE GPDVT PO DMFWFSOFTT QMBZGVMOFTT BOE UFDIOJDBM BDDPNQMJTINFOU� 'PS JOTUBODF .*5
IBT B SJDI IJTUPSZ PG TUVEFOUT PSHBOJTJOH JOOPDFOU QSBOLT XJUI B IJHI EFHSFF PG UFDIOJDBM
DIBMMFOHF TVDI QSBOLT BSF DBMMFE IBDLT 	1FUFSTPO ����
�

*O PVS XPSL XF JOUFSQSFU UIF XPSE IBDLJOH BT MFWFSBHJOH FYJTUJOH FYJTUJOH SFTPVSDFT BOE
NPEJGZJOH PS BQQSPQSJBUJOH UIFN UP TFSWF BO VOJOUFOEFE QVSQPTF PGUFO JO BO VOFYQFDUFE
PS DMFWFS GBTIJPO 	TFF "� 8JMMJBNT FU BM� 	����
 GPS B TJNJMBS EFëOJUJPO
� 1BSBEJTP FU BM�
	����
 BOE #� )BSUNBOO FU BM� 	����
 JEFOUJGZ UISFF VOEFSMZJOH NPUJWBUJPOT GPS TVDI B
QSPDFTT�

t )BDLJOH JT VTFE UP PWFSDPNF SFTPVSDF MJNJUBUJPOT BOE TIPSU EFBEMJOFT� SFBQQSPQSJ�
BUJOH BO FYJTUJOH EFTJHO JT DIFBQFS UIBO DSFBUJOH B OFX EFTJHO GSPN UIF HSPVOE VQ�

t )BDLJOH BMMPXT JEFBT UP CF ìFTIFE PVU CFGPSF UIFZ BSF BEWBODFE FOPVHI UP NFSJU
GPSNBM EFWFMPQNFOU�

t )BDLJOH TFSWFT BT B TPVSDF PG JOTQJSBUJPO BOE CZ GSFRVFOUMZ FOHBHJOH JO IBDLJOH
BDUJWJUJFT EFTJHOFST CVJME VQ B NFOUBM EBUBCBTF PG TPMVUJPOT�

)BSEXBSF IBDLJOH IBT CFDPNF JODSFBTJOHMZ EJïDVMU EVF UP DPOUJOVJOH FêPSUT PG NJOJB�
UVSJ[BUJPO BVUPNBUJPO BOE SPCPUJ[BUJPO JO UIF NBOVGBDUVSJOH JOEVTUSZ 	1BSBEJTP FU BM�
����
� ɨJT JT FWJEFODFE CZ UIF EFDSFBTJOH TJ[F PG FMFDUSPOJD DPNQPOFOUT� SFTJTUPST PG
�.� NN × �.� NN BSF OPX SPVUJOFMZ VTFE JO QSPEVDUT� $VSSFOU USFOET JO DPOTVNFS QSPE�
VDUT JODMVEF VTJOH HMVF JOTUFBE PG TDSFXT UP LFFQ IPVTJOHT DMPTFE BOE SFQBJSJOH CSPLFO
QSPEVDUT JT CFJOH BDUJWFMZ EJTDPVSBHFE CZ TPNF DPNQBOJFT� 4UJMM IBSEXBSF IBDLJOH IBT
TFFO B SFTVSHFODF JO SFDFOU ZFBST EVF UP JOUFSOFU DVMUVSF BOE UIF SJTF PG PQFO TPVSDF IBSE�
XBSF DPNNVOJUJFT 	1BSBEJTP FU BM� ����
�

"O JOUFSFTUJOH FYBNQMF JT UIF QIFOPNFOPO PG *,&" IBDLJOH 	3PTOFS ����
� 8IJMF IBDL�
FST XPSL BMPOF JOTUSVDUJPOT GPS UIFJS IBDLFE GVSOJUVSF JT TIBSFE POMJOF� ɨJT JT NBEF
QPTTJCMF CZ UIF GBDU UIBU *,&" QSPEVDUT BSF HMPCBMMZ BWBJMBCMF GVMëMMJOH B QSFSFRVJTJUF PG
B SFQSPEVDJCMF EFTJHO� *O UIF BSUJDMF POF PG JOUFSWJFXFE *,&" IBDLFST BMTP OPUFE UIF
GPMMPXJOH� iCFJOH JOFYQFOTJWF NFBOT *,&" QSPEVDUT BSF OPU UIPVHIU PG BT iQSFDJPVTw TP JU�T
QTZDIPMPHJDBMMZ BOE íOBODJBMMZ FBTJFS UP UJOLFS XJUI UIFN�w
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)VNBO�$PNQVUFS *OUFSBDUJPO 	)$*
 SFTFBSDI JUTFMG IBT B SJDI IBDLJOH IJTUPSZ� "T "�
8JMMJBNT FU BM� 	����
 OPUFT NPTU EFWFMPQNFOU BOE JNQMFNFOUBUJPO BDUJWJUJFT JO JOUFS�
BDUJPO SFTFBSDI DBO CF TVNNBSJ[FE BT IBDLJOH� ɨJT JT VOTVSQSJTJOH BT EFWFMPQNFOU JO
BDBEFNJD SFTFBSDI JT UZQJDBMMZ MJNJUFE UP CVJME B XPSLJOH QSPPG PG DPODFQU BOE OPU UP EF�
TJHO B GVMMZ�ëOJTIFE QSPEVDU� )FSF IBDLJOH JT B WBMVBCMF NFUIPE DPOTJEFSJOH UIF QSFTTVSF
UP NFFU EFBEMJOFT BOE UIF CVEHFU MJNJUT GPS QSPUPUZQJOH�

"T B ëOBM QPJOU IBDLJOH BT BO BDUJWJUZ JO JUTFMG JT BMTP B QPJOU PG TUVEZ CPUI JO UIFPSZ
BOE JO QSBDUJDF� 'PS JOTUBODF 7PO )JQQFM BOE 1BSBEJTP 	����
 MJOL IBDLJOH UP MFBE VTFS
JOOPWBUJPO GSPN B UIFPSFUJDBM QFSTQFDUJWF� #Z DPOUSBTU ;BQQJ BOE "� .D1IFSTPO 	����

BQQMZ IBDLJOH JO UIF GPSN PG DJSDVJU CFOEJOH BT BO JOUFHSBM EFTJHO BTQFDU PG B OPWFM NVTJDBM
JOTUSVNFOU�

1.1.4 MAKER MOVEMENT

ɨF NBLFS NPWFNFOU JT B OBNF GPS UIF DPOUFNQPSBSZ USFOE PG %*: SFWJWBM� ɨF NPWFNFOU
JT DMPTFMZ BTTPDJBUFE XJUI .BLF .BHB[JOF BOE UIFJS .BLFS 'BJSFT� %BMF %PVHIFSUZ POF PG
UIF LFZ ëHVSFT PG .BLF .BHB[JOF TUBUFT UIBU UIF NBHB[JOF CFHBO iXJUI UIF PCTFSWBUJPO
UIBU QFPQMF XFSF IBDLJOH QIZTJDBM UIJOHT BHBJOw 	%PVHIFSUZ ����
� 4FDUJPO ����� FYQMBJOT
UIF CBDLHSPVOE PG IBDLJOH JO %*:� 1SFWJPVT TFDUJPOT TIPX UIBU UIJT SJTF JO iQIZTJDBM IBDL�
JOHw JT NBEF QPTTJCMF MBSHFMZ EVF UP UIF FNFSHFODF PG PQFO TPVSDF IBSEXBSF� )BDLJOH
DPNNFSDJBM QSPEVDUT IBT CFDPNF NVDI IBSEFS EVF UP UIF FWFS�JODSFBTJOH DPNQMFYJUZ BOE
NJOJBUVSJ[BUJPO PG DPOTVNFS QSPEVDUT�

#BTFE PO UIJT JOTJHIU %PVHIFSUZ BO FYFDVUJWF BU 0�3FJMMZ NFEJB 	B QVCMJTIFS PG UFDIOJ�
DBM NBOVBMT BOE QSPHSBNNJOH CPPLT
 EFDJEFE UP MBVODI B OFX NBHB[JOF JO ����� ɨF
NBHB[JOF XPVME ESBX JOTQJSBUJPO GSPN NJE���UI DFOUVSZ UJOLFSJOH NBHB[JOFT PG TVDI BT
1PQVMBS .FDIBOJDT 	%PVHIFSUZ ����
� ɨF XPSE iNBLFSw XBT DIPTFO CFDBVTF UIF UFSN JT
CSPBE BOE WFSZ SFMBUBCMF� /PU NBOZ QFPQMF JEFOUJGZ XJUI XPSET TVDI BT JOWFOUPS PS IBDLFS�
0O UIF PUIFS IBOE BT %PVHIFSUZ 	����
 OPUFT FWFSZPOF JT B NBLFS PG TPNFUIJOH CF JU
DPPLJOH HBSEFOJOH PS LOJUUJOH� " ZFBS MBUFS JO ���� .BLF .BHB[JOF PSHBOJ[FE UIF ëSTU
.BLFS 'BJSF JO 4BO .BUFP $BMJGPSOJB� ɨF .BLFS 'BJSF XBT DPODFJWFE BT TPSU PG TIPX�
BOE�UFMM FWFOU XIFSF NBLFST DPVME NFFU POF�BOPUIFS UP EFNPOTUSBUF BOE EJTDVTT UIFJS
XPSL 	%PVHIFSUZ ����
� 4JODF UIFO IVOESFET PG .BLFS 'BJSFT BOE NJOJ .BLFS 'BJSFT
IBWF CFFO PSHBOJ[FE XPSMEXJEF�

ɨF NBLFS NPWFNFOU TIBSFT NBOZ DIBSBDUFSJTUJDT XJUI PMEFS %*: USFOET� .PTU JNQPS�
UBOUMZ UIFTF USFOET FNQIBTJ[F CVJMEJOH QIZTJDBM PCKFDUT� )PXFWFS UIF NBLFS NPWFNFOU
BMTP IBT B OVNCFS PG DIBSBDUFSJTUJDT UIBU XFSF OPU QSPNJOFOU JO UIF QSFDFEJOH USFOET�
)BUDI 	����
 BSHVFT UIBU JO BEEJUJPO UP NBLJOH UIF NPWFNFOU BMTP DFMFCSBUFT WBMVFT
TVDI BT TIBSJOH DPMMBCPSBUJPO FEVDBUJPO DPNNVOJUZ BOE FOUSFQSFOFVSJBMJTN�

ɨF JOUFSOFU IBT IBE B USFNFOEPVT JNQBDU PO UIF NBLFS NPWFNFOU� *U PêFST BO BDDFT�
TJCMF NFEJVN UP TIBSF POF�T XPSL XJUI UIF XPSME BOE JU GBDJMJUBUFT DPMMBCPSBUJPO XJUIPVU
QIZTJDBMMZ NFFUJOH� .BOZ POMJOF DPNNVOJUJFT FYJTU FBDI XJUI UIFJS PXO TQFDJëD GPDVT�
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&YBNQMFT JODMVEF *OTUSVDUBCMFT BO JOTUSVDUJPO TIBSJOH XFCTJUF� &UTZ B NBSLFUQMBDF GPS
IPNFNBEF JUFNT� BOE 3BWFMSZ B DPNNVOJUZ GPS LOJUUFST BOE DSPDIFUFST 	,V[OFUTPW BOE
1BVMPT ����
� 0OMJOF QMBUGPSNT HSFBUMZ GBDJMJUBUFT DPMMBCPSBUJPO FTQFDJBMMZ XIFO EFBMJOH
XJUI OJDIF QSPKFDUT XIFSF POF NJHIU OPU ëOE DPMMBCPSBUPST DMPTFCZ�

*U JT OPUBCMF UIBU TIBSJOH BOE DPMMBCPSBUJPO EPFT OPU TPMFMZ UBLF QMBDF POMJOF� *O BEEJ�
UJPO UP UIF BGPSFNFOUJPOFE .BLFS 'BJSFT SFDFOU ZFBST IBWF BMTP CFFO NBSLFE CZ UIF SJTF
PG 'BC-BCT NBLFSTQBDFT BOE IBDLFSTQBDFT XIJDI TFSWF BT MPDBM DPNNVOJUZ IVCT GPS
NBLFS DVMUVSF� 'BC-BCT BSF QVCMJDMZ BDDFTTJCMF TQBDFT XIFSF UPPMT TVDI BT MBTFS DVUUFST �%
QSJOUFST BOE $PNQVUFS /VNFSJD $POUSPM 	$/$
 NBDIJOFT BSF NBEF BWBJMBCMF� 'BC-BCT
VTVBMMZ DIBSHF B NFNCFSTIJQ GFF TJNJMBS UP B HZN NFNCFSTIJQ UIPVHI NBOZ BSF PQFO UP
UIF HFOFSBM QVCMJD PO TFMFDU NPNFOUT� ɨF ëSTU 'BC-BC XBT TUBSUFE NPSF UIBO UFO ZFBST
BHP BT BO PêTIPPU GSPN .*5�T $FOUSF GPS #JUT BOE "UPNT BT B XBZ UP FNQPXFS VTFST UP
iNBLF BMNPTU BOZUIJOHw 	/� "� (FSTIFOGFME ����� .PTUFSU�7BO %FS 4BS FU BM� ����
� "T
PG ���� UIF 'BC 'PVOEBUJPO MJTUT ��� 'BC-BCT XPSMEXJEF TQSFBE PWFS ëWF DPOUJOFOUT��

.BOZ 'BC-BCT TFSWF B SPMF JO 4DJFODF 5FDIOPMPHZ &OHJOFFSJOH BOE .BUI 	45&.
 FE�
VDBUJPO BOE PVUSFBDI� 5SPYMFS 	����
 TIPXT UIBU UXP PVU PG UISFF 'BC-BCT BSF MJOLFE UP
FEVDBUJPOBM JOTUJUVUJPOT TVDI BT VOJWFSTJUJFT BOE DPMMFHFT� #MJLTUFJO 	����B
 ESBXT QBSBM�
MFMT CFUXFFO UIF FWPMVUJPO PG QSPHSBNNJOH JO FEVDBUJPO BOE UIBU PG EFTJHO�FOHJOFFSJOH
JO FEVDBUJPO� i8IBU -PHP EJE GPS HFPNFUSZ BOE QSPHSBNNJOH o CSJOHJOH DPNQMFY NBUI�
FNBUJDT XJUIJO UIF SFBDI PG TDIPPMDIJMESFO o GBCSJDBUJPO MBCT DBO EP GPS EFTJHO BOE FOHJ�
OFFSJOH� %JHJUBM GBCSJDBUJPO JT -PHP GPS BUPNT�w #MJLTUFJO BMTP QPJOUT PVU UIBU 45&. TLJMMT
BSF RVJDLMZ CFDPNJOH B OFX GPSN PG MJUFSBDZ EVF UP UIF FWPMWJOH OFFET PG TPDJFUZ 	#MJL�
TUFJO ����B
� .PTUFSU�7BO %FS 4BS FU BM� 	����
 BSHVF GPS UIF QMBDF PG 'BC-BCT JO IJHIFS
FEVDBUJPO XJUI EFTJHO FEVDBUJPO JO QBSUJDVMBS� ɨF SFTFBSDIFST TIPX UIBU 'BC-BC FOWJSPO�
NFOUT FOBCMF SBQJE EFTJHO JUFSBUJPOT PG QIZTJDBM BSUJGBDUT NBLF B DPNQBSJTPO UP UIF BHJMF
NFUIPE JO TPGUXBSF EFWFMPQNFOU BOE BSHVF UIBU JUFSBUJPOT BSF FTTFOUJBM JO VTFS�DFOUFSFE
EFTJHO� 'VSUIFSNPSF 'BC-BCT FOBCMF EFTJHO TUVEFOUT UP HP CFZPOE QVSFMZ NFDIBOJDBM
QSPUPUZQFT DSFBUJOH PQQPSUVOJUJFT GPS JODPSQPSBUJOH NJDSPFMFDUSPOJDT BOE QSPHSBNNJOH
JOUP QSPEVDU QSPUPUZQFT� .BSUJO 	����
 TIPXT UIBU UIF NBLFS NPWFNFOU JT OPU POMZ
WBMVBCMF GPS IJHIFS FEVDBUJPO CVU BMTP IPMET NBOZ PQQPSUVOJUJFT XJUIJO ,��� FEVDBUJPO�
NBLFS�DFOUSJD BDUJWJUJFT NFTI XFMM XJUI OFX DVSSJDVMBS HPBMT BOE UIF BDU PG NBLJOH IBT BO
JNQPSUBOU USBOTGPSNBUJWF BOE FNQPXFSJOH EJNFOTJPO� 'JOBMMZ NBOZ TUVEFOUT FYQFSJFODF
NBLJOH BT JOUSJOTJDBMMZ QMFBTVSBCMF BDUJWJUZ BOE UIJT JOUSJOTJD NPUJWBUJPO GPS FEVDBUJPO JT
B GBDUPS UIBU JT MBDLJOH JO USBEJUJPOBM FEVDBUJPO 	)POFZ BOE ,BOUFS ����
�

*O ǲF .BLFS .BOJGFTUP )BUDI 	����
 SFDPVOUT NBOZ TUPSJFT PG IPX 5FDI4IPQT o BOE
UIF NBLFS NPWFNFOU CZ FYUFOTJPO o IBWF ESBNBUJDBMMZ MPXFSFE UIF CBSSJFS PG DSFBUJOH BOE
DPNNFSDJBMJ[JOH B QIZTJDBM QSPEVDU� )BUDI TVNNBSJ[FT UIBU JO UIF QBTU POF XPVME OFFE
BO JOWFTUPS UP EFWFMPQ B QSPEVDU EVF UP UIF MBSHF BNPVOUT PG DBQJUBM SFRVJSFE� 8JUI UIF
SJTF PG UIF NBLFS NPWFNFOU TNBMM QSPEVDUT DBO CF EFWFMPQFE GPS VOEFS ����� EJTQPTBCMF
NPOFZ� )BUDI DPODMVEFT UIBU UIF NBLFS NPWFNFOU IBT USFNFOEPVT FDPOPNJDBM WBMVF
CFDBVTF JU BMMPXT EJTQPTBCMF JODPNF BT PQQPTFE UP JOWFTUNFOU DBQJUBM UP CF VTFE UP DSFBUF
OFX CVTJOFTTFT�

�#//+Γχχ222Α!��'��.Α$*χ'��.
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1. INTRODUCTION

Fig. 1.3 Model of long tail economics. Adopted from Anderson (2008).

" TJNJMBS TFOUJNFOU JT FDIPFE CZ "OEFSTPO JO IJT CPPL i.BLFST� UIF OFX JOEVTUSJBM SFWP�
MVUJPOw 	����
� "OEFSTPO GSBNFT FOUSFQSFOFVSJBMJTN XJUIJO UIF NBLFS NPWFNFOU BT BO
FYBNQMF PG MPOH UBJM FDPOPNJDT 	ëH� ���
 B NPEFM XIJDI IF QSFWJPVTMZ JOUSPEVDFE BT BO
FYQMBOBUJPO GPS UIF TVDDFTT PG JOUFSOFU DPNQBOJFT TVDI BT UIF POMJOF CPPL SFUBJMFS "NB[PO
BOE UIF NVTJD TUSFBNJOH TFSWJDF 4QPUJGZ 	"OEFSTPO ����
�

ɨF MPOH UBJM NPEFM TUBUFT UIBU OFX CVTJOFTT NPEFMT BSF GPDVTJOH PO TFSWJOH NBOZ EJêFSFOU
TNBMM OJDIF NBSLFUT JOTUFBE PG TFSWJOH GFX QPQVMBS NBSLFUT 	"OEFSTPO ����
� "O "NB[PO
FNQMPZFF TVNNBSJ[FT UIF QIFOPNFOPO BT GPMMPXT� i8F TPME NPSF CPPLT UPEBZ UIBU EJEO�U
TFMM BU BMM ZFTUFSEBZ UIBO XF TPME UPEBZ PG BMM UIF CPPLT UIBU EJE TFMM ZFTUFSEBZ�w *O PUIFS
XPSET UIF NBKPSJUZ PG "NB[PO�T SFWFOVF EJE OPU DPNF GSPN CFTUTFMMFST CVU SBUIFS GSPN
UIFJS FOPSNPVT DBUBMPH PG PCTDVSF CPPLT� ɨF JOUFSOFU JT B NBKPS GBDUPS IFSF� XIFSFBT
USBEJUJPOBM CPPL TUPSF IBWF POMZ TP NVDI TIFMG TQBDF BWBJMBCMF UIF WJSUVBM TIFMG TQBDF PG BO
POMJOF SFUBJMFS JT VOMJNJUFE� *O IJT CPPL "OEFSTPO 	����
 HJWFT NBOZ NPSF FYBNQMFT PG
TVDDFTTGVM MPOH UBJM DPNQBOJFT� .VTJD TFSWJDFT TVDI BT J5VOFT BOE 4QPUJGZ DBO PêFS B WBTU
NVTJD DBUBMPH BU OFHMJHJCMF DPTU XIFSFBT B USBEJUJPOBM $% TUPSF DBO POMZ PêFS UIF NPTU
QPQVMBS NVTJD GPS TBMF� (PPHMF NBLFT NPTU PG JUT BEWFSUJTJOH SFWFOVF GSPN NBOZ TNBMM BE
DBNQBJHOT UBSHFUFE BU TQFDJëD VTFS HSPVQT� &CBZ PêFST JUT VTFST B NBSLFUQMBDF GPS UIF NPTU
VOVTVBM PCKFDUT BOE NPTU PG UIF HPPET TPME PO &CBZ DBOOPU CF GPVOE BU CJH USBEJUJPOBM
SFUBJMFST�

"OEFSTPO 	����
 BOE )BUDI 	����
 QPJOU BU UIF NBLFS NPWFNFOU BT POF PG UIF FOBCMFST
PG UIF MPOH UBJM FDPOPNJDT JO IBSEXBSF� 8IFO NBOVGBDUVSJOH POF XJEHFU JT BT FïDJFOU BT
NBOVGBDUVSJOH B IVOESFE UBSHFUJOH OFX OJDIF NBSLFUT CFDPNFT GFBTJCMF� ɨJT JT UIF DBTF
XJUI NBOZ EJHJUBM NBOVGBDUVSJOH UFDIOPMPHJFT� #FDBVTF UIFSF JT OP UPPMJOH JOWPMWFE UIFTF
UFDIOPMPHJFT BSF JEFBMMZ TVJUFE GPS TNBMM�TDBMF NBOVGBDUVSJOH� "OEFSTPO 	����
 BSHVFT UIBU
EJHJUBM NBOVGBDUVSJOH JT B EJTSVQUJWF UFDIOPMPHZ� XIFSFBT MPOH UBJM FDPOPNJDT PG EJHJUBM
HPPET XBT FOBCMFE CZ UIF JOUFSOFU UIF MPOH UBJM PG UIJOHT XJMM CF FOBCMFE CZ DIFBQ BOE
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1. INTRODUCTION

VCJRVJUPVT EJHJUBM NBOVGBDUVSJOH UFDIOPMPHJFT�

1.1.5 DIY IN RESEARCH

%P�JU�ZPVSTFMG IBT B SJDI IJTUPSZ PG BDBEFNJD JOWFTUJHBUJPO� 1BSUJDVMBSMZ JO UIF ëFME PG
IVNBO�DPNQVUFS JOUFSBDUJPO %*: JT GFBUVSFE QSPNJOFOUMZ� 1FSIBQT UIJT NBZ CF FY�
QMBJOFE CZ UIF ëFME�T UJFT XJUI IBDLFS DVMUVSF� "DBEFNJDT IBWF BQQSPBDIFE UIF UPQJD CPUI
GSPN B UIFPSFUJDBM QFSTQFDUJWF BT XFMM BT GSPN B QSBDUJDBM TJEF� 1SFWJPVT TFDUJPOT IBWF BM�
SFBEZ UPVDIFE VQPO UIF JOUFSQMBZ PG SFTFBSDI BOE IBDLJOH PQFO TPVSDF IBSEXBSF BOE UIF
NBLFS NPWFNFOU� ɨJT TFDUJPO XJMM FYQBOE VQPO UIJT UPQJD XJUI BEEJUJPOBM TPVSDFT UIBU
XFSF JOìVFOUJBM JO PVS XPSL�

"MSFBEZ JO ���� 7PO )JQQFM 	)JQQFM ����� )JQQFM BOE ,BU[ ����
 IJOUFE BU UIF JO�
OPWBUJPO QPUFOUJBM PG VTFS UPPMLJUT JO OJDIF BQQMJDBUJPO BSFBT BOE iNBSLFUT PG POFw� 7PO
)JQQFM EFTDSJCFT UIF DIBMMFOHF PG JOOPWBUJOH JO UFSNT PG iTUJDLZw JOGPSNBUJPO� JOGPSNBUJPO
UIBU JT EJïDVMU BOE DPTUMZ UP USBOTGFS GSPN UIF VTFS UP UIF EFTJHOFS� 'PS FYBNQMF JO UIF
DPOUFYU PG SPCPU�BTTJTUFE UIFSBQZ B UIFSBQJTU 	UIF VTFS
 NJHIU CF XFMM BXBSF PG XIBU SPCPU
BTQFDUT 	FNCPEJNFOU BOE GVODUJPOBMJUJFT
 BSF JNQPSUBOU UP B TQFDJëD QBUJFOU� " SPCPUJDJTU
IPXFWFS XPVME OPU CF BXBSF PG BMM UIFTF BTQFDUT� "T 7PO )JQQFM FYQMBJOT UPPMLJUT QSPWJEF
B XBZ UP CSJEHF UIJT BTZNNFUSZ PG JOGPSNBUJPO� JU NBLFT TFOTF UP HJWF VTFST UIF UPPMT UP
CVJME UIFJS PXO TPMVUJPOT JOTUFBE PG EFTJHOJOH B TPMVUJPO GPS UIFN�

8JUIJO UIF ëFME PG )$* UIFSF BMSFBEZ FYJTUT B MBSHF CPEZ PG XPSL PO UPPMLJUT 	#EFJS �����
$IVOH FU BM� ����� %JFU[ FU BM� ����� 0I BOE (SPTT ����� 4JNPO FU BM� ����
� "T
TIPXO CZ %� "� .FMMJT +BDPCZ FU BM� 	����
 USBEJUJPOBM UPPMLJUT EP TVêFS GSPN B OVNCFS
PG ESBXCBDLT� VTFST BSF MJNJUFE UP UIF TFU PG NPEVMFT UIBU UIF EFTJHOFST PG UIF UPPMLJU
IBWF QSPWJEFE� 'VSUIFSNPSF UIF TIBQF PG UIF NPEVMFT JNQPTFT B DPOTUSBJOU PO UIF TIBQF
BOE BFTUIFUJDT PG UIF BSUJGBDUT EFTJHOFE XJUI UIF UPPMLJU� *OTUFBE 	%� "� .FMMJT +BDPCZ
FU BM� ����
 QSPQPTF iVOUPPMLJUTw BT B QPUFOUJBM BOTXFS� UPPMLJUT UIBU BSF JOUFSQSFUFE NPSF
BT B EFTJHO NFUIPE SBUIFS UIBO B ëYFE TFU PG CVJMEJOH CMPDLT� &YBNQMFT PG VOUPPMLJUT
JODMVEF 	#PVDIBSE FU BM� ����� .FHBSP FU BM� ����� %� "� .FMMJT +BDPCZ FU BM� �����
ɨPNBT[FXTLJ FU BM� ����
� :FU BOPUIFS BQQSPBDI JT UP EFTJHO BO BSUJGBDU XJUI UIF TQFDJëD
JOUFOU PG CFJOH NPEJëFE CZ UIF FOE VTFS� &YBNQMFT PG TVDI IBDLBCMF EFWJDFT JODMVEF
	'PSTTMVOE FU BM� ����� %� "� .FMMJT BOE #VFDIMFZ ����� ;BQQJ BOE "� .D1IFSTPO ����
�

4UJMM NPEVMBSJUZ JO UPPMLJUT TIPVME CF JOUFSQSFUFE BT B TQFDUSVN XJUI HFOFSJD VOJWFSTBMMZ�
BQQMJDBCMF NPEVMFT BU POF FYUSFNF BOE QSFTDSJQUJWF TQFDJBMJ[FE NPEVMFT BU UIF PUIFS FOE�
ɨF HFOFSJD BQQSPBDI BMMPXT B UPPMLJU UP CF VTFE JO B XJEFS SBOHF PG TJUVBUJPOT BU UIF DPTU
PG CFJOH NPSF EJïDVMU BOE UJNF�DPOTVNJOH UP VTF� 1SFTDSJQUJWF NPEVMFT PO UIF PUIFS
IBOE BSF FBTZ UP VTF UIPVHI NPSF MJNJUFE� *U JT JNQPTTJCMF UP JEFOUJGZ B TJOHMF DPSSFDU
QPTJUJPO JO UIJT TQFDUSVN BT UIF BOTXFS JT VMUJNBUFMZ IJHIMZ EFQFOEFOU PO DPOUFYU VTFS
BOE BQQMJDBUJPO� $POTFRVFOUMZ UIF BQQSPQSJBUF CBMBODF TIPVME CF EFUFSNJOFE GPS FBDI
UPPMLJU JOEFQFOEFOUMZ�

5BOHJCMF JOUFSBDUJPO SFTFBSDI TFSWFE BT B WBMVBCMF TPVSDF PG JOTQJSBUJPO GPS PVS PXO XPSL�
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1. INTRODUCTION

0OF QSPNJOFOU FYBNQMF JT UIF XPSL PG +� 4� 4JMWFS� UIF %SBXEJP BOE UIF .BLFZ .BLFZ
	����
� 4JMWFS�T XPSL CFBST TJNJMBSJUJFT UP .FMMJT� DPODFQU PG VOUPPMLJUT UIPVHI 4JMWFS
GSBNFT UIF JEFB BT iJNQSPWJTFE JOUFSGBDFTw BT MFOTFT XIJDI MFU ZPV TFF UIF XPSME BT B UPPMLJU�
ɨF ëSTU FYBNQMF o UIF %SBXEJP� o DPOTJTUT PG B TJNQMF DJSDVJU NPVOUFE UP B QFODJM UIBU
HFOFSBUFT TPVOE CBTFE PO SFTJTUBODF� #FDBVTF UIF HSBQIJUF JOTJEF B QFODJM JT FMFDUSJDBMMZ
DPOEVDUJWF B VTFS DBO DSFBUF NVTJD CZ ESBXJOH� ɨF TFDPOE EFWJDF o UIF .BLFZ .BLFZ�

o MFUT VTFST UVSO BOZ DPOEVDUJWF PCKFDU TVDI BT B CBOBOB PS B CMPC PG 1MBZ�%PI JOUP B
LFZCPBSE CVUUPO BMMPXJOH VTFST UP SBQJEMZ DSFBUF OFX DPNQVUFS JOUFSGBDFT� 8JUI CPUI PG
UIFTF FYBNQMFT TJNQMF UPPMT BSF VTFE UP EFTJHO SJDI UBOHJCMF JOUFSGBDFT XJUIPVU UIF OFFE
GPS QSPHSBNNJOH� ɨF TZTUFN�T MJNJUBUJPOT TFSWF BT B TPVSDF PG JOTQJSBUJPO GPS VTFST�

'JOBMMZ XF SFNBSL UIBU UIFSF JT B EFFQ BOE SJDI IJTUPSZ PG %*: XJUIJO BDBEFNJB� ɨJT JT
OPU TVSQSJTJOH UISPVHIPVU IJTUPSZ TDJFOUJTUT IBWF CFFO SFTQPOTJCMF GPS DPOTUSVDUJOH UIFJS
PXO UPPMT UP GVSUIFS UIFJS SFTFBSDI� ɨJOL PG IPX (BMJMFP VTFE TFMG�CVJMU UFMFTDPQFT UP
EJTDPWFS UIF NPPOT PG +VQJUFS PS IPX 7BO -FFVXFOIPFL�T NJDSPTDPQF MFBE UP UIF EJTDPWFSZ
PG CBDUFSJB� ɨF USBEJUJPO DPOUJOVFT UP UIJT EBZ BOE BT "� 8JMMJBNT FU BM� 	����
 OPUF
SFTFBSDIFST BSF FTTFOUJBMMZ IBDLFST BU IFBSU� &WFO OPX UIF BGPSFNFOUJPOFE USFOET PG %*:
IBDLJOH BOE UIF NBLFS NPWFNFOU BSF FNCSBDFE CZ BDBEFNJDT BT B NFDIBOJTN GPS UIF
EFNPDSBUJ[BUJPO PG SFTFBSDI BOE JOWFOUJPO� 5BLJOH UIJT POF TUFQ GVSUIFS IBT MFBE UP UIF
DJUJ[FO TDJFODF NPWFNFOU 	1BVMPT FU BM� ����� 1IJMMJQT FU BM� ����
 BT XFMM BT UIF QVTI
GPS PQFO TPVSDF MBC FRVJQNFOU 	)FSSNBOO FU BM� ����� 1FBSDF ����� 1FBSDF ����
�

1.2 LEARNING & CREATIVITY

ɨJT TFDUJPO MPPLT BU MFBSOJOH JO JUT CSPBEFS DPOUFYU� ɨF UFSN iMFBSOJOHw JT PGUFO BTTPDJBUFE
XJUI TDIPPMT BOE PUIFS JOTUJUVUJPOT GPS FEVDBUJPO IPXFWFS JU JT B QBSU PG PVS EBJMZ MJWFT�
.PEFSOT TPDJFUZ SFRVJSFT VT UP DPOUJOVBMMZ MFBSO� -FBSOJOH DBO CF GPSNBM PS JOGPSNBM
TUVEFOU�UFBDIFS PS TFMG�QBDFE� &WFO OPX BT UFDIOPMPHZ QFSNFBUFT FWFSZ BTQFDU PG PVS
EBJMZ MJWFT MJGF�MPOH MFBSOJOH CFDPNFT BO FWFS�JNQPSUBOU TLJMM� ɨJT TFDUJPO EFUBJMT UIF
JOìVFODFT PG MFBSOJOH BOE DSFBUJWJUZ UIBU XFSF JNQPSUBOU PWFS UIF DPVSTF PG UIJT QSPKFDU�

1.2.1 STEM EDUCATION

*O SFDFOU ZFBST XFTUFSO QPMJDZ IBT CFFO DIBSBDUFSJ[FE CZ BO FNQIBTJT PO USBOTJUJPOJOH
UPXBSE LOPXMFEHF�CBTFE FDPOPNJFT� *O ���� UIF &VSPQFBO 6OJPO TJHOFE B QPMJDZ QMBO
DBMMFE UIF -JTCPO "HFOEB BJNJOH UP NBLF UIF &6 iUIF NPTU DPNQFUJUJWF BOE EZOBNJD
LOPXMFEHF�CBTFE FDPOPNZ JO UIF XPSME DBQBCMF PG TVTUBJOBCMF FDPOPNJD HSPXUI XJUI
NPSF BOE CFUUFS KPCT BOE HSFBUFS TPDJBM DPIFTJPOw 	&6 ����
� ɨJT XBT GPMMPXFE CZ UIF
&VSPQF ���� TUSBUFHZ JO ���� XIJDI MJTUT JOWFTUJOH �� PG UIF HSPTT EPNFTUJD QSPEVDU JO
SFTFBSDI BOE EFWFMPQNFOU BT POF PG UIF NBJO QPMJDZ UBSHFUT 	&6 ����
�

�#//+Γχχ222Α�-�2�$*Α�*(
�#//+Γχχ222Α(�& 4(�& 4Α�*(
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1. INTRODUCTION

)PXFWFS BT XFTUFSO TPDJFUJFT PSJFOU UIFNTFMWFT UIF QSPCMFN PG JOTVïDJFOU TDJFODF BOE
UFDIOPMPHZ QSPGFTTJPOBMT JT FYBDFSCBUFE� 'PS JOTUBODF JO 'MBOEFST UIFSF JT BO FOPSNPVT
JNCBMBODF JO UIF KPC NBSLFU GPS FOHJOFFST XJUI EFNBOE FYDFFEJOH UIF OVNCFS PG FOHJ�
OFFST CZ B SBUJP PG BQQSPYJNBUFMZ GPVS UP POF 	7%"# ����
� ɨF QSPCMFN JT OPU MJNJUFE UP
FOHJOFFSJOH EFHSFFT CVU FYUFOET UP B XJEF TQFDUSVN PG TDJFOUJëD UFDIOJDBM BOE UFDIOPMPH�
JDBM KPCT� ɨF UFSN 45&. o BO BDSPOZN TUBOEJOH GPS 4DJFODF 5FDIOPMPHZ &OHJOFFSJOH
.BUI o JT PGUFO VTFE UP TVNNBSJ[F UIFTF LOPXMFEHF EPNBJOT�

*O UIF QBTU UFO ZFBST UIFSF IBT CFFO BO FYQMJDJU GPDVT PO 45&. FEVDBUJPO JO XFTUFSO
DPVOUSJFT TVDI BT #FMHJVN� )PXFWFS UIJT QPMJDZ GPDVT JT OPU KVTU ESJWFO CZ UIF OFFE GPS
QFPQMF XJUI 45&. EFHSFFT JO UIF KPC NBSLFU� ɨF JOUFOEFE SFBDI GPS UIJT QPMJDZ DIBOHF
JT NVDI CSPBEFS� ɨF GPDVT PO 45&. TLJMMT JT ESJWFO CZ B TPDJFUZ JO XIJDI UFDIOPMPHZ
UBLFT BO JODSFBTJOHMZ TJHOJëDBOU SPMF JO FWFSZEBZ MJGF 	4DINJEU BOE $PIFO ����
� ɨJT
EPFT OPU POMZ SFTVMU JO B IJHI EFNBOE GPS 45&. TLJMMT PO UIF KPC NBSLFU JU BMTP NFBOT
UIBU UFDIOPMPHJDBM MJUFSBDZ JT JODSFBTJOHMZ CFDPNJOH B OFDFTTBSZ MJGF TLJMM GPS FWFSZPOF� ɨJT
EJTUJODUJPO JT BMTP SFìFDUFE JO B QPMJDZ TUBUFNFOU GSPN UIF 3PZBM 'MFNJTI "DBEFNZ PG
#FMHJVN GPS 4DJFODF BOE "SUT 	7FSFUFOOJDPê FU BM� ����
�

4UJNVMBUJOH 45&. MJUFSBDZ BOE JOUFSFTU JO TUVEFOUT GSPN EFWFMPQFE DPVOUSJFT JT OPU BT
TUSBJHIUGPSXBSE BT JU TFFNT� ɨF 304& QSPKFDU 	4DISFJOFS BOE 4K�CFSH ����
 SFWFBMFE B
OVNCFS PG JOUFSFTUJOH EJNFOTJPOT UPXBSE UIF QSPCMFN PG TDJFODF BOE UFDIOPMPHZ FEVDB�
UJPO� 5P CFHJO TUVEFOUT GSPN CPUI EFWFMPQFE BOE EFWFMPQJOH DPVOUSJFT UZQJDBMMZ BHSFF
UIBU TDJFODF BOE UFDIOPMPHZ NBLF MJGF CFUUFS� )PXFWFS UIF TUVEZ SFWFBMFE BO JOUFSFTUJOH
QBSBEPY� UIF NPSF EFWFMPQFE B OBUJPO JT UIF MFTT TUVEFOUT BSF JOUFSFTUFE JO TDJFODF BOE
UFDIOPMPHZ DMBTT UPQJDT BOE UIF MFTT JOUFSFTUFE UIFZ BSF JO QVSTVJOH 45&. DBSFFST� ɨF
TUVEZ BMTP SFWFBMFE SFNBSLBCMF HFOEFS EJêFSFODFT� 0WFSBMM HJSMT BSF NVDI MFTT JODMJOFE UP
TIPX JOUFSFTU JO TDJFODF BOE UFDIOPMPHZ� *OUFSFTU JO EJêFSFOU UPQJDT XJUIJO 45&. BMTP
TIPX B TUSPOH JOìVFODF PG HFOEFS� HJSMT BSF NPSF JOUFSFTUFE JO UPQJDT TVDI BT IFBMUI BOE
FOWJSPONFOU XIFSFBT CPZT BSF NPSF JODMJOFE UPXBSE UPQJDT TVDI BT NFDIBOJDT BOE FMFD�
USJDJUZ�

" EJTUJODUJPO TIPVME CF NBEF JO DVSSFOU FêPSUT JO UFDIOPMPHZ FEVDBUJPO� UIFSF JT B EJG�
GFSFODF CFUXFFO UFDIOPMPHJDBM MJUFSBDZ 	JNQPSUBOU GPS FWFSZPOF
 BOE UFDIOPMPHJDBM DPNQF�
UFODF 	JNQPSUBOU UP EP ZPVS KPC
 	#MJLTUFJO ����B
� ɨF ëSTU HPBM UFDIOPMPHJDBM MJUFSBDZ
DBO CF TVNNBSJ[FE BT UIF CBTJD LOPXMFEHF PG UIF UFDIOPMPHJDBM QSJODJQMFT UIBU HPWFSO
PVS EBJMZ MJWFT� "T UFDIOPMPHZ JT CFDPNJOH JODSFBTJOHMZ VCJRVJUPVT BOE QFSNFBUFT BMM BT�
QFDUT PG PVS MJWFT JU JT JNQPSUBOU GPS FWFSZPOF UP IBWF CBTJD UFDIOJDBM TLJMMT 	1FBSTPO BOE
:PVOH ����
� ɨF TFDPOE HPBM UFDIOPMPHJDBM DPNQFUFODF SFGFST UP UIF TLJMMT PG QSPGFT�
TJPOBMT UP NBOJQVMBUF UFDIOPMPHZ UP TVJU B TQFDJëD QVSQPTF� 5FDIOPMPHJDBM DPNQFUFODF
SFGFST UP UIF TLJMMT UIBU BSF SFRVJSFE UP EP POF�T KPC� /PU BMM KPCT SFRVJSF UFDIOPMPHJDBM
DPNQFUFODF UIPVHI UIF KPC NBSLFU IBT B MBSHF EFNBOE GPS TVDI QSPëMFT� 0OF DIBMMFOHF
SFNBJOT QSFWBMFOU JO FOHJOFFSJOH BOE UFDIOPMPHZ FEVDBUJPO� LOPXMFEHF FWPMWFT TP RVJDLMZ
UIBU UIF TQFDJëD EPNBJO LOPXMFEHF POF MFBSOT JO TDIPPM DBO CFDPNF PVUEBUFE CZ UIF UJNF
POF HSBEVBUFT� )FODF UIF JNQPSUBODF PG MFBSOJOH IPX UP MFBSO BOE OPU KVTU NFNPSJ[JOH
TQFDJëD GBDUT�

.PSF SFDFOUMZ FEVDBUPST IBWF CFHVO UP BSHVF UIBU UIF BDSPOZN 45&. TIPVME CF SFQMBDFE
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1. INTRODUCTION

CZ 45&".� ɨF " SFGFSSJOH UP BSUT FNQIBTJ[FT UIF JNQPSUBODF PG DSFBUJWJUZ� .BFEB
	����
 BSHVFT UIBU USVF JOOPWBUJPO POMZ IBQQFOT XIFO DPOWFSHFOU UIJOLJOH JT DPNCJOFE
XJUI EJWFSHFOU UIJOLJOH BOE UIBU TDJFODF BOE BSUT XPSL CFUUFS UPHFUIFS UIBO UIFZ EP BQBSU�
1JSP 	����
 BSHVFT UIBU BSU SFQSFTFOUT B TJ[BCMF QPSUJPO PG UIF 6OJUFE 4UBUFT FDPOPNZ
BOE UIBU BSUJTUJD JOWPMWFNFOU EJSFDUMZ MFBET UP CFUUFS QSPëDJFODZ JO DSFBUJWJUZ DPMMBCPSB�
UJPO DPNNVOJDBUJPO BOE DSJUJDBM UIJOLJOH o BMM UPVUFE BT IBMMNBSL ��TU�DFOUVSZ TLJMMT�
&RVBMMZ JNQPSUBOU JT UIBU BSUT JOTUSVDUJPO FNQIBTJ[FT UIBU QSPCMFNT DBO IBWF NBOZ TPMV�
UJPOT B OVBODF UIBU JT PGUFO PWFSMPPLFE JO DPOWFOUJPOBM FEVDBUJPO� +� 8� #FRVFUUF BOE
.� #� #FRVFUUF 	����
 BSHVF UIBU BSU FEVDBUJPO TIPVME CF CSPBEFS UIBO BSU FP JQTP BOE UIBU
GVODUJPOBM BSU TVDI BT QSPEVDU EFTJHO BOE HSBQIJD EFTJHO DPVME CF JODPSQPSBUFE JO UIF
DVSSJDVMVN PG 45&". FEVDBUJPO� ɨFZ BMTP BSHVF GPS UIF TJNJMBSJUJFT CFUXFFO BSUT BOE
FOHJOFFSJOH FEVDBUJPO� CPUI BSF CPSO GSPN JMM�EFëOFE SFBM�XPSME QSPCMFNT BOE CPUI
UPQJDT MFOE UIFNTFMWFT XFMM UP QSPCMFN�CBTFE MFBSOJOH BQQSPBDIFT� "T FWJEFODFE CZ UIF
QSFDFEJOH QBSBHSBQIT 45&". DPWFST B XJEF CSFBEUI PG TLJMMT UPQJDT BOE EJTDJQMJOFT� *O
UIF SFTU PG UIJT XPSL XF GPDVT JO QBSUJDVMBS PO JODPSQPSBUJOH FMFNFOUT PG UFDIOPMPHZ 	5 

FOHJOFFSJOH 	&
 BOE BSU 	"
 FEVDBUJPO JOUP PVS XPSL�

1.2.1.1 METHODS

4UVEJFT TIPX UIBU DFSUBJO UFBDIJOH TUSBUFHJFT DBO CF VTFE UP GPTUFS 45&. QBSUJDJQBUJPO BOE
BDIJFWFNFOU� 5SBEJUJPOBMMZ 45&. UPQJDT BSF UBVHIU JO DMBTTSPPNT VTJOH BO FY�DBUIFESB
JOTUSVDUJPOJTU BQQSPBDI XIFSF UIF UFBDIFS JOUSPEVDFT OFX LOPXMFEHF BOE UIF TUVEFOUT MJT�
UFO BOE GPMMPX� )PXFWFS 1SJODF 	����
 TIPXT UIBU TXJUDIJOH GSPN B USBEJUJPOBM FEVDBUJPO
BQQSPBDI UP BOZ GPSN PG BDUJWF MFBSOJOH MFBET UP B CFUUFS MFBSOJOH PVUDPNF JO FOHJOFFSJOH
FEVDBUJPO� 4JNJMBS FêFDUT BSF EFNPOTUSBUFE CZ )BLF 	����
 XIP BOBMZ[FE UIF FêFDUT
PG JOUFSBDUJWF FOHBHFNFOU JO QIZTJDT FEVDBUJPO MFBET UP BO JODSFBTF PG ���� JO MFBSOJOH
PVUDPNFT�

0OF PG UIF NPTU QSPNJOFOU QFEBHPHJD NFUIPEPMPHJFT XJUIJO 45&. FEVDBUJPO JT DPOTUSVD�
UJPOJTN BT JOUSPEVDFE CZ 4FZNPVS 1BQFSU JO IJT TFNJOBM XPSL .JOETUPSNT� $IJMESFO $PN�
QVUFST BOE 1PXFSGVM *EFBT 	1BQFSU ����
� "T NFOUJPOFE FBSMJFS POF PG UIF QSFEPNJOBOU
NPEFT PG UFBDIJOH VTFE JO TDIPPMT BSF JOTUSVDUJPOJTU NFUIPET� *O UIJT GPSNBU PG UFBDIJOH
UIFSF JT B DMFBS EJTUJODUJPO CFUXFFO UIF UFBDIFS TFSWJOH BT UIF QSPWJEFS PG LOPXMFEHF BOE
TUVEFOUT BT UIF SFDJQJFOUT� 1BQFSU 	����
 JOUSPEVDFT DPOTUSVDUJPOJTN BT BO BMUFSOBUJWF UP
UIJT BQQSPBDI�

$POTUSVDUJPOJTN JT CBTFE PO UIF DPOTUSVDUJWJTU UIFPSZ UIBU iMFBSOFST DPOTUSVDU NFOUBM NPE�
FMT UP VOEFSTUBOE UIF XPSME BSPVOE UIFNw� $POTUSVDUJPOJTN JT B TUVEFOU�DFOUSJD BQQSPBDI
XIFSF TUVEFOUT VTF LOPXMFEHF UIFZ BMSFBEZ QPTTFTT UP BDRVJSF OFX LOPXMFEHF� ɨF BQ�
QSPBDI FNQIBTJ[FT UIBU MFBSOJOH IBQQFOT NPTU FêFDUJWFMZ XIFO JU JT DPOOFDUFE UP NBLJOH
UBOHJCMF PCKFDUT UIPVHI UIF BQQSPBDI JT EFTDSJCFE BT NVDI EFFQFS UIBO B TJNQMF MFBSO�CZ�
NBLJOH GPSNVMB 	1BQFSU BOE )BSFM ����
� *O FTTFODF JOTUSVDUJPOJTN DBO CF TVNNBSJ[FE
BT UIF iUSBOTGFS PG LOPXMFEHF UP TUVEFOUTw XIFSFBT DPOTUSVDUJWJTN BOE DPOTUSVDUJPOJTN
FOUBJM UIF iQSPEVDUJPO PG LOPXMFEHF CZ TUVEFOUTw� ɨPVHI SFNBSLJOH VQPO UIF JSPOZ PG
HJWJOH B EFëOJUJPO PG DPOTUSVDUJPOJTN 	1BQFSU BOE )BSFM ����
 1BQFSU PêFST UIF GPMMPX�
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JOH EFTDSJQUJPO 	1BQFSU ����
�

iǲF XPSE DPOTUSVDUJPOJTN JT B NOFNPOJD GPS UXP BTQFDUT PG UIF UIFPSZ PG TDJFODF
FEVDBUJPO VOEFSMZJOH UIJT QSPKFDU� 'SPN DPOTUSVDUJWJTU UIFPSJFT PG QTZDIPMPHZ XF
UBLF B WJFX PG MFBSOJOH BT B SFDPOTUSVDUJPO SBUIFS UIBO BT B USBOTNJTTJPO PG LOPXM�
FEHF� ǲFO XF FYUFOE UIF JEFB PG NBOJQVMBUJWF NBUFSJBMT UP UIF JEFB UIBU MFBSOJOH
JT NPTU FìFDUJWF XIFO QBSU PG BO BDUJWJUZ UIF MFBSOFS FYQFSJFODFT BT DPOTUSVDUJOH B
NFBOJOHGVM QSPEVDU�w

ɨF XPSL PG 1BQFSU JT DFOUFSFE BSPVOE VTJOH DPNQVUFST BT B NFEJVN GPS FEVDBUJPO UIPVHI
DPNQVUFST BSF OPU B QSFSFRVJTJUF UP DPOTUSVDUJPOJTN BOE UIFZ BSF BMTP OPU UIF POMZ WJBCMF
NFEJVN� iDPNQVUFST ëHVSF TP QSPNJOFOUMZ POMZ CFDBVTF UIFZ QSPWJEF BO FTQFDJBMMZ XJEF
SBOHF PG FYDFMMFOU DPOUFYUT GPS DPOTUSVDUJPOJTU MFBSOJOHw 	1BQFSU BOE )BSFM ����
� 8JUIJO
UIF GSBNFXPSL PG 1BQFSU�T SFTFBSDI -PHP 	B QSPHSBNNJOH MBOHVBHF EFTJHOFE GPS DIJMESFO

BOE 5VSUMF HSBQIJDT 	B UPPM GPS VTJOH QSPHSBNNJOH UP NBLF JNBHFT
 XFSF EFWFMPQFE� 1BQFSU
MJLFOFE UIF QSPDFTT PG MFBSOJOH -PHP UP MJWJOH JO iNBUIMBOEw� JU JT BT OBUVSBM UP MFBSO NBUI
UIJT XBZ BT JU JT OBUVSBM UP MFBSO 'SFODI XIJMF MJWJOH JO 'SBODF�

ɨF XFMM�LOPXO -&(0 .JOETUPSNT SPCPUJDT LJUT BSF BMTP OBNFE JO SFGFSFODF PG 1BQFS�T
CPPL UIPVHI UIF QSPKFDU XBT PSJHJOBMMZ DBMMFE -&(0�-PHP� 3FDFOU ZFBST IBWF CFFO
NBSLFE CZ UIF FNFSHFODF PG OFX NFEJB UIBU JT FTQFDJBMMZ BQQSPQSJBUF GPS DPOTUSVDUJPO�
JTUJD MFBSOJOH� ɨF XPSL PG #MJLTUFJO JEFOUJëFT EJHJUBM GBCSJDBUJPO 	#MJLTUFJO ����B
 BOE
SPCPUJDT BOE QIZTJDBM DPNQVUJOH 	#MJLTUFJO ����C
 BT FTQFDJBMMZ QSPNJTJOH NFEJB GPS BQ�
QMZJOH DPOTUSVDUJPOJTU BQQSPBDIFT JO 45&". FEVDBUJPO�

"OPUIFS OPWFM UFBDIJOH QBSBEJHN GPS 45&. FEVDBUJPO JT DBMMFE 1SPKFDU�#BTFE -FBSOJOH
	1#-
� *O UIJT TUVEFOU�DFOUSJD QFEBHPHZ TUVEFOUT MFBSO BCPVU B UPQJD CZ FYQMPSJOH B DFSUBJO
PQFO�FOEFE QSPCMFN� 'PSUVT BOE ,SBKDJL 	����
 BSHVF UIBU USBEJUJPOBM TDJFODF FEVDBUJPO
JT CVJMU VQPO XFMM�EFëOFE QSPCMFNT TVDI BT QSFEJDUJOH UIF JEFBM USBKFDUPSZ PG B QSPKFD�
UJMF� 0O UIF PUIFS IBOE TDJFODF JO QSBDUJDF JT QSFEPNJOBOUMZ PDDVQJFE XJUI JMM�EFëOFE
QSPCMFNT XIFSF iEFDJTJPOT BSF OPU DMFBS�DVU XIFSF SFRVJSFNFOUT DBO DPOìJDU XIFSF PQUJ�
NJ[BUJPO SBUIFS UIBO �QSPPG � JT OFFEFEw 	'PSUVT BOE ,SBKDJL ����
�

*O 45&. ëFMET JO QBSUJDVMBS UIJT NFUIPE JT HBJOJOH USBDUJPO� FYBNQMFT JODMVEF 	'PSUVT
BOE ,SBKDJL ����� ,PMPEOFS BOE $BNQ ����� 4� .D1IFSTPO ����� 3PDLMBOE FU BM�
����� 5ÚSOLWJTU ����
� "T UFDIOPMPHZ JT FWPMWJOH BU BO FWFS�JODSFBTJOH QBDF JU JT OP
MPOHFS TVïDJFOU UP KVTU CF BCMF UP NFNPSJ[F BOE SFQSPEVDF GBDUVBM LOPXMFEHF� *OTUFBE B
EFFQFS VOEFSTUBOEJOH PG LOPXMFEHF BOE UIF BCJMJUZ UP BQQMZ LOPXMFEHF BOE TLJMMT JO B SFBM
XPSME DPOUFYU BSF CFDPNJOH JODSFBTJOHMZ JNQPSUBOU� *U JT UIFTF BTQFDUT JO QBSUJDVMBS UIBU
UIF 1#- BQQSPBDI FYDFMT BU 	$BQSBSP FU BM� ����
�

#VJMEJOH SPCPUT JT B QPQVMBS QSPKFDU DIPJDF GPS UIF JNQMFNFOUBUJPO PG 1#- JO DMBTTSPPNT�
ɨF SFBTPO XIZ JU JT TVDI B QPQVMBS DIPJDF DBO CF FYQMBJOFE CZ UIF JOUFSEJTDJQMJOBSZ OB�
UVSF PG UIF UPQJD� SPCPUJDT SFRVJSFT NBOZ EJêFSFOU TDJFOUJëD UFDIOJDBM BOE UFDIOPMPHJDBM
TLJMMT TVDI BT QIZTJDT FMFDUSPOJDT NBUIFNBUJDT BOE QSPHSBNNJOH� *U JT BO JEFBM TVCKFDU CF�
DBVTF TP NBOZ EJêFSFOU DPVSTFT DBO CF MJOLFE UP JU 	+PIOTPO ����
� "EEJUJPOBMMZ SPCPUT
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1. INTRODUCTION

UIFNTFMWFT DBQUVSF UIF JNBHJOBUJPO PG DIJMESFO BOE UFFOBHFST QSPWJEJOH JOTQJSBUJPO BOE
NPUJWBUJPO 	+PIOTPO ����
�

ɨF 1#- BQQSPBDI JO HFOFSBM BOE UIF VTF PG SPCPUJDT JO FEVDBUJPO JO QBSUJDVMBS IBWF B
OVNCFS PG PUIFS EJêFSFODFT XJUI NPSF USBEJUJPOBM XBZT PG UFBDIJOH� 8IFSFBT NBUI QSPC�
MFNT UZQJDBMMZ IBWF POF BOE POMZ POF DPSSFDU BOTXFS 1#- FNQIBTJ[FT UIBU NPTU SFBM XPSME
QSPCMFNT IBWF NBOZ EJêFSFOU TPMVUJPOT� 8JUI 1#- TUVEFOUT MFBSO UP EFBM XJUI UIFTF SFBM
XPSME QSPCMFNT VTJOH DSFBUJWF QSPCMFN TPMWJOH BO JNQPSUBOU SFBM�MJGF TLJMM� *O BEEJUJPO
UP UFDIOJDBM TLJMMT 1#- BMTP BMMPXT UIF TUVEFOUT UP MFBSO JNQPSUBOU TPDJBM TLJMMT TVDI BT
DPNNVOJDBUJPO MFBEFSTIJQ QMBOOJOH BOE DPPQFSBUJPO 	#FMM ����
�

1.2.1.2 CHALLENGES

ɨPVHI UIFTF OPWFM UFBDIJOH BQQSPBDIFT TIPX HSFBU QSPNJTF UIFZ BSF OPU XJUIPVU UIFJS
DIBMMFOHFT� )JTUPSJDBMMZ FOHJOFFSJOH FEVDBUJPO IBT TIJGUFE GSPN QSPGFTTJPOBM FOHJOFFS UP
UIF TDJFOUJëD FOHJOFFS PWFS UIF ZFBST 	5SZHHWBTPO BOE "QFMJBO ����
� ɨFPSFUJDBM DMBTTFT
IBWF XPO PVU PWFS UIF NPSF FYQFOTJWF FOHJOFFSJOH MBCT BOE EFTJHO DMBTTFT 	'FJTFM BOE
3PTB ����
� )PXFWFS UXP JOìVFODFT IBWF CFHVO UP SFWFSTF UIJT USFOE� 	�
 BT JU UVSOT
PVU HSBEVBUFT BSF OPU QSFQBSFE GPS SFBM FOHJOFFSJOH XPSL 	�
 QSPUPUZQJOH FRVJQNFOU
IBT CFDPNF ESBNBUJDBMMZ DIFBQFS DSFBUJOH QSPUPUZQFT DBO OPX IBQQFO JO EBZT JOTUFBE PG
NPOUIT 	#MJLTUFJO ����B
�

&WFO UIPVHI BDUJWF UFBDIJOH NFUIPET BSF TMPXMZ TUBSUJOH UP HBJO B GPPUIPME JO 45&.
FEVDBUJPO UIF VOEFSMZJOH JTTVFT UIBU IBWF MFBE UP UIF TDJFOUJíD FOHJOFFS SFNBJO B DIBMMFOHF�
"DUJWF UFBDIJOH BQQSPBDIFT BSF NPSF DPTUMZ UIBO JOTUSVDUJPOJTU BQQSPBDIFT� UIFZ SFRVJSF
NPSF UFBDIFS UJNF BOE USBJOJOH UIFZ SFRVJSF TNBMMFS DMBTT HSPVQT BOE UIFZ SFRVJSF NPSF
FRVJQNFOU BOE JOGSBTUSVDUVSF�

$POTUSVDUJWJTU BOE DPOTUSVDUJPOJTU UFBDIJOH BQQSPBDIFT BMTP IBWF GBS�SFBDIJOH FêFDUT PO
DMBTTSPPN EZOBNJDT� 8IFO TXJUDIJOH GSPN XFMM�EFëOFE DMBTTSPPN QSPCMFNT UP JMM�EFëOFE
PQFO�FOEFE QSPCMFNT UIF UFBDIFS OFFET UP BTTVNF B OFX SPMF� UIF SPMF PG B NFOUPS PS
DPBDI� .BOZ UFBDIFST BSF VOBDDVTUPNFE UP UIJT OFX SPMF� ɨF PQFO�FOEFE OBUVSF PG
TVDI BDUJWF UFBDIJOH BQQSPBDIFT NFBO UIBU UIFSF JT B WFSZ SFBM DIBODF UIBU TUVEFOUT XJMM
IBWF RVFTUJPOT UIBU B UFBDIFS DBOOPU BOTXFS� "HBJO UIJT JT OPU UIF DBTF XJUI USBEJUJPOBM
UFBDIJOH XIFSF UIF UFBDIFS DBO SFBTPOBCMZ FYQFDU UP CF BCMF UP BOTXFS BMM RVFTUJPOT GSPN
TUVEFOUT�

8IJMF VTJOH SPCPUJDT GPS 1#- PêFST B QSPNJTJOH BMUFSOBUJWF UP UIF USBEJUJPOBM UFBDIJOH
NFUIPET JNQMFNFOUJOH UIJT PO B MBSHF TDBMF JO FEVDBUJPO QPTFT TFWFSBM DIBMMFOHFT� .BUBSJD
FU BM� 	����
 TVNT VQ ëWF CJH DIBMMFOHFT�

�� -BDL PG UFBDIFS UJNF�

�� -BDL PG UFBDIFS USBJOJOH�

�� -BDL PG BHF�TVJUBCMF BDBEFNJD NBUFSJBMT�
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�� -BDL PG SFBEZ�GPS�VTF MFTTPO NBUFSJBMT�

�� -BDL PG B SBOHF PG BêPSEBCMF SPCPUJDT QMBUGPSNT�

&TQFDJBMMZ UIF DPTU SFNBJOT B CBSSJFS JO UIF JNQMFNFOUBUJPO PG SPCPUJDT JO FEVDBUJPO 	(PO[BMF[�
(PNF[ FU BM� ����� +PIOTPO ����� .BUBSJD FU BM� ����� .POEBEB FU BM� ����� 3JPKBT
FU BM� ����
� 4DIFMMZ FU BM� 	����
 BSHVF UIBU BT B HFOFSBM SVMF 45&. FEVDBUJPO JT NPSF
DPTUMZ UIBO USBEJUJPOBM FEVDBUJPO BOE UIF USFOE PG EFDSFBTJOH CVEHFUT GPS FEVDBUJPO DPN�
CJOFE XJUI UIF SJTJOH DPTUT PG MBC FRVJQNFOU MFBET UP B QSFDBSJPVT TJUVBUJPO GPS 45&.
FEVDBUJPO�

#FTJEFT UIFTF DIBMMFOHFT HFOEFS JTTVFT SFNBJO SFMFWBOU JO UIF DPOUFYU PG UFDIOPMPHZ FEV�
DBUJPO� 1SFTFOUMZ QPQVMBS 45&. UPQJDT TVDI BT SPCPUJDT BOE PUIFS UFDIOPMPHJDBM IPCCJFT
BSF VTVBMMZ BTTPDJBUFE XJUI CPZT BT EJTDVTTFE JO UIF 304& QSPKFDU 	4DISFJOFS BOE 4K�CFSH
����
� (JSMT BSF PGUFO TVCUMZ EJTDPVSBHFE BOE UPME UP QVSTVF PUIFS JOUFSFTUT 	.PEJ FU BM�
����
� "T B SFTVMU XPNFO BSF VOEFSSFQSFTFOUFE JO 45&.�SFMBUFE ëFMET� 4UVEJFT IBWF
TIPXO UIBU XIJMF HJSMT XJMM OPU BMXBZT GPDVT PO UIF TBNF BTQFDUT PG CVJMEJOH SPCPUT BT CPZT
UIFZ TIPX KVTU BT NVDI JOUFSFTU JO UIF UPQJD 	+PIOTPO ����
� $POTFRVFOUMZ SPCPUJDT o JG
QSPQFSMZ BQQSPBDIFE o DBO TFSWF BT B XBZ UP JODSFBTF UIF OVNCFS PG XPNFO JO UFDIOJDBM
BOE UFDIOPMPHJDBM ëFMET 	4� )BSUNBOO FU BM� ����
�

1.2.2 ROBOT KITS AS LEARNING MATERIAL

"T UPVDIFE VQPO JO UIF QSFWJPVT TFDUJPO UIF UPQJD PG SPCPUJDT JT GSFRVFOUMZ DIPTFO CZ
UFBDIFST BT UIF TVCKFDU PG 45&.�GPDVTFE 1#-� ɨF SFBTPO GPS UIJT JT PCWJPVT� BT #FOJUUJ
	����
 BOE +PIOTPO 	����
 TIPX UFBDIJOH SPCPUJDT JT B WFSZ FêFDUJWF XBZ PG NPUJWBUJOH
BOE JOUFHSBUFT NBOZ EJêFSFOU LOPXMFEHF EPNBJOT PG UIF DVSSJDVMVN� 'VSUIFSNPSF JU
BMTP TUJNVMBUFT TUVEFOUT� TPDJBM BOE UFBNXPSL TLJMMT� "T B TFDPOEBSZ BTQFDU SPCPUT BSF
TPNFUIJOH UIBU DBQUVSFT UIF JNBHJOBUJPO PG NBOZ DIJMESFO XIJDI TFSWFT BT B NPUJWBUPS
	+PIOTPO ����
� &YBNQMFT PG SPCPUT CFJOH VTFE JO 45&. FEVDBUJPO BSF QMFOUJGVM BOE
DPWFS CPUI ,��� BOE VOJWFSTJUZ�MFWFM JOTUSVDUJPO 	#FOJUUJ ����� $BSCBKBM FU BM� �����
XZêFMT )FSNBOT FU BM� ����
�

#SPBEMZ TQFBLJOH UIFSF BSF UXP XBZT UP JNQMFNFOU SPCPUJDT JO BO FEVDBUJPOBM DPOUFYU�
	�
 TUBSUJOH GSPN BO FYJTUJOH SPCPUJDT LJU PS 	�
 CZ CVJMEJOH SPCPUT GSPN TDSBUDI� #VJMEJOH
B SPCPU GSPN TDSBUDI UFOET UP CF NVDI NPSF EJïDVMU� $POTFRVFOUMZ LJUT UFOE UP CF
NPSF QPQVMBS JO DMBTTSPPNT FTQFDJBMMZ XIFO ZPVOHFS TUVEFOUT BSF JOWPMWFE� 3PCPU LJUT
QSPWJEF FWFSZUIJOH OFFEFE UP NBLF B GVODUJPOBM SPCPU TVDI BT CVJMEJOH FMFNFOUT NPUPST
TFOTPST JOTUSVDUJPOT B QSPHSBNNBCMF DPOUSPM VOJU BOE UIF TPGUXBSF UP QSPHSBN UIF SPCPU�
8IJMF UIJT JT B HSFBU XBZ UP HFU VQ BOE SVOOJOH RVJDLMZ UIF BQQSPBDI EPFT JODMVEF TFWFSBM
EJTBEWBOUBHFT�

t ,JU DPNQPOFOUT UFOE UP CF NPSF QSFTDSJQUJWF BOE MFTT ìFYJCMF�
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t *U DBO CF IBSE UP JOUFSGBDF QSPQSJFUBSZ LJUT XJUI DPNQPOFOUT TVDI BT TUBOEBSEJ[FE
QBSUT DPNQPOFOUT NBEF CZ UIJSE QBSUJFT PS Pê�UIF�TIFMG TFOTPST BOE BDUVBUPST�

t 'JOEJOH PS CVZJOH SFQMBDFNFOU QBSUT JT OPU BMXBZT QPTTJCMF�

t /PU BMM DPNQPOFOUT BSF VTFE PS OFFEFE JO B SPCPU TP ZPV BSF QBZJOH GPS DPNQPOFOUT
ZPV EP OPU OFFE�

ɨBU CFJOH TBJE UIFTF TZTUFNT BSF B HSFBU TUBSUJOH QPJOU BT UIFZ QSPWJEF B TFU PG DPNQBUJCMF
CVJMEJOH CMPDLT BOE FMFDUSPOJDT TPGUXBSF GPS FBTZ 	HSBQIJDBM
 QSPHSBNNJOH JOTUSVDUJPOT
BOE B DPNNVOJUZ OFUXPSL�

-&(0 .JOETUPSNT 	ëH� ���
 JT B QPQVMBS FYBNQMF PG B DPNNFSDJBM SPCPU LJU� .JOE�
TUPSNT JT CVJMU BSPVOE B QSPHSBNNBCMF NJDSPDPNQVUFS CSJDL UIBU DBO DPOUSPM VQ UP �
NPUPST BOE SFBE VQ UP � TFOTPST� -&(0 5FDIOJD TUZMF CSJDLT BSF VTFE UP CVJME UIF TUSVD�
UVSBM QBSUT PG UIF SPCPU� #FDBVTF PG UIJT CVJMEJOH CMPDLT GSPN PUIFS -FHP TFUT DBO CF FBTJMZ
JODPSQPSBUFE FYQBOEJOH UIF QPUFOUJBM MFWFM PG JOUSJDBDZ PG UIF SPCPUT� .JOETUPSNT JT BM�
SFBEZ CFJOH VTFE JO NBOZ DMBTTSPPNT CPUI JO ,��� 	8� $IVSDI FU BM� ����� ,� 8JMMJBNT
*HFM FU BM� ����
 BOE BU VOJWFSTJUZ MFWFM 	#SBOEU BOE $PMUPO ����� 3BOHBOBUIBO FU BM�
����
� ɨF QPQVMBSJUZ PG .JOETUPSNT USBOTMBUFT UP B QMFUIPSB PG SFTPVSDFT BWBJMBCMF GPS FE�
VDBUPST JODMVEJOH CPPLT SPCPU DPOUFTUT POMJOF DPNNVOJUJFT BOE XPSLTIPQT UIBU BSF CVJMU
BSPVOE UIF .JOETUPSNT FDPTZTUFN� %FTQJUF UIFTF BEWBOUBHFT POF PG UIF NBJO EPXOTJEF
PG DPNNFSDJBM SPCPU LJUT MJFT JO UIFJS DMPTFE QSPQSJFUBSZ OBUVSF�

Fig. 1.4 LEGO Mindstorms EV3 kit Fig. 1.5 Thymio. Adopted from Riedo, Cheva-
lier, et al. (2013).

8IJMF DPNNFSDJBM LJUT ESBNBUJDBMMZ BDDFMFSBUF UIF EFTJHO QSPDFTT UIFZ BMTP MJNJU UIF NBY�
JNVN QPUFOUJBM PG UIF SPCPUT� ɨF OVNCFS PG NPUPST JO -&(0 .JOETUPSNT JT MJNJUFE
CFDBVTF UIF QSPHSBNNBCMF CSJDL DBO POMZ ESJWF UISFF NPUPST� 8IJMF UIJT JT FOPVHI GPS
TJNQMF EJêFSFOUJBM�ESJWF SPCPUT NPSF DPNQMFY SPCPUT DBOOPU CF DSFBUFE� 4PNFUJNFT TUV�
EFOUT XBOU UP VTF NPSF NPUPST CVU SVO JOUP UIJT TZTUFN MJNJUBUJPO� 6TFST BSF BMTP MJNJUFE
UP UIF DPNQPOFOUT PêFSFE CZ UIF LJU BOE JOUFSGBDJOH XJUI UIJSE�QBSUZ DPNQPOFOUT JT IBSE
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BDUJWFMZ EJTDPVSBHFE PS PVUSJHIU JNQPTTJCMF� 'JOBMMZ BU B QSJDF PG BSPVOE ��� &63 GPS UIF
CBTF TFU UIF QMBUGPSN DBO CF RVJUF DPTUMZ GPS DFSUBJO VTFST� 1SPWJEJOH FOPVHI SPCPU TFUT GPS
BO FOUJSF DMBTT DBO RVJDLMZ CFDPNF BO FYQFOTJWF BêBJSF� -BSHFS TDIPPMT DBO BMMFWJBUF UIJT CZ
CVZJOH FOPVHI TFUT GPS POF HSPVQ BOE UIFO QBTT UIFN BSPVOE CFUXFFO UIF EJêFSFOU DMBTT
HSPVQT UIPVHI UIJT JT OPU BMXBZT GFBTJCMF FTQFDJBMMZ GPS TNBMM TDIPPMT PS PSHBOJ[BUJPOT�

" TFDPOE DBUFHPSZ PG Pê�UIF�TIFMG FEVDBUJPOBM SPCPUT BSF TFMG�DPOUBJOFE ESJWJOH SPCPUT
TVDI BT UIF ɨZNJP 	3JFEP 3ÏUPSOB[ FU BM� ���� ëH� ���
 BOE UIF &EJTPO�� ɨJT UZQF
PG FEVDBUJPOBM SPCPU DBO CF VTFE BT�JT XJUIPVU BOZ DPOTUSVDUJPO PS BTTFNCMZ CZ UIF VTFS�
)PXFWFS TPNF SPCPUT o JODMVEJOH UIF ɨZNJP BOE UIF &EJTPO o BSF EFTJHOFE UP CF FY�
UFOEFE VTJOH DSBGU NBUFSJBMT PS -&(0 CSJDLT� ɨFTF SPCPUT BSF BêPSEBCMF BOE SPCVTU UXP
JNQPSUBOU BTQFDUT JO BO FEVDBUJPOBM DPOUFYU� )PXFWFS EVF UP UIFJS QSFTDSJQUJWF EFTJHO
UIFZ UFOE UP FNQIBTJ[F QSPHSBNNJOH BDUJWJUJFT PWFS DPOTUSVDUJPO BOE QIZTJDBM FYQFSJNFO�
UBUJPO�

%*: BOE 04)8 WBSJBOUT PG UIJT UZQF PG SPCPU BMTP FYJTU� 'PS JOTUBODF UIF .JOJ4LZ�
#PU	(PO[BMF[�(PNF[ FU BM� ����
 JT B TNBMM EJêFSFOUJBM�ESJWF NPCJMF SPCPU UIBU DBO CF
CVJMU VTJOH �%�QSJOUFE DPNQPOFOUT BOE Pê�UIF�TIFMG QBSUT� ɨJT BQQSPBDI JT JOUFSFTUJOH
CFDBVTF JU PêFST CFHJOOFST B XPSLJOH EFTJHO UP TUBSU XJUI� ɨF .JOJ4LZ#PU DBO CF VTFE
TJNJMBS FEVDBUJPOBM QSPHSBNNJOH BDUJWJUJFT TVDI BT QSPHSBNNJOH B MJOF�GPMMPXJOH CFIBW�
JPS� )PXFWFS CFDBVTF UIF SPCPU JT PQFO TPVSDF JU DBO CF VTFE BT B TUBSUJOH QPJOU GPS
IBDLJOH BOE FYUFOEJOH GVODUJPOBMJUJFT� %PJOH TP CSJOHT TUVEFOUT JOUP DPOUBDU XJUI SFBM
FOHJOFFSJOH QSJODJQMFT BOE DIBMMFOHFT BOE SFQSFTFOUT B NPSF IPMJTUJD BQQSPBDI UP 45&.
FEVDBUJPO�

*O SFDFOU ZFBST NBLJOH B SPCPU GSPN TDSBUDI IBT CFDPNF NVDI FBTJFS� "T EFTDSJCFE JO
TFDUJPO ��� USFOET TVDI BT UIF PQFO TPVSDF IBSEXBSF NPWFNFOU BOE UIF NBLFS NPWFNFOU
IBWF IBE B USFNFOEPVT JOìVFODF JO EFNPDSBUJ[JOH NBOZ UFDIOPMPHJFT JODMVEJOH SPCPUJDT�
3FDFOUMZ NBOZ EJêFSFOU QSPEVDUT BOE QMBUGPSNT IBWF FNFSHFE UIBU JNQMFNFOU FMFNFOUT
PG B SPCPUJD TZTUFN� ɨFTF FMFNFOUT DBO CF DBUFHPSJ[FE JOUP UISFF HSPVQT� TPGUXBSF FMFD�
USPOJDT BOE IBSEXBSF DPNQPOFOUT� )JTUPSJDBMMZ TPGUXBSF IBT CFFO UIF FBTJFTU UP TIBSF BT
0QFO 4PVSDF CFDBVTF DPMMBCPSBUJPO DBO CF EPOF FBTJMZ PWFS UIF JOUFSOFU CFDBVTF EFWFM�
PQNFOU UPPMT BSF SFBEJMZ BWBJMBCMF BOE CFDBVTF UIFSF JT WJSUVBMMZ OP DPTU BTTPDJBUFE XJUI
SFQMJDBUJPO PS BEBQUBUJPO� 0OMJOF QMBUGPSNT TVDI BT (JU)VC HSFBUMZ GBDJMJUBUF UIJT QSPDFTT
	%BCCJTI FU BM� ����
� )PXFWFS JO SFDFOU ZFBST UIF FMFDUSPOJDT BOE IBSEXBSF QSPKFDUT
IBWF ìPVSJTIFE VOEFS UIF JOìVFODF PG %*: PQFO TPVSDF BOE NBLFS USFOET�

0OF PG UIF DPSF SFRVJSFNFOUT GPS B GVODUJPOBM SPCPU JT B QSPHSBNNBCMF DPOUSPMMFS UIBU
DBO SFBE TFOTPST QSPDFTT JOGPSNBUJPO BOE ESJWF BDUVBUPST� .BOZ PQUJPOT BSF BWBJMBCMF
GPS SPCPUT CVJMU GSPN TDSBUDI NBLJOH JU QPTTJCMF UP UVOF UIF FMFDUSPOJDT UP UIF TQFDJëD
GVODUJPOBMJUZ OFFET PG B SPCPU� #PBSET GSPN UIF "SEVJOP FDPTZTUFN 	EJTDVTTFE JO TFDUJPO
�����
 BSF B QPQVMBS PQUJPO GPS TNBMM TDSBUDI�CVJMU SPCPUT� &YBNQMFT PG "SEVJOP�CBTFE
SPCPUT JODMVEF "SBÞKP FU BM� 	����
 (PO[BMF[�(PNF[ FU BM� 	����
 BOE +VBOH BOE -VSSS
	����
� ɨF DPNCJOBUJPO PG B MPX DPTU CPBSE BOE UIF FBTF PG VTF PG UIF TPGUXBSF IBWF

�.FFU &EJTPO � " $IFBQ 1SPHSBNNBCMF &EVDBUJPOBM -FHP 3PCPU ,JU o
#//+Γχχ(  / �$.*)Α�*(
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NBEF "SEVJOP B WFSZ QPQVMBS QMBUGPSN FTQFDJBMMZ BNPOH IPCCZJTUT�

A B C

Fig. 1.6 Examples of programmable controllers: (A) Arduino Uno, (B) Dwengo, (C) Raspberry
Pi.

ɨF "SEVJOP CPBSET BSF OPU TQFDJëDBMMZ EFTJHOFE GPS VTF JO SPCPUJDT CVU UIFJS GVODUJPOBMJUZ
DBO CF FYUFOEFE UISPVHI EBVHIUFS CPBSET DBMMFE TIJFMET� 4IJFMET BSF BUUBDIFE PO UPQ PG BO
"SEVJOP CPBSE BOE QSPWJEF UIF CPBSE XJUI FYUSB GVODUJPOBMJUZ TVDI BT DJSDVJUSZ UP DPOUSPM
%$ NPUPST� .BOZ PG UIF "SEVJOP BOE "SEVJOP DPNQBUJCMF CPBSET VTF UIF TBNF QIZTJDBM
QJO MBZPVU� CFDBVTF PG UIJT UIF TIJFME GPSN GBDUPS IBT CFDPNF B EF GBDUP TUBOEBSE� .BOZ
EJêFSFOU TIJFMET FYJTU QSPWJEJOH B QMFUIPSB PG QPTTJCMF GVODUJPOBMJUZ NBEF CZ FJUIFS UIF
"SEVJOP PSHBOJ[BUJPO PS NPSF PGUFO CZ UIJSE QBSUZ WFOEPST� ɨF TJ[F PG UIF "SEVJOP
FDPTZTUFN HJWFT SPCPU EFTJHOFST B MBSHF EFHSFF PG ìFYJCJMJUZ� 0O UIF PUIFS IBOE FEVDBUPST
GBDF UIF QSPCMFN UIBU DIPJDF DBO CF PWFSXIFMNJOH� UIF TUBSUJOH QPJOU GPS CVJMEJOH SPCPUT
XJUI "SEVJOP JT OPU BMXBZT DMFBS� ɨJT DPSSFTQPOET XJUI QSPCMFNT JEFOUJëFE CZ .BUBSJD
FU BM� 	����
 TVDI BT UIF iMBDL PG UFBDIFS UJNFw BOE UIF iMBDL PG UFBDIFS USBJOJOHw�

" NPSF TQFDJBMJ[FE FYBNQMF PG B DPOUSPMMFS CPBSE TVJUBCMF GPS FEVDBUJPOBM SPCPUJDT JT UIF
%XFOHP� ɨF QSPKFDU BJNT UP QSPWJEF BO FBTZ UP VTF QMBUGPSN GPS HFUUJOH TUBSUFE XJUI NJ�
DSPDPOUSPMMFST FMFDUSPOJDT BOE QSPHSBNNJOH 	XZêFMT )FSNBOT FU BM� ����
� 0SJHJOBMMZ
TUBSUFE JO ���� BU (IFOU 6OJWFSTJUZ BT B NJDSPDPOUSPMMFS FYQFSJNFOUBUJPO CPBSE GPS JOUFS�
OBM VTF JU XBT EFWFMPQFE GVSUIFS XIFO JUT QPUFOUJBM CFOFëUT GPS FEVDBUJPO CFDBNF DMFBS�
6OMJLF "SEVJOP CPBSET XIJDI UZQJDBMMZ BJN UP QSPWJEF B WFSZ MPX DPTU CBSF�CPOFT CPBSE
UIF %XFOHP CPBSE JODMVEFT GFBUVSFT UP GBDJMJUBUF CVJMEJOH SPCPUT� ɨF CPBSE JODMVEFT B EJT�
QMBZ JOQVU CVUUPOT � TFSWP DPOOFDUPST BOE B � DIBOOFM %$ NPUPS ESJWFS� *O BEEJUJPO UP
UIF FMFDUSPOJDT CPBSE UIF %XFOHP QSPKFDU BMTP PêFST B TFU PG TUFQ�CZ�TUFQ UVUPSJBMT DSFBUFE
TQFDJëDBMMZ GPS TFDPOEBSZ TDIPPM FEVDBUJPO� -JLF XJUI UIF "SEVJOP CVJMEJOH SPCPUT XJUI
%XFOHP JT NPSF DPNQMJDBUFE UIBO VTJOH BO Pê�UIF�TIFMG LJU� 0O UIF PUIFS IBOE UIJT
BQQSPBDI JT NPSF ìFYJCMF BOE CSJOHT TUVEFOUT JOUP DPOUBDU XJUI SFBM�XPSME FOHJOFFSJOH
QSJODJQMFT�

'JOBMMZ UIF 3BTQCFSSZ 1J� JT B MPX DPTU TJOHMF CPBSE DPNQVUFS EFWFMPQFE UP QSPNPUF
UIF UFBDIJOH PG QSPHSBNNJOH BOE DPNQVUFS TDJFODF JO FEVDBUJPO 	.JUDIFMM ����
� ɨJT
CPBSE JT EJêFSFOU GSPN QSFWJPVT FYBNQMFT JO UIBU JU SVOT B GVMM -JOVY 04� *O QSBDUJDF UIF
CPBSE DBO EP NPSF BEWBODFE UIJOHT UIBU BO "SEVJOP DBO�U TVDI BT SVOOJOH DPNQVUFS

�3BTQCFSSZ 1J o #//+Γχχ222Α-�.+� --4+$Α*-"
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1. INTRODUCTION

WJTJPO BMHPSJUINT BOE DPNNVOJDBUJOH XJUI UIF JOUFSOFU� )PXFWFS UIF 3BTQCFSSZ 1J JT
OPU TVJUBCMF GPS SFBM�UJNF UBTLT EVF UP UIF QSPDFTTJOH PWFSIFBE PG UIF 04� #PBSET TVDI BT
UIF "SEVJOP BOE UIF %XFOHP BSF CFUUFS TVJUFE GPS TVDI UBTLT� *O BEEJUJPO UP 64# BOE
&UIFSOFU QPSUT UIF CPBSE BMTP IBT B (FOFSBM 1VSQPTF *OQVU�0VUQVU 	(1*0
 QJO IFBEFS
UIBU HJWFT BDDFTT UP MPX�MFWFM QFSJQIFSBMT� ɨF CPBSE�T MPX DPTU DPNCJOFE XJUI UIF BDDFTT
UP MPX�MFWFM QFSJQIFSBMT IBWF NBEF UIF CPBSE QPQVMBS XJUI IPCCZJTUT�

ɨF 3BTQCFSSZ 1J MBDLT NBOZ PG UIF GFBUVSFT UIBU BSF SFRVJSFE UP CVJME B SPCPU TVDI BT
UIF BCJMJUZ UP DPOUSPM %$ NPUPST� -VDLJMZ UIJT GVODUJPOBMJUZ DBO CF BEEFE VTJOH EBVHIUFS
CPBSET NVDI MJLF "SEVJOP TIJFMET� 8IJMF NPSF DPNQMFY UP VTF UIBO B TJNQMF NJDSPDPO�
USPMMFS UIF BEWBODFE DBQBCJMJUJFT PG UIF CPBSE BMMPX GPS FYQFSJNFOUBUJPO XJUI UFDIOPMPHJFT
TVDI BT "* BOE DPNQVUFS WJTJPO�

' � ҅ ��ρͮς
' �Α*)ρς

+$)�*� ρͮͰΒ ������ςΔ
�$"$/�'�-$/ ρͮͰΒ 	
�	ςΔ

���� ͬ҅ ρͮ҇҇ͲςΔ
����� ψ҅ ρͮ҇҇ͲςΔ

high-level

low-level

Fig. 1.7 Text-based programming languages. Fig. 1.8 Visual programming language
made with Blockly.

ɨF TFDPOE BTQFDU PG B SPCPU JT JUT TPGUXBSF XIJDI UIF CFIBWJPS PG UIF DPOUSPMMFS� .BOZ
EJêFSFOU QSPHSBNNJOH MBOHVBHFT FYJTU� )PXFWFS NPTU NJDSPDPOUSPMMFST DBO POMZ CF
QSPHSBNNFE JO POF PS UXP MBOHVBHFT� 5SBEJUJPOBMMZ B SPCPU�T NJDSPDPOUSPMMFS JT QSP�
HSBNNFE VTJOH B MPX�MFWFM UFYU�CBTFE QSPHSBNNJOH MBOHVBHF TVDI BT $� 8IJMF QPX�
FSGVM BOE SFTPVSDF�FïDJFOU $ JT B DPNQMFY MBOHVBHF BOE JT OPU CFHJOOFS�GSJFOEMZ� ɨF
"SEVJOP CPBSET BSF QSPHSBNNFE JO $ UIPVHI UIF QSPHSBNNJOH QSPDFTT JT NBEF NVDI
FBTJFS UISPVHI DBSFGVMMZ EFTJHOFE MJCSBSJFT� ɨF EFTJHO PG UIF "SEVJOP "QQMJDBUJPO 1SP�
HSBNNJOH *OUFSGBDF 	"1*
 JT CBTFE PO 8JSJOH 	#BSSBHÈO ����
 XIJDI JO UVSO JT CBTFE
PO 1SPDFTTJOH 	3FBT BOE 'SZ ����
 B QSPHSBNNJOH GPS DSFBUJWF DPEJOH� ɨF "SEVJOP MJ�
CSBSJFT BMMPX DSZQUJD QPSU NBOJQVMBUJPO DPNNBOET UP CF SFQMBDFE CZ NPSF JOUVJUJWF DPEF
BT JMMVTUSBUFE JO ëHVSF ����

ɨF 1ZUIPO QSPHSBNNJOH MBOHVBHF JT BMTP GSFRVFOUMZ VTFE JO FEVDBUJPO 	4UBKBOP ����
�
ɨJT MBOHVBHF DBO BMTP CF VTFE UP QSPHSBN FEVDBUJPOBM SPCPUT 	#MBOL FU BM� ����
� 6OMJLF
$ 1ZUIPO JT B IJHI�MFWFM QSPHSBNNJOH MBOHVBHF NFBOJOH UIBU JU IBT B EFHSFF PG BCTUSBD�
UJPO PWFS UIF UFDIOJDBM EFUBJMT PG UIF DPNQVUFS� "T B SFTVMU UIF MBOHVBHF JT NVDI FBTJFS
UP VTF� ɨF MBOHVBHF JT EFTJHOFE UP SVO PO GVMM TDBMF DPNQVUFST CVU BMTP SVOT OBUJWFMZ
PO TJOHMF�CPBSE DPNQVUFST TVDI BT UIF 3BTQCFSSZ 1J� 3FDFOUMZ FêPSUT IBWF CFFO NBEF
UP QPSU UIF QSPHSBNNJOH MBOHVBHF UP MPX�DPTU NJDSPDPOUSPMMFST� .JDSP1ZUIPO�� JNQMF�
NFOUT B TVCTFU PG UIF 1ZUIPO QSPHSBNNJOH MBOHVBHF BOE SVOT EJSFDUMZ PO NJDSPDPOUSPMMFS
CPBSET TVDI BT UIF &41���� BOE UIF ##$ .JDSP�CJU�

��.JDSP1ZUIPO o #//+Γχχ($�-*+4/#*)Α*-"
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1. INTRODUCTION

ɨF TFDPOE HSPVQ PG QSPHSBNNJOH MBOHVBHFT VTFE JO FEVDBUJPO BSF WJTVBM QSPHSBNNJOH
MBOHVBHFT� ɨFTF MBOHVBHFT MFU VTFST DSFBUF QSPHSBNT UISPVHI B HSBQIJDBM ESBH�BOE�ESPQ
FEJUPS� 5FYU�CBTFE MBOHVBHFT DBO CF RVJUF EBVOUJOH GPS OPWJDFT� /PU POMZ JT JU IBSE UP USBOT�
MBUF IVNBO MBOHVBHF DPODFQUT UP BMHPSJUINT UIBU B DPNQVUFS DBO VOEFSTUBOE POF BMTP IBT
UP UBLF DBSF UIBU UIF TZOUBY PG UIF QSPHSBN JT DPSSFDU� (SBQIJDBM QSPHSBNNJOH MBOHVBHFT
BMMFWJBUF UIF TFDPOE QSPCMFN XIJMF BMTP QSPWJEJOH BO JOUFSGBDF UIBU JT NPSF BQQFBMJOH UP
DIJMESFO UIBO B UFYU FEJUPS� 0O UIF PUIFS IBOE QSPHSBNNJOH JO B HSBQIJDBM MBOHVBHFT JT
TMPXFS BOE NPSF UFEJPVT UIBO VTJOH B UFYU�CBTFE MBOHVBHF� "EEJUJPOBMMZ HSBQIJDBM QSP�
HSBNNJOH MBOHVBHFT BSF OPU TVJUBCMF GPS MBSHF TDSJQUT BT UIFZ UBLF VQ B MPU PG TDSFFO TQBDF�
7JTVBM QSPHSBNNJOH MBOHVBHFT TIPVME CF TFFO BT B TUFQQJOH TUPOF NBLJOH SFBM�XPSME QSP�
HSBNNJOH BDDFTTJCMF UP B MBSHF BVEJFODF PG VTFST� 1SPGFTTJPOBM QSPHSBNNFST XJMM NPTU
MJLFMZ DPOUJOVF UP VTF UFYU�CBTFE QSPHSBNNJOH MBOHVBHFT CFDBVTF PG UIFJS FïDJFODZ FWFO
UIPVHI UIFZ BSF NPSF EJïDVMU UP MFBSO� 4PNF HSBQIJDBM QSPHSBNNJOH MBOHVBHFT PêFS UIF
PQUJPO UP HFOFSBUF UFYU�CBTFE DPEF PVUQVU� ɨJT DBO CF IFMQGVM UP USBOTJUJPO GSPN WJTVBM
UP UFYU�CBTFE QSPHSBNNJOH�

4DSBUDI JT B OPUBCMF FYBNQMF PG B HSBQIJDBM QSPHSBNNJOH MBOHVBHF UIBU JT EFTJHOFE GPS
FEVDBUJPO� %FWFMPQFE BU .*5 .FEJB -BC JO ���� UIF MBOHVBHF BJNT UP UFBDI DIJMESFO
UIF QSJODJQMFT QSPHSBNNJOH UISPVHI UIF DSFBUJPO PG TJNQMF HBNFT BOE JOUFSBDUJWF NPWJFT
	3FTOJDL FU BM� ����
� ɨF MBOHVBHF XBT WFSZ TVDDFTTGVM� BT PG UIJT XSJUJOH NPSF UIBO ��
NJMMJPO 4DSBUDI TDSJQUT IBWF CFFO TIBSFE CZ VTFST��� 4DSBUDI GFBUVSFT B EJTQMBZ BSFB POUP
XIJDI EJêFSFOU TQSJUFT DBO CF QMBDFE BOE B QSPHSBNNJOH BSFB POUP XIJDI QV[[MF�MJLF
QSPHSBNNJOH CMPDLT DBO CF QMBDFE� ɨFTF QV[[MF CMPDLT DBO SFQSFTFOU TJNQMF DPNNBOET
	wNPWF �� TUFQTw
 PS NPSF DPNQMJDBUFE DPOUSPM TUSVDUVSFT TVDI BT MPPQ TUBUFNFOUT 	iSF�
QFBU yVOUJMw
 PS DPOEJUJPOBM TUBUFNFOUT 	iJG yUIFO yw
� ɨF CMPDLT DBO CF TOBQQFE
UPHFUIFS UP DSFBUF B MPHJDBM TFRVFODF PG BDUJPOT TJNJMBS UP UIF TFRVFODF PG TUBUFNFOUT POF
XPVME ëOE JO USBEJUJPOBM DPEF� #FDBVTF PG UIF EJêFSFOU TIBQFT PG UIF EJêFSFOU UZQFT PG
QV[[MF�MJLF CMPDLT UIFZ DBO POMZ CF DPNCJOFE JO B XBZ UIBU NBLFT TFOTF FMJNJOBUJOH UIF
QPTTJCJMJUZ PG TZOUBY FSSPST�

4DSBUDI JT WFSZ NVDI PSJFOUFE BU DPNQVUFS�DFOUSJD VTF� 8IJMF TPNF PQUJPOT FYJTU UP NBLF
4DSBUDI JOUFSBDU XJUI UIF PVUTJEF XPSME UIFTF PQUJPOT BSF MJNJUFE BOE 4DSBUDI JT CFUUFS
TVJUFE GPS DPNQVUFS VTF POMZ� )PXFWFS UIF QSPKFDU IBT JOTQJSFE B OVNCFS PG EFSJWBUJWF
MBOHVBHFT UIBU BSF TVJUBCMF GPS DSFBUJOH QSPHSBNT UIBU JOUFSBDU XJUI UIF QIZTJDBM XPSME�
(PPHMF�T #MPDLMZ JT B MJCSBSZ UIBU HSFBUMZ GBDJMJUBUFT UIF EFWFMPQNFOU PG 4DSBUDI�MJLF QSP�
HSBNNJOH MBOHVBHFT� 6TJOH UIF #MPDLMZ "QQMJDBUJPO 1SPHSBNNJOH *OUFSGBDF 	"1*
 POF
DBO FBTJMZ EFëOF JUT PXO TFU PG CMPDLT JO PSEFS UP DSFBUF B GVMMZ DVTUPNJ[FE HSBQIJDBM QSP�
HSBNNJOH MBOHVBHF� #MPDLMZ DBOOPU CF VTFE UP QSPHSBN SPCPUT EJSFDUMZ CVU JU EPFT QSP�
WJEF B WFSZ DPOWFOJFOU XBZ UP EFTJHO B MBOHVBHF UIBU DBO CF VTFE GPS UIBU QVSQPTF� &YBN�
QMFT JODMVEF (PVE FU BM� 	����
 1BDIFDP FU BM� 	����
 BOE 4BMFJSP FU BM� 	����
 BT XFMM BT
UIF WJTVBM QSPHSBNNJOH JOUFSGBDF JO UIJT XPSL� 'VSUIFS FYBNQMFT PG EFSJWBUJWF MBOHVBHFT
JODMVEF "SEV#MPDL�� BOE .PE,JU 	.JMMOFS BOE #BBë ����
 UXP HSBQIJDBM MBOHVBHFT UP
QSPHSBN NJDSPDPOUSPMMFS CPBSET TVDI BT UIF "SEVJOP�

��4DSBUDI o #//+Γχχ.�-�/�#Α($/Α �0
��"SEV#MPDL o #//+Γχχ�'*"Α�-�0�'*�&Α�*(
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1. INTRODUCTION

ɨF UIJSE BOE ëOBM FMFNFOU JT UIF FNCPEJNFOU PG B SPCPU� )PCCZJTU SPCPU NBLFST UFOE UP
SFMZ PO B XJEF WBSJFUZ PG UFDIOJRVFT XIFO JU DPNFT UP CVJMEJOH UIF QIZTJDBM FNCPEJNFOU PG
UIFJS SPCPUT� 4PNF SFQVSQPTF PME UPZ DPNQPOFOUT TPNF NBLF UIFJS SPCPU PVU PG DBSECPBSE
BOE EVDU UBQF TPNF FWFO CVJME UIFJS PXO NFUBM DIBTTJT VTJOH BEWBODFE $/$ NBDIJOFT�
ɨF EFNPDSBUJ[BUJPO PG EJHJUBM NBOVGBDUVSJOH JOGSBTUSVDUVSF JO SFDFOU ZFBST NFBOT UIBU
NBOZ DVTUPN SPCPUT BSF OPX DSFBUFE VTJOH �% QSJOUFST BOE MBTFS DVUUFST� 4UJMM UIFSF BSF
QSPKFDUT UIBU BJN UP GBDJMJUBUF UIF FNCPEJNFOU EFTJHO QSPDFTT CZ QSPWJEJOH B TUBOEBSEJ[FE
DPOTUSVDUJPO TZTUFN UIBU JT TVJUBCMF GPS SPCPUJDT� 4PNF FYBNQMFT BSF TIPXO JO ëHVSF ����

A B C

Fig. 1.9 Examples of construction systems: (A) MakeBlock, (B) OpenBeam, (C) BitBeam.

.BLF#MPDL�� JT B DPNNFSDJBM CVJMEJOH TZTUFN BJNFE BU CVJMEJOH SPCPUT BOE PUIFS TNBMM�
TDBMF NFDIBUSPOJD UPZT� ɨF TZTUFN JT CVJMU BSPVOE BMVNJOJVN CFBNT� ɨFTF CFBNT DBO
CF DPOOFDUFE VTJOH TUBOEBSE NBDIJOF TDSFXT� ɨF BMVNJOJVN CFBNT IBWF B UISFBEFE TMPU
UISFBEFE FOET BOE UXP SPXT PG FRVJEJTUBOU IPMFT� *O BEEJUJPO UP UIFTF CFBNT UIF TZTUFN
JODMVEFT BDDFTTPSJFT TVDI BT NPUPS NPVOUT TFSWP NPVOUT BOHMF CSBDLFUT BOE KPJOJOH
QMBUFT� ɨF .BLF#MPDL TZTUFN JT B HSFBU XBZ UP CVJME SJHJE DPOTUSVDUJPOT GPS SPCPUT� ɨF
UISFBEFE TMPUT NBLF JU FBTZ UP JODPSQPSBUF UIJSE�QBSUZ DPNQPOFOUT� ɨF TZTUFN VTFT UIF
TBNF IPMF TQBDJOH BT -&(0 5FDIOJD CSJDLT GVSUIFS JNQSPWJOH DPNQBUJCJMJUZ� )PXFWFS
UIF TZTUFN JT SFMBUJWFMZ DPTUMZ�

"OPUIFS PQUJPO JT UIF VTF PG NJOJBUVSF 5�TMPU FYUSVTJPOT� 5�TMPUUFE BMVNJOJVN GSBNJOH
JT DPNNPOMZ VTFE JO JOEVTUSZ UP CVJME DVTUPN FODMPTVSFT UFTU TFUVQT PS DVTUPN NB�
DIJOFT� ɨF 5�TMPU TZTUFN JT ìFYJCMF BOE IJHI�RVBMJUZ UIPVHI TUBOEBSE QSPëMFT BSF UPP
MBSHF GPS TNBMM�TDBMF FEVDBUJPOBM SPCPUT XJUI �� NN × �� NN CFJOH UIF TNBMMFTU TJ[F
BWBJMBCMF GSPN JOEVTUSJBM BVUPNBUJPO DPNQPOFOU WFOEPST� )PXFWFS TFWFSBM DPNQBOJFT
IBWF EFTJHOFE NJOJBUVSJ[FE WFSTJPOT PG UIJT JOEVTUSJBM GSBNJOH TZTUFN TQFDJëDBMMZ BJNFE
BU NBLFST BOE IPCCZJTUT� ɨF ëSTU FYBNQMF JT .BLFS#FBN�� B �� NN × �� NN WFSTJPO
PG UIF 5�TMPU TZTUFN� 0QFO#FBN�� JT BOPUIFS FYBNQMF CBTFE BSPVOE �� NN × �� NN
DSPTT�TFDUJPO� ɨFTF TZTUFNT XFSF OPU TQFDJëDBMMZ EFTJHOFE XJUI SPCPUJDT JO NJOE CVU

��.BLF#MPDL o #//+Γχχ222Α(�& �'*�&Α�*(
��.BLFS#FBN o #//+.Γχχ222Α(�& -� �(Α�*(
��0QFO#FBN o #//+Γχχ222Α*+ )� �(0.�Α�*(
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1. INTRODUCTION

CFDBVTF PUIFS DPNQPOFOUT DBO CF DPOOFDUFE TP FBTJMZ UIFZ DBO CF BEBQUFE UP TVJU UIJT
UBTL� 0OF EPXOTJEF JT UIF TZTUFNT GPDVT PO TUBUJD DPOOFDUJPOT CVU EPO�U PêFS TQFDJBMJ[FE
DPNQPOFOUT GPS DPOTUSVDUJOH NPWJOH NFDIBOJTNT�

" UIJSE BOE ëOBM DPOTUSVDUJPO TZTUFN JT (SJE#FBN�� BOE JUT WBSJBOUT� ɨFTF TZTUFNT VTF
CFBNT XJUI FRVJEJTUBOU IPMFT BT UIF NBJO DPOTUSVDUJPO FMFNFOU� (SJE#FBN VTFT ��� JO
TRVBSF CFBNT B TJ[F UIBU TVJUBCMF GPS DPOTUSVDUJOH MBSHF PCKFDUT TVDI BT GVSOJUVSF� ɨF
#JU#FBN�� WBSJBOU PG UIF (SJE#FBN TZTUFN VTFT � NN TRVBSF CFBNT XJUI IPMFT TQBDFE BU
� NN JOUFSWBMT NBLJOH JU NVDI NPSF TVJUFE GPS CVJMEJOH TNBMM TDBMF SPCPUT� ɨF � NN
TQBDJOH NBUDIFT UIBU PG -&(0 5FDIOJD CSJDLT NBLJOH JOUFHSBUJPO XJUI -&(0 CSJDLT
USJWJBM� 0QFO4USVDUVSFT�� 	"CFM FU BM� ���� Q� ���
 BMTP GBMMT XJUIJO UIJT DBUFHPSZ� ɨF
0QFO4USVDUVSFT TZTUFN JT EJTUJODU JO UIBU JU JT EFTJHOFE UP CF TDBMFE NBLJOH JU BQQSPQSJBUF
GPS BOZUIJOH GSPN TNBMM UPPMT BOE EFWJDFT UP GVSOJUVSF UP IPVTFT� "MM UIFTF TZTUFNT BSF
DPNQBSBUJWFMZ TJNQMF BOE DBO FBTJMZ CF SFQMJDBUFE� (SJECFBN�TUZMF DPNQPOFOUT DBO CF
DSFBUFE UISPVHI NBOZ EJêFSFOU NFUIPET� #FBNT DBO CF NBEF VTJOH IBOE UPPMT PS XJUI
$/$ NBDIJOFT BOE UIF EFTJHO 	J�F� UIF EJNFOTJPOT
 DBO CF NPEJëFE UP TVJU UIF TQFDJëD
OFFET PG FBDI QSPKFDU�

&EVDBUJPOBM SPCPUJDT IBWF UIF QPUFOUJBM UP USBOTGPSN FEVDBUJPO GSPN TUVEFOU PCTFSWBUJPO
BOE MJTUFOJOH UP BDUJWF FOHBHFNFOU UISPVHI JOUFSBDUJWF IBOET�PO MFTTPOT HVJEFE CZ JO�
TUSVDUPST BOE BVHNFOUFE CZ SFBM�XPSME FYBNQMFT BOE UFDIOPMPHZ� )PXFWFS UIF GFBTJCJM�
JUZ PG B SPCPUJDT�FOIBODFE QSPCMFN�CBTFE DVSSJDVMVN EFQFOET PO UIF BDDFTT UP WFSTBUJMF
SPCPUJDT UPPMT BOE XFMM�PSHBOJ[FE UVUPSJBMT� (FOFSBMMZ TQFBLJOH UIFSF BSF UXP XBZT UP
CVJME B SPCPU� FJUIFS CZ VTJOH B DPNQMFUF SPCPUJDT QMBUGPSN PS CZ DPOTUSVDUJOH B SPCPU
GSPN TDSBUDI� $PNQMFUF TZTUFNT BSF FBTJFS UP VTF BMMPX GPS RVJDLFS SFTVMUT BOE BSF CFUUFS
TVJUFE GPS ZPVOH TUVEFOUT� ɨF EPXOTJEF JT UIBU UIFZ BSF HFOFSBMMZ NPSF FYQFOTJWF BOE MFTT
ìFYJCMF� #VJMEJOH B SPCPU GSPN TDSBUDI JO DPOUSBTU JT NVDI IBSEFS BOE JT NPSF TVJUFE GPS
PMEFS TUVEFOUT CVU HJWFT NVDI CFUUFS JOTJHIU JO UIF UFDIOPMPHZ JT NPSF ìFYJCMF BOE DBO
CF NVDI DIFBQFS� *O SFDFOU ZFBST CVJMEJOH B SPCPU GSPN TDSBUDI IBT CFDPNF NVDI FBTJFS
EVF UP OVNFSPVT QSPKFDUT BOE QSPEVDUT UIBU JNQMFNFOU DFSUBJO BTQFDUT PG B SPCPU TVDI
BT IBSEXBSF TPGUXBSF PS FMFDUSPOJDT� ɨFTF QSPEVDU BOE QSPKFDUT BSF MJOLFE UP UIF SFDFOU
BEWBODFNFOUT %*: BOE NBLFS NPWFNFOU USFOET� 8F CFMJFWF UIBU UIF %*: BOE .BLFS TVC�
DVMUVSF DBO IBWF B WBMVBCMF JNQBDU PO FEVDBUJPO BT JU OPU POMZ FODPVSBHFT ZPVOH QFPQMF�T
JOUFSFTU JO 45&.�SFMBUFE ëFMET JU BMTP GPTUFST DSFBUJWJUZ BOE UFDIOPMPHJDBM ìVFODZ�

*O PVS FYQFSJFODF FEVDBUPST GSFRVFOUMZ DIPPTF BO BMM�JO�POF SPCPUJDT QMBUGPSN CFDBVTF
UIFZ EP OPU LOPX PG BOZ BMUFSOBUJWFT PS CFDBVTF UIFZ DBOOPU ëOE B DMFBS TUBSUJOH QPJOU
GPS BMUFSOBUJWF QMBUGPSNT� ɨJT DIPJDF JT PGUFO GVSUIFS NPUJWBUFE CFDBVTF UIFJS SFHJPOBM
DPMMFBHVFT UFOE UP VTF UIF TBNF QMBUGPSN TP UIFSF JT B DFSUBJO GPSN PG B TVQQPSU OFUXPSL�
*O PVS FYQFSJFODF DMBTTFT UIBU VTF B DPNQMFUF SPCPUJDT QMBUGPSN TVDI BT .JOETUPSNT UFOE
UP PVUOVNCFS DMBTTFT UIBU CVJME UIFJS PXO SPCPUT GSPN TDSBUDI CZ B MBSHF NBSHJO� "OE XIJMF
SPCPUT CVJMU XJUI BO BMM�JO�POF LJU NBZ QFSGPSN CFUUFS TUVEFOUT UIBU CVJME UIFJS PXO SPCPU
FJUIFS DPNQMFUFMZ GSPN TDSBUDI PS CZ DPNCJOJOH FMFNFOUT GSPN UIF EJêFSFOU TZTUFNT BT

��(SJE#FBN o #//+Γχχ222Α"-$�� �(Α�*(
��#JU#FBN o #//+Γχχ�$/� �(Α*-"
��0QFO4USVDUVSFT o #//+Γχχ222Α*+ )./-0�/0- .Α) /
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1. INTRODUCTION

EFTDSJCFE BCPWF UFOE UP HBJO B NVDI EFFQFS VOEFSTUBOEJOH PG UFDIOPMPHZ FOHJOFFSJOH
BOE DSFBUJWF QSPCMFN TPMWJOH�

1.2.3 CREATIVITY

3FDFOU DIBOHFT JO FEVDBUJPO BOE JO TPDJFUZ IBWF QMBDFE BO FNQIBTJT PO UIF JNQPSUBODF
PG DSFBUJWJUZ� 4JNQMZ NFNPSJ[JOH BOE SFQSPEVDJOH LOPXMFEHF JT OP MPOHFS TVïDJFOU GPS B
QSPEVDUJWF BOE TBUJTGZJOH MJGF� 4JNQMZ QVU BEWBODFT JO DPNQVUJOH BOE JOGPSNBUJPO UFDI�
OPMPHZ IBWF HSFBUMZ EJNJOJTIFE UIF JNQPSUBODF PG NFNPSJ[BUJPO� $PNQVUFST BSF NVDI
CFUUFS UIBO IVNBOT BU TUPSJOH BOE SFDBMMJOH EBUB UIFZ BSF BMTP NVDI CFUUFS BU DBMDVMBUJPO
IPXFWFS UIFZ BSF OPU 	ZFU
 DBQBCMF PG DSFBUJWF UIPVHIU�

ɨJT GPDVT PO DSFBUJWJUZ JT QSPNJOFOUMZ QSFTFOU JO POMJOF DVMUVSF� "MSFBEZ JO ���� -FOIBSU
BOE .BEEFO SFQPSUFE UIBU NPSF UIBO IBMG PG BNFSJDBO UFFOBHFST QPTU UIFJS PXO DPOUFOU
POMJOF� 'VSUIFSNPSF JO SFDFOU ZFBST XFCTJUFT DFOUFSFE BSPVOE VTFS�HFOFSBUFE DPOUFOU
IBWF TFFO B SJTF UP QSPNJOFODF� ɨJT JODMVEFT QMBUGPSNT TVDI BT &UTZ BOE *OTUSVDUBCMFT
	,V[OFUTPW BOE 1BVMPT ����
 BT XFMM BT UIF FNFSHFODF BOE QPQVMBSJUZ PG TPDJBM NFEJB�

4BOEFST 	����
 BSHVFT UIBU BMM QFPQMF BSF DSFBUJWF UP B DFSUBJO FYUFOU BOE UIBU QFPQMF IBWF
EJêFSFOU DSFBUJWJUZ MFWFMT JO EJêFSFOU EPNBJOT� i1FPQMF IBWF EJêFSFOU OFFET GPS DSFBUJWJUZ
JO EJêFSFOU EPNBJOT PG UIFJS MJGFw� 'VSUIFSNPSF TIF EJTDFSOT GPVS CBTJD MFWFMT PG DSFBUJWJUZ
JMMVTUSBUJOH UIF EJêFSFODF CFUXFFO UIFTF MFWFMT VTJOH TJNQMF DPPLJOH BOBMPHJFT�

�� EPJOH o CVZJOH B QSFQBDLBHFE NFBM

�� BEBQUJOH o BEEJOH BO FYUSB JOHSFEJFOU UP DBLF NJY

�� NBLJOH o DSFBUJOH B NFBM VTJOH B SFDJQF

�� DSFBUJOH o JNQSPWJTJOH B NFBM VTJOH JOHSFEJFOUT GSPN UIF GSJEHF

'JTDIFS 	����
 BSHVFT UIBU UIF DPOTVNFS�EFTJHOFS EJDIPUPNZ JT JODPSSFDU BOE UIBU SFBMJUZ
JT NVDI CFUUFS NPEFMFE BT B TQFDUSVN 	ëH� ����
� 'VSUIFSNPSF IF BSHVFT UIBU TZTUFNT
TIPVME CF BCMF UP HSPX XJUI UIF VTFS� *O PUIFS XPSET BT UIF VTFS�T LOPXMFEHF PG UIF TZTUFN
HSPXT UIF TZTUFN TIPVME PêFS OFX PQQPSUVOJUJFT GPS UIF VTFS� ɨF EFTJSF UP DSFBUF JT MJOLFE
XJUI QFSTPOBM NFBOJOH� ɨJT MFBET UP UXP QSPCMFNBUJD TJUVBUJPOT� 	�
 B QFSTPO XBOUT UP
CF B EFTJHOFS CVU JT GPSDFE UP CF B DPOTVNFS 	�
 B QFSTPO XBOUT UP CF B DPOTVNFS CVU JT
GPSDFE UP CF B EFTJHOFS� ɨPVHI 'JTDIFS�T XPSL PSJHJOBUFT JO UIF ëFME PG IVNBO�DPNQVUFS
JOUFSBDUJPO IF BSHVFT UIBU UIJT JEFB iBQQMJFT UP DVMUVSFT NJOETFUT NFEJB UFDIOPMPHJFT
BOE FEVDBUJPOBM TZTUFNT JO HFOFSBMw 	'JTDIFS ����
� ɨF RVFTUJPO UIFO CFDPNFT� JG JO UIF
GVUVSF FWFSZPOF XJMM EFTJHO UIFJS PXO UIJOHT XIBU SPMF XJMM EFTJHOFST UBLF 8JUIJO UIF
ëFME PG DP�EFTJHO TPNF BSHVF UIBU EFTJHOFST XJMM HSBEVBMMZ FWPMWF JOUP B SPMF PG NFEJBUPST
TUJNVMBUJOH DSFBUJWJUZ JO PUIFST 	4BOEFST BOE 4UBQQFST ����
� &WFO UIPVHI FWFSZPOF IBT
UIF QPUFOUJBM UP CF DSFBUJWF UIF BDU PG CFJOH DSFBUJWF JT NPSF EJïDVMU UIBO QBTTJWFMZ DPO�
TVNJOH� )PXFWFS NPTU QFPQMF DBO CF NPUJWBUFE CZ NBLJOH UIF DSFBUJWF QSPDFTT FBTJFS�
#Z NBUDIJOH UIF DIBMMFOHF UP UIFJS TLJMMT B NFOUBM TUBUF PG ìPX DBO CF SFBDIFE�

50



1. INTRODUCTION

consumer designer

passive consumer

active consumer

end-user

user

power users, local developers

domain designer

meta designer

Fig. 1.10 The consumer/designer spectrum. Adapted from Fischer (1998).

1.2.4 FLOW

*O QPTJUJWF QTZDIPMPHZ UIF UIFPSZ PG ìPX 	/BLBNVSB BOE $TJLT[FOUNJIBMZJ ����
 PêFST
BO FYQMBOBUJPO BT UP XIZ IVNBOT ëOE DFSUBJO BDUJWJUJFT JOUSJOTJDBMMZ SFXBSEJOH PS TBUJTGZJOH�
ɨF NPEFM DPNQBSFT UIF TLJMMT PG B QFSTPO UP UIF DIBMMFOHFT QPTFE CZ BO BDUJWJUZ� %JêFSFOU
DPNCJOBUJPOT PG UIFTF UXP QBSBNFUFST SFTVMU JO EJêFSFOU NFOUBM TUBUFT BT TIPXO JO ëHVSF
����� 'PS JOTUBODF BO BDUJWJUZ UIBU JT UPP DIBMMFOHJOH GPS UIF TLJMMT PG B QFSTPO NBZ MFBE
UP B TUBUF PG BOYJFUZ JO UIBU QFSTPO� ɨF UIFPSZ PG ìPX TUBUFT UIBU XIFO UIF DIBMMFOHFT BSF
DMPTFMZ NBUDIFE UP B QFSTPO�T TLJMMT UIBU UIFZ FOUFS B TQFDJBM NFOUBM TUBUF DBMMFE îPX� ɨJT
TUBUF JT TPNFUJNFT DPMMPRVJBMMZ SFGFSSFE UP BT CFJOH AJO UIF [POFw�

Fig. 1.11 Csikszentmihalyi’s model of flow. Adopted from Nakamura and Csikszentmihalyi (2002).

" QFSTPO DBO FOUFS ìPX JG UXP DPOEJUJPOT BSF NFU�
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�� ɨF QFSDFJWFE DIBMMFOHFT NBUDI B QFSTPO�T DBQBCJMJUJFT

�� ɨFSF BSF DMFBS QSPYJNBM HPBMT BOE UIFSF JT JNNFEJBUF GFFECBDL PO UIF QSPHSFTT
UPXBSE UIPTF HPBMT�

ɨF TUBUF PG ìPX JT DIBSBDUFSJ[FE CZ UIF GPMMPXJOH QSPQFSUJFT�

t ɨFSF JT BO JOUFOTF GPDVT BOE DPODFOUSBUJPO�

t "XBSFOFTT JT GVMMZ GPDVTFE BOE EFWPUFE UP UIF BDUJWJUZ�

t 0OF MPTFT USBDL PG POFTFMG BT B TPDJBM BDUPS�

t ɨFSF JT B GFFMJOH PG CFJOH JO DPOUSPM�

t 4FOTF PG UJNF JT MPTU�

t ɨF BDUJWJUZ JT QFSDFJWFE CZ UIF QFSTPO BT JOUSJOTJDBMMZ SFXBSEJOH�

ɨF QIFOPNFOPO PG ìPX IBT CFFO PCTFSWFE JO CPUI QMBZ BOE XPSL DPOUFYUT� *U IBT BMTP
CFFO PCTFSWFE BDSPTT B XJEF SBOHF PG BDUJWJUJFT JODMVEJOH BSU TDJFODF TQPSU BOE MJUFSBSZ
XSJUJOH� ɨF FYQFSJFODF PG UIF TUBUF PG ìPX JT SFQPSUFE UP CF UIF TBNF JSSFTQFDUJWF PG
CPVOEBSJFT TVDI BT BHF HFOEFS DVMUVSF PS BDUJWJUZ UZQF� )PXFWFS UIF TUBUF JT CBTFE PO BO
JOIFSFOUMZ GSBHJMF CBMBODF BT JMMVTUSBUFE CZ ëHVSF ����� *G B QFSTPO�T TLJMM FYDFFET UIF DIBM�
MFOHF UIFZ ëSTU SFMBY BOE FWFOUVBMMZ CFDPNF CPSFE� *G PO UIF PUIFS IBOE UIF DIBMMFOHF
FYDFFET UIFJS TLJMM UIFZ ëSTU CFDPNF WJHJMBOU BOE UIFO BOYJPVT�

*O UIFJS XPSL /BLBNVSB BOE $TJLT[FOUNJIBMZJ 	����
 DPNQBSF UIF NPEFM PG ìPX UP
MFBSOJOH QSPDFTTFT JO QFEBHPHZ� ɨF DPODFQU PG NBUDIJOH DIBMMFOHFT UP TLJMMT CFBST SFNBSL�
BCMF TJNJMBSJUJFT UP UIF ;POF PG 1SPYJNBM %FWFMPQNFOU 	;1%
 	$IBJLMJO ����� 7ZHPUTLZ
����
� ɨJT QFEBHPHJD NPEFM EFëOFT UISFF DPODFOUSJD [POFT PG EFWFMPQNFOU� ɨF JOOFS�
NPTU [POF DPNQSJTFT UBTLT B TUVEFOU DBO EP DPNQMFUFMZ VOBJEFE� ɨF PVUFSNPTU [POF
DPNQSJTFT UBTLT B TUVEFOU DBOOPU EP BU BMM� *O CFUXFFO UIFTF UXP [POFT JT UIF ;1% XIJDI
DPNQSJTFT UBTLT B TUVEFOU DBO EP VOEFS UIF HVJEBODF PG B NPSF FYQFSJFODFE UFBDIFS PS QFFS�
7ZHPUTLZ BSHVFT UIBU MFBSOJOH PDDVST JO UIJT [POF BOE UIBU HJWFO FOPVHI QSBDUJDF VOEFS
HVJEBODF B TUVEFOU XJMM CF BCMF UP DPNQMFUF UIF DIBMMFOHF VOBTTJTUFE� 4JNJMBS UP UIF TUBUF
PG ìPX UBTLT MPDBUFE XJUIJO UIF ;1% BSF EJïDVMU FOPVHI UP CF DIBMMFOHJOH ZFU TJNQMF
FOPVHI UP CF BDIJFWBCMF�

'SPN B EFTJHOFS�T QFSTQFDUJWF ìPX JT BO JOUFSFTUJOH UPPM UP XPSL XJUI� 'JHVSF ���� TIPXT
B NPEJëFE WFSTJPO PG $TJLT[FOUNJIBMZJ�T NPEFM EFQJDUFE BT B EFTJHO TQBDF� 5P EFTJHO
BO FOHBHJOH QSPEVDU UIF EFTJHOFS TIPVME QBZ BUUFOUJPO UP UIF OBSSPX [POF XIFSF ìPX
JT QPTTJCMF� ɨF MPOHFS B VTFS JT FOHBHFE XJUI B QSPEVDU UIF NPSF QSPëDJFOU UIFZ XJMM
CFDPNF BU VTJOH UIBU QSPEVDU� B OBUVSBM DPOTFRVFODF PG MFBSOJOH BOE FYQFSJFODF� *G UIFO
UIF DIBMMFOHFT SFNBJO UIF TBNF UIF VTFS XJMM TPPO ëOE UIFNTFMWFT JO B TUBUF PG CPSFEPN
	ëH� ���� "
� 0O UIF PUIFS IBOE JG UIF GVMM HBNVU PG DIBMMFOHFT BSF QSFTFOUFE JNNFEJBUFMZ
JU DBO SFTVMU JO B TUBUF PG BOYJFUZ 	ëH� ���� #
� $POTFRVFOUMZ JO PSEFS UP BWPJE CPSFEPN
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Fig. 1.12 A designer’s perspective of flow. Adapted from Nakamura and Csikszentmihalyi (2002).

BOE BOYJFUZ UIF TZTUFN TIPVME HSBEVBMMZ QSFTFOU OFX DIBMMFOHFT BT UIF VTFS CFDPNFT NPSF
QSPëDJFOU 	ëH� ���� $
�

/PUF UIBU UIFSF BSF QBSBMMFMT CFUXFFO UIF UIFPSZ PG ìPX BOE UIF XPSL PG 'JTDIFS 	����
 BOE
4BOEFST 	����
 EFTQJUF PSJHJOBUJOH GSPN EJêFSFOU ëFMET PG TUVEZ� 'MPX UIFPSZ TUBUFT UIBU
BO BDUJWJUZ TIPVME CFDPNF JODSFBTJOHMZ DIBMMFOHJOH BT UIF VTFS CFDPNFT NPSF TLJMMFE BU TBJE
BDUJWJUZ� 'JTDIFS 	����
 BSHVFT UIBU TZTUFNT TIPVME CF BCMF UP HSPX XJUI UIF VTFS GVMëMMJOH
POF PG UIF SFRVJSFNFOUT PG ìPX� ɨF TBNF TFOUJNFOU JT FDIPFE CZ 3BZNPOE 	����
 XIFO
EJTDVTTJOH PQFO TPVSDF DPNNVOJUJFT� i)VNBO CFJOHT HFOFSBMMZ UBLF QMFBTVSF JO B UBTL
XIFO JU GBMMT JO B TPSU PG PQUJNBM�DIBMMFOHF [POF� OPU TP FBTZ BT UP CF CPSJOH OPU UPP IBSE
UP BDIJFWF�w� 'JOBMMZ %SBQFS 	����
 BSHVFT UIBU UIF FMFNFOU PG GVO JO JOUFSBDUJWF TZTUFNT
BT B NFBOT UP BDIJFWF MFBSOJOH BOE MFBSOBCJMJUZ HPBMT� *O UIJT XPSL UIF DPODFQU PG ìPX JT
JEFOUJëFE BT POF PG UIF NFUIPET UP BDIJFWF GVO�

1.3 SOCIAL ROBOTICS – AN EMERGING
TECHNOLOGY

ɨF XPSE iSPCPUw XBT ëSTU DPJOFE CZ $[FDI XSJUFS ,BSFM ſBQFL JO IJT ���� TDJFODF ëDUJPO
QMBZ 3PTTVN�T 6OJWFSTBM 3PCPUT� ɨF XPSE IF VTFE GPS IJT NFDIBOJDBM BVUPNBUPOT JT EFSJWFE
GSPN UIF XPSE SPCPUB XIJDI JT $[FDI GPS iGPSDFE MBCPSw� 0G DPVSTF UIF JEFB PG NFDIBO�
JDBM NFO JT NVDI PMEFS UIBO ſBQFL�T QMBZ� ɨF JEFB IPXFWFS JT NVDI NVDI PMEFS UIBO
UIF UFDIOPMPHZ UP BDUVBMMZ DSFBUF TVDI NBDIJOFT� ɨF BODJFOU (SFFLT IBE NZUIT BCPVU UIF
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NFDIBOJDBM TFSWBOUT PG )FQIBFTUVT UIF TNJUIJOH HPE -FPOBSEP EB 7JODJ DSFBUFE QMBOT
GPS NFDIBOJDBM IVNBOPJET JO ���� 	ëH� ����
 BOE JO UIF ��UI DFOUVSZ UIF .FDIBOJDBM
5VSL 	ëH� ����
 B DIFTT�QMBZJOH BVUPNBUPO DBQUVSFE UIF JNBHJOBUJPO PG QFPQMF XPSME�
XJEF UIPVHI UIJT UVSOFE PVU UP CF NFDIBOJDBM JMMVTJPO DPOUSPMMFE CZ B QFSTPO JOTJEF UIF
EFWJDF� 5P UIJT EBZ ëDUJPO DPOUJOVFT UP TIBQF UIF SPCPUJDT DPOWFSTBUJPO FWFO UIPVHI
UIF DBQBCJMJUJFT PG SPCPUT JO ëDUJPO BSF TUJMM GBS BIFBE PG DVSSFOU UFDIOPMPHZ� ɨF QPSUSBZBM
PG SPCPUT JO ëDUJPO JT EJWFSTF� BSDIFUZQFT SBOHF BOZXIFSF GSPN FWJM LJMMFS SPCPUT TVDI BT
UIF 5FSNJOBUPS UP TZNQBUIFUJD DPNQBOJPOT TVDI BT 4UBS 8BS�T 3�%� BOE $�10 XIJDI
DPOUJOVFT UP TIBQF UIF DVMUVSBM QFSDFQUJPO PG SPCPUT 	4VOEBS FU BM� ����
�

Fig. 1.13 Model of da Vinci’s mechanical
knight�� .

Fig. 1.14 The Mechanical Turk. Adopted from
Windisch (1783).

ɨF XPSE SPCPU JT B WFSZ CSPBE UFSN BOE NFBOT EJêFSFOU UIJOHT UP EJêFSFOU QFPQMF� $PO�
TFRVFOUMZ JU JT EJïDVMU UP EFëOF XIBU QSPQFSUJFT DPOTUJUVUF B SPCPU FYBDUMZ BOE EFëOJUJPOT
BSF RVJUF EJWFSTF� ɨF 0YGPSE EJDUJPOBSZ EFTDSJCFT SPCPUT BT i" NBDIJOF DBQBCMF PG DBS�
SZJOH PVU B DPNQMFY TFSJFT PG BDUJPOT BVUPNBUJDBMMZ FTQFDJBMMZ POF QSPHSBNNBCMF CZ B
DPNQVUFSw� 0O UIF PUIFS IBOE UIF 3PCPU *OTUJUVUF PG "NFSJDB PêFST B NPSF TUSJDU EFëOJ�
UJPO� i" SFQSPHSBNNBCMF NVMUJGVODUJPOBM NBOJQVMBUPS EFTJHOFE UP NPWF NBUFSJBM QBSUT
UPPMT PS TQFDJBMJ[FE EFWJDFT UISPVHI WBSJPVT QSPHSBNNFE NPUJPOT GPS UIF QFSGPSNBODF PG
B WBSJFUZ PG UBTLw�

"T FWJEFODFE UIF XPSE iSPCPUw DBO CF JOUFSQSFUFE RVJUF CSPBEMZ UIPVHI GPS PVS QVSQPTFT
XF XJTI UP FNQIBTJ[F UXP BTQFDUT� 	�
 B SPCPU JT B QIZTJDBM UIJOH UIBU JOUFSBDUT XJUI UIF
SFBM XPSME 	�
 B SPCPU CF SFQSPHSBNNFE PS SFDPOëHVSFE UP GVMëMM EJêFSFOU UBTLT� 4VDI B
EFëOJUJPO QSFDMVEFT DPNQMFUFMZ WJSUVBM BHFOUT TVDI BT TFBSDI FOHJOF XFC DSBXMFST XIJDI
BSF TPNFUJNFT BMTP DBMMFE SPCPUT� *U BMTP QSFDMVEFT NPTU NBDIJOFT JO FWFSZEBZ MJGF TVDI BT
B IPVTFIPME BQQMJBODF PS B WFOEJOH NBDIJOF� ɨFTF FMFDUSPNFDIBOJDBM NBDIJOFT JOUFSBDU
XJUI UIF QIZTJDBM XPSME UP QFSGPSN B UBTL CVU UIFZ DBOOPU CF SFDPOëHVSFE UP QFSGPSN
BOZUIJOH PVUTJEF PG UIBU POF UBTL�

��1IPUP CZ &SJL .ÚMMFS� -FPOBSEP EB 7JODJ� .FOTDIo&SëOEFSo(FOJF FYIJCJU #FSMJO ����� 1VCMJD EPNBJO�
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*O SFDFOU ZFBST SPCPUJDT UFDIOPMPHZ IBT CFHVO UP BUUSBDU DPOTJEFSBCMF BUUFOUJPO� "MSFBEZ JO
���� DPNQVUFS WJTJPOBSZ #JMM (BUFT OPUFE QBSBMMFMT CFUXFFO UIF SJTF PG QFSTPOBM DPNQVUFST
BOE UIF FWPMVUJPO PG SPCPUJDT UFDIOPMPHZ 	(BUFT ����
�

i"T * MPPL BU UIF USFOET UIBU BSF OPX TUBSUJOH UP DPOWFSHF * DBO FOWJTJPO B GVUVSF
JO XIJDI SPCPUJD EFWJDFT XJMM CFDPNF B OFBSMZ VCJRVJUPVT QBSU PG PVS EBZ�UP�EBZ
MJWFT� * CFMJFWF UIBU UFDIOPMPHJFT TVDI BT EJTUSJCVUFE DPNQVUJOH WPJDF BOE WJTVBM
SFDPHOJUJPO BOE XJSFMFTT CSPBECBOE DPOOFDUJWJUZ XJMM PQFO UIF EPPS UP B OFX
HFOFSBUJPO PG BVUPOPNPVT EFWJDFT UIBU FOBCMF DPNQVUFST UP QFSGPSN UBTLT JO UIF
QIZTJDBM XPSME PO PVS CFIBMG� 8F NBZ CF PO UIF WFSHF PG B OFX FSB XIFO UIF 1$
XJMM HFU VQ Pì UIF EFTLUPQ BOE BMMPX VT UP TFF IFBS UPVDI BOE NBOJQVMBUF PCKFDUT
JO QMBDFT XIFSF XF BSF OPU QIZTJDBMMZ QSFTFOU�w

(BUFT BSHVFT UIBU UIF EFDSFBTJOH DPTUT PG IBSEXBSF TFOTPST BOE DPNQVUFS QSPDFTTJOH QPXFS
XJMM NBLF SPCPUJDT NPSF BOE NPSF VCJRVJUPVT� *O UIF ����T OP POF DPVME IBWF QSFEJDUFE
UIF GBS�SFBDIJOH JNQBDU PG QFSTPOBM DPNQVUFST PO TPDJFUZ� 4JNJMBSMZ OP POF DBO USVMZ
QSFEJDU UIF TIBQF PG B TPDJFUZ XIFSF SPCPUT BSF DPNNPOQMBDF�

Fig. 1.15 Examples of commercial Internet of Things (IoT) products. Starting from the top left
and moving clockwise, they are: Nest thermostat, Google Home, Amazon Dash, Nike Fuel, Philips
Hue, Apple watch.

*O UIF QBTU ëWF ZFBST UIFSF IBT CFFO B USFNFOEPVT QVTI UPXBSE VCJRVJUPVT UFDIOPMPHZ�
#FDBVTF PG USFOET TVDI BT *P5 TNBSU EFWJDFT BOE XFBSBCMF EFWJDFT XF BSF OFWFS NPSF UIBO
B GFX NFUFST SFNPWFE GSPN DPNQVUFST� 1SPEVDUT MJLF UIF /FTU UIFSNPTUBU "NB[PO %BTI
BOE UIF "QQMF XBUDI 	TIPXO JO ëH� ����
 FYFNQMJGZ UIJT� 4QFFDI SFDPHOJUJPO BOE TZOUIFTJT
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UFDIOPMPHZ JT TUFBEJMZ SFBDIJOH B QPJOU PG NBUVSJUZ BT JMMVTUSBUFE CZ WPJDF�ESJWFO QSPEVDUT
GSPN DPNQBOJFT TVDI BT (PPHMF "NB[PO BOE "QQMF� 'VSUIFSNPSF UIF ëSTU QSBDUJDBM
BQQMJDBUJPOT PG "SUJëDJBM *OUFMMJHFODF 	"*
 BOE NBDIJOF MFBSOJOH IBWF TUBSUFE UP BQQFBS
BDSPTT B XJEF SBOHF PG DPOTVNFS QSPEVDUT BOE TFSWJDFT JODMVEJOH BVUPOPNPVT WFIJDMFT
	(PPHMF 5FTMB
 DPOWFSTBUJPOBM BHFOUT 	(PPHMF "TTJTUBOU "NB[PO &DIP
 BVUPNBUJD NFEJB
DVSBUJPO 	/FUìJY 4QPUJGZ
 BOE FWFO BSUJTUJD FYQSFTTJPO 	1SJTNB
�

"T UFDIOPMPHZ FWPMWFT TP NVTU PVS JOUFSBDUJPO XJUI JU� /PXBEBZT MBSHF QBSUT PG PVS MJWFT
BSF ESJWFO CZ UIF JOUFSOFU� )PXFWFS UIFSF JT TUJMM B EJDIPUPNZ CFUXFFO UIF EJHJUBM XPSME
BOE UIF QIZTJDBM XPSME� BOE GPS UIF GPSFTFFBCMF UJNF XF XJMM SFNBJO EFOJ[FOT PG UIF QIZT�
JDBM XPSME� "T PG ZFU TDSFFOT BOE LFZCPBSET BOE NJDF SFNBJO UIF QSFEPNJOBOU JOUFSGBDF
CFUXFFO UIFTF UXP XPSMET� 4VSFMZ XF DBO DPNF VQ XJUI CFUUFS NPEFT PG JOUFSBDUJPO &WFO
XJUI SFDFOU EFWFMPQNFOUT JO TQFFDI UFDIOPMPHJFT BOE DPOWFSTBUJPOBM "* POF DBOOPU IFMQ
CVU QPOEFS UIF CJ[BSSFOFTT PG DPOWFSTJOH XJUI B TNBMM JOBOJNBUF CPY�

4FWFSBM TDIPMBST BEWPDBUF B NPSF IPMJTUJD BQQSPBDI UPXBSE CSJOHJOH UIF QIZTJDBM BOE EJHJUBM
XPSMET UPHFUIFS� *TIJJ 	����
 BSHVFT JO GBWPS PG NPWJOH CFZPOE HSBQIJDBM VTFS JOUFSGBDFT
UPXBSE UBOHJCMF VTFS JOUFSGBDFT 	56*T
� *O XIBU IF DBMMT UBOHJCMF CJUT VTFST FNQMPZ BMM UIFJS
TFOTFT BOE BCJMJUJFT UP EJSFDUMZ JOUFSBDU XJUI B UBOHJCMF SFQSFTFOUBUJPO PG BO VOEFSMZJOH EBUB
NPEFM� 0OF XBZ PG JNQMFNFOUJOH UBOHJCMF CJUT JT CZ VTJOH B SPCPUJD BHFOU BT BO JOUFSGBDF
MFBEJOH UP UIF DPODFQU PG B 3PCPUJD 6TFS *OUFSGBDF 	36*
� ɨJT NFUBQIPS JT FTQFDJBMMZ
VTFGVM XIFO UIFSF JT B TUSPOH TPDJBM PS FNPUJPOBM EJNFOTJPO UP UIF JOUFSBDUJPO� "OE BT
#BSUOFDL 3FJDIFOCBDI FU BM� 	����
 SFNBSL POF BTQFDU TFUT SPCPUJD BHFOUT BQBSU GSPN
WJSUVBM POFT� UIFZ MJWF JO UIF QIZTJDBM XPSME BOE DBO JOUFSBDU XJUI JU BDDPSEJOHMZ� "T UIF
BVUIPST TVNNBSJ[F� i4DSFFO DIBSBDUFST TJNQMZ DBOOPU CSJOH ZPV B DVQ PG UFBw�

"T PG ZFU SPCPUT BSF EFTJHOFE CZ B TNBMM BOE OBSSPX HSPVQ PG QFPQMF� )PXFWFS XF CF�
MJFWF UIF ëFME PG SPCPUJDT TUBOET NVDI UP HBJO GSPN B CSPBE HSPVQ PG VTFST UIBU BSF OPU
FYQFSU SPCPUJDJTUT� ɨFTF VTFST BSF OPU CVSEFOFE CZ UIF TBNF QSFDPODFQUJPOT BOE DBO PêFS
CFUUFS JOTJHIU JOUP DPOUFYU VTBHF BOE BQQMJDBUJPOT PG TPDJBM SPCPUT� 5BLJOH JOUP BDDPVOU
UIF DPNQMFYJUZ PG SPCPUT BOE EJêFSJOH QFSTQFDUJWFT PG FBDI TUBLFIPMEFS XF CFMJFWF JO BO
FWPMVUJPO UP B DPOUJOVPVT TQFDUSVN PG SPCPU EFTJHOFST TJNJMBS UP 'JTDIFS�T DPOTVNFS�EF�
TJHOFS TQFDUSVN 	TFDUJPO 
� *O TVDI B TQFDUSVN UFDIOPMPHZ FYQFSUT UBLF VQ UIF SPMF PG
NFUB EFTJHOFST GPDVTTJOH PO DSFBUJOH UPPMT GPS PUIFS EFTJHOFST UP VTF� 4JNJMBS UP IPX UIF
"SEVJOP QMBUGPSN FYQBOEFE NJDSPDPOUSPMMFS UFDIOPMPHZ CFZPOE UIF BVEJFODF PG FMFDUSJDBM
FOHJOFFST XF XJTI UP PQFO VQ TPDJBM SPCPUJDT UFDIOPMPHZ UP BO BVEJFODF CFZPOE UIBU PG
SPCPUJDJTUT� %PJOH TP JT CPVOE UP MFBE UP OPWFM WBMVBCMF BOE VOFYQFDUFE SFTVMUT�

1.3.1 CLASSIFICATION

0OF PG UIF ëSTU MBSHF�TDBMF BQQMJDBUJPOT PG SPCPUT XBT JO JOEVTUSJBM BVUPNBUJPO� ɨF ëSTU
DPNNFSDJBMMZ BWBJMBCMF JOEVTUSJBM SPCPU XBT UIF 6OJNBUF XIJDI XBT JOUSPEVDFE JO UIF
MBUF ����T� *O ���� UIF SPCPU XBT ëSTU QVU UP VTF JO B (FOFSBM .PUPST GBDUPSZ XIFSF
JU QFSGPSNFE UIF UBTL PG USBOTGFSSJOH IPU NFUBM DBTUJOHT JOUP B DPPMJOH CBUI 	/PG ����
�
&WFO UPEBZ JOEVTUSJBM SPCPUT IBWF BO VONJTUBLBCMF SPMF JO NBOVGBDUVSF BOE FTQFDJBMMZ JO
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UIF BVUPNPUJWF JOEVTUSZ�

ɨF BVUPNPUJWF JOEVTUSZ SFNBJOT UIF NPTU JNQPSUBOU DVTUPNFS PG JOEVTUSJBM SPCPUT� UIF
*OUFSOBUJPOBM 'FEFSBUJPO PG 3PCPUJDT FTUJNBUFT UIBU ��� PG UIF ������ VOJUT TPME JO ����
BSF VTFE JO BVUPNPUJWF� *O UFSNT PG VOJUT JU JT FTUJNBUFE UIBU UIF OVNCFS PG JOEVTUSJBM
SPCPUT XPSMEXJEF XJMM DPOUJOVF UP HSPX� GSPN ������� PQFSBUJPOBM JOEVTUSJBM SPCPUT BU
UIF FOE PG ���� UP ������� VOJUT BU UIF FOE PG ����� 	*'3 ����B


5SBEJUJPOBMMZ SPCPUT BSF VTFE GPS UBTLT UIBU GVMëMM UIF UISFF %�T PG SPCPUJDT� EJSUZ EBOHFSPVT
BOE EVMM� ɨFZ XPVME QFSGPSN SFQFUJUJWF BOE EBOHFSPVT UBTLT UIBU XFSF VOTVJUBCMF GPS
IVNBO XPSLFST� /PXBEBZT SPCPUT BSF HSPXJOH NPSF BOE NPSF CFZPOE UIJT TUSJDU SPMF
NPWJOH DMPTFS BOE DMPTFS UP IVNBO MJWJOH TQBDFT� "T #JMM (BUFT 	����
 IJOUT BU UIFSF BSF
SFNBSLBCMF QBSBMMFMT CFUXFFO UIF IJTUPSJDBM FWPMVUJPO PG DPNQVUFST BOE UIF DVSSFOU USFOET
JO SPCPUJDT�

ɨF ëSTU EJHJUBM DPNQVUFST UPPL UIF GPSN PG NBTTJWF CVJMEJOH�TJ[F NBJOGSBNFT UIBU POMZ
UIF MBSHFTU PG DPNQBOJFT DPVME BêPSE� ɨFTF TIBSFE DPNQVUFST XFSF BDDFTTFE UISPVHI SF�
NPUF UFSNJOBMT� "T DPNQVUFS UFDIOPMPHZ BEWBODFE XF TBX UIF JOUSPEVDUJPO PG QFSTPOBM
DPNQVUFST� DPNQVUFST UIBU XFSF TNBMM FOPVHI UP QVU PO B EFTL UIBU XFSF BêPSEBCMF GPS
SFHVMBS DPOTVNFST� /PXBEBZT UFDIOPMPHZ IBT CFHVO UP NPWF UPXBSE VCJRVJUPVT DPNQVU�
JOH XIFSF BEWBODFE DPNQVUFST BSF BWBJMBCMF OFBSMZ BOZXIFSF�

1SFTFOUMZ XF TFF UIBU UIF FWPMVUJPO PG SPCPUJDT IBT CFHVO UP GPMMPX B TJNJMBS DPVSTF� ɨF
ëSTU SPCPUT XFSF CJH CVMLZ BOE EBOHFSPVT NBDIJOFT QPTJUJPOFE JO BTTFNCMZ MJOFT� /FW�
FSUIFMFTT XJUI FBDI OFX HFOFSBUJPO PG SPCPUT UIF ëFME PG SPCPUJDT NPWFT GVSUIFS CFZPOE
UIF GBDUPSZ ìPPS BOE DMPTFS UP QFPQMF� &WFO XJUIJO NBOVGBDUVSF FOWJSPONFOUT QFPQMF
IBWF CFHVO UP UIJOL EJêFSFOUMZ BCPVU UIF SPMF PG SPCPUT� 'PS JOTUBODF 5BLBZBNB FU BM�
	����
 TVHHFTU UIBU JU NBZ CF PQQPSUVOF UP MFU SPCPUT XPSL UPHFUIFS XJUI IVNBOT JOTUFBE
PG SFQMBDJOH UIFN�

ɨJT TIJGU JO UIJOLJOH JT NBEF QPTTJCMF CZ BEWBODFNFOUT JO SPCPUJDT UFDIOPMPHZ BOE DBO
CF TVNNBSJ[FE BT GPMMPXT� IVNBO TPDJFUZ TIPVME OPU CF BEBQUFE UP BDDPNNPEBUF SPCPUT
SBUIFS SPCPUJD UFDIOPMPHZ TIPVME CF BEBQUFE UP JOUFHSBUF XJUI IVNBO TPDJFUZ� *O UIF QBTU
UIF FOWJSPONFOUT PG JOEVTUSJBM SPCPUT XFSF PQUJNJ[FE UP TVJU UIFN� UIFZ BSF QVU JO DBHFT TP
UIFZ DBOOPU IVSU BOZPOF� /PXBEBZT SPCPUT BSF TUBSUJOH UP HFU JOUSPEVDFE JO IVNBO FOWJ�
SPONFOUT XIFSF UIFZ BSF FYQFDUFE UP EFBM XJUI FOWJSPONFOU WBSJBCMFT JO B TBGF QSFEJDUBCMF
NBOOFS� 0OF DPNNFSDJBM SPCPU UIBU FNCPEJFT UIJT BQQSPBDI JT #BYUFS 	ëH� ����
 B TBGF
FBTZ�UP�QSPHSBN SPCPUJD BSN EFTJHOFE UP XPSL JO DMPTF QSPYJNJUZ XJUI IVNBOT 	(VJ[[P
BOE "DLFSNBO ����
�

'PMMPXJOH UIJT SFBTPOJOH XF DBO EJTDFSO UISFF DBUFHPSJFT PG SPCPUT BT TIPXO JO ëHVSF �����
&BDI TVDDFTTJWF HSPVQ NPWFT DMPTFS UP UIF MJWJOH TQBDF PG IVNBOT� ɨF DBUFHPSJFT BSF�

�� *OEVTUSJBM SPCPUT o *40 ��������� PêFST UIF GPMMPXJOH EFëOJUJPO�

i"O JOEVTUSJBM SPCPU JT BO BVUPNBUJDBMMZ DPOUSPMMFE SFQSPHSBNNBCMF NVM�
UJQVSQPTF NBOJQVMBUPS QSPHSBNNBCMF JO UISFF PS NPSF BYFT XIJDI NBZ CF
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A B C

INDUSTRIAL
ROBOT

SERVICE
ROBOT

SOCIAL
ROBOT

Fig. 1.16 Three types of robots: (A) industrial robots, e.g. KUKA robot arm, (B) service robots,
e.g. Savioke Relay, (C) social robots, e.g. Jibo.

Fig. 1.17 Baxter. Fig. 1.18 Kismet.

FJUIFS íYFE JO QMBDF PS NPCJMF GPS VTF JO JOEVTUSJBM BVUPNBUJPO BQQMJDBUJPOT�w

"O FYBNQMF PG BO JOEVTUSJBM SPCPU JT B SPCPU BSN UIBU XFMET UPHFUIFS DBS DIBTTJT
QBSUT�

�� 4FSWJDF SPCPUT o *40 ��������� EFëOFT TFSWJDF SPCPUT BT GPMMPXT�

i" TFSWJDF SPCPU JT B SPCPU UIBU QFSGPSNT VTFGVM UBTLT GPS IVNBOT PS FRVJQNFOU
FYDMVEJOH JOEVTUSJBM BVUPNBUJPO BQQMJDBUJPO� /PUF� ǲF DMBTTJíDBUJPO PG B
SPCPU JOUP JOEVTUSJBM SPCPU PS TFSWJDF SPCPU JT EPOF BDDPSEJOH UP JUT JOUFOEFE
BQQMJDBUJPO�w

8JUIJO TFSWJDF SPCPUT UIF OPSN NBLFT B EJTUJODUJPO CFUXFFO QSPGFTTJPOBM TFSWJDF
SPCPUT BOE QFSTPOBM TFSWJDF SPCPUT� ɨF GPSNFS TFSWF B DPNNFSDJBM UBTL BOE JT
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VTVBMMZ PQFSBUFE CZ B QSPGFTTJPOBM� 'PS JOTUBODF BO 307 UIBU JT VTFE UP JOTQFDU
VOEFSXBUFS PJM ëFMET� ɨF MBUUFS GVMëMM B OPO�DPNNFSDJBM UBTL BOE BSF HFOFSBMMZ
VTFE CZ MBZ QFSTPOT� "O FYBNQMF PG B QFSTPOBM TFSWJDF SPCPU JT UIF 3PPNCB WBDVVN�
DMFBOJOH SPCPU�

�� 4PDJBM SPCPUT o #BSUOFDL BOE 'PSMJ[[J 	����
 HJWF UIF GPMMPXJOH EFëOJUJPO�

i" TPDJBM SPCPU JT BO BVUPOPNPVT PS TFNJ�BVUPOPNPVT SPCPU UIBU JOUFSBDUT
BOE DPNNVOJDBUFT XJUI IVNBOT CZ GPMMPXJOH UIF CFIBWJPSBM OPSNT FYQFDUFE
CZ UIF QFPQMF XJUI XIPN UIF SPCPU JT JOUFOEFE UP JOUFSBDU�w

0OF PG UIF ëSTU TPDJBM SPCPUT XBT ,JTNFU 	ëH� ����
 B SPCPUJD IFBE DSFBUFE CZ
#SFB[FBM 	����B
�

ɨF *OUFSOBUJPOBM 'FEFSBUJPO PG 3PCPUJDT BMTP SFQPSUFE B DPOTJEFSBCMF SJTF JO DPNNFSDJBM
TFSWJDF SPCPU TBMFT� "QQSPYJNBUFMZ ����� QSPGFTTJPOBM TFSWJDF SPCPUT XFSF TPME JO ����
	B ��� JODSFBTF
� ɨF UXP NBJO NBSLFUT GPS QSPGFTTJPOBM TFSWJDF SPCPUT BSF MPHJTUJDT BOE
EFGFOTF� *O UIF TBNF QFSJPE OFBSMZ ��� NJMMJPO QFSTPOBM TFSWJDF SPCPUT XFSF TPME 	B ���
JODSFBTF
� 1FSTPOBM TFSWJDF SPCPUT TPME JO ���� NBJOMZ GVMëMM IPVTFIPME UBTLT 	F�H� WBDVVN
DMFBOJOH MBXO NPXJOH
 BOE FOUFSUBJONFOU QVSQPTFT� /FWFSUIFMFTT UIF SFQPSU QSFEJDUT
B TUSPOH JODSFBTF JO TBMFT PG SPCPUJD DPNQBOJPOT BOE BTTJTUBOUT JO UIF QFSJPE ����������
	*'3 ����C


#SFB[FBM 	����D
 EFTDSJCFT GPVS DMBTTFT PG TPDJBM SPCPUT CBTFE PO UIFJS BCJMJUZ UP TVQQPSU
UIF TPDJBM NPEFM JO NPSF DPNQMFY FOWJSPONFOU BOE GPS NPSF DPNQMFY TDFOBSJPT�

�� 4PDJBMMZ FWPDBUJWF o "SUJGBDUT UIBU FODPVSBHF VTFST UP BOUISPQPNPSQIJ[F UIF UFDIOPM�
PHZ XIFO JOUFSBDUJOH XJUI JU� $PNNPOMZ VTFE JO UPZT TVDI BT UIF 5BNBHPUDIJ�

�� 4PDJBM JOUFSGBDF o 3PCPUT UIBU GBDJMJUBUF JOUFSBDUJPOT XJUI QFPQMF CZ MFWFSBHJOH IVNBO�
MJLF TPDJBM DVFT BOE DPNNVOJDBUJPO NPEBMJUJFT� 4PDJBM CFIBWJPS JT TVQFSëDJBM MFBE�
JOH UP B TIBMMPX BOE SFìFYJWF TPDJBM NPEFM�

�� 4PDJBMMZ SFDFQUJWF o 3PCPUT UIBU CFOFëU GSPN JOUFSBDUJPO XJUI IVNBOT GPS FYBNQMF
CZ MFBSOJOH UISPVHI JNJUBUJPO� ɨFZ BSF TPDJBMMZ QBTTJWF SFTQPOEJOH UP TPDJBM DVFT
CVU OPU QSP�BDUJWFMZ QVSTVJOH TPDJBM JOUFSBDUJPO�

�� 4PDJBCMF o 4PDJBM iDSFBUVSFTw UIBU BDUJWFMZ FOHBHF JO JOUFSBDUJPO JO PSEFS UP TBUJTGZ JO�
UFSOBM HPBMT BOE NPUJWBUJPOT� ɨFZ EP OPU POMZ QFSDFJWF TPDJBM DVFT CVU VOEFSTUBOE
BOE JOUFSQSFU UIFN PO B EFFQFS MFWFM�

'POH FU BM� 	����
 DPNQMFNFOUT UIJT DMBTTJëDBUJPO XJUI UISFF BEEJUJPOBM DBUFHPSJFT�

�� 4PDJBMMZ TJUVBUFE o i3PCPUT UIBU BSF TVSSPVOEFE CZ B TPDJBM FOWJSPONFOU UIBU UIFZ
QFSDFJWF BOE SFBDU UP� 4PDJBMMZ TJUVBUFE SPCPUT NVTU CF BCMF UP EJTUJOHVJTI CFUXFFO
PUIFS TPDJBM BHFOUT BOE WBSJPVT PCKFDUT JO UIF FOWJSPONFOU�w
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�� 4PDJBMMZ FNCFEEFE o i3PCPUT UIBU BSF� 	B
 TJUVBUFE JO B TPDJBM FOWJSPONFOU BOE JO�
UFSBDU XJUI PUIFS BHFOUT BOE IVNBOT� 	C
 TUSVDUVSBMMZ DPVQMFE XJUI UIFJS TPDJBM FO�
WJSPONFOU� BOE 	D
 BU MFBTU QBSUJBMMZ BXBSF PG IVNBO JOUFSBDUJPOBM TUSVDUVSFT 	F�H�
UVSO� UBLJOH
�w

�� 4PDJBMMZ JOUFMMJHFOU o i4PDJBMMZ JOUFMMJHFOU�3PCPUT UIBU TIPX BTQFDUT PG IVNBO TUZMF
TPDJBM JOUFMMJHFODF CBTFE PO EFFQ NPEFMT PG IVNBO DPHOJUJPO BOE TPDJBM DPNQF�
UFODF�w

8JUI UIJT XPSL XF GPDVT PO UIF CBTBM MBZFST PG UIJT DMBTTJëDBUJPO� BJNJOH UP DSFBUF TPDJBMMZ
FWPDBUJWF BOE TPDJBM JOUFSGBDF SPCPUT� 0VS SFBTPOJOH GPS UIJT DIPJDF JT UXP�GPME� 5P CFHJO
IJHIFS MFWFMT PG TPDJBM JOUFSBDUJPO BSF QSJNBSJMZ UIF SFTVMU PG UIF SPCPU�T CFIBWJPS J�F� JUT
QSPHSBNNJOH� 0O UIF PUIFS IBOE PVS XPSL JT QSJNBSJMZ DPODFSOFE XJUI UIF FNCPEJNFOU
EFTJHO PG TPDJBM SPCPUT� 8F XJTI UP DSFBUF B TZTUFN UIBU IBT UIF BêPSEBODFT UP TVQQPSU TPDJBM
JOUFSBDUJPO XJUI IVNBOT� F�H� GBDJBM FYQSFTTJPOT HB[F TQFFDIy4FDPOEMZ BT JOEJDBUFE CZ
UIF *'3 SFQPSU PO TFSWJDF SPCPUT 	*'3 ����C
 TPDJBM SPCPUT IBWF UIF QPUFOUJBM PG CFJOH
VTFE JO B WFSZ XJEF SBOHF PG BQQMJDBUJPOT� 8JUI PVS XPSL XF XJTI UP PêFS UIF MPX�MFWFM
CVJMEJOH CMPDLT UP BEESFTT UIJT CSPBE BQQMJDBUJPO TDPQF�

1.3.2 EMBODIMENT AND APPEARANCE

4PDJBM JOUFSBDUJPO CFUXFFO IVNBOT BOE SPCPUT JT BU UIJT QPJOU UIF TVCKFDU PG NVDI TDJFO�
UJëD SFTFBSDI� ɨJT JT QFSIBQT VOTVSQSJTJOH BT UFDIOPMPHZ o CPUI TPGUXBSF BOE IBSEXBSF o
IBT FWPMWFE UP UIF QPJOU XIFSF QSBDUJDBM BQQMJDBUJPOT PG SPCPUT JO EBJMZ MJGF CFDPNF NPSF
GFBTJCMF� 0OF PG UIF DPSF DPODFQUT FOBCMJOH UIF ëFME PG )3* JT UIF JEFB UIBU XF IVNBOT
IBWF B UFOEFODZ UP SFDPHOJ[F BOE QSPKFDU FNPUJPOT POUP PCKFDUT SFRVJSJOH POMZ UIF TNBMM�
FTU IJOUT PG GBDJBM GFBUVSFT PS IVNBO�MJLF CFIBWJPS� *OEFFE TPDJBM JOUFSBDUJPO XJUI SPCPUT
XPSLT CFDBVTF IVNBOT SFDPHOJ[F B QBSU PG UIFNTFMWFT JO SPCPUT BOE SPCPUT XJUIPVU BOZ
TPDJBMMZ FYQSFTTJWF GFBUVSFT BSF TFFO BT DPME PS EJTUBOU 	#BSUOFDL 3FJDIFOCBDI FU BM� ����
�
%VêZ TUBUFT UIBU IVNBOT� QSPQFOTJUZ UP BOUISPQPNPSQIJ[F JT OPU TFFO BT B IJOESBODF UP
TPDJBM SPCPU EFWFMPQNFOU CVU SBUIFS B VTFGVM NFDIBOJTN UIBU SFRVJSFT GVSUIFS FYBNJOBUJPO
BOE FNQMPZNFOU JO TPDJBM SPCPU SFTFBSDI 	%VêZ ����
� *O UIF QSPDFTT PG SPCPU�IVNBO
DPNNVOJDBUJPO UIF SPCPU�T GBDF QMBZT B WJUBM SPMF 	%JTBMWP FU BM� ����
 GBDJBM FYQSFTTJPOT
BSF B OBUVSBM NFBOT PG FYQSFTTJOH FNPUJPOT UPXBSET IVNBOT� #FZPOE UIBU B TPDJBM SPCPU
TIPVME QPTTFTT B DIBSBDUFS BOE QFSTPOBMJUZ OPUJDFBCMF CZ IVNBOT 	,FE[JFSTLJ FU BM� ����
�
/BUVSBMMZ EJêFSFOU UBSHFU BQQMJDBUJPOT GPS TPDJBM SPCPUT JNQPTF B EJêFSFOU TFU PG SFRVJSF�
NFOUT PO UIF QFSTPOBMJUZ BOE FNCPEJNFOU PG UIF SPCPU� Ή 3FTFBSDI IBT TIPXO UIBU UIF
FNCPEJNFOU PG B SPCPU IBT B GBS�SFBDIJOH JNQBDU PO UIF XBZ UIBU SPCPU JT QFSDFJWFE CZ
IVNBOT 	8BJOFS FU BM� ����
� (PFU[ FU BM� 	����
 TIPX UIBU B SPCPU�T BQQFBSBODF BOE EF�
NFBOPS DBO NFBOJOHGVMMZ JNQBDU UIF VTFS�T XJMMJOHOFTT UP DPPQFSBUF XJUI B SPCPU� -J FU BM�
	����
 EFNPOTUSBUF UIF FêFDU PG BQQFBSBODF PO UIF MJLBCJMJUZ PG B SPCPU� (FOFSBMMZ JU JT
BMTP BDDFQUFE UIBU QIZTJDBM FNCPEJNFOU FOIBODFT B SPCPU�T TPDJBM QSFTFODF 	-FJUF 1FSFJSB
FU BM� ����� 8BJOFS FU BM� ����
 BOE UIBU UBDUJMF JOUFSBDUJPO JT B LFZ NPEF PG JOUFSBDUJPO
JO )3* TDFOBSJPT 	-FF FU BM� ����
� #BSUOFDL 3FJDIFOCBDI FU BM� 	����
 BSHVF UIBU XIJMF
QIZTJDBM FNCPEJNFOUT BSF OPU CFUUFS UIBO WJSUVBM BHFOUT BU FYQSFTTJOH FNPUJPOT WJSUVBM
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BHFOUT EP OPU IBWF UIF TBNF BCJMJUZ UP JOUFSBDU XJUI UIF QIZTJDBM XPSME� 'PS JOTUBODF UIF
SPCPU 5SBWJT 	)PêNBO ���� ëH� ����
 FYQMPJUT UIJT QSPQFSUZ UP JODPSQPSBUF B TNBSUQIPOF
JO UIF FNCPEJNFOU EFTJHO JO B XBZ UIBU JT NFBOJOHGVM GPS TPDJBM JOUFSBDUJPO�

ɨF QFSDFQUJPO PG B SPCPU CZ IVNBOT JT EFUFSNJOFE CZ UXP NBJO GBDUPST� 	�
 UIF SPCPU�T
BQQFBSBODF BOE 	�
 UIF SPCPU�T CFIBWJPS 	(PFU[ FU BM� ����
� " SPCPU�T BQQFBSBODF DSF�
BUFT BTTVNQUJPOT BCPVU UIF SPCPU�T DBQBCJMJUJFT� ɨF SPCPU�T BQQFBSBODF TIPVME NBUDI JUT
UBTL BOE JUT DBQBCJMJUJFT 	#BSUOFDL BOE 'PSMJ[[J ����
� 'PS JOTUBODF B IVNBOPJE SPCPU
JT VTVBMMZ FYQFDUFE UP IBWF TQFFDI DBQBCJMJUJFT 	#BSUOFDL BOE 'PSMJ[[J ����
� ɨF BQQFBS�
BODF PG B SPCPU JT JNQPSUBOU CFDBVTF JU EJSFDUMZ JOìVFODFT UIF VTFS�T FYQFDUBUJPOT BCPVU UIF
SPCPU�T CFIBWJPS BOE NFOUBM TUBUF BOE CFDBVTF IVNBO�SPCPU JOUFSBDUJPO JT FOIBODFE CZ
BO BUUSBDUJWF PS JOUFSFTUJOH BQQFBSBODF 	%JTBMWP FU BM� ����� -FJUF .BSUJOIP FU BM� ����
�
"DDPSEJOH UP #BSUOFDL BOE 'PSMJ[[J 	����
 UIF TIBQF TJ[F BOE NBUFSJBM RVBMJUJFT PG B TPDJBM
SPCPU TIPVME NBUDI UIF UBTL JU JT EFTJHOFE GPS JO PSEFS UP BWPJE GBMTF FYQFDUBUJPOT� 3FTFBSDI
BMTP TVHHFTUT UIBU UIFSF JT B DVMUVSBM DPNQPOFOU UP UIF FêFDUT PG B SPCPU�T BQQFBSBODF BOE
UIBU SPCPU EFTJHOFST TIPVME UBLF DVMUVSBM EJêFSFODFT JOUP BDDPVOU 	-J FU BM� ����
�

Fig. 1.19 Travis. Fig. 1.20 Nao.

8IJMF TPNF XPSL JT CFJOH EPOF UP FYQMPSF UIF FêFDUT PG FNCPEJNFOU EFTJHO JO IVNBO�
SPCPU JOUFSBDUJPO 	F�H� %F #FJS )��M� $BP FU BM� ����� %F #FJS BOE 7BOEFSCPSHIU �����
)PêNBO ����� 8FTUMVOE FU BM� ����
 NPTU FYQFSJNFOUT DPOTJEFS UIF BQQFBSBODF PG UIF
SPCPU BT BO FYUFSOBM DPOTUSBJOU GPDVTJOH FYQFSJNFOUBUJPO PO PUIFS BTQFDUT PG JOUFSBDUJPO�
ɨF DVSSFOU TUBUF PG UIF ëFME JT UIBU NBOZ EJêFSFOU TUVEJFT BSF EPOF XJUI UIF TBNF SPCPUT
	F�H� /BP� (PVBJMMJFS FU BM� ���� ëH� ����
� ɨJT JT VOEFSTUBOEBCMF DPOTJEFSJOH UIF
EPXOTJEFT PG CVJMEJOH DVTUPN SPCPUT GPS BO FYQFSJNFOU TVDI BT UIF NPOFUBSZ DPTU UIF
UJNF FêPSU BOE UIF SPCVTUOFTT BOE SFMJBCJMJUZ PG OFX QSPUPUZQF SPCPUT�

3FTFBSDIFST BSF PGUFO GBDFE XJUI UIF DIPJDF UP FJUIFS EFTJHO UIFJS PXO TPDJBM SPCPU GSPN
TDSBUDI PS UP VTF�CVZ B DPNNFSDJBM SPCPU� ɨF ëSTU PQUJPO BêPSET B MBSHF EFHSFF PG ìFYJ�
CJMJUZ BMMPXJOH SFTFBSDIFST UP ëOF�UVOF UIF FNCPEJNFOU PG UIF SPCPU UP UIF FYBDU TQFDJë�
DBUJPOT PG UIFJS FYQFSJNFOU BU UIF FYQFOTF PG EFWFMPQNFOU UJNF BOE NPOFZ� ɨF TFDPOE
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PQUJPO BMMPXT GPS B NVDI GBTUFS MFTT FYQFOTJWF EFWFMPQNFOU DZDMF BOE JT PGUFO QSFGFSSFE JO
SFTFBSDI DPOUFYUT� )PXFWFS UIJT TQFFE DPNFT BU BOPUIFS DPTU� DVTUPNJ[BUJPO JT PGUFO MJN�
JUFE UP TPGUXBSF BOE TVQFSëDJBM FNCPEJNFOU DIBOHFT 	F�H� HJWJOH B /BP SPCPU FZFCSPXT�
%F #FJS )��M� $BP FU BM� ����
� ɨJT EJDIPUPNZ JT BMTP SFìFDUFE CZ 5JMEFO�T BSHVNFOU
	����
 UIBU UIF HSFBUFTU CBSSJFS GPS CSFBLUISPVHIT JO QFSTPOBM SPCPUJDT JT DPTU JO UFSNT PG
CPUI NPOFZ BOE UJNF� 3FTFBSDIFST OFFE CFUUFS UPPMT UP FBTJMZ BOE SBQJEMZ EFTJHO EJêFSFOU
FNCPEJNFOUT GPS TPDJBM SPCPUT JO PSEFS UP QSPHSFTT UIF JOTJHIUT JO )3*� "MSFBEZ JO ����
'POH FU BM� TUBUFE UIBU NPTU SFTFBSDI JO )3* IBT OPU ZFU FYQMJDJUMZ GPDVTFE PO EFTJHO PG
FNCPEJNFOUT BOE NVDI SFTFBSDI SFNBJOT UP CF QFSGPSNFE� 6OGPSUVOBUFMZ GFX UPPMT BSF
BWBJMBCMF UP SBQJEMZ QSPUPUZQF TPDJBM SPCPU FNCPEJNFOUT FWFO UIPVHI FWJEFODF TIPXT UIBU
FNCPEJNFOU BOE BQQFBSBODF BSF PG LFZ JNQPSUBODF EVSJOH UIF JOUFSBDUJPO XJUI IVNBOT�

8JUI SFTQFDU UP SPCPU NPSQIPMPHZ 'POH FU BM� 	����
 EFTDSJCFT B EJDIPUPNZ CFUXFFO
CJPMPHJDBMMZ JOTQJSFE WT� GVODUJPOBMMZ EFTJHOFE SPCPUT� :BODP BOE %SVSZ 	����
 FYUFOET UIJT
DMBTTJëDBUJPO UP UISFF DBUFHPSJFT PG TPDJBM SPCPU NPSQIPMPHJFT�

t "OUISPQPNPSQIJD o 3PCPUT XJUI B IVNBO�MJLF BQQFBSBODF�

t ;PPNPSQIJD o 3PCPUT XJUI BO BOJNBM�MJLF BQQFBSBODF�

t 'VODUJPOBM o 3PCPUT PG XIJDI UIF BQQFBSBODF JT QSFEPNJOBOUMZ EFUFSNJOFE CZ JUT
GVODUJPO�

4JNJMBSMZ #BSUOFDL BOE 'PSMJ[[J 	����
 EFTDSJCFT B SPCPU�T GPSN BT B TQFDUSVN SBOHJOH GSPN
BCTUSBDU UP CJPNPSQIJD UP BOUISPQPNPSQIJD� 'JOBMMZ %VêZ 	����
 EFTDSJCFT B UISFF�BYJT
EFTJHO TQBDF GPS UIF BOUISPQPNPSQIJTN PG SPCPU IFBET� ɨJT NPEFM JT CBTFE PO UISFF
NPSQIPMPHZ FYUSFNFT� IVNBO�MJLF BCTUSBDU BOE JDPOJD�

ɨF SPMF PG UIF QIZTJDBM FNCPEJNFOU PG B TPDJBM SPCPU QMBZT B LFZ SPMF XJUIJO )3*� *G XF
XBOU UP JOWFTUJHBUF UIFTF JOUFSBDUJPOT XF OFFE OFX UPPMT UP CF BCMF UP DIBOHF UIF SPCPU�T
FNCPEJNFOU UP UIF OBUVSF PG UIF FYQFSJNFOU� 8JUI PVS XPSL XF PêFS B QSPUPUZQJOH
UPPM UP FYQMPSF EJêFSFOU FNCPEJNFOUT GPS TPDJBM SPCPUT XJUI BO FNQIBTJT PO GBDF�UP�GBDF
DPNNVOJDBUJPO WJB BOUISPQPNPSQIJD SPCPU IFBET�

1.3.3 DIY AND OPEN SOURCE IN ROBOTICS RESEARCH

"T NFOUJPOFE JO TFDUJPO ��� UIF PQFO TPVSDF QBSBEJHN IBT BMTP IBE B NFBTVSBCMF JNQBDU
PO SPCPUJDT SFTFBSDI JO HFOFSBM� 1SPNJOFOU FYBNQMFT PG PQFO TPVSDF SPCPUJDT TPGUXBSF
JODMVEF UIF PQFSBUJOH TZTUFN 304 	2VJHMFZ $POMFZ FU BM� ����
 BOE UIF TJNVMBUJPO UPPM
(B[FCP 	,PFOJH BOE )PXBSE ����
� *O SFDFOU ZFBST XF IBWF BMTP TFFO B SJTF JO PQFO TPVSDF
SPCPU IBSEXBSF DPWFSJOH WBSJPVT FNCPEJNFOU BSDIFUZQFT� &YBNQMFT JODMVEF IVNBOPJET
J$VC 	5TBHBSBLJT FU BM� ����
 BOE 1PQQZ 	-BQFZSF FU BM� ����
 UIF RVBESVQFE 0ODJMMB
	4QSPFXJU[ FU BM� ����
 BOE UIF 0QFO"SN 	2VJHMFZ "TCFDL FU BM� ����
 SPCPUJD BSN�
0VUTJEF PG UIFTF DPNQMFUF QMBUGPSNT TPNF IBSEXBSF QSPKFDUT JNQMFNFOU POMZ POF TQFDJëD
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Fig. 1.21 iCub. Fig. 1.22 Hacked MyKeepon.
Adopted from M. Michalowski et
al. (2013).

FMFNFOU XIJDI JT JOUFOEFE UP CF JOUFHSBUFE JO B SPCPUJD TZTUFN� &YBNQMFT JODMVEF UIF
0QFO)BOE NBOJQVMBUPS 	.B FU BM� ����
 BOE 5BLL5JMF TFOTPS 	5FO[FS FU BM� ����
�

ɨF J$VC IVNBOPJE SPCPU 	5TBHBSBLJT FU BM� ���� ëH� ����
 JT B QSPNJOFOU FYBNQMF
PG BO PQFO TPVSDF TPDJBM SPCPU� 8JUI �� EFHSFFT PG GSFFEPN UIF SPCPU GFBUVSFT B GVMMZ
BSUJDVMBUFE CPEZ� ɨF J$VC BMTP IBT TPNF GBDJMJUJFT GPS GBDJBM FYQSFTTJPOT� JU IBT QIZTJDBMMZ
BDUVBUFE FZFT BOE FZFMJET BT XFMM BT FZFCSPXT BOE B NPVUI SFBMJ[FE VTJOH BO -&% NBUSJY�
"MUIPVHI UIF SPCPU�T IBSEXBSF JT PQFO TPVSDF XF BSHVF UIBU UIF J$VC JT OPU OFDFTTBSJMZ
%*: BQQSPQSJBUF� ɨF SPCPU TQPSUT FYQFOTJWF DPNQPOFOUT JODMVEJOH IJHI�FOE TFOTPST BOE
NPUPST� .PSFPWFS UIF SPCPU DPOUBJOT NBOZ $/$�NJMMFE BT XFMM BT NPVMEFE QMBTUJD QBSUT
OFDFTTJUBUJOH B WFSZ XFMM FRVJQQFE MBC UP DPQZ UIF EFTJHO� 8JUI B SFUBJM QSJDF PG ������ ǎ
UIF QMBUGPSN JT PVU PG SFBDI GPS BMM CVU UIF MBSHFTU PG SFTFBSDI JOTUJUVUFT� "MM JO BMM UIFTF
EFTJHO BTQFDUT NBLF JU EJïDVMU GPS BNBUFVST UP SFQSPEVDF PS NPEJGZ UIF J$VC�

ɨF ,FFQPO TIPXO JO ëHVSF ���� JT B TNBMM BCTUSBDU SPCPUJD DSFBUVSF 	,P[JNB /BLBHBXB
FU BM� ����
� 8JUI POMZ GPVS %FHSFF PG 'SFFEPNT 	%0'T
 JU DFSUBJOMZ JT MFTT FNCPEJFE
UIBO UIF J$VC� /FWFSUIFMFTT UIF ,FFQPO EFTJHO BDDPNQMJTIFT B MBSHF EFHSFF PG MJGFMJLF
CFIBWJPS BOE FNPUJPOBM FYQSFTTJWFOFTT XJUI B WFSZ MJNJUFE TFU PG BDUVBUPST� ɨF PSJHJOBM
SFTFBSDI�HSBEF ,FFQPO 1SP JT TPME BU B QSJDF PG ������ 	)� -� $BP FU BM� ����
� " TJN�
QMJëFE UPZ WFSTJPO DBMMFE .Z,FFQPO XBT SFMFBTFE JO ���� BOE DPTUT POMZ ���� ɨJT UPZ
WFSTJPO IBT FOKPZFE TPNF BUUFOUJPO GSPN CPUI %*:FST BOE )3* QSBDUJUJPOFST� UIF UPZ DBO
CF IBDLFE VTJOH BO JOFYQFOTJWF "SEVJOP CPBSE FOBCMJOH NBOVBM DPOUSPM PG UIF SPCPU�T TZT�
UFNT 	)� -� $BP FU BM� ����
� "OPUIFS FYBNQMF PG UIJT BQQSPBDI PG IBDLJOH DPNNFSDJBM
TZTUFNT JT HJWFO CZ %F #FJS )��M� $BP FU BM� 	����
� UIFZ JODSFBTFE UIF FYQSFTTJWF SBOHF
PG B /BP SPCPU CZ SFUSPëUUJOH BDUVBUFE FZFCSPXT UP UIF SPCPU�T GBDF�

.PSF SFDFOUMZ OFX QMBUGPSNT IBWF FNFSHFE UIBU QMBDF B NPSF FYQMJDJU FNQIBTJT PO DPNNVOJUZ�
ESJWFO NPEJëDBUJPOT BOE EFWFMPQNFOU� 'PS JOTUBODF UIF 1PQQZ QSPKFDU 	-BQFZSF FU BM�
����
 GPDVTFT PO SPCPU EFTJHOT CBTFE PO �% QSJOUFE DPNQPOFOUT JO DPOKVODUJPO XJUI
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Fig. 1.23 Poppy Humanoid. Fig. 1.24 InMoov.

%ZOBNJYFM�CSBOE TNBSU TFSWPT� ɨF VTF PG �% QSJOUJOH FOBCMFT RVJDL BOE BDDVSBUF SFQSP�
EVDUJPO PG QBSUT CVU BMTP BMMPXT UIF EFTJHOT UP CF BMUFSFE RVJDLMZ� $VSSFOUMZ UIF QSPKFDU
PêFST UISFF EFTJHOT� B � %0' BSN B �� %0' VQQFS UPSTP BOE B �� %0' IVNBOPJE SPCPU
	ëH� ����� 0QUJPOBMMZ BO -$% TDSFFO DBO CF BEEFE UP UIF IFBE PG UIF SPCPU FOBCMJOH
UIF SPCPU UP EJTQMBZ CBTJD GBDJBM FYQSFTTJPOT�

"OPUIFS FYBNQMF JT UIF *O.PPW SPCPU�� TIPXO JO ëHVSF ����� *O.PPW JT BO PQFO TPVSDF
�% QSJOUFE IVNBOPJE UPSTP DSFBUFE CZ B 'SFODI TDVMQUPS BOE EFTJHOFS� ɨF SPCPU CFBST
NBOZ TJNJMBSJUJFT 1PQQZ UIPVHI UIF *O.PPW JT MJGF�TJ[F XIFSFBT UIF 1PQQZ IVNBOPJE JT
TDBMFE EPXO� ɨF SPCPUT BSF BMTP CVJMU VTJOH EJêFSFOU UFDIOPMPHJFT� *O.PPW VTFT IPCCZ
TFSWPT DPNCJOFE XJUI MPX�DPTU '%. QSJOUFE QBSUT XIFSFBT 1PQQZ VTFT NPSF FYQFOTJWF
%ZOBNJYFM TFSWPT DPNCJOFE XJUI TFMFDUJWF MBTFS TJOUFSFE QBSUT� ɨJT EJêFSFODF JT SFìFDUFE
JO UIF DPTU� *O.PPW JT FTUJNBUFE UP DPTU BSPVOE ���� 	'PSOBSJ BOE $BOHJBOP ����

XIFSFBT UIF 1PQQZ UPSTP JT TPME GPS ���� ǎ�

'JHVSF ���� TIPXT B SFDFOUMZ SFEFTJHOFE WFSTJPO PG TPDJBM SPCPU 1SPCP� 0SJHJOBMMZ 1SPCP
XBT EFWFMPQFE BT BO BEWBODFE SFTFBSDI QMBUGPSN GPS )3* TUVEJFT XJUI DIJMESFO XJUI B QSJ�
NBSZ GPDVT PO GBDF�UP�GBDF DPNNVOJDBUJPO� "T EFTDSJCFE CZ (PSJT FU BM� 	����
 UIF SPCPU
JT DPOTUSVDUJPO GSPN $/$ NJMMFE BMVNJOJVN BOE �% QSJOUFE QMBTUJD QBSUT� .PWFNFOU JT
BDDPNQMJTIFE UISPVHI DPNQMJBOU DBCMF�ESJWFO BDUVBUPST� 'PS UIF SFEFTJHOFE WFSTJPO B EJG�
GFSFOU BQQSPBDI XBT VTFE� %PSPGUFJ FU BM� 	����
 DJUF DPNQMFY DPOTUSVDUJPO BOE FYQFOTJWF
BDUVBUPST BT UIF QSJNBSZ SFBTPOT BT UP XIZ 1SPCP JT EJïDVMU UP SFQSPEVDF� ɨFSFGPSF B OFX
WFSTJPO PG UIF IFBE XBT EFTJHOFE CBTFE PO %*:�BQQSPQSJBUF UFDIOJRVFT� "T JMMVTUSBUFE JO
ëHVSF ���� UIF TFDPOE WFSTJPO VTFT MPX�DPTU IPCCZ TFSWPT NPVOUFE UP B MBTFS�DVU QMBTUJD
GSBNF�

'JOBMMZ TPNF )3* QSBDUJUJPOFST BSF FYQFSJNFOUJOH XJUI BêFDUJWF DPNNVOJDBUJPO UISPVHI
SPCPUT CVJMU VTJOH -&(0 .JOETUPSNT� 0OF PG UIF FBSMJFTU FYBNQMFT FNCPEZJOH UIJT BQ�
QSPBDI JT 'FFMJY B GPVS�%0' SPCPUJD GBDF CVJMU VTJOH UIF PSJHJOBM -&(0 .JOETUPSNT LJU
	$B×BNFSP BOE 'SFETMVOE ����
� 4JODF UIFO UXP EFTDFOEBOUT XFSF CVJMU 4FZNPVS BOE
.PPEMFT�� TIPXO JO ëHVSF ����� 0UIFST IBWF TJODF GPMMPXFE XJUI .JOETUPSNT SPCPUT

��*O.PPW� PQFO�TPVSDF �% QSJOUFE MJGF�TJ[F SPCPU o #//+Γχχ$)(**1Α!-
��'FFMJY IPNFQBHF o #//+Γχχ222Α�.Α�0Α�&χҎ�#$'$χ!  '$3χ!  '$3ν#*( Α#/(
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1. INTRODUCTION

Fig. 1.25 Redesigned Probo head. Adopted from
Doroftei et al. (2016).

Fig. 1.26 Moodles.

UIBU DPNNVOJDBUF FNPUJPO UISPVHI GBDJBM GFBUVSFT 	,JQQ BOE 4DIOFJEFS ����
 PS CPEZ
NPUJPO 	/PWJLPWB BOE 8BUUT ����
� 8IJMF VTJOH .JOETUPSNT JT B DIFBQ BOE FBTZ NFUIPE
UP DPOTUSVDU SPCPUJD GBDFT UIF UPPM JT OPU EFTJHOFE GPS UIJT QVSQPTF� "T B SFTVMU UIF SPCPUT
UFOE UP IBWF B NFDIBOJDBM BQQFBSBODF XJUI MJNJUFE EFHSFFT PG GSFFEPN�

1SFTFOUMZ SFTFBSDIFST BSF PGUFO GBDFE XJUI UIF DIPJDF UP FJUIFS EFTJHO UIFJS PXO TPDJBM
SPCPU GSPN TDSBUDI PS UP VTF�CVZ B DPNNFSDJBM SPCPU� ɨF ëSTU PQUJPO BêPSET B MBSHF
EFHSFF PG ìFYJCJMJUZ BMMPXJOH SFTFBSDIFST UP ëOF�UVOF UIF FNCPEJNFOU PG UIF SPCPU UP UIF
FYBDU TQFDJëDBUJPOT PG UIFJS FYQFSJNFOU BU UIF FYQFOTF PG EFWFMPQNFOU UJNF BOE NPOFZ�
ɨF TFDPOE PQUJPO BMMPXT GPS B NVDI GBTUFS MFTT FYQFOTJWF EFWFMPQNFOU DZDMF BOE JT PGUFO
QSFGFSSFE JO SFTFBSDI DPOUFYUT� )PXFWFS UIJT TQFFE DPNFT BU BOPUIFS DPTU� DVTUPNJ[BUJPO
JT PGUFO MJNJUFE UP TPGUXBSF BOE TVQFSëDJBM FNCPEJNFOU DIBOHFT�

"T PG ZFU MJUUMF QSPHSFTT IBT CFFO NBEF UPXBSE UPPMLJUT GPS IVNBO�SPCPU JOUFSBDUJPO� .PTU
FYJTUJOH NPEVMBS IVNBOPJE SPCPUT TVDI BT 1PQQZ 	-BQFZSF FU BM� ����
 PS %"3X*O�01
	)B FU BM� ����
 GPDVTJOH PO CPEZ NPUJPO XJUI MJNJUFE SPPN GPS UIF FYQMPSBUJPO PG
EJêFSFOU FNCPEJNFOUT BOE MFBWJOH UIF GBDF WJSUVBM PS TUBUJD� 3FTFBSDIFST OFFE CFUUFS UPPMT
UP FBTJMZ BOE SBQJEMZ EFTJHO EJêFSFOU FNCPEJNFOUT GPS TPDJBM SPCPUT JO PSEFS UP QSPHSFTT
UIF JOTJHIUT JO )3*� 5P BEESFTT UIF DVSSFOU EJïDVMUJFT PG EFTJHOJOH DVTUPN TPDJBM SPCPUT
XF JEFOUJGZ BO PQFO TPVSDF %*:�GSJFOEMZ UPPMLJU BQQSPBDI BT POF QPUFOUJBM TPMVUJPO�
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1.4 RESEARCH QUESTION AND DESIGN GOALS

*O UIF QSFWJPVT TFDUJPOT XF IBWF BUUFNQUFE UP TLFUDI BO PWFSWJFX PG UIF SFMFWBOU DPOUFN�
QPSBSZ UFDIOPMPHZ USFOET� 'SPN UIF WBSJPVT JOìVFODFT XF SFDPHOJ[F BO PQQPSUVOJUZ GPS
BO PQFO %*: QMBUGPSN UIBU GBDJMJUBUFT UIF EFTJHO DPOTUSVDUJPO BOE QSPEVDUJPO PG OFX
TPDJBM SPCPU DIBSBDUFST� 8JUI UIF XPSL EFTDSJCFE JO UIJT UIFTJT XF BEESFTT UIJT OFFE� ɨJT
MFBET UP UIF DFOUSBM SFTFBSDI RVFTUJPO PG UIJT XPSL� i)PX DBO XF FOBCMF OPO�FYQFSUT UP EFTJHO
CVJME BOE VTF DVTUPN TPDJBM SPCPUT w

'SPN UIF XPSLT SFGFSFODFE JO UIF QSFDFEJOH TFDUJPOT XF DSZTUBMMJ[F B OVNCFS PG EFTJHO
HPBMT TFUUJOH UIF TUBHF GPS UIF SFTU PG UIJT XPSL� ɨF EFTJHO HPBMT GPSN B TUBSUJOH QPJOU
UP UBDLMF UIF DFOUSBM SFTFBSDI RVFTUJPO� ɨFTF HPBMT BSF GVSUIFS FYQMPSFE VTJOH B SFTFBSDI
UISPVHI EFTJHO NFUIPEPMPHZ XIFSF DPODSFUF DBTF TUVEJFT BSF VTFE UP JOWFTUJHBUF UIF EFTJHO
DPOUFYU� ɨJT NFUIPEPMPHZ JT EFTDSJCFE JO EFUBJM JO UIF OFYU DIBQUFS� ɨF DPNCJOBUJPO PG
UIFTF UXP BQQSPBDIFT FOBCMFT VT UP JOWFTUJHBUF UIF DPNQMFYJUJFT PG UIF SFTFBSDI DPOUFYU JO
BO JOUFHSBUFE IPMJTUJD NBOOFS� *O UIJT XPSL XF JEFOUJGZ BOE UBSHFU UIF GPMMPXJOH EFTJHO
HPBMT�

t 0QFO 	G1
 o ɨF TZTUFN TIPVME CF EFTJHOFE TP UIBU VTFST BSF GSFF UP CVJME JU IBDL JU
BOE VTF JU JO BOZ XBZ UIFZ TFF ëU� ɨF PQFO TPVSDF QBSBEJHN PêFST B HPPE TPMVUJPO
UP FOBCMF UIJT CFIBWJPS� )PXFWFS NBLJOH TPVSDF ëMFT BWBJMBCMF JT POMZ QBSU PG UIF
BOTXFS� ɨF QMBUGPSN TIPVME UBLF JOUP BDDPVOU UIF CBSSJFST UIBU TUBOE JO UIF XBZ
PG SFQMJDBUJPO BOE NPEJëDBUJPO� ɨFTF CBSSJFST JODMVEF BTQFDUT TVDI BT TLJMM DPTU
BOE JOGSBTUSVDUVSF� %FTJHO EFDJTJPOT TIPVME UBLF UIFTF BTQFDUT JOUP BDDPVOU� DFSUBJO
DPNQPOFOUT PS UFDIOJRVFT 	F�H� $/$ NJMMJOH
 NJHIU MFBE UP B CFUUFS QFSGPSNJOH
EFTJHO CVU BSF MFTT BDDFTTJCMF UP BNBUFVST UIFSFCZ IBNQFSJOH SFQSPEVDUJPO BOE
BEBQUBUJPO�

t &BTZ UP CVJME 	G2
 o *U JT FTTFOUJBM UIBU UIF IBSEXBSF JT EFTJHOFE TP UIBU JU DBO CF CVJMU
BOE NPEJëFE CZ OPO�FYQFSU VTFST� #Z CVJMEJOH UIF TZTUFN UIFNTFMWFT VTFST CFDPNF
NPSF FYQFSJFODFE JO UIF EFTJHO BOE GVODUJPOJOH PG UIF SPCPU� ɨJT FYQFSJFODF XJMM
BMTP NBLF VTFST NPSF DPOëEFOU JO SFQBJSJOH BOE NPEJGZJOH UIF SPCPU� #Z SFEVDJOH
UIF LOPXMFEHF BOE TLJMM SFRVJSFNFOUT XF VMUJNBUFMZ FOBCMF B MBSHF BVEJFODF PG VTFST
UP DSFBUF UIFJS PXO SPCPUT�

t &NPUJPOBMMZ FYQSFTTJWF 	G3
 o ɨF UPPMLJU TIPVME MFU VTFST DPOTUSVDU SPCPUT XJUI BêPS�
EBODFT GPS TPDJBM FYQSFTTJPO JODMVEJOH GBDJBM FYQSFTTJPOT TQFFDI BOE HB[F� ɨF TPGU�
XBSF TIPVME CF BCMF UP BVUPNBUJDBMMZ HFOFSBUF BQQSPQSJBUF GBDJBM FYQSFTTJPOT GSPN
FNPUJPOT� 6TFST OFFE UP CF BCMF UP DPOUSPM UIF FNPUJPOBM FYQSFTTJPOT UISPVHI TJN�
QMF JOUFSGBDFT�

t 'BDJBM GFBUVSFT 	G4
 o 8JUIJO UIJT XPSL XF GPDVT PO EFTJHO PG UIF SPCPUT UIBU BSF
TPDJBMMZ FYQSFTTJWF UISPVHI GBDF�UP�GBDF DPNNVOJDBUJPO� 3PCPUT UIBU SFMZ PO CPEZ
HFTUVSFT SBUIFS UIBO GBDJBM GFBUVSFT UP DPNNVOJDBUF FNPUJPO BSF PVUTJEF PG UIF TDPQF
PG UIJT XPSL�

66



1. INTRODUCTION

t $IBSBDUFS 	G5
 o 3PCPUT CVJMU VTJOH UIF UPPMLJU NVTU OPU MPPL MJLF EJTFNCPEJFE
NFDIBOJDBM SPCPU IFBET� ɨFJS FNCPEJNFOUT TIPVME SFTFNCMF BSUJëDJBM DIBSBDUFST
SBUIFS UIBO SPCPUT� 6TJOH UIF UPPMLJU JU NVTU CF QPTTJCMF UP DSFBUF CJPMPHJDBMMZ�
JOTQJSFE DIBSBDUFST XJUI B TPDJBMMZ FWPDBUJWF BQQFBSBODF�

t $SFBUJWJUZ 	G7
 o ɨF QMBUGPSN TIPVME JOTQJSF UIF VTFS UP CF DSFBUJWF� &WFSZPOF IBT
UIF QPUFOUJBM UP CF DSFBUJWF UIPVHI OPU FWFSZPOF IBT UIF TBNF MFWFM PG DSFBUJWJUZ
OPS UIF TBNF EFTJSF UP DSFBUF� ɨF TZTUFN TIPVME IBWF B MPX UISFTIPME UP HP GSPN
DPOTVNJOH UP DSFBUJOH BOE UIF TZTUFN TIPVME PêFS NVMUJQMF XBZT PG FYQSFTTJOH
DSFBUJWJUZ SBOHJOH GSPN RVJDL BOE FBTZ UP EFFQ BOE GVMëMMJOH�

t 'MPX 	G6
 o "T B XBZ PG TUJNVMBUJOH DSFBUJWJUZ UIF QMBUGPSN TIPVME CF EFTJHOFE UP
TUJNVMBUF UIF VTFS UP FOUFS B NFOUBM TUBUF PG ìPX� ɨJT TUBUF DBO CF SFBDIFE XIFO UIF
DIBMMFOHFT PG BO BDUJWJUZ BSF UVOFE UP UIF TLJMMT PG B VTFS� *O UIJT TUBUF VTFST IBWF UIF
GFFMJOH PG CFJOH iJO UIF [POFw� 'MPX JT B QPXFSGVM XBZ UP TUJNVMBUF GVO BOE MFBSOJOH
XIJMF VTJOH DPNQMFY JOUFSBDUJWF TZTUFNT�

t %JWFSTF LOPXMFEHF EPNBJOT 	G8
 o 3PCPUJDT JT JOUFSEJTDJQMJOBSZ CZ OBUVSF� )PXFWFS
BT PG ZFU FNQIBTJT JT QMBDFE PO FOHJOFFSJOH BOE UFDIOPMPHZ BTQFDUT� 0VS UPPMLJU
OFFET UP JODPSQPSBUF BTQFDUT GSPN B XJEFS SBOHF PG EJTDJQMJOFT JO PSEFS UP SFBDI
B XJEF BVEJFODF� *O BEEJUJPO UP UIF USBEJUJPOBM SPCPUJDT LOPXMFEHF EPNBJOT UIF
UPPMLJU OFFET UP JODPSQPSBUF FMFNFOUT GSPN DSBGUT EFTJHO BOE BSU�

t -PX DPTU 	G9
 o $PTU GPSNT BO JNQPSUBOU CBSSJFS JO UIF BEPQUJPO PG SPCPUJDT UFDI�
OPMPHZ� $POTFRVFOUMZ BUUFOUJPO TIPVME CF QBJE UP UIF NPOFUBSZ DPTU PG UIF TZT�
UFN� .BOZ TPDJBM SPCPUT BSF POMZ BêPSEBCMF GPS MBSHF VOJWFSTJUJFT BOE SFTFBSDI DFO�
UFST� &WFO UIFO DPTU PGUFO IBNQFST MBSHF�TDBMF FYQFSJNFOUBUJPO BOE XJEFS BEPQ�
UJPO� $PNQPOFOU DPTU BMTP QPTFT B CBSSJFS GPS SFQMJDBUJPO BOE NPEJëDBUJPO UIFSFCZ
IBNQFSJOH UIF FWPMVUJPOBSZ QSPDFTT UIBU ESJWFT PQFO TPVSDF QSPKFDUT� "EEJUJPOBMMZ
MPX�DPTU TPDJBM SPCPUT QSPWJEF BEWBOUBHFT UIBU DVSSFOU IJHI�FOE SPCPUT EP OPU IBWF�
UIFZ BSF XFMM TVJUFE GPS MBSHF�TDBMF TUVEJFT BOE UIFZ BSF BDDFTTJCMF UP B XJEFS BVEJFODF�

t $PNNVOJUZ�PSJFOUFE 	G10
 o ɨF QMBUGPSN TIPVME SFMZ PO FYJTUJOH QSPKFDUT GSPN
UIF %*: DPNNVOJUZ XIFSF BQQSPQSJBUF� ɨF QMBUGPSN JUTFMG TIPVME CF EFTJHOFE JO B
XBZ UIBU BMMPXT B DPNNVOJUZ PG UIJSE�QBSUZ VTFST UP GPSN� 8F XBOU UIF QMBUGPSN UP
CFDPNF B USVF TFMG�TVTUBJOJOH PQFO TPVSDF IBSEXBSF QSPKFDU� )BWJOH B DPNNVOJUZ
BSPVOE UIF QMBUGPSN PêFST NBOZ BEWBOUBHFT TVDI BT EFWFMPQNFOU DPOUSJCVUJPOT
GSPN UIJSE QBSUJFT BOE EFFQFS JOTJHIUT JOUP BDUVBM VTBHF TDFOBSJPT PG UIF QMBUGPSN�

ɨF HPBMT BSF TVNNBSJ[FE BOE OVNCFSFE JO UBCMF ���� ɨJT OVNCFSJOH JT VTFE UISPVHIPVU
UIJT XPSL UP SFGFS UP FBDI TQFDJëD HPBM� $POTPMJEBUJOH UIFTF EJêFSFOU HPBMT JT OPU BMXBZT
TUSBJHIUGPSXBSE BT UIF DPNCJOBUJPO PG UIF EJêFSFOU HPBMT DBO TPNFUJNFT MFBE UP DPOUSB�
EJDUJPOT BOE QBSBEPYFT� $IBQUFS � XJMM EFUBJM XIZ UIFTF DPOUSBEJDUJPOT FYJTU BOE IPX
DPOìJDUJOH HPBMT BSF SFDPODJMFE UISPVHI B VTFS�DFOUFSFE EFTJHO NFUIPEPMPHZ�
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%FTJHO HPBM %*: 4PDJBM SPCPUJDT -FBSOJOH

G1 0QFO
G2 &BTZ UP CVJME

G3 &NPUJPOBMMZ FYQSFTTJWF
G4 'BDJBM GFBUVSFT
G5 $IBSBDUFS

G7 $SFBUJWJUZ
G6 'MPX
G8 %JWFSTF LOPXMFEHF EPNBJOT

G9 -PX DPTU
G10 $PNNVOJUZ�GSJFOEMZ

Table 1.1 Summary of the design goals

1.5 OUTLINE

ɨJT XPSL TVNNBSJ[FT PVS TUVEZ PO UIF DSFBUJPO PG PQFO TPVSDF SPCPUJDT JO BDBEFNJB XJUI
UIF TPDJBM SPCPU 0OP BOE UIF 0QTPSP EFTJHO UPPMLJU GPS TPDJBM SPCPUT� 8F EFUBJM PVS EFTJHO
BQQSPBDI MFWFSBHJOH %*:�GSJFOEMZ UFDIOJRVFT UP DSFBUF TZTUFNT UIBU UIPVHI DPNQMFY DBO
CF BTTFNCMFE BOE NPEJëFE CZ OPWJDFT� "OE XF EFTDSJCF FYQFSJNFOUT XIFSF EJêFSFOU UZQFT
PG VTFST VTF PVS XPSL UP CSJOH OFX TPDJBM SPCPU DPODFQUT UP MJGF� ɨSPVHIPVU UIJT XPSL
UIF USFOET BOE JOìVFODFT NFOUJPOFE FBSMJFS BSF JOUFHSBUFE TUFQ CZ TUFQ BOE XF EFUBJM IPX
UIJT IBT MFE UP UIF DSFBUJPO PG UIF 0QTPSP EFTJHO UPPMLJU GPS TPDJBM SPCPUT� ɨF SFTU PG UIJT
XPSL JT PSHBOJ[FE BDDPSEJOH UP UIF GPMMPXJOH TUSVDUVSF�

t CHAPTER 2 EFUBJMT UIF EFTJHO NFUIPEPMPHZ VTFE EVSJOH UIJT QSPKFDU� ɨF DIBQUFS
CFHJOT CZ JMMVTUSBUJOH XIZ UIF EFTJHO PG B SPCPUJD UPPMLJU JT EJïDVMU BOE DPNQMFY
GSPN B TZTUFN�T QFSTQFDUJWF� 8F DPNQBSF UIF MJGFDZDMF QIBTFT BOE UIF QSPEVDU TUBLF�
IPMEFST PG DPOWFOUJPOBM QSPEVDUT BOE QMBUGPSN�CBTFE UPPMLJU QSPEVDUT� ɨJT PWFSBS�
DIJOH NPEFM JT VTFE UP BSHVF BT UP XIZ B 6TFS�$FOUFSFE %FTJHO 	6$%
 NFUIPEPM�
PHZ NVTU CF VTFE� 0VS NFUIPEPMPHZ JT GSBNFE XJUIJO 6$% NPEFMT BOE QSBDUJDFT
JODMVEJOH EFTJHO UIJOLJOH VTBCJMJUZ FOHJOFFSJOH BOE VTFS FYQFSJFODF EFTJHO� 8F
UIFO BQQSPBDI UIF EFTJHO NFUIPEPMPHZ GSPN B NPSF QSBDUJDBM [PPNFE�JO QFSTQFD�
UJWF� 8F KVTUJGZ XIZ JUFSBUJWF QSPUPUZQJOH JT VTFE EFUBJM IPX EJHJUBM NBOVGBDUVS�
JOH UFDIOJRVFT BSF VTFE UP TVQQPSU JUFSBUJWF QSPUPUZQJOH BOE DPODMVEF XJUI EFTJHO
TUSBUFHJFT UIBU MFWFSBHF UIF JOUSJOTJD QSPQFSUJFT PG UIFTF UFDIOJRVFT�

t CHAPTER 3 EFTDSJCFT UIF JUFSBUJWF EFTJHO QSPDFTT JO EFUBJM BOE EFNPOTUSBUFT IPX
UIF QMBUGPSN XBT VTFE UP DSFBUF EJêFSFOU UZQFT PG TPDJBM SPCPUT� ɨF DIBQUFS CFHJOT
XJUI B IJHI�MFWFM PWFSWJFX PG UIF EFTJHO JUFSBUJPOT� ɨF DIBQUFS EJTUJOHVJTIFT ëWF
JOUFSSFMBUFE QSPKFDU CSBODIFT� IFYBQPE SPCPUT 0OP HFOFSBUJPO � 0OP HFOFSBUJPO
� 3PCPU #MPDLT BOE 0QTPSP� ɨF DIBQUFS�T JOUSPEVDUJPO QPTJUJPOT UIFTF QSPKFDUT

68



1. INTRODUCTION

XJUI SFTQFDU UP POF BOPUIFS JMMVTUSBUJOH UIF IJTUPSJDBM FWPMVUJPO BOE UIF JOUFSDPO�
OFDUFEOFTT CFUXFFO UIF EJêFSFOU QSPKFDUT� 'SPN UIFSF PO UIF DIBQUFS EJTDVTTFT
FBDI QSPKFDU JO EFUBJM JODMVEJOH NPUJWBUJPO GPS UIF EFTJHO EFDJTJPOT BT XFMM BT UIF
FYQFSJNFOUBM EBUB UIBU TVCTUBOUJBUFT UIFTF EFDJTJPOT� ɨF JUFSBUJPOT DPOTJTU PG CPUI
UFDIOJDBM JUFSBUJPOT BOE VTFS�ESJWFO JUFSBUJPOT JO BDDPSEBODF XJUI UIF *40 NPEFM
PG IVNBO�DFOUFSFE EFTJHO PG JOUFSBDUJWF TZTUFNT� ɨF FYQFSJNFOUT DPWFS UIF EFTJHO
CVJME BOE VTF QIBTFT PG UIF UPPMLJU XJUI EJêFSFOU UZQFT PG QPUFOUJBM VTFST� "MM UIF EF�
TJHO SFRVJSFNFOUT EJTDPWFSFE UISPVHI UIF JUFSBUJWF IVNBO�DFOUFSFE BQQSPBDI XFSF
JNQMFNFOUFE JO UIF MBUFTU WFSTJPO PG UIF 0QTPSP UPPMLJU XIJDI JT EJTDVTTFE JO UIF
OFYU DIBQUFS�

t CHAPTER 4 HJWFT JO�EFQUI EFUBJMT PO UIF UFDIOJDBM JNQMFNFOUBUJPO PG UIF 0QTPSP
QMBUGPSN� ɨF DIBQUFS EJTDVTTFT UIF NFDIBOJDBM EFTJHO PG UIF TZTUFN UIF FMFDUSJDBM
EFTJHO BOE UIF TPGUXBSF BSDIJUFDUVSF� ɨF TFDUJPO PO UIF NFDIBOJDBM EFTJHO PG 0Q�
TPSP TUBSUT XJUI BO PWFSWJFX PG UIF WBSJPVT NPEVMFT GPS GBDJBM FYQSFTTJPOT JODMVEJOH
UIF NPVUI UIF FZFCSPX UIF FZF UIF KPJOU BOE UIF OFDL� *U UIFO EFTDSJCFT PVS
QSPQPTFE NFUIPEPMPHZ GPS EFTJHOJOH DVTUPN FNCPEJNFOUT CZ DPNCJOJOH UIF BGPSF�
NFOUJPOFE NPEVMFT XJUI B DVTUPN EFTJHO NBEF VTJOH EJHJUBM NBOVGBDUVSJOH UFDI�
OJRVFT� ɨF NFUIPEPMPHZ EFTDSJCFT UIF TUFQT UP EFTJHO B MBTFS�DVU TLFMFUPO GSBNF
UIFO DPOUJOVFT XJUI UIF TUFQT UP DSFBUF B TPGU IVHHBCMF PVUFS TLJO BOE DPODMVEFT
XJUI B CSJFG PWFSWJFX PG WBSJBOUT PO UIF FNCPEJNFOU NFUIPEPMPHZ�
ɨF TFDPOE QBSU PG UIF DIBQUFS EJTDVTTFT UIF EFTJHO PG UIF SPCPU�T FMFDUSPOJDT� )FSF
UIF UFDIOJDBM JUFSBUJPOT PG UIF NBJO DPOUSPMMFS CPBSE BSF EFTDSJCFE TUBSUJOH GSPN BO
BNBMHBN PG Pê�UIF�TIFMG CPBSET DPOUJOVJOH XJUI WBSJPVT 1$# QSPUPUZQFT BOE DPO�
DMVEJOH XJUI B QSPEVDUJPO�SFBEZ BEE�PO CPBSE GPS UIF 3BTQCFSSZ 1J� ɨJT TFDUJPO
FOET XJUI CBDLHSPVOE JOGPSNBUJPO PO UIF WBSJPVT TVCTZTUFNT PG UIF CPBSE TVDI BT
UIF DPNNVOJDBUJPOT QSPUPDPM UIF TFSWP ESJWFS JNQMFNFOUBUJPO BOE UIF DBQBDJUJWF
UPVDI TFOTPS�
ɨF UIJSE BOE ëOBM TFDUJPO PG UIF DIBQUFS QSFTFOUT UIF WBSJPVT TPGUXBSF DPNQPOFOUT
PG UIF TZTUFN� ɨJT TFDUJPO TUBSUT XJUI B EFTDSJQUJPO PG UIF DIPTFO FNPUJPOBM NPEFM
BT XFMM BT UIF GBDJBM FYQSFTTJPO BMHPSJUIN UIBU UVSOT QPTJUJPOT JO UIJT FNPUJPOBM TQBDF
JOUP TFSWP NPUPS BDUVBUJPOT� ɨFO UIF TFDUJPO DPOUJOVFT XJUI B EFTDSJQUJPO PG UIF
QMBUGPSN�T XFC�CBTFE VTFS JOUFSGBDF JODMVEJOH BO FYQMBOBUJPO PG IPX UIF WBSJPVT
TVCTZTUFNT XPSL UPHFUIFS BT XFMM BT BO PWFSWJFX PG UIF JOUFSGBDF EFTJHO DIPJDFT
BOE B EFTDSJQUJPO PG UIF WBSJPVT BQQT UIBU BSF BWBJMBCMF UP FOE�VTFST�

t CHAPTER 5 DPODMVEFT UIJT XPSL XJUI B TVNNBSZ PG PVS BDDPNQMJTINFOUT BOE
BO PWFSWJFX PG GVUVSF XPSL� 0OF PG PVS NPTU JNQPSUBOU BDIJFWFNFOUT JT UIBU XF
IBWF B TFFNJOHMZ DPNQMFY QJFDF PG UFDIOPMPHZ BDDFTTJCMF UP BNBUFVST BOE FOUIV�
TJBTUT XPSMEXJEF� " SFDVSSJOH UIFNF JO PVS XPSLTIPQT JT UIBU QBSUJDJQBOUT PGUFO
EPVCU UIFJS PXO TLJMMT BOE DIBODFT PG TVDDFTT BU UIF TUBSU ZFU UIFZ BMXBZT NBOBHF
UP TVDDFTTGVMMZ DSFBUF B SPCPU CZ UIF FOE PG UIF EBZ� *G UIF HFOFSBM FWPMVUJPO PG
UIF NBLFS BOE %*: NPWFNFOUT BSF BO JOEJDBUJPO PG UIF GVUVSF UIJT EFNPDSBUJ[B�
UJPO PG SPCPUJDT UFDIOPMPHZ XJMM FWFOUVBMMZ PQFO UIF EPPS UP OPWFM BOE VOFYQFDUFE
BQQMJDBUJPOT PG TPDJBM SPCPUT�
8IJMF QFSGPSNJOH UIJT SFTFBSDI JO UIF DPOUFYU PG JOEVTUSJBM EFTJHO XF IBWF BMXBZT
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NBJOUBJOFE DMPTF UJFT UP JOEVTUSJBM FOHJOFFSJOH BOE JOEVTUSJBMJ[BUJPO UISPVHIPVU UIF
QSPKFDU� "T QBSU PG UIJT QSPKFDU�T WBMPSJ[BUJPO XF BSF DVSSFOUMZ XPSLJOH PO DPNNFS�
DJBMJ[JOH UIF SFTFBSDI GSPN UIJT QSPKFDU JO UIF GPSN PG B TQJO�Pê DPNQBOZ� "T QBSU PG
UIFTF QSFQBSBUJPOT XF IBWF DPOEVDUFE NBSLFU TUVEJFT BOE CVTJOFTT NPEFM TUVEJFT
XIJDI SFWFBMFE UIBU UIF NBLFS � 45&. FEVDBUJPO BVEJFODF DVSSFOUMZ SFQSFTFOUT
UIF CFTU UBSHFU NBSLFU� ,FFQJOH USVF UP UIF SPPUT PG UIJT QSPKFDU XF XJMM DPOUJOVF UP
FYQFSJNFOU XJUI UIF PQFO TPVSDF QBSBEJHN BT XF SFNBJO DPOWJODFE UIBU UIF NPEFM
PQFOT VQ NBOZ NPSF CVTJOFTT PQQPSUVOJUJFT UIBO UIBU JU DSFBUFT UISFBUT� 5VSOJOH
UIJT SFTFBSDI QSPKFDU JOUP B QSPQFS DPNNFSDJBM QSPEVDU XJMM TUJMM SFRVJSF B CJH FêPSU
JO EFWFMPQNFOU JOEVTUSJBMJ[BUJPO BOE NBSLFUJOH CVU XJMM CF BO JOUFSFTUJOH KPVSOFZ
GPS FWFSZPOF JOWPMWFE� ɨF QSPTQFDU PG DSFBUJOH B CVTJOFTT BSPVOE UIJT SFTFBSDI JT
WFSZ FYDJUJOH BOE IPMET QSPNJTF GPS BO JOUFSFTUJOH GVUVSF PG UIF 0QTPSP QMBUGPSN�
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1.6 LIST OF PUBLICATIONS

JOURNAL ARTICLES

$� 7BOEFWFMEF '� XZêFMT #� 7BOEFSCPSHIU BOE +� 4BMEJFO 	JO QSFTT
� i%*: %FTJHO GPS
4PDJBM 3PCPUTw� *O� *&&& 3PCPUJDT BOE "VUPNBUJPO .BHB[JOF

1� %� $POSBEJF $� 7BOEFWFMEF +� %F 7JMMF BOE +� 4BMEJFO 	����
� i1SPUPUZQJOH 5BOHJCMF
6TFS *OUFSGBDFT� $BTF 4UVEZ PG UIF $PMMBCPSBUJPO CFUXFFO "DBEFNJB BOE *OEVTUSZw� *O�
*OUFSOBUJPOBM +PVSOBM PG &OHJOFFSJOH &EVDBUJPO ���� QQ� �o��

$� 7BOEFWFMEF '� XZêFMT $� $JPDDJ #� 7BOEFSCPSHIU BOE +� 4BMEJFO 	����
� i%FTJHO
BOE FWBMVBUJPO PG B %*: DPOTUSVDUJPO TZTUFN GPS FEVDBUJPOBM SPCPU LJUTw� *O� *OUFSOBUJPOBM
+PVSOBM PG 5FDIOPMPHZ BOE %FTJHO &EVDBUJPO ���� QQ� ���o���

PEER-REVIEWED CONFERENCE PAPERS

$� 7BOEFWFMEF BOE +� 4BMEJFO 	����B
� i"O 0QFO 1MBUGPSN GPS UIF %FTJHO PG 4PDJBM 3PCPU
&NCPEJNFOUT GPS 'BDF�UP�'BDF $PNNVOJDBUJPOw� *O� 1SPDFFEJOHT PG UIF ��UI *OUFSOBUJPOBM
$POGFSFODF PO )VNBO�3PCPU *OUFSBDUJPO� $ISJTUDIVSDI /FX ;FBMBOE QQ� ���o���

$� 7BOEFWFMEF BOE +� 4BMEJFO 	����C
� i%FNPOTUSBUJPO PG 014030 o BO 0QFO 1MBUGPSN
GPS 4PDJBM 3PCPUTw� *O� 1SPDFFEJOHT PG UIF ��UI "$.�*&&& *OUFSOBUJPOBM $POGFSFODF PO
)VNBO�3PCPU *OUFSBDUJPO� $ISJTUDIVSDI /FX ;FBMBOE

$� 7BOEFWFMEF .� 7BOIPVDLF BOE +� 4BMEJFO 	����
� i1SPUPUZQJOH TPDJBM JOUFSBDUJPOT
XJUI %*: BOJNBUSPOJD DSFBUVSFTw� *O� 1SPDFFEJOHT PG UIF �UI *OUFSOBUJPOBM $POGFSFODF PO
5BOHJCMF &NCFEEFE BOE &NCPEJFE *OUFSBDUJPO

$� 7BOEFWFMEF 1� $POSBEJF +� %F 7JMMF BOE +� 4BMEJFO 	����
� i1MBZGVM JOUFSBDUJPO� EF�
TJHOJOH BOE FWBMVBUJOH B UBOHJCMF SIZUINJD NVTJDBM JOUFSGBDFw� *O� 1SPDFFEJOHT PG */5&3�
'"$&� ǲF 4FDPOE *OUFSOBUJPOBM $POGFSFODF PO -JWF *OUFSGBDFT� &E� CZ "� 4B .� $BSWBMIBJT
BOE "� .D-FBO� -JTCPO 1PSUVHBM QQ� ���o���

$� 7BOEFWFMEF +� 4BMEJFO $� $JPDDJ BOE #� 7BOEFSCPSHIU 	����
� i0OP B %*: PQFO
TPVSDF QMBUGPSN GPS TPDJBM SPCPUJDTw� *O� 1SPDFFEJOHT PG UIF �UI *OUFSOBUJPOBM $POGFSFODF PO
5BOHJCMF &NCFEEFE BOE &NCPEJFE *OUFSBDUJPO� &E� CZ "� #VU[ 4� (SFFOCFSH 4� #BLLFS
-� -PLF BOE "� %F -VDB

.� 7BOIPVDLF $� 7BOEFWFMEF +� *OHFMT (� )BNPO BOE +� 4BMEJFO 	����
� i4FSJPVT
HBNF BT FEVDBUJPOBM UPPM GPS TBGFUZ BOE QSFWFOUJPOw� *O� 1SPDFFEJOHT PG UIF ���� "$.
4*($)* "OOVBM 4ZNQPTJVN PO $PNQVUFS�)VNBO *OUFSBDUJPO JO 1MBZ o 8PSLTIPQ 1BSUJDJ�
QBUPSZ %FTJHO GPS 4FSJPVT (BNF %FTJHO� 5PSPOUP $BOBEB� "$.

$� 7BOEFWFMEF +� 4BMEJFO $� $JPDDJ BOE #� 7BOEFSCPSHIU 	����D
� iɨF VTF PG TPDJBM
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SPCPU POP JO SPCPU BTTJTUFE UIFSBQZw� *O� *OUFSOBUJPOBM $POGFSFODF PO 4PDJBM 3PCPUJDT 1SP�
DFFEJOHT

$� 7BOEFWFMEF +� 4BMEJFO $� $JPDDJ BOE #� 7BOEFSCPSHIU 	����B
� i0WFSWJFX PG UFDI�
OPMPHJFT GPS CVJMEJOH SPCPUT JO UIF DMBTTSPPNw� *O� 1SPDFFEJOHT PG UIF �UI *OUFSOBUJPOBM
$POGFSFODF PO 3PCPUJDT JO &EVDBUJPO

PEER-REVIEWED BOOK CHAPTERS

$� 7BOEFWFMEF +� 4BMEJFO $� $JPDDJ BOE #� 7BOEFSCPSHIU 	����C
� i4ZTUFNT PWFSWJFX PG
0OP� B %*: SFQSPEVDJCMF PQFO TPVSDF TPDJBM SPCPUw� *O� -FDUVSF /PUFT JO $PNQVUFS 4DJFODF�
&E� CZ (� )FSSNBOO .� +� 1FBSTPO "� -FO[ 1� #SFNOFS "� 4QJFST BOE -� 6� 7PM� �����
4QSJOHFS *OUFSOBUJPOBM 1VCMJTIJOH QQ� ���o���
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Chapter 2

DESIGN METHODOLOGY

ɨF MJGFDZDMF PG NPTU QSPEVDUT DBO CF BQQSPYJNBUFE VTJOH B SFMBUJWFMZ TJNQMF MJGFDZDMF
NPEFM TIPXO JO ëHVSF ���� *O UIJT NPEFM UISFF BDUJPOT BSF EJTUJOHVJTIFE� UIF EFTJHO
PG B QSPEVDU UIF NBOVGBDUVSF PG UIF QSPEVDU 	UZQJDBMMZ UISPVHI NBTT�QSPEVDUJPO
 BOE
ëOBMMZ UIF VTF PG UIF QSPEVDU CZ B DPOTVNFS� ɨF MJGFDZDMF PG TVDI B QSPEVDU JT SFMBUJWFMZ
TUSBJHIUGPSXBSE BOE FBDI BDUJPO JT QFSGPSNFE CZ B EJêFSFOU HSPVQ PG QFPQMF� ɨF QSPEVDU
JT EFTJHOFE CZ B DPNQBOZ�T 3�% EFQBSUNFOU JU JT CVJMU CZ UIF QFPQMF JO JUT NBOVGBDUVS�
JOH EFQBSUNFOU BOE JU JT VTFE CZ UIF DPNQBOZ�T DVTUPNFST� $POTFRVFOUMZ UIF DPNQBOZ�T
QFSTQFDUJWF FODPNQBTTFT UIF FOUJSF QSPEVDU MJGFDZDMF BOE PCTFSWBUJPOT BCPVU B QSPEVDU�T
VTBHF NBZ JOìVFODF UIF OFYU HFOFSBUJPO PG UIBU QSPEVDU� 0O UIF PUIFS IBOE UIF FOE
VTFST o DPOTVNFST o BSF VTVBMMZ POMZ JOUFSFTUFE JO XIBU WBMVF UIF QSPEVDU DBO PêFS UIFN�
)PX JU XBT EFTJHOFE PS IPX JU XBT QSPEVDFE JT PG MJUUMF DPODFSO UP UIFN�

design

builduseend user’s
perspective

company’s
perspective

Fig. 2.1 Lifecycle model of conventional products.

#Z DPOUSBTU JO SFDFOU ZFBST NPSF BOE NPSF QMBUGPSN�CBTFE QSPEVDUT IBWF CFHVO UP BQQFBS�
ɨFTF QSPEVDUT BSF DIBSBDUFSJ[FE CZ B DPNQMFY EPVCMF�MPPQ MJGFDZDMF NPEFM BT JMMVTUSBUFE
JO ëHVSF ���� 0OF PG UIF LFZ DIBSBDUFSJTUJDT JT UIBU UIF SPMFT PG EFTJHOFST QSPEVDFST BOE
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2. DESIGN METHODOLOGY

DPOTVNFST BSF OP MPOHFS DMFBSDVU� ɨFZ BSF JOTUFBE EJêVTFE PWFS UIF EJêFSFOU QSPEVDU
TUBLFIPMEFST� 5PPMLJUT 	EFTDSJCFE JO TFDUJPO �����
 GPSN BO JNQPSUBOU TVCTFU XJUIJO UIJT
HSPVQ PG QSPEVDUT�

6OMJLF UIF ëSTU NPEFM UIF EFTJHOoCVJMEoVTF QSPDFTT JT DPNQMJDBUFE CZ B TFDPOE MBZFS PG
IJFSBSDIZ BT TFDPOEBSZ EFTJHO BOE CVJME QIBTFT BSF JOUSPEVDFE� ɨF NPEFM EJTUJOHVJTIFT
UISFF NBKPS QFSTQFDUJWFT� ɨF MBSHFTU QFSTQFDUJWF JT UIBU PG UIF TZTUFN EFTJHOFST� UIFZ BSF
DPODFSOFE XJUI UIF EFTJHO PG UIF UPPMLJU XJUI UIF XBZ UIF UPPMLJU JT VTFE CZ PUIFST UP
EFTJHO BOE XJUI IPX BSUJGBDUT DSFBUFE VTJOH UIF UPPMLJU BSF VTFE� ɨF TFDPOE QFSTQFDUJWF
JT UIBU PG UIF JOUFSNFEJBSJFT� UIF UPPMLJU VTFST JO UIJT DBTF� 'PS UIF JOUFSNFEJBSZ UIF UPPMLJU
SFQSFTFOUT B CPVOEBSZ DPOEJUJPO XIJDI EFMJNJUT UIFJS EFTJHO TQBDF� 8JUIJO UIJT EFTJHO
TQBDF UIF JOUFSNFEJBSZ SFMJFT PO UIFJS DSFBUJWJUZ UP DSFBUF BO BSUJGBDU UIBU JT SFMFWBOU GPS
FOE VTFST� ɨF JOUFSNFEJBSZ DBO CF UIF FOE VTFS UIPVHI UIF FOE VTFST DBO BMTP CF BOPUIFS
EJTUJODU HSPVQ� ɨF ëOBM QFSTQFDUJWF JT UIBU PG UIF FOE VTFST� "T XJUI UIF ëSTU NPEFM UIF
FOE VTFST� QFSTQFDUJWF JT UIF NPTU OBSSPX QFSTQFDUJWF CFJOH QSJNBSJMZ DPODFSOFE XJUI UIF
WBMVF PG UIF BSUJGBDU JO UIFJS DPOUFYU� 4UJMM DIBSBDUFSJTUJD PG B QMBUGPSN�CBTFE QSPEVDU JT
UIBU FWFO FOE VTBHF DBO DPOUBJO FMFNFOUT PG PQFO�FOEFEOFTT BOE DSFBUJWF QMBZ�

design

builddesign

builduseend user’s
perspective intermediary’s

perspective

system designer’s
perspective

Fig. 2.2 Lifecycle model of platform-based products.

*O UIJT MJGFDZDMF NPEFM UIFSF BSF UXP MPPQT PG JUFSBUJPO SFQSFTFOUFE CZ UIF EPUUFE BSSPXT
JO ëHVSF ���� ɨF JOOFS JUFSBUJPO MPPQ IBQQFOT XJUIJO UIF DPOUFYU PG UIF JOUFSNFEJBSJFT�
#BTFE VQPO UFTUJOH BOE GFFECBDL GSPN FOE VTFST UIF JOUFSNFEJBSJFT DBO VTF UIF UPPMLJU
UP GVSUIFS JNQSPWF UIF EFTJHO PG BO BSUJGBDU� ɨF TFDPOE JUFSBUJPO MPPQ JT TJUVBUFE BU UIF
TZTUFN EFTJHOFST� MFWFM� ɨJT JUFSBUJPO MPPQ JT NPSF DPNQMJDBUFE CFDBVTF B TZTUFN EFTJHOFS
OFFET UP UBLF JOUP BDDPVOU CPUI UIF EJSFDU VTFST PG UIF UPPMLJU 	UIF JOUFSNFEJBSJFT
 BOE UIF
JOEJSFDU VTFST 	UIF FOE VTFST
� $POTFRVFOUMZ TZTUFN EFTJHOFST BSF DPODFSOFE XJUI CPUI
IPX UIF UPPMLJU JT VTFE BOE XJUI IPX UIF FOE QSPEVDU JT VTFE� #PUI UIFTF BDUJWJUJFT TIBQF
UIF EFWFMPQNFOU PG UIF TZTUFN JO BO JUFSBUJWF QSPDFTT� &WFO UIPVHI UIJT JOEJSFDU JUFSBUJPO
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2. DESIGN METHODOLOGY

QBUI JT NPSF DPNQMFY UIF UPPMLJU QBSBEJHN JT WBMVBCMF CFDBVTF JU JT B XBZ UP CSJEHF UIF
JOGPSNBUJPO HBQ DBVTFE CZ TUJDLZ JOGPSNBUJPO 	)JQQFM ����� )JQQFM BOE ,BU[ ����
�

*O BEEJUJPO UP UIF IVNBO BTQFDU UIF DPOUFYU PG UIF 0QTPSP QMBUGPSN IBT BOPUIFS EFHSFF
PG DPNQMFYJUZ OBNFMZ UIBU PG UBOHJCMF JOUFSBDUJWJUZ� ɨF TZTUFN OPU POMZ FODPNQBTTFT
IBSEXBSF CVU BMTP CVJMET VQPO B MBSHF CPEZ PG FMFDUSPOJDT BOE TPGUXBSF JO PSEFS UP XPSL�
0VS XPSL CFBST NBOZ TJNJMBSJUJFT UP UIF QBSBEJHN PG UBOHJCMF CJUT BT JOUSPEVDFE CZ *TIJJ
	*TIJJ ����� *TIJJ BOE 6MMNFS ����
� *TIJJ BSHVFT UIBU BT UFDIOPMPHZ BEWBODFT JU OFFET UP
NPWF CFZPOE TDSFFOT BOE LFZCPBSET BOE QFSNFBUF UP BMM BTQFDUT PG PVS MJWFT� $FOUSBM UP
UIF DPODFQU PG UBOHJCMF CJUT JT UIF QIZTJDBM NBOJQVMBUJPO PG EJHJUBM EBUB JOTUFBE PG VTJOH
B TDSFFO BT B XJOEPX JOUP UIF EJHJUBM XPSME� *O UIF GPSN PG B ëOJTIFE BSUJGBDU UIF 0QTPSP
QMBUGPSN PêFST B EJêFSFOU LJOE PG CSJEHF CFUXFFO UIF EJHJUBM BOE QIZTJDBM XPSME� UIBU PG
UIF 36*� *O JUT OBUJWF UPPMLJU GPSN DPNQPOFOUT PG UIF TZTUFN EP OPU POMZ FYJTU JO UIF
QIZTJDBM XPSME� UIFZ IBWF B EJSFDU DPVOUFSQBSU JO TPGUXBSF MFBEJOH UP EVBM DJUJ[FOTIJQ PG
UIF QIZTJDBM BOE EJHJUBM XPSMET�

*O UIJT XPSL XF EFBM XJUI EJTUJODU TZTUFN BDUJWJUJFT� EFTJHOoCVJMEoVTF� 8F EFBM XJUI NVM�
UJQMF UZQFT PG EFTJHOT UIBU OFFE UP XPSL JO VOJTPO� IBSEXBSFoFMFDUSPOJDToTPGUXBSF� 8F EFBM
XJUI EFTJHOJOH B TZTUFN JOTUFBE PG EFTJHOJOH B QSPEVDU� ɨF EFTJHO PG B SPCPUJDT UPPMLJU
GPS TPDJBM SPCPUT JT B DIBMMFOHJOH QSPTQFDU OPU POMZ GSPN B UFDIOJDBM QPJOU PG WJFX CVU BMTP
EVF UP UIF FYUFOTJWF JOìVFODF PG IVNBO GBDUPST PO BMM BTQFDUT PG UIF TZTUFN� ɨFSFGPSF XF
BSHVF UIBU DPOWFOUJPOBM FOHJOFFSJOH EFWFMPQNFOU QBSBEJHNT TVDI BT UIF EPVCMF EJBNPOE
NPEFM 	%FTJHO $PVODJM ����
 BOE UIF XBUFSGBMM NPEFM 	3PZDF ����
 BSF OPU BQQMJDBCMF
IFSF BOE PUIFS NFUIPET OFFE UP CF VTFE�

2.1 USER-CENTERED DESIGN

ɨF *40 NPEFM GPS IVNBO�DFOUFSFE EFTJHO PG JOUFSBDUJWF TZTUFNT 	*40 	����
 ëH� ���

CFTU EFTDSJCFT UIF EFTJHO QSPDFTT PG UIJT QSPKFDU� *U JT JNQPSUBOU UP OPUF UIBU UIF *40 NPEFM
EFëOFT UISFF TFQBSBUF JUFSBUJPO MPPQT� DPOUFYU JUFSBUJPO VTFS SFRVJSFNFOU JUFSBUJPO BOE
EFTJHO JUFSBUJPO� ɨJT JUFSBUJWF QSPDFTT JT FTTFOUJBM CFDBVTF UIF JOUFSBDUJPO CFUXFFO QFPQMF
BOE QSPEVDUT JT JOUSJOTJDBMMZ IBSE UP QSFEJDU� *U NVTU CF UFTUFE JO TJUV JU DBOOPU CF EJWJEFE
JOUP DPNQPOFOUT UIBU BSF UP CF UFTUFE JOEFQFOEFOUMZ JO B MBCPSBUPSZ DPOUFYU BOE JU JT
FTTFOUJBM UP DPOUJOVBMMZ RVFTUJPO BMM UIF CPVOEBSZ DPOEJUJPOT PG B EFTJHO�

ɨF *40 �������� NPEFM JT B EFQBSUVSF GSPN USBEJUJPOBM FOHJOFFSJOH EFTJHO NPEFMT TVDI
BT UIF XFMM�LOPXO XBUFSGBMM NPEFMΉ	3PZDF ����
 TIPXO JO ëH� ���� ɨF XBUFSGBMM NPEFM
JT TVJUBCMF GPS USBEJUJPOBM FOHJOFFSJOH UBTLT UIBU IBWF ëYFE XFMM LOPXO SFRVJSFNFOUT BOE
UBLF QMBDF JO B WFSZ QSFEJDUBCMF FOWJSPONFOU� 6MUJNBUFMZ JU JT TFRVFOUJBM JO OBUVSF BOE
EPFT OPU UBLF JOUP BDDPVOU UIF QPTTJCJMJUZ PG HPJOH CBDLXBSE VQ UIF DBTDBEF DIBJO� )PX�
FWFS CFJOH BCMF UP NPWF CBDL BOE GPSUI CFUXFFO EFTJHO QIBTFT JT DSVDJBM JO PSEFS UP EFBM
XJUI UIF EFTJHO DIBMMFOHFT PG JOUFSBDUJWF TZTUFNT� ɨF *40 TUBOEBSE TVNNBSJ[FT UIF DIBM�
MFOHFT PG EFTJHOJOH IVNBO�DPNQVUFS JOUFSBDUJPO BT GPMMPXT 	*40 ����
�
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Understand and specify
the context of use

Specify the user
requirements

Produce design solutions
to meet user requirements

Evaluate the designs
against requirements

Designed solution
meets user

requirements

Plan the
human-centred
design process

ite
rate

iterate
iterate

Fig. 2.3 ISO 9241-210 model for human-centered design of interactive systems. Adapted from
ISO (2010).

iǲF DPNQMFYJUZ PG IVNBOoDPNQVUFS JOUFSBDUJPO NFBOT UIBU JU JT JNQPTTJCMF UP
TQFDJGZ DPNQMFUFMZ BOE BDDVSBUFMZ FWFSZ EFUBJM PG FWFSZ BTQFDU PG UIF JOUFSBDUJPO BU
UIF CFHJOOJOH PG EFWFMPQNFOU� .BOZ PG UIF OFFET BOE FYQFDUBUJPOT PG VTFST BOE
PUIFS TUBLFIPMEFST UIBU XJMM JNQBDU PO UIF EFTJHO PG UIF JOUFSBDUJPO POMZ FNFSHF JO
UIF DPVSTF PG EFWFMPQNFOU BT UIF EFTJHOFST SFíOF UIFJS VOEFSTUBOEJOH PG UIF VTFST
BOE UIFJS UBTLT BOE BT VTFST BSF CFUUFS BCMF UP FYQSFTT UIFJS OFFET JO SFTQPOTF UP
QPUFOUJBM TPMVUJPOT�w

requirements

analysis

design

development

testing

operations

Fig. 2.4 Waterfall model of development. Adapted from Royce (1970).

76



2. DESIGN METHODOLOGY

*O QSBDUJDF PVS FYQFSJFODFT XJUI UIF 1SPCP QSPKFDU 	(PSJT FU BM� ����� 4BMEJFO ����

BT XFMM BT UIF CPEZ PG XPSL EFTDSJCFE JO )3* MJUFSBUVSF HBWF VT B IFBE TUBSU JO UIF ëSTU
TUFQ PG UIF )$* NPEFM� VOEFSTUBOEJOH BOE TQFDJGZJOH UIF DPOUFYU PG VTF� 4UJMM PWFS UIF
DPVSTF PG UIF QSPKFDU BMM UISFF JUFSBUJWF MPPQT PDDVSSFE NVMUJQMF UJNFT� SFUIJOLJOH UIF VTBHF
DPOUFYU SFUIJOLJOH VTFS SFRVJSFNFOUT BOE SFUIJOLJOH UIF EFTJHO TPMVUJPOT� ɨF JOOFSNPTU
JUFSBUJPO MPPQ o SFUIJOLJOH UIF EFTJHO TPMVUJPOT o XBT UIF NPTU GSFRVFOU JUFSBUJPO DZDMF JO
PVS DBTF� 5FTUJOH JOWPMWFE FWBMVBUJOH UIF BQQSPQSJBUFOFTT UPXBSE UIF JOUFOEFE BQQMJDBUJPO
	)3*
 BT XFMM BT UIF BQQSPQSJBUFOFTT UPXBSE .BLFS�%*:�DFOUSJD QSPEVDUJPO UFDIOJRVFT�

0VS NFUIPEPMPHZ JODPSQPSBUFT NBOZ FMFNFOUT PG EFTJHO UIJOLJOH 	#SPXO ����� %PSTU
����
� ɨJT QBSBEJHN HBJOFE NVDI USBDUJPO JO SFDFOU ZFBST BOE PêFST XBZT UP EFBM XJUI
QSPCMFNT UIBU BSF DPNNPO JO NBOZ QSPGFTTJPOT CVU DBOOPU CF BEESFTTFE UISPVHI USBEJ�
UJPOBM SFTFBSDI QBSBEJHNT� %PSTU GSBNFT UIJT QBSBEJHN JO UFSNT PG QBUUFSOT PG SFBTPOJOH
	ëH� ���
� 5SBEJUJPOBMMZ UIF TDJFODFT IBWF CFFO QSFEPNJOBOUMZ PDDVQJFE XJUI EFDJQIFSJOH
UIF MBXT UIBU HPWFSO UIF OBUVSBM VOJWFSTF� ɨF QSFEPNJOBOU SFBTPOJOH QBUUFSOT XJUIJO UIF
TDJFODFT BSF EFEVDUJPO BOE JOEVDUJPO MFBEJOH UP UIF XFMM�LOPXO IZQPUIFTJT�ESJWFO SFTFBSDI
QBSBEJHN�

t %FEVDUJPO o 6TJOH UIF JOJUJBM DPOEJUJPOT BOE B XPSLJOH QSJODJQMF UP QSFEJDU UIF FOE
SFTVMU PG B QIFOPNFOPO�

t *OEVDUJPO o 6TJOH UIF JOJUJBM DPOEJUJPOT BOE UIF FOE SFTVMU UP EFUFSNJOF UIF XPSLJOH
QSJODJQMF HPWFSOJOH B QIFOPNFOPO�

#Z DPOUSBTU UIF QSFEPNJOBOU QBUUFSO PG SFBTPOJOH JO EFTJHO QSPGFTTJPOT JT BCEVDUJPO� "C�
EVDUJWF SFBTPOJOH DPNFT JO UXP GPSNT�

t "CEVDUJPO�� o 6TJOH B LOPXO XPSLJOH QSJODJQMF UP EFTJHO B UIJOH UIBU DSFBUF WBMVF�
ɨF UIJOH DBO CF BO PCKFDU B TFSWJDF B TZTUFN� ɨJT GPSN JT PGUFO BTTPDJBUFE XJUI
QSPCMFN�TPMWJOH�

t "CEVDUJPO�� o *O UIJT QBUUFSO POMZ UIF EFTJSFE WBMVF JT LOPXO BOE UIFSF JT OP
LOPXO XPSLJOH QSJODJQMF UIBU HVBSBOUFFT WBMVF�

*U TIPVME CF OPUFE UIBU BMM GPVS QBUUFSOT BSF VTFE JO TDJFODF BOE JO EFTJHO UIPVHI FBDI
EJTDJQMJOF IBT B EJêFSFOU FNQIBTJT� )PXFWFS %PSTU BSHVFT UIBU EFTJHO QSPGFTTJPOT BSF
GVOEBNFOUBMMZ EJêFSFOU GSPN ëFMET UIBU FNQIBTJ[F BOBMZTJT 	EFEVDUJPO BOE JOEVDUJPO
 PS
QSPCMFN TPMWJOH 	BCEVDUJPO��
 OFDFTTJUBUJOH EJêFSFOU NFUIPET BOE QSBDUJDFT� %FEVDUJWF
SFBTPOJOH HVBSBOUFFT UIF WBMJEJUZ PG UIF SFTVMU JG UIF QSFNJTFT BSF USVF� #Z XBZ PG DPOUSBTU
BCEVDUJPO JT UIF MPHJD PG iCFTU HVFTTw MFBQT BOE UIF DPODMVTJPO NBZ UVSO PVU UP CF GBMTF
FWFO JG UIF QSFNJTFT BSF USVF 	,PMLP ����
�

ɨF QSPDFTT PG BCEVDUJWF UIJOLJOH JO EFTJHO JT GVSUIFS EFUBJMFE CZ ,PMLP 	����
� )F EF�
TDSJCFT EFTJHO BT GVOEBNFOUBMMZ SPPUFE JO TZOUIFTJT� iTZOUIFTJT PG NBSLFU OFFET UFDIOPM�
PHZ USFOET BOE CVTJOFTT OFFETw� ɨJT DPOUSBTUT XJUI UIF TDJFODFT XIFSF BOBMZTJT JT UIF
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WHAT + HOW leads to ???

WHAT + ??? leads to RESULT

??? + HOW leads to VALUE

??? + ??? leads to VALUE

A

B

C

D

Fig. 2.5 Four patterns of reasoning: (A) deduction, (B) induction, (C) abduction-1, (D) abduction-
2. Adopted from Dorst (2010).

QSFEPNJOBOU NPEF PG SFBTPOJOH� #SPXO 	����
 EFTDSJCFT UIF EFTJHO UIJOLJOH QSPDFTT
OPU BT B TFSJFT PG PSEFSMZ TUFQT CVU BT B TQFDUSVN PG TQBDFT� JOTQJSBUJPO JEFBUJPO BOE
JNQMFNFOUBUJPO� .PTU QSPKFDUT WJTJU UIFTF UISFF TQBDFT SFQFBUFEMZ BT UIF EFTJHO HSBEVBMMZ
CFDPNFT NPSF EFëOFE� #VDIBOBO 	����
 TUBUFT UIBU EFTJHO QSPCMFNT BSF JOEFUFSNJOBUF
BOE UIFSFGPSF XJDLFE QSPCMFNT� 8JDLFE QSPCMFNT BSF QSPCMFNT UIBU BSF SFTJTUBOU UP SFTP�
MVUJPO CFDBVTF PG DPNQMFY DPOUSBEJDUPSZ DIBOHJOH SFRVJSFNFOUT 	$� 8� $IVSDI ����
�
ɨFTF QSPCMFNT DBOOPU CF BQQSPBDIFE XJUIPVU UIF JOUFHSBUJWF JOUFSEJTDJQMJOBSZ BDUJPO
UIBU JT JOIFSFOU UP EFTJHO UIJOLJOH�

%PSTU 	����
 FYQMBJOT UIBU EFTJHO DIBMMFOHFT BSF ESJWFO CZ B DPSF QBSBEPY� TUBUFNFOUT UIBU
BSF USVF JO UIFJS PXO SJHIU CVU DBVTF DPOìJDU XIFO DPNCJOFE� ɨF DPSF QBSBEPY MFBET
UP B ëFME PG UFOTJPO� B QBSBNFUFS TQBDF UIBU UIF EFTJHOFS IBT UP FYQMPSF� ɨJT MFBET UP
UIF JNQPSUBODF PG SFGSBNJOH� ëOEJOH OPWFM TUBOEQPJOUT GSPN XIJDI B QSPCMFN DBO CF
BQQSPBDIFE JO PSEFS UP HFOFSBUF OFX TPMVUJPOT�

*O UIJT XPSL UIF QBSBEPY DBO CF TVNNBSJ[FE BT UIF EFTJSF UP DSFBUF IJHI�GVODUJPOBMJUZ
SPCPUT VTJOH TJNQMF MPX�UFDI %*: CVJMEJOH CMPDLT� */ FTTFODF PVS QBSBEPY JT DBVTFE CZ
UIF VODFSUBJOUZ BOE VOQSFEJDUBCJMJUZ PG UIF IVNBO BTQFDU SFTVMUJOH JO B GBDFU PG XJDLFE�
OFTT� *U JT GBJSMZ TUSBJHIUGPSXBSE UP EFëOF UIF GVODUJPOBMJUZ SFRVJSFNFOUT PG B TFSWJDF SPCPU�
" QBSLJOH SPCPU GPS JOTUBODF TIPVME CF BCMF UP MJGU B DBS JU TIPVME CF BCMF UP OBWJHBUF
B QBSLJOH DPNQMFY BOE JU TIPVME OPU CF BCMF UP IBSN VTFST PS EBNBHF PCKFDUT� " TPDJBM
SPCPU JT UIF PQQPTJUF JUT GVODUJPOBMJUJFT DBOOPU CF QSFEJDUFE FBTJMZ CFDBVTF B TPDJBM SPCPU
JT OPU B UBTL�PSJFOUFE BSUJGBDU�

ɨF RVFTUJPO SFNBJOT� XIFSF MJFT CBMBODF "U XIBU QPJOU DBO XF OP MPOHFS SBUJPOBMJ[F
UIF NBSHJOBM DPTU PG UIF TZTUFN o JO JUT CSPBEFTU TFOTF o CZ UIF NBSHJOBM JNQSPWFNFOU�
#FDBVTF PG UIF DPNQMFYJUZ PG UIJT EFTJHO TQBDF EFTJHO SFRVJSFNFOUT DBOOPU CF QSFEFUFS�
NJOFE� ɨF SFRVJSFNFOUT TIPVME CF EJTDPWFSFE UISPVHI B KPJOU EJTDPVSTF XJUI VTFST� ɨF
JOUFHSBM BTQFDU PG IVNBO BêFDU JT B DSVDJBM EJêFSFOUJBUPS CFUXFFO B TFSWJDF SPCPU BOE B TP�
DJBM SPCPU XIJDI JT XIZ VTBCJMJUZ BOE VTFS FYQFSJFODF BSF TP JNQPSUBOU BT B XBZ UP WBMJEBUF
UIF iGVODUJPOBMJUJFTw PG B TPDJBM SPCPU�
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2. DESIGN METHODOLOGY

2.1.1 USABILITY & USER EXPERIENCE

ɨF DPODFQU PG VTBCJMJUZ PSJHJOBMMZ BSPTF GSPN UIF TPGUXBSF XPSME� "T DPNQVUFS TZTUFNT
HSFX NPSF DPNQMFY NPSF GVMM�GFBUVSFE BOE NPSF XJEFTQSFBE BO JODSFBTJOH EFNBOE BQ�
QFBSFE GPS UIFTF TZTUFNT UP CF TJNQMF BOE FïDJFOU UP PQFSBUF� 0OF PG UIF NPTU XFMM�LOPXO
FYBNQMFT PG VTBCJMJUZ JO TPGUXBSF JT UIF USBOTJUJPO GSPN UFYU�CBTFE DPNNBOE MJOF JOUFSGBDFT
UP HSBQIJDBM VTFS JOUFSGBDFT� ɨPVHI UIF DPODFQU PG VTBCJMJUZ FOHJOFFSJOH XBT PSJHJOBMMZ
EFWFMPQFE GPS DPNQVUFS BQQMJDBUJPOT UIF TBNF NFUIPEPMPHZ XBT MBUFS BMTP BQQMJFE UP QIZT�
JDBM QSPEVDUT FTQFDJBMMZ UIPTF XJUI DPNQMFY GVODUJPOBMJUZ�

"U JUT DPSF UIF DPODFQU PG VTBCJMJUZ JT UBTL�GPDVTFE� *U JT DPODFSOFE XJUI RVFTUJPOT TVDI BT
i)PX XFMM DBO B VTFS DPNQMFUF B UBTL w BOE i)PX GBTU DBO B VTFS MFBSO UP EP B UBTL w� ɨF
*40 ������� TUBOEBSE EFëOFT UIF GPMMPXJOH VTBCJMJUZ BTQFDUT PG WJTVBM EJTQMBZ UFSNJOBMT
	*40 ����
�

t &ìFDUJWFOFTT o " NFBTVSF GPS UIF BDDVSBUFOFTT PS DPNQMFUFOFTT XJUI XIJDI UIF VTFS
DPNQMFUFT B HPBM PS TVCHPBM�

t &ïDJFODZ o " NFBTVSF GPS UIF SFTPVSDFT FYQFOEFE UP SFBDI B DFSUBJO HPBM� 3FMFWBOU
SFTPVSDFE EFëOFE CZ UIF TUBOEBSE JODMVEF iNFOUBM PS QIZTJDBM FêPSU UJNF NBUFSJBMT
PS ëOBODJBM DPTUw�

t 4BUJTGBDUJPO o " NFBTVSF GPS UIF FYUFOU UP XIJDI UIF VTFST BSF GSFF GSPN EJTDPNGPSU�

8IJMF TBUJTGBDUJPO JT POF PG UIF GBDUPST PG UIF OPSN JU TIPVME CF OPUFE UIBU UIF UFSN JT
JOUFSQSFUFE JO B WFSZ TIBMMPX BOE MJNJUFE XBZ� ɨF TUBOEBSE POMZ UBLFT TBUJTGBDUJPO JOUP
BDDPVOU JOTPGBS UIBU JU BJET PS IBNQFST B VTFS JO DFSUBJO UBTL PS BDUJWJUZ�

*O SFDFOU ZFBST VTBCJMJUZ IBT CFFO TVQFSTFEFE CZ UIF DPODFQU PG VTFS FYQFSJFODF� 6TFS FYQF�
SJFODF PêFST BO FYQMBOBUJPO BT UP XIZ VTFST QSFGFS TPNF QSPEVDUT PWFS PUIFST FWFO XIFO
B QSPEVDU PêFST MFTT GVODUJPOBMJUZ BU B IJHIFS QSJDF� 8JUI IJT CPPL ǲF %FTJHO PG &WFSZEBZ
ǲJOHT %PO /PSNBO XBT POF PG UIF ëSTU UP SFDPHOJ[F BOE JEFOUJGZ UIJT TIJGU 	/PSNBO
����
� 8JUI UIF FWFS�EFDSFBTJOH DPTU PG DPOTVNFS HPPET BOE UIF SBQJE FWPMVUJPO PG UFDI�
OPMPHZ VTFS FYQFSJFODF JT POF PG UIF GFX SFNBJOJOH EJêFSFOUJBUPST UIBU DBO CF VTFE UP
EJTUJOHVJTI B QSPEVDU GSPN JUT DPNQFUJUJPO� ɨF PSJHJOBM J1PE GPS FYBNQMF JT POF PG UIF
ëSTU QSPEVDUT UP USVMZ FNCPEZ VTFS FYQFSJFODF� "T #SPXO OPUFT� i(SFBU EFTJHO TBUJTëFT
CPUI PVS OFFET BOE PVS EFTJSFT� 	y
 ɨF J1PE XBT OPU UIF ëSTU .1� QMBZFS CVU JU XBT UIF
ëSTU UP CF EFMJHIUGVM�w 	#SPXO ����
� ɨF EFWJDF OPU POMZ IBE BO BUUSBDUJWF TIBQF BOE BO
JOUVJUJWF JOUFSGBDF UIF J5VOFT TUPSF PêFSFE BO FOUJSFMZ OFX XBZ PG CVZJOH BOE DPOTVNJOH
NVTJD� ɨF J1PE EPFT OPU GPDVT PO UIF UBTL PG QMBZJOH NVTJD� JU QBZT BUUFOUJPO UP FWFSZ
GBDFU PG FYQFSJFODJOH NVTJD� EJTDPWFSJOH CVZJOH USBOTGFSSJOH MJTUFOJOH DVSBUJOH TIBSJOH�

/PSNBO 	����
 BSHVFT UIBU HPPE VTFS FYQFSJFODF EFTJHO UZQJDBMMZ USBOTDFOET UIF CPVOEBSZ
PG B QSPEVDU JO JUT USBEJUJPOBM TFOTF� *OTUFBE QSPEVDUT BSF QBSU PG B MBSHFS FDPTZTUFN XIJDI
BHBJO FNQIBTJ[FT UIF JNQPSUBODF PG TZTUFN UIJOLJOH BOE EFTJHO UIJOLJOH� #SPXO 	����

TVNNBSJ[FT UIJT TFOUJNFOU BT GPMMPXT� i"T NPSF PG PVS CBTJD OFFET BSF NFU XF JODSFBTJOHMZ
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FYQFDU TPQIJTUJDBUFE FYQFSJFODFT UIBU BSF FNPUJPOBMMZ TBUJTGZJOH BOE NFBOJOHGVM� ɨFTF
FYQFSJFODFT XJMM OPU CF TJNQMF QSPEVDUT� ɨFZ XJMM CF DPNQMFY DPNCJOBUJPOT PG QSPEVDUT
TFSWJDFT TQBDFT BOE JOGPSNBUJPO�w

/PSNBO 	����
 BMTP SFNBSLT UIBU B QFSTPO�T BêFDUJWF TUBUF IBT B EFFQ FêFDU PO DPHOJUJPO�
/FHBUJWF WBMFODF MFBET UP B EFQUI�ëSTU GPDVTFE NPEF PG UIJOLJOH� 1PTJUJWF WBMFODF PO
UIF PUIFS IBOE CSPBEFOT UIF UIPVHIU QSPDFTT BOE TUJNVMBUFT DSFBUJWJUZ� /PSNBO PêFST B
TJNQMF BOBMPHZ UP JMMVTUSBUF UIJT DPODFQU 	/PSNBO ����
�

i*NBHJOF B QMBOL �� NFUFST MPOH BOE POF NFUFS XJEF� 1MBDF JU PO UIF HSPVOE�
$BO ZPV XBML PO JU 0G DPVSTF o OP QSPCMFN� :PV DBO KVNQ VQ BOE EPXO EBODF
BOE FWFO XBML BMPOH XJUI ZPVS FZFT TIVU� /PX MJGU UIF QMBOL UISFF NFUFST JO UIF
BJS� $BO ZPV XBML PO JU :FT BMUIPVHI NPSF DBSFGVMMZ� 8IBU JG UIF QMBOL XFSF
��� NFUFST JO UIF BJS .PTU PG VT XPVMEO�U EBSF HP OFBS JU FWFO UIPVHI UIF BDU
PG XBMLJOH BMPOH JU BOE NBJOUBJOJOH CBMBODF TIPVME CF OP NPSF EJïDVMU UIBO
XIFO PO UIF HSPVOE� 8IZ XPVME B TJNQMF UBTL TVEEFOMZ CFDPNF TP EJïDVMU o
JNQPTTJCMF FWFO 5FMM ZPVSTFMG BMM ZPV XBOU UIBU JG ZPV DBO XBML PO UIF QMBOL
PO UIF HSPVOE ZPV DBO BMTP XBML PO JU JO UIF BJS� :PV TUJMM XPO�U XBML BMPOH JU
MFU BMPOF KVNQ BOE EBODF PS IFBWFO GPSCJE DMPTF ZPVS FZFT XIJMF XBMLJOH� 'FBS
EPNJOBUFT�w

'PS UIJT SFBTPO 69 JT BO JNQPSUBOU DPOTJEFSBUJPO JO B TVDDFTTGVM UPPMLJU� 5PPMLJUT TIPVME
HJWF FOE VTFST UIF UPPMT UP FYQMPSF B DFSUBJO EFTJHO TQBDF� *U JT JNQPSUBOU GPS UIFN UP CF
BCMF UP SFGSBNF UIF QSPCMFNT JO PSEFS UP DSFBUF B WBMVBCMF BSUJGBDU� $POTFRVFOUMZ B QPTJUJWF
WBMFODF TUBUF PG NJOE JT OFDFTTBSZ� *O PVS DPOUFYU B HPPE VTFS FYQFSJFODF JT QSFSFRVJTJUF
UP QPTJUJWF WBMFODF XIJDI JO UVSO JT FTTFOUJBM UP TUJNVMBUF B VTFS�T DSFBUJWJUZ 	HPBM G7
� *O
B TFOTF UIJT DPODFQU JO /PSNBO�T XPSL CFBST TJNJMBSJUJFT UP $TJLT[FOUNJIBMZJ�T UIFPSZ PG
ìPX� MPX WBMFODF MFBET UP BOYJFUZ EJTSVQUJOH UIF GSBHJMF TUBUF PG ìPX 	TFF TFDUJPO �����
�

+PSEBO 	����
 BSHVFT UIBU VTBCJMJUZ IBT USBOTJUJPOFE GSPN B NBSLFUBCMF GFBUVSF UP TPNF�
UIJOH UIBU VTFST IBWF DPNF UP FYQFDU JO B QSPEVDU� ɨF QSFTFODF PG HPPE VTBCJMJUZ JO B
QSPEVDU VTFE UP CF B TBUJTíFS� /PXBEBZT UIF MBDL PG HPPE VTBCJMJUZ IBT CFDPNF B EJTTBU�
JTíFS� +PSEBO BMTP BSHVFT UIBU XIJMF B QSPEVDU UIBU IBT HPPE VTBCJMJUZ JT OPU OFDFTTBSJMZ B
QMFBTVSBCMF QSPEVDU CVU UIBU B QSPEVDU XJUI CBE VTBCJMJUZ JT VOMJLFMZ UP CF B QMFBTVSBCMF
QSPEVDU�

*O PUIFS XPSET HPPE VTBCJMJUZ JT B QSFSFRVJTJUF DPNQPOFOU PG HPPE VTFS FYQFSJFODF� ɨJT
DPODFQU JT NJSSPSFE JO IJFSBSDIZ PG DPOTVNFS OFFET NPEFM 	ëH� ��� SJHIU
� ɨJT NPEFM JT
B DPOTVNFS�PSJFOUFE BOBMPHZ PG .BTMPX�T IJFSBSDIZ PG IVNBO OFFET 	���� ëH� ��� MFGU

XIJDI NPEFMT IVNBO ESJWF BT B IJFSBSDIJDBM TFRVFODF PG OFFET� *O UIJT NPEFM FBDI OFFE
IBT UIF QSFWJPVT OFFE BT B QSFSFRVJTJUF� ɨF IJFSBSDIZ NPEFMT VTFS FYQFSJFODF BT B DIBJO
PG QSFDPOEJUJPOT� "U UIF CBTF PG UIF QZSBNJE JT GVODUJPOBMJUZ� B QSPEVDU XIJDI EPFT OPU
GVMëMM B GVODUJPO EPFT OPU IBWF B SBJTPO E�ÐUSF UIJT JT UIF QSJNBSZ DPOTVNFS OFFE� ɨF
TFDPOEBSZ DPOTVNFS OFFE VTBCJMJUZ CVJMET VQPO GVODUJPOBMJUZ o IPX FBTZ JT JU UP VTF UIF
GVODUJPO PG B QSPEVDU ɨF UFSUJBSZ MBZFS JT QMFBTVSF 	69
 B QMFBTVSBCMF QSPEVDU NVTU
BMXBZT CF VTBCMF BOE GVODUJPOBM�
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physiological needs

safety

belonging and love

esteem

self-
actualization

HIERARCHY OF HUMAN NEEDS

functionality

usability

pleasure

HIERARCHY OF CONSUMER NEEDS

Fig. 2.6 Hierary of human needs (Maslow, 1943) vs. a hierarchy of consumer needs. Adapted
from Jordan (2000).

/FWFSUIFMFTT +PSEBO BSHVFT UIBU B VTBCJMJUZ�DFOUSJD BQQSPBDI JT JOIFSFOUMZ SFTUSJDUJWF CF�
DBVTF JU NFSFMZ WJFXT QSPEVDUT BT UPPMT UP DPNQMFUF UBTLT BT PQQPTFE UP PCKFDUT XJUI XIJDI
IVNBOT IBWF SFMBUJPOT� *O IJT NPEFM PG 69 +PSEBO BEWPDBUFT B QMFBTVSF�PSJFOUFE BQQSPBDI
UP QSPEVDU EFTJHO CPSSPXJOH UIF GPVS QMFBTVSFT NPEFM GSPN 5JHFS 	����
 UP DMBTTJGZ UIF
QMFBTVSBCMF BTQFDUT PG QSPEVDUT 	ëH� ���
� ɨF GPVS QMFBTVSFT NPEFM TFSWFT BT B GSBNFXPSL
UP PSHBOJ[F QFPQMF�T DIBSBDUFSJTUJDT TP BT UP BUUBJO B IPMJTUJD WJFX PG UIFJS SFRVJSFNFOUT GPS
B QSPEVDU� *U TIPVME CF OPUFE UIBU QFPQMF DIBSBDUFSJTUJDT JO POF DBUFHPSZ NBZ JOìVFODF
SFRVJSFNFOUT UIBU QFSUBJO UP B EJêFSFOU DBUFHPSZ� 'PS JOTUBODF QIZTJDBM EJTBCJMJUZ B QIZT�
JPMPHJDBM DIBSBDUFSJTUJD DBO JOìVFODF UIF TPDJBM EJNFOTJPO PG B QSPEVDU� 'JOBMMZ +PSEBO
BSHVFT UIBU OPU BMM BTQFDUT BSF NFBTVSBCMF QFS TF� $POTFRVFOUMZ EFTJHOFST TIPVME BCBOEPO
UIF SPMF PG B TDJFOUJTU NFBTVSJOH TVCKFDUT� UIFZ TIPVME JOTUFBE BEPQU UIF SPMF PG B EFUFDUJWF
QJFDJOH UPHFUIFS DMVFT�

physio-pleasure
pleasure of the body
and sensory organs.

socio-pleasure
pleasure derived from
relationships with others.

psycho-pleasure
pleasure that pertains to

cognition and emotion.

ideo-pleasure
pleasure related to

people’s values.

Fig. 2.7 The four pleasures. Adapted from Jordan (2000) and Tiger (1992).

)BTTFO[BIM�T NPEFM 	����
 JEFOUJëFT UXP EJNFOTJPOT PG VTFS FYQFSJFODF� QSBHNBUJD BOE
IFEPOJD RVBMJUJFT� *O CSPBE TUSPLFT UIF QSBHNBUJD RVBMJUJFT DPSSFTQPOE XJUI XIBU JT USB�
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EJUJPOBMMZ VOEFSTUPPE BT VTBCJMJUZ� ɨF IFEPOJD RVBMJUJFT PO UIF PUIFS IBOE FODPNQBTT
OPWFM BOE IBSE�UP�HSBTQ DPODFQUT TVDI BT BUUSBDUJWFOFTT DPPMOFTT GVO� PêFSJOH BO FYQMB�
OBUJPO BT UP XIZ VTFST QSFGFS DFSUBJO QSPEVDUT PWFS PUIFST� *O )BTTFO[BIM�T NPEFM 	ëH�
���
 QSPEVDU EFTJHOFST VTF UIFJS UPPMT UP DPOWFZ B DFSUBJO JOUFOEFE QSPEVDU DIBSBDUFS�
$POWFSTFMZ VTFST FYQFSJFODF B QSPEVDU JO B DFSUBJO DPOUFYU XIFSF UIF BQQBSFOU QSPEVDU
DIBSBDUFS JEFBMMZ MFBET UP B TFOTF PG BQQFBM QMFBTVSF PS TBUJTGBDUJPO�

*O BEEJUJPO UP UIF QSBHNBUJD RVBMJUJFT PG B QSPEVDU 	XIJDI DPSSFTQPOE XJUI VTBCJMJUZ

)BTTFO[BIM�T NPEFM 	����
 EJTUJOHVJTIFT UIF GPMMPXJOH UISFF BTQFDUT PG IFEPOJD RVBMJUZ�
ɨFZ BSF�

t TUJNVMBUJPO o 1FPQMF IBWF BO JOOBUF EFTJSF GPS QFSTPOBM EFWFMPQNFOU J�F� JNQSPW�
JOH POF�T LOPXMFEHF BOE TLJMMT� 4UJNVMBUJOH QSPEVDUT TVQQPSU UIJT QFSTPOBM EFWFM�
PQNFOU�

t JEFOUJíDBUJPO o 1FPQMF XBOU UP CF QFSDFJWFE CZ PUIFST JO B DFSUBJO XBZ� 1SPEVDUT
TVQQPSU TFMG�FYQSFTTJPO CZ DPNNVOJDBUJOH B EFTJSFE JEFOUJUZ UP PUIFST�

t FWPDBUJPO o 1SPEVDUT UIBU BSF FWPDBUJWF DBO QSPWPLF UIPVHIUT NFNPSJFT PS JEFBT
UIBU BSF JNQPSUBOU UP B QFSTPO� 4PVWFOJST GPS JOTUBODF BSF QSPEVDUT UIBU SFMZ PO
UIJT BTQFDU FYUFOTJWFMZ�

)BTTFO[BIM BSHVFT UIBU UIF IFEPOJD RVBMJUJFT BOE UIF QSBHNBUJD RVBMJUJFT PG B QSPEVDU BSF
JOEFQFOEFOU GSPN POF BOPUIFS MFBEJOH UP GPVS EJTUJODU QSPEVDU DIBSBDUFST 	)BTTFO[BIM
����� )BTTFO[BIM FU BM� ����
� " QSPEVDU XJUI XFBL QSBHNBUJD BOE XFBL IFEPOJD RVBM�
JUJFT JT TJNQMZ VOXBOUFE BOE TVQFSìVPVT� 0O UIF PUIFS IBOE B QSPEVDU XJUI TUSPOH
QSBHNBUJD BOE IFEPOJD BUUSJCVUFT JT EFTJSBCMF� )BTTFO[BIM TUBUFT UIBU iBO VODPNQSPNJT�
JOH DPNCJOBUJPO PG CPUI JT UIF VMUJNBUF EFTJHO HPBM�w 1SPEVDUT XJUI TUSPOH QSBHNBUJD BOE
XFBL IFEPOJD BUUSJCVUFT BSF BDU QSPEVDUT BOE BSF TUSPOHMZ MJOLFE XJUI B VTFS�T CFIBWJPSBM
HPBMT� 'JOBMMZ QSPEVDUT XJUI XFBL QSBHNBUJD BOE TUSPOH IFEPOJD BUUSJCVUFT BSF EVCCFE
TFMG QSPEVDUT BOE BSF JOUSJOTJDBMMZ MJOLFE XJUI B VTFS�T JEFOUJUZ�

5P DPODMVEF UIFSF BSF DMFBS MJOLT CFUXFFO VTFS FYQFSJFODF UIFPSZ BOE UIF EFTJHO HPBMT PG
PVS XPSL� 5P CFHJO VTBCJMJUZ BTQFDUT DPSSFMBUF EJSFDUMZ UP EFTJHO HPBM G2 FBTZ UP CVJME�
6TBCJMJUZ BMTP JNQBDUT HPBM G6 ìPX� #BE UPPMLJU VTBCJMJUZ MFBET UP GSVTUSBUJPO BOE BOYJFUZ
NBLJOH JU JNQPTTJCMF UP FOUFS B TUBUF PG ìPX� " UPPMLJU UIBU JT UPP FBTZ UP VTF XJMM MFBE UP
CPSFEPN TP B UPPMLJU OFFET UIF BCJMJUZ UP HSPX XJUI B VTFS PêFSJOH OFX DIBMMFOHFT BT UIF
VTFS�T TLJMMT QSPHSFTT�

"T +PSEBO BSHVFT HPPE VTBCJMJUZ JT B QSFSFRVJTJUF GPS VTFS FYQFSJFODF EFTJHO� /PSNBO
TIPXT UIBU VTFS FYQFSJFODF DBO EJSFDUMZ BêFDU B QFSTPO�T TUBUF PG NJOE XIJDI JO UVSO IBT GBS�
SFBDIJOH JOìVFODFT PO UIFJS BCJMJUZ UP UIJOL DSFBUJWFMZ 	HPBM G7
� 6TFS FYQFSJFODF BTQFDUT
BMTP JNQBDU UIF QPTTJCJMJUZ PG ìPX 	HPBM G6
� 4FMG�EJSFDUFE DIBMMFOHFT TVDI BT FMFNFOUT PG
PQFO�FOEFEOFTT BOE DSFBUJWF QMBZ BSF BMTP JNQPSUBOU GPS TUJNVMBUJOH ìPX� ɨFTF DIBMMFOHFT
BSF JOUSJOTJDBMMZ BOE UJHIUMZ DPVQMFE XJUI VTFS FYQFSJFODF�
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consequences

appeal

satisfaction

pleasure

situation

intended product character

pragmatic attributes
manipulation

hedonic attributes
stimulation

identification
evocation
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content

functionality

interaction

presentation

apparent product character

pragmatic attributes
manipulation

hedonic attributes
stimulation
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consequences
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satisfaction

pleasure

a) designer perspective

b) user perspective

product features

content

functionality

interaction

presentation

Fig. 2.8 Hassenzahl’s model of user experience. Adopted from Hassenzahl (2003).

2.1.1.1 MEASURING USER EXPERIENCE

ɨJT TFDUJPO TVNNBSJ[FT UIF NFBTVSFNFOU NFUIPET UIBU XF VTFE UP FWBMVBUF VTBCJMJUZ BOE
VTFS FYQFSJFODF BTQFDUT PG PVS QSPUPUZQFT� 0VS NFUIPEPMPHZ JT CVJMU VQPO B OVNCFS PG
TUBOEBSEJ[FE 69 UPPMT JODMVEJOH UIF 4ZTUFN 6TBCJMJUZ 4DBMF "UUSBL%Jê 1JDL�"�.PPE
BOE UIF 69 DVSWF� ɨFTF TUBOEBSEJ[FE UPPMT BSF SJHPSPVT BOE XFMM�TVQQPSUFE JO MJUFSBUVSF�
)PXFWFS UIFZ BSF HFOFSJD BOE NPTUMZ PSJFOUFE UPXBSE UIF VTFS FYQFSJFODF PG TPGUXBSF
QSPEVDUT BOE TFSWJDFT BOE UIFZ VTVBMMZ POMZ MFBE UP TVQFSëDJBM JOTJHIUT� .PSFPWFS VTFS
FYQFSJFODF EFTJHO JT B SFMBUJWFMZ OFX QIFOPNFOPO� 3FTFBSDIFST BOE QSBDUJUJPOFST IBWF ZFU
UP SFBDI B DPOTFOTVT BT UP XIBU VTFS FYQFSJFODF FYBDUMZ FOUBJMT BOE XIBU UIF CFTU XBZ UP
NFBTVSF JU JT FTQFDJBMMZ GPS QIZTJDBM QSPEVDUT 	BT PQQPTFE UP TPGUXBSF TZTUFNT
�

'PS UIFTF SFBTPOT UIF RVFTUJPOOBJSFT XF VTF JO PVS FYQFSJNFOUT BSF TVQQMFNFOUFE CZ DVT�
UPN RVFTUJPOT� ɨFTF DVTUPN RVFTUJPOT EFBM XJUI UPQJDT BOE JTTVFT UIBU BSF TQFDJëD UP
UIF FYQFSJNFOU BU IBOE� 8IJMF MFTT SJHPSPVT UIBO UIF VTF PG TUBOEBSEJ[FE UPPMT UIFZ PêFS
EFFQFS BOE NPSF SFMFWBOU EBUB� *O UVSO UIJT EBUB IBT EJSFDUMZ JNQBDUFE UIF EFWFMPQNFOU
PG PVS QMBUGPSN JO NFBOJOHGVM XBZT�

*O PVS FYQFSJNFOUT JU JT FTTFOUJBM UP IBWF RVJDL BOE FBTZ�UP�VOEFSTUBOE UPPMT UP FWBMVBUF
VTFS FYQFSJFODF BTQFDUT PG PVS QSPUPUZQFT� &YQFSJNFOUT PGUFO UBLF QMBDF JO TJUVBUJPOT XIFSF
QBSUJDJQBOUT IBWF MJNJUFE BNPVOU PG UJNF PS NPUJWBUJPO UP ëMM JO TVSWFZT� 'PS UIJT SFBTPO
XF FNQIBTJ[F RVJDL FBTZ UP VOEFSTUBOE TVSWFZ UPPMT GPS RVBOUJUBUJWF EBUB DPNQMFNFOUFE
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CZ RVBMJUBUJWF EBUB GSPN JOUFSWJFXT WJEFP SFDPSEJOHT BOE QFSTPOBM FYQFSJFODFT�

ɨF 4ZTUFN 6TBCJMJUZ 4DBMF 	#SPPLF ����
 VTFT B TIPSU RVFTUJPOOBJSF UP HBVHF UIF VTBCJMJUZ
PG B QSPEVDU PS TZTUFN� ɨF TDBMF XBT PSJHJOBMMZ EFWFMPQFE UP FWBMVBUF UIF VTBCJMJUZ PG
DPNQVUFS TZTUFNT CVU IBT TJODF CFFO VTFE UP NFBTVSF QSPEVDUT JO PUIFS EPNBJOT BT XFMM
	+PSEBO ����
� ɨF 464 RVFTUJPOOBJSF TIPXO JO UBCMF ��� DPOTJTUT PG UFO RVFTUJPOT
XJUI ëWF SFTQPOTF PQUJPOT� 6TJOH B TDPSJOH LFZ UIF SFTQPOTFT UP UIFTF RVFTUJPOT DBO CF
DPNQJMFE JOUP B TJOHMF OVNCFS CFUXFFO � BOE ��� XIJDI DPSSFTQPOET UP UIF VTBCJMJUZ PG
B QSPEVDU PS TZTUFN� $BSF NVTU CF UBLFO OPU UP JOUFSQSFU UIJT OVNCFS BT B QFSDFOUBHF
TDPSFT TIPVME CF OPSNBMJ[FE UP QSPEVDF B QFSDFOUJMF SBOLJOH� #BOHPS FU BM� 	����
 IBWF
QSPEVDFE BO FNQJSJDBM BOBMZTJT PG ���� TVSWFZT SFWFBMJOH B NFBO 464 TDPSF PG 70.14� ɨF
TUVEZ BMTP TIPXT UIBU UIF UZQF PG JOUFSGBDF IBT B TUBUJTUJDBMMZ TJHOJëDBOU JOìVFODF PO UIF
NFBO 464 TDPSF� *O TVNNBSZ UIF 464 PêFST B RVJDL XBZ UP HBVHF B TZTUFN�T VTBCJMJUZ�
)PXFWFS UIF UPPM EPFT OPU PêFS EFFQ JOTJHIU JOUP VTBCJMJUZ BOE DBOOPU CF VTFE UP JEFOUJGZ
TQFDJëD JTTVFT�

EJTBHSFF BHSFF
� � � � �

�� * UIJOL UIBU * XPVME MJLF UP VTF UIJT TZTUFN GSFRVFOUMZ ⃝ ⃝ ⃝ ⃝ ⃝

�� * GPVOE UIF TZTUFN VOOFDFTTBSJMZ DPNQMFY ⃝ ⃝ ⃝ ⃝ ⃝

�� * UIPVHIU UIF TZTUFN XBT FBTZ UP VTF ⃝ ⃝ ⃝ ⃝ ⃝

�� * UIJOL UIBU * XPVME OFFE UIF TVQQPSU PG B UFDIOJDBM QFSTPO UP CF BCMF UP VTF UIJT TZTUFN ⃝ ⃝ ⃝ ⃝ ⃝

�� * GPVOE UIF WBSJPVT GVODUJPOT JO UIJT TZTUFN XFSF XFMM JOUFHSBUFE ⃝ ⃝ ⃝ ⃝ ⃝

�� * UIPVHIU UIFSF XBT UPP NVDI JODPOTJTUFODZ JO UIJT TZTUFN ⃝ ⃝ ⃝ ⃝ ⃝

�� * XPVME JNBHJOF UIBU NPTU QFPQMF XPVME MFBSO UP VTF UIJT TZTUFN WFSZ RVJDLMZ ⃝ ⃝ ⃝ ⃝ ⃝

�� * GPVOE UIF TZTUFN WFSZ DVNCFSTPNF UP VTF ⃝ ⃝ ⃝ ⃝ ⃝

�� * GFMU WFSZ DPOëEFOU VTJOH UIF TZTUFN ⃝ ⃝ ⃝ ⃝ ⃝

��� * OFFEFE UP MFBSO B MPU PG UIJOHT CFGPSF * DPVME HFU HPJOH XJUI UIJT TZTUFN ⃝ ⃝ ⃝ ⃝ ⃝

Table 2.1 System Usability Scale questionnaire. Adopted from Brooke (1996).

"UUSBL%Jê 	)BTTFO[BIM FU BM� ����
 JT B DPNQBOJPO UPPM UIBU JT SFMBUFE UP )BTTFO[BIM�T
NPEFM PG 69 	����
� ɨF SFTVMUT GSPN "UUSBL%Jê TVSWFZT DPSSFTQPOE EJSFDUMZ UP UIF EJ�
NFOTJPOT PG )BTTFO[BIM�T NPEFM� ɨF "UUSBL%Jê RVFTUJPOOBJSF TIPXO JO UBCMF ��� DPO�
TJTUT PG B MJTU PG �� BOUPOZN QBJST 	F�H� VOJNBHJOBUJWF o� DSFBUJWF
� 3FTQPOEFOUT BSF BTLFE
UP QJDL B QPTJUJPO PO B TFWFO�QPJOU TDBMF UP JOEJDBUF XIFSF UIFZ CFMJFWF UIF QSPEVDU JT QPTJ�
UJPOFE CFUXFFO UIF UXP BOUPOZNT� 6TJOH UIFTF BOUPOZN XPSE�QBJST UIF "UUSBL%Jê UPPM
DBMDVMBUFT GPVS QSPEVDU EJNFOTJPOT�

t QSBHNBUJD RVBMJUZ 	12
 o DPSSFTQPOET UP VTBCJMJUZ IPX FBTJMZ DBO B VTFS DPNQMFUF
UIFJS HPBMT XJUI UIF QSPEVDU 

t IFEPOJD TUJNVMBUJPO 	)2�4
 o UP XIBU FYUFOU EPFT UIF QSPEVDU TUJNVMBUF UIF VTFS�T
QFSTPOBM HSPXUI 
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t IFEPOJD JEFOUJíDBUJPO 	)2�*
 o UP XIBU FYUFOU EP VTFST JEFOUJGZ XJUI B QSPEVDU JO B
TPDJBM DPOUFYU 

t BUUSBDUJWFOFTT 	"55
 o B HMPCBM NFBTVSF PG BQQFBM UP UIF VTFS�

)BTTFO[BIM TUBUFT UIBU QSBHNBUJD 	12
 BOE IFEPOJD RVBMJUJFT 	)2�4 BOE )2�*
 BSF JOEF�
QFOEFOU GSPN FBDI PUIFS BOE UIBU UIFZ DPOUSJCVUF FRVBMMZ UP B QSPEVDU�T BUUSBDUJWFOFTT�
)F BMTP TIPXT UIBU QSBHNBUJD RVBMJUZ JT DPSSFMBUFE XJUI UBTL EJïDVMUZ� JO B TUVEZ NPSF
EJïDVMU UBTLT XJMM MFBE UP B MPXFS QFSDJFWFE QSBHNBUJD RVBMJUZ PG UIF QSPEVDU� 0O UIF
PUIFS IBOE UIF IFEPOJD RVBMJUJFT BSF JOEFQFOEFOU GSPN UBTL EJïDVMUZ BT FYQFDUFE� "T
NFOUJPOFE FBSMJFS )BTTFO[BIM�T NPEFM 	����
 BMTP JEFOUJëFT B UIJSE BTQFDU PG IFEPOJD
RVBMJUZ� FWPDBUJPO� )PXFWFS UIF "UUSBL%Jê UPPM EPFT OPU NFBTVSF FWPDBUJPO BT QBSU PG
UIF RVFTUJPOOBJSF� )BTTFO[BIM SFNBSLT UIBU FWPDBUJPO POMZ QMBZT B TVCPSEJOBUF SPMF JO UIF
DPOUFYU PG JOUFSBDUJWF QSPEVDUT 	)BTTFO[BIM FU BM� ����
�

� � � � � � �

IVNBO ⃝ ⃝ ⃝ ⃝ ⃝ ⃝ ⃝ UFDIOJDBM
JTPMBUJOH ⃝ ⃝ ⃝ ⃝ ⃝ ⃝ ⃝ DPOOFDUJWF
QMFBTBOU ⃝ ⃝ ⃝ ⃝ ⃝ ⃝ ⃝ VOQMFBTBOU

JOWFOUJWF ⃝ ⃝ ⃝ ⃝ ⃝ ⃝ ⃝ DPOWFOUJPOBM
TJNQMF ⃝ ⃝ ⃝ ⃝ ⃝ ⃝ ⃝ DPNQMJDBUFE

y y

Table 2.2 Excerpt from the AttrakDiff questionnaire. In total, 28 antonym pairs are used. Adopted
from (Hassenzahl et al., 2003).

ɨF 1JDL�"�.PPE 	%FTNFU FU BM� ����� 7BTUFOCVSH FU BM� ����
 UPPM JT B WFSZ TIPSU
DBSUPPO�CBTFE JOTUSVNFOU UIBU DBO CF VTFE UP NFBTVSF UIF NPPE PG QBSUJDJQBOUT EVSJOH
B TUVEZ� ɨF UPPM DPNQSJTFT B TFU PG OJOF DBSUPPO ESBXJOHT PG EJêFSFOU GBDJBM FYQSFTTJPOT�
6TFST BSF BTLFE UP DIPPTF UIF ESBXJOH UIBU CFTU SFQSFTFOUT UIFJS NPPE EVSJOH UIF DPVSTF PG
B QSPKFDU TFTTJPO PS XPSLTIPQ� *OUFSFTUJOH UP OPUF JT UIBU UIF UPPM GPDVTFT PO NFBTVSJOH
NPPE BT PQQPTFE UP FNPUJPO� ɨF EJTUJODUJPO UIBU UIF BVUIPST NBLF CFUXFFO UIF UXP
JT UIBU FNPUJPO JT NPNFOUBSZ TOBQTIPU USJHHFSFE CZ B TJOHMF TUJNVMVT XIFSFBT NPPE JT
UIF BHHSFHBUF SFTVMU PG NBOZ EJêFSFOU TUJNVMJ� "T %FTNFU FU BM� 	����
 OPUFT NPPE JT B
SFMFWBOU QBSBNFUFS JO EFTJHO CFDBVTF JU IBT B TVCTUBOUJBM JNQBDU PO IVNBO CFIBWJPS BOE
TPDJBM JOUFSBDUJPO BOE CFDBVTF JU DBO CF JOìVFODFE UISPVHI EFTJHO�

ɨF 6TFS &YQFSJFODF $VSWF 	,VKBMB FU BM� ����
 JT B UPPM UIBU PêFST B XBZ UP FWBMVBUF UIF
FWPMVUJPO PG VTFS FYQFSJFODF PWFS UJNF� 6TFST BSF BTLFE UP ESBX B HSBQI UIBU SFQSFTFOUT IPX
UIFJS BQQSFDJBUJPO GPS B QSPEVDU FWPMWFE XJUI UIF WFSUJDBM BYJT SFQSFTFOUJOH QPTJUJWF�OFHB�
UJWF FYQFSJFODFT BOE UIF IPSJ[POUBM BYJT SFQSFTFOUJOH UJNF� 6TFST BSF BMTP BTLFE UP BOOPUBUF
LFZ NPNFOUT PO UIF HSBQI� "O FYBNQMF 69 DVSWF TIPXJOH UIF JOUFSBDUJPO PG B VTFS XJUI
B OFX NPCJMF QIPOF JT TIPXO JO ëHVSF �����

8IFSFBT PUIFS UPPMT TVNNBSJ[F B VTFS�T FYQFSJFODF JO B TJOHMF TOBQ�TIPU NFBTVSFNFOU UIF
69 DVSWF PêFST JOTJHIU JOUP JUT FWPMVUJPO PWFS UJNF� ɨF UPPM JT NVDI NPSF HSBOVMBS JO
UIBU SFTQFDU BOE BMMPXT TQFDJëD QSPCMFN BSFBT UP CF JEFOUJëFE� %PXOTJEFT PG UIF 69
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Fig. 2.9 Pick-A-Mood expressions of eight mood types and neutral. Adopted from Desmet et al.
(2012).

DVSWF JODMVEF UIBU JU IBT UP CF ëMMFE PVU PO QBQFS BOE UIBU JU UBLFT UJNF UP FYQMBJO UIF
UPPM UP QBSUJDJQBOUT BOE GPS QBSUJDJQBOUT UP ESBX BOE BOOPUBUF UIFJS DVSWFT� "OBMZTJT PG
UIF SFTVMUT JT TVCKFDUJWF BT UIF HSBQIT OFFE UP CF JOUFSQSFUFE UIPVHI HFOFSBM USFOET DBO CF
JEFOUJëFE CZ QVUUJOH BMM HSBQIT PO UPQ PG FBDI PUIFS EJHJUBMMZ� %FTQJUF JUT EJTBEWBOUBHFT
UIF UPPM QSPWJEFT SJDI JOTJHIU JOUP VTFS FYQFSJFODF BOE SFTVMUT DBO CF GVSUIFS BVHNFOUFE
VTJOH PQFO TVSWFZ RVFTUJPOT PS GPMMPX�VQ JOUFSWJFXT�

Fig. 2.10 Example of a user experience curve. The graph depicts one user’s experience with a
product in function of time. Adopted from Kujala et al. (2011).

*O BEEJUJPO UP UIF TUBOEBSEJ[FE UPPMT NFOUJPOFE BCPWF DVTUPN JOTUSVNFOUT XFSF BMTP VTFE
JO FYQFSJNFOUT� ɨJT XBZ JOTJHIU DPVME CF HBJOFE JOUP TQFDJëD BTQFDUT PG VTBCJMJUZ BOE VTFS
FYQFSJFODF PG B DFSUBJO QSPUPUZQF� 4UJMM UIF DVTUPN JOTUSVNFOUT BSF TVCKFDU UP UIF TBNF
DPOTUSBJOUT BT UIF TUBOEBSEJ[FE TVSWFZT OBNFMZ� UIFZ TIPVME CF RVJDL BOE FBTZ UP VTF�
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5P CFHJO NPTU TVSWFZT XF VTFE JO FYQFSJNFOUT JODMVEF DVTUPN -JLFSU TDBMF RVFTUJPOT�
ɨFTF RVFTUJPOT DBO CF ëMMFE JO RVJDLMZ CZ QBSUJDJQBOUT BOE BMMPX VT UP HBVHF WFSZ TQF�
DJëD BTQFDUT PG B QSPUPUZQF� )PXFWFS UIFZ DBO POMZ CF VTFE UP NFBTVSF BTQFDUT UIBU XFSF
QSFEJDUFE PO CFGPSFIBOE BOE BSF UIVT CJBTFE CZ UIF JNBHJOBUJPO PG BVUIPS� "T B DPNQMF�
NFOU PQFO RVFTUJPOT XFSF BMTP GSFRVFOUMZ VTFE� 0QFO RVFTUJPOT UBLF NVDI NPSF UJNF
UP ëMM JO CVU UIFZ BSF BMTP MFTT TVHHFTUJWF� 6OMJLF -JLFSU TDBMF RVFTUJPOT PQFO RVFTUJPOT
DBO TPNFUJNFT SFWFBM VOFYQFDUFE 69 BTQFDUT� ɨJT JT JNQPSUBOU BT IVNBO CFIBWJPS JT
VMUJNBUFMZ VOQSFEJDUBCMF BOE POF DBOOPU BOUJDJQBUF BMM QPUFOUJBM BDUJPOT BOE CFIBWJPST JO
BO FYQFSJNFOU�

%VSJOH FYQFSJNFOUT PCTFSWBUJPO BOE WJEFP SFDPSEJOH XFSF BMTP GSFRVFOUMZ VTFE JO BEEJ�
UJPO UP RVFTUJPOOBJSFT� ɨFTF UPPMT IBWF UIF CFOFëU PG DBQUVSJOH UIF QSPDFTT BOE OPU KVTU
UIF FOE SFTVMU� "EEJUJPOBMMZ UIFTF UPPMT SFRVJSF OP VTFS JOQVU BOE DPOTFRVFOUMZ EP OPU
IBNQFS PS JOUFSSVQU UIF VTFS�T QSPDFTT� )PXFWFS FYUFOTJWF BNPVOUT PG EBUB BSF DBQUVSFE
BOE BOBMZTJT DBO RVJDLMZ CFDPNF VOXJFMEZ BOE UJNF�JOUFOTJWF� 4UJMM UIFZ DBO SFWFBM BTQFDUT
PG JOUFSBDUJPO UIBU QBSUJDJQBOUT UIFNTFMWFT XFSF OPU DPOTDJPVTMZ BXBSF PG�

'JOBMMZ XF VTF DFSUBJO UFDIOJRVFT UP FODPVSBHF QBSUJDJQBOUT UP WPDBMJ[F UIFJS UIPVHIUT�
8IFO QBSUJDJQBOUT HFU iJO UIF [POFw 	J�F� FOUFS B TUBUF PG ìPX
 UIFZ UFOE UP CFDPNF TJMFOU
UPUBMMZ FOHSPTTFE CZ UIF UBTL BU IBOE� ɨF ëSTU UFDIOJRVF JT UIF UIJOL�BMPVE QSPUPDPM 	"MT
FU BM� ����� 'POUFZO FU BM� ����� ,FTUFSFO FU BM� ����
� 4JNQMZ QVU QBSUJDJQBOUT BSF BTLFE
UP WPDBMJ[F UIFJS BDUJPOT BOE UIPVHIU QBUUFSOT UISPVHIPVU B QBSUJDVMBS UFTU PS JOUFSBDUJPO�
#Z EPJOH TP UIFZ BêPSE SFTFBSDIFST BO JOTJHIU JOUP UIFJS UIPVHIU QSPDFTT XIJDI DBO IFMQ
UP JEFOUJGZ BTQFDUT PG JOUFSBDUJPO UIBU XPVME OPU PUIFSXJTF CF DMFBS PO WJEFP� "U UIF TUBSU PG
BO FYQFSJNFOU QBSUJDJQBOUT NBZ OFFE BO PDDBTJPOBM SFNJOEFS  UIPVHI FWFOUVBMMZ UIFZ HFU
VTFE UP UBMLJOH JO B TUSFBN�PG�DPOTDJPVTOFTT UZQF NPEF� ɨF TFDPOE UFDIOJRVF JT DBMMFE DP�
EJTDPWFSZ 	,FNQ BOE (FMEFSFO ����� ,FTUFSFO FU BM� ����
� )FSF UIF JEFB JT UP QFSGPSN
FYQFSJNFOUT XJUI TNBMM HSPVQT PG QBSUJDJQBOUT JEFBMMZ JO QBJST� #FDBVTF QBSUJDJQBOUT BSF
BTLFE UP DPMMBCPSBUF UIFZ XJMM OBUVSBMMZ WPDBMJ[F UIFJS BDUJPOT BOE NPUJWBUJPOT UPXBSE
POF BOPUIFS� *O DPOUSBTU XJUI UIF UIJOL�BMPVE NFUIPE WPDBMJ[BUJPO JO DP�EJTDPWFSZ JT
QFSDFJWFE BT NPSF JOUVJUJWF BOE OBUVSBM�

"T B ëOBM UPPM XF BMTP FNQMPZFE GPMMPX�VQ JOUFSWJFXT JO TPNF FYQFSJNFOUT� ɨJT UFDI�
OJRVF BêPSET BO PQQPSUVOJUZ UP FYQMPSF JOUFSFTUJOH SFTVMUT GSPN B RVFTUJPOOBJSF JO B EFFQFS
NBOOFS� )PXFWFS JOUFSWJFXT DBO CF WFSZ UJNF DPOTVNJOH BOE UBLF TPNF UJNF UP QSFQBSF�
$POTFRVFOUMZ JO FYQFSJNFOUT XIFSF GPMMPX�VQ JOUFSWJFXT XFSF VTFE LFZ QBSUJDJQBOUT XFSF
TFMFDUFE� #Z OBUVSF GPMMPX�JOUFSWJFXT IBQQFO B DFSUBJO BNPVOU PG UJNF BGUFS BO FYQFSJ�
NFOU XIJDI DBO JOUSPEVDF QSPCMFNT PG UIFJS PXO� )VNBO NFNPSZ JT JOIFSFOUMZ ìBXFE
BT UIFSF JT B EJêFSFODF CFUXFFO FYQFSJFODJOH BOE SFìFDUJOH VQPO BO FYQFSJFODF� ɨJT JEFB
JT NJSSPSFE CZ ,BIOFNBO 	���� DIBQ� ��
 JO UIF NPEFM PG UIF UXP TFMWFT� UIF FYQFSJFOD�
JOH TFMG BOE UIF SFNFNCFSJOH TFMG� ,BIOFNBO TVNNBSJ[FT UIF DPODFQU BT GPMMPXT� i0EE
BT JU NBZ TFFN * BN NZ SFNFNCFSJOH TFMG BOE UIF FYQFSJFODJOH TFMG XIP EPFT NZ MJWJOH
JT MJLF B TUSBOHFS UP NFw�

5BCMF ��� TVNNBSJ[FT UIF NFBTVSFNFOU JOTUSVNFOUT XF VTFE UISPVHIPVU UIJT XPSL� ɨF
OVNCFSJOH PG UIJT UBCMF XJMM CF VTFE UISPVHIPVU UIF PUIFS TFDUJPOT PG UIJT XPSL UP SFGFS
UP TQFDJëD NFBTVSFNFOU JOTUSVNFOUT� #BTFE PO PVS FYQFSJFODFT UBCMF ��� BMTP JODMVEFT B
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TVCKFDUJWF BQQSBJTBM PG UIF UJNF JU UBLFT GPS QBSUJDJQBOUT UP DPNQMFUF UIF TVSWFZ BT XFMM BT
UIF DPNQMFYJUZ PG UIF UPPM�

.FBTVSFNFOU UPPM 5ZQF 4QFFE &BTF PG VTF

M1 4ZTUFN 6TBCJMJUZ 4DBMF RVBOUJUBUJWF TUBOEBSE TIPSU NFEJVN
M2 "UUSBL%Jê RVBOUJUBUJWF TUBOEBSE NFEJVN IBSE
M3 1JDL�"�.PPE RVBOUJUBUJWF TUBOEBSE TIPSU FBTZ
M4 -JLFSU TDBMF RVFTUJPOT RVBOUJUBUJWF DVTUPN TIPSU FBTZ

M5 69 DVSWF RVBMJUBUJWF TUBOEBSE NFEJVN IBSE
M6 0QFO RVFTUJPOT RVBMJUBUJWF DVTUPN MPOH IBSE
M7 *OUFSWJFX RVBMJUBUJWF DVTUPN MPOH NFEJVN
M8 7JEFP DBQUVSF RVBMJUBUJWF DVTUPN MPOH FBTZ

Table 2.3 Summary of UX measurement tools

2.2 ITERATIVE PROTOTYPING

%FTJHOJOH GPS VTFS FYQFSJFODF JT EJïDVMU CFDBVTF VTFS FYQFSJFODF JT BO FNFSHFOU QIF�
OPNFOPO UIBU BSJTFT GSPN UIF UPUBM TVN PG BMM BTQFDUT PG B QSPEVDU� *U JT JNQPTTJCMF UP
QBSUJUJPO UIF EFTJHO BOE PQUJNJ[F FBDI PG JUT DPOTUJUVFOU QBSUT GPS VTFS FYQFSJFODF� "T BS�
HVFE JO UIF QSFWJPVT TFDUJPOT B IPMJTUJD BQQSPBDI NVTU CF VTFE� B QSPEVDU�T 69 DBOOPU
CF GVMMZ VOEFSTUPPE BT UIF TVN PG JUT QBSUT� 8JUIJO UIF EFTJHO QSPGFTTJPOT UIF BDDFQUFE
NFUIPE UP UBDLMF UIF DIBMMFOHFT QPTFE CZ VTFS FYQFSJFODF EFTJHO JT UP VTF BO JUFSBUJWF EFTJHO
QSPDFTT�

ɨF *40 NPEFM GPS IVNBO�DFOUFSFE EFTJHO 	*40 ����
 EJTDVTTFE FBSMJFS JO UIJT DIBQ�
UFS BQQSPYJNBUFT UIF EFTJHO BQQSPBDI PG UIJT QSPKFDU PO B NBDSP�MFWFM� 0O B [PPNFE�JO
MFWFM PVS BQQSPBDI JT CFTU SFQSFTFOUFE CZ 1VHI�T NPEFM PG DPOUSPMMFE DPOWFSHFODF 	����
�
1VHI�T NPEFM BOE CZ FYUFOTJPO #VYUPO�T BEBQUFE WFSTJPO 	����
 BQQSPYJNBUFT UIF EFTJHO
QSPDFTT BT B TFSJFT PG EJWFSHFOU BOE DPOWFSHFOU QIBTFT� %VSJOH EJWFSHFOU QIBTFT OFX EF�
TJHO TPMVUJPOT BSF TZOUIFTJ[FE CSPBEFOJOH UIF TPMVUJPO TQBDF� %VSJOH DPOWFSHFOU QIBTFT
UIF CFTU TPMVUJPOT BSF TFMFDUFE BOE UIF SFTU BSF EJTDBSEFE� "GUFS FBDI EJWFSHFOU�DPOWFSHFOU
QBJS UIF TPMVUJPO TQBDF OBSSPXT BOE UIF QSPDFTT JT SFQFBUFE VOUJM BO BQQSPQSJBUF TPMVUJPO JT
GPVOE� $POTFRVFOUMZ FBDI QBJS PG EJWFSHFOU�DPOWFSHFOU QIBTFT DBO CF MBCFMFE BT B EFTJHO
JUFSBUJPO�

'JHVSF ���� JMMVTUSBUFT UIJT DPODFQU XJUI B ëHVSBUJWF FYBNQMF� *U JMMVTUSBUFT IPX UIF QSP�
UPUZQJOH DIBJO HFOFSBMMZ TUBSUT XJUI MPX�FêPSU MPX�ëEFMJUZ UFDIOJRVFT BOE HSBEVBMMZ USBO�
TJUJPOT UP NPSF UJNF�DPOTVNJOH UFDIOJRVFT UIBU ZJFME IJHIFS�ëEFMJUZ QSPUPUZQFT� 'PS JO�
TUBODF B EFTJHO QSPDFTT DBO TUBSU XJUI CSBJOTUPSNT BOE MPPTF XPSET UIFO USBOTJUJPO UP
TLFUDIFT DBSECPBSE NPDLVQT $"% NPEFMT BOE ëOBMMZ B TFSJFT PG �%�QSJOUFE PS MBTFSDVU
QSPUPUZQFT� &BDI JUFSBUJPO FYQBOET BOE DPOWFSHFT UIF TPMVUJPO TQBDF NPWJOH UIF EFTJHO
GPSXBSE�
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Fig. 2.11 Example illustrating Pugh’s model of controlled convergence. Adapted from Buxton
(2007) and Pugh (1991).

*U JT JNQPSUBOU UP IBWF NBOZ RVJDL JUFSBUJPOT CFDBVTF JU BMMPXT ZPV UP JEFOUJGZ QSPCMFNT CF�
GPSF UPP NVDI XPSL JT JOWFTUFE JOUP BO JEFB� ɨF JUFSBUJWF QSPDFTT DBO CF SFQFBUFE JOëOJUFMZ
UIPVHI UIF QSPDFTT FYQFSJFODFT EJNJOJTIJOH SFUVSOT BOE UIF TPMVUJPO TQBDF BQQSPBDIFT UIF
JEFBM TPMVUJPO BTZNQUPUJDBMMZ� *O QSBDUJDF B QSPEVDU WFSTJPO JT SFMFBTFE XIFO UIF QSPQPTFE
TPMVUJPO JT EFFNFE HPPE FOPVHI UP NFFU PS FYDFFE NPTU PG UIF VTFS�T SFRVJSFNFOUT BOE
XJTIFT�

"T BSHVFE FBSMJFS JUFSBUJWF QSPUPUZQJOH JT FTTFOUJBM GPS VTFS�DFOUFSFE EFTJHO BOE EJHJUBM
NBOVGBDUVSJOH UFDIOJRVFT BSF XFMM TVJUFE UP TVQQPSU UIJT QSPDFTT� 8JUI UIF 0QTPSP QMBU�
GPSN XF XJTI UP BQQMZ B TPGUXBSF SFMFBTF DZDMF NPEFM JO B IBSEXBSF QSPEVDU� .PEFMT TVDI
BT "HJMF TPGUXBSF EFWFMPQNFOU IBWF BEPQUFE UIF NBOUSB PG iSFMFBTF FBSMZ SFMFBTF PGUFOw
FTDIFXJOH UIF USBEJUJPOBM NPEFM PG NPOPMJUIJD TPGUXBSF SFMFBTFE 	#FDL FU BM� ����
� #F�
DBVTF EJHJUBM NBOVGBDUVSJOH UFDIOPMPHJFT BSF OPU UJFE VQ JO MBSHF DBQJUBM JOWFTUNFOUT TVDI
BT NPMET BOE UPPMJOH VTJOH B DPOUJOVPVT SFMFBTF DZDMF JO IBSEXBSF CFDPNFT B QPTTJCJMJUZ�

2.2.1 DIGITAL MANUFACTURING TECHNIQUES

%JHJUBM NBOVGBDUVSJOH UFDIOPMPHJFT TVDI BT �% QSJOUJOH BSF GBCSJDBUJPO UFDIOPMPHJFT UIBU
DBO CF VTFE UP NBLF QIZTJDBM PCKFDUT EJSFDUMZ GSPN EJHJUBM ëMFT� ɨJT JT JO DPOUSBTU XJUI
DPOWFOUJPOBM QSPEVDUJPO UFDIOJRVFT XIFSF UIFSF BSF JOUFSNFEJBSZ TUFQT CFUXFFO B EFTJHO
BOE B QIZTJDBM QBSU� 'PS JOTUBODF JO NBOVBM GBCSJDBUJPO B QFSTPO XJMM VTF UPPMT UP TIBQF
NBUFSJBM JO UIF GPSN PG B EFTJHO UIPVHI UIJT OFDFTTJUBUFT TLJMM BOE BSUJTBOTIJQ� .BTT QSP�
EVDUJPO UFDIOPMPHJFT PO UIF PUIFS IBOE SFMZ PO FYQFOTJWF UPPMJOH BOE NPMET UP NBLF
QBSUT UISPVHI BO BVUPNBUFE QSPDFTT�

"T UIF OBNF JNQMJFT EJHJUBM NBOVGBDUVSJOH UFDIOJRVFT BSF DPNQVUFS�DPOUSPMMFE NJOJ�
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NJ[JOH VTFS JOWPMWFNFOU BOE TLJMM SFRVJSFNFOU� ɨFTF UFDIOPMPHJFT IBWF FOKPZFE B MPU PG
BUUFOUJPO SFDFOUMZ EVF UP QIFOPNFOB TVDI BT UIF NBLFS NPWFNFOU BOE UIF PQFO TPVSDF
IBSEXBSF NPWFNFOU 	TFF TFDUJPO ���
� )PXFWFS NBOZ PG UIFTF UFDIOJRVFT IBWF CFFO
BWBJMBCMF JO JOEVTUSZ GPS B MPOH UJNF� &TQFDJBMMZ XJUIJO SFTFBSDI BOE EFWFMPQNFOU FOWJ�
SPONFOUT SBQJE QSPUPUZQJOH UFDIOJRVFT BSF PGUFO VTFE UP BDDFMFSBUF UIF EFWFMPQNFOU PG B
OFX QSPEVDU� ɨF UFDIOPMPHZ JT OPU OFX UIF ëSTU $/$ NJMMJOH NBDIJOFT XFSF DSFBUFE JO
UIF ����T BOE UIF ëSTU �% QSJOUFST BQQFBSFE JO UIF ����T 	/� (FSTIFOGFME ����
�

8IBU JT OFX IPXFWFS JT UIBU UIFTF UFDIOPMPHJFT IBWF TUBSUFE UP CFDPNF BDDFTTJCMF PVUTJEF
PG MBSHF 3�% EFQBSUNFOUT BOE SFTFBSDI JOTUJUVUFT� 7BSJPVT USFOET XPSL UPHFUIFS UP NBLF
EJHJUBM GBCSJDBUJPO BWBJMBCMF UP UIF NBTTFT�

t -PX DPTU PQFO TPVSDF EJHJUBM GBCSJDBUJPO NBDIJOFT TVDI BT UIF 3FQ3BQ 	+POFT FU BM�
����
 IBWF CFHVO UP BQQFBS�

t -PDBM PSHBOJ[BUJPOT TVDI BT 'BC-BCT NBLFSTQBDFT BOE 5FDITIPQT PêFS BDDFTT UP
EJHJUBM NBOVGBDUVSJOH JOGSBTUSVDUVSF UP UIF HFOFSBM QVCMJD�

t 3BQJE QSPUPUZQJOH UFDIOJRVFT BSF OPX BMTP PêFSFE UISPVHI POMJOF TFSWJDFT� ɨFTF
DPNQBOJFT XJMM QSPEVDF DVTUPN QBSUT BOE TFOE UIFN UP ZPV GPS B GFF� &YBNQMFT
JODMVEF 4IBQFXBZT J�NBUFSJBMJTF 4FFFE 'VTJPO 1$#�

t "T UFDIOPMPHZ NBUVSFT JU CFDPNFT NPSF BêPSEBCMF BOE CFUUFS QFSGPSNJOH� ɨJT JT
FTQFDJBMMZ USVF GPS FMFDUSPOJDT BOE DPNQVUFS IBSEXBSF�

%JHJUBM NBOVGBDUVSJOH UFDIOPMPHZ IBT B OVNCFS PG BEWBOUBHFT UIBU QMBDF UIFN JO B VOJRVF
QPTJUJPO XJUI SFTQFDU UP DPOWFOUJPOBM NBOVGBDUVSJOH QBSBEJHNT� 'JSTU PG BMM UIFTF NB�
DIJOFT EP SFRVJSF MBSHF QBSU�TQFDJëD DBQJUBM JOWFTUT TVDI BT NPMET PS UPPMJOH� 6TJOH EJHJUBM
NBOVGBDUVSJOH UP NBLF POF�Pê QBSUT DPTUT UIF TBNF BT NBOVGBDUVSJOH QBSUT JO B CBUDI
PQFOJOH VQ PQQPSUVOJUJFT GPS BHJMF QSPEVDU EFWFMPQNFOU BOE MPX�WPMVNF NBOVGBDUVSJOH�
4FDPOEMZ UIF NBOVGBDUVSJOH QSPDFTT JT ESJWFO CZ EJHJUBM ëMFT� ɨFTF ëMFT DBO FBTJMZ CF
TIBSFE BOE BSDIJWFE PO UIF JOUFSOFU HSFBUMZ GBDJMJUBUJOH DPMMBCPSBUJPO BOE TIBSJOH UISPVHI
POMJOF QMBUGPSNT TVDI BT (JU)VC BOE ɨJOHJWFSTF� 'JOBMMZ BO JOUSJOTJD QSPQFSUZ PG EJHJUBM
GBCSJDBUJPO JT UIBU EFTJHO DPNQMFYJUZ JT 	OFBSMZ
 GSFF� QSJOUJOH B DPNQMFY PCKFDU UBLFT UIF
TBNF UJNF BT QSJOUJOH B TJNQMF PCKFDU PG UIF TBNF WPMVNF� ɨJT QSPQFSUZ DBO CF FYQMPJUFE
UP JODPSQPSBUF FYUSB GVODUJPOBMJUZ JO UIF HFPNFUSZ PG B QBSU�

ɨF UFSN iEJHJUBM NBOVGBDUVSJOHw DPWFST B WFSZ CSPBE TQFDUSVN PG GBCSJDBUJPO UFDIOJRVFT
BOE OPU BMM UFDIOJRVFT BSF BQQSPQSJBUF GPS %*: BOE NBLFS DVMUVSF� *O CSPBE TUSPLFT UIF
XPSLJOH QSJODJQMF CFIJOE UIF EJêFSFOU UFDIOJRVFT JT WFSZ TJNJMBS� .PTU EJHJUBM GBCSJDBUJPO
NBDIJOFT DPOTJTU PG B UPPMIFBE BUUBDIFE UP B NPUJPO QMBUGPSN� ɨF UPPMIFBE DBO FJUIFS
SFNPWF NBUFSJBM 	TVCUSBDUJWF NBOVGBDUVSJOH
 PS BEE NBUFSJBM 	BEEJUJWF NBOVGBDUVSJOH BMTP
DBMMFE �% QSJOUJOH
� ɨJT UPPMIFBE JT BUUBDIFE UP B NPUJPO QMBUGPSN UVSOJOH JU JOUP B $/$
NBDIJOF� .PTU NBDIJOFT IBWF B UXP�BYJT PS UISFF�BYJT NPUJPO QMBUGPSN UIPVHI NBDIJOFT
XJUI NPSF BYFT PG NPUJPO BSF BMTP OPU VOIFBSE PG�
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5BCMF ��� EFUBJMT UIF QSPQFSUJFT PG TFWFSBM EJHJUBM NBOVGBDUVSJOH UFDIOJRVFT� ɨJT UBCMF
JT OPU NFBOU UP CF BO FYIBVTUJWF PWFSWJFX PG BMM UFDIOJRVFT JU NFSFMZ TFSWFT UP JMMVTUSBUF
UIF CSPBE MBOETDBQF PG EJHJUBM NBOVGBDUVSJOH� ɨF EBUB TIPVME BMTP CF UBLFO XJUI B HSBJO
PG TBMU� UIFSF BSF MBSHF EJTDSFQBODJFT FWFO CFUXFFO NBDIJOFT UIBU VTF UIF TBNF XPSLJOH
QSJODJQMF BOE UIF QSPQFSUJFT BSF NFSFMZ JOEJDBUJWF PG UZQJDBM NBDIJOFT�

8JUIJO UIF TQFDUSVN PG EJHJUBM GBCSJDBUJPO UFDIOPMPHJFT XF GPDVT PO MBTFS DVUUJOH BOE
MPX�FOE '%. �% QSJOUJOH 	J�F� 3FQ3BQ 	+POFT FU BM� ����
 BOE EFSJWBUJWFT
� ɨFTF
UXP UFDIOPMPHJFT BSF DPNNPOMZ BWBJMBCMF JO 'BC-BCT BOE UISPVHI POMJOF TFSWJDFT� .PSF
JNQPSUBOUMZ UIFTF NBDIJOFT DBO CF PQFSBUFE CZ OPWJDF VTFST XIJDI JO DPOUSBTU XJUI PUIFS
UFDIOJRVFT TVDI BT $/$ NJMMJOH XIFSF NPSF TQFDJBMJ[FE USBJOJOH JT OFFEFE� -PX�DPTU
�% QSJOUJOH IBT FOKPZFE NVDI BUUFOUJPO JO UIF QBTU ëWF ZFBST�

4PNF IBWF FWFO QSFEJDUFE UIBU MPX�DPTU �% QSJOUFST DPVME WFSZ XFMM CF UIF OFYU CJH USFOE
JO IPNF SPCPUJDT 	(VJ[[P BOE %FZMF ����� -JQTPO BOE ,VSNBO ����
� 4UJMM "OEFSTPO
	����
 SFNBSLT UIBU XIJMF �% QSJOUJOH FOKPZT NPTU PG UIF NFEJB BUUFOUJPO MBTFS DVUUFST
BSF UIF USVF XPSLIPSTF PG UIF NBLFS NPWFNFOU� #PUI MBTFS DVUUJOH BOE MPX�FOE '%. �%
QSJOUJOH UFDIOJRVFT BSF VTFE FYUFOTJWFMZ UISPVHIPVU UIJT XPSL� ɨFTF UXP UFDIOJRVFT BSF
DPNQMFNFOUBSZ JO OBUVSF� �% QSJOUFST BSF XFMM TVJUFE GPS QSPEVDJOH TNBMM DPNQMFY UISFF�
EJNFOTJPOBM QBSUT XIFSFBT MBTFS DVUUFST BSF GBTU BOE XPSL XFMM UP QSPEVDF MBSHFS TUSPOHFS
QBSUT UIBO �% QSJOUFE QBSUT� )PXFWFS POMZ ìBU QBSUT DBO CF NBEF VTJOH MBTFS�DVUUJOH� *O
PVS EFTJHOT UIF NBKPSJUZ PG DVTUPN QBSUT BSF QSPEVDFE VTJOH MBTFS DVUUJOH TVQQMFNFOUFE
XJUI �% QSJOUFE QBSUT GPS DPNQMFY NFDIBOJTNT BOE TUSVDUVSFT�

ɨF EFTJHO EFDJTJPO UP VTF EJHJUBM GBCSJDBUJPO IBT JNQMJDBUJPOT GPS B OVNCFS PG UIF QSPKFDU
HPBMT� 8JUI EJHJUBM GBCSJDBUJPO UFDIOJRVFT UIF JOGPSNBUJPO SFRVJSFE UP QSPEVDF B QBSU JT
DPOUBJOFE XJUIJO B EJHJUBM ëMF� $PNQVUFS�DPOUSPMMFE NBDIJOFT VTF UIJT EBUB UP QSPEVDF
QIZTJDBM QBSUT SFRVJSJOH MJUUMF TLJMM PS BSUJTBOTIJQ GSPN UIF PQFSBUPS� ɨJT MBTU QPJOU JT
JNQPSUBOU XJUI SFTQFDU UP SFQSPEVDJCJMJUZ� JU GBDJMJUBUFT POMJOF TIBSJOH JU MPXFST UIF CBSSJFS
UP NBLJOH DPQJFT 	DGS� PQFO TPVSDF TPGUXBSF TFDUJPO �����
 BOE PêFST B IJHIFS EFHSFF
PG SFQFBUBCJMJUZ� ɨJT EJSFDUMZ JNQBDUT UIF PQFOOFTT PG UIF TZTUFN 	G1
 BT XFMM BT UIF
PQQPSUVOJUJFT GPS POMJOF DPNNVOJUZ CVJMEJOH 	G10
� ɨF DIPJDF BMTP JOìVFODFT UIF DPTU PG
UIF EFTJHOT 	G9
 BT UIF UFDIOJRVFT BMMPX BOZPOF UP DSFBUF IJHI�ëEFMJUZ SPCPU DPNQPOFOUT
BU SFBTPOBCMZ MPX DPTU BOE JO WFSZ TNBMM CBUDI TJ[FT� 'JOBMMZ UIF UFDIOJRVFT BMMPX GPS B IJHI
EFHSFF PG EFTJHO DPNQMFYJUZ BêPSEJOH EFTJHOFST UIF DIBODF UP FNCFE FYUSB GVODUJPOBMJUZ JO
UIF HFPNFUSZ PG B QBSU� ɨJT BTQFDU DBO CF MFWFSBHFE UP NBLF UIF EFTJHOT FBTJFS UP SFQSPEVDF
	G1
 BOE FBTJFS UP CVJME 	G2
� ɨF OFYU TFDUJPO XJMM EFUBJM IPX EFTJHO DPNQMFYJUZ DBO CF
FYQMPJUFE UP BDIJFWF UIFTF HPBMT�

2.2.2 DESIGN STRATEGIES

ɨF TDJBM SPCPU 0OP BOE UIF 0QTPSP QMBUGPSN IBWF HPOF UISPVHI NVMUJQMF EFTJHO JUFSB�
UJPOT GSPN XIJDI XF HPU EJêFSFOU JOTJHIU PO UIF TVDDFTT BOE GBJMVSFT GPS OPO�FYQFSUT UP
EFTJHO BOE CVJME SPCPUT� ɨSPVHIPVU UIF JUFSBUJPOT PVS EFTJHO TUSBUFHJFT IBWF CFFO BE�
KVTUFE BDDPSEJOHMZ� ɨF NBLFS�IBDLFS�DFOUSJD BQQSPBDI MFOET JUTFMG XFMM GPS RVJDL EFTJHO
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ples of digital fabrication techniques
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JUFSBUJPOT EVF UP UIF VTF PG EJHJUBM NBOVGBDUVSJOH UFDIOJRVFT� " TVNNBSZ PG UIJT BQQSPBDI
JT HJWFO JO UIJT TFDUJPO� *O PVS EFTJHOT XF 	�
 VTF TUBOEBSEJ[FE DPNQPOFOUT XIFSFWFS BQ�
QSPQSJBUF BOE 	�
 NBOVGBDUVSF BMM DVTUPN DPNQPOFOUT VTJOH EJHJUBM GBCSJDBUJPO UFDIOJRVFT�
ɨFTF UXP DPOTUSBJOUT TFSWF UP JNQSPWF UIF SFQSPEVDJCJMJUZ PG UIF EFTJHOT� 8F SFMZ PO EJH�
JUBM NBOVGBDUVSJOH UP QSPEVDF UIF DPNQPOFOUT GPS PVS EFTJHOT UIPVHI PUIFS QPUFOUJBM
TPMVUJPOT BSF UP DSFBUF EFTJHOT UIBU DBO CF NBEF VTJOH IBOE UPPMT PS EFTJHOT UIBU VTF POMZ
Pê�UIF�TIFMG DPNQPOFOUT�

ɨF ëSTU QPJOU JT TFMG FWJEFOU� VTJOH TUBOEBSE DPNQPOFOUT JT PGUFO DIFBQFS BOE GBTUFS UIBO
DSFBUJOH B DVTUPN QBSU GPS UIF TBNF QVSQPTF� ɨF TFDPOE QPJOU EFTFSWFT TPNF FMBCPSB�
UJPO� 8JUI EJHJUBM GBCSJDBUJPO DPNQVUFS�DPOUSPMMFE NBDIJOFT VTF EJHJUBM EBUB UP RVJDLMZ
BOE BDDVSBUFMZ QSPEVDF QBSUT SFRVJSJOH POMZ MJNJUFE IVNBO JOWPMWFNFOU JO UIF QSPDFTT�
ɨJT GBDJMJUBUFT POMJOF TIBSJOH MPXFST UIF CBSSJFS UP DPQZJOH BOE PêFST B IJHI EFHSFF PG
SFQFBUBCJMJUZ� "OPUIFS JOUSJOTJD QSPQFSUZ PG EJHJUBM GBCSJDBUJPO JT UIBU EFTJHO DPNQMFYJUZ
JT 	OFBSMZ
 GSFF BT FYQMBJOFE FBSMJFS� ɨJT QSPQFSUZ DBO CF FYQMPJUFE UP JODPSQPSBUF FYUSB
GVODUJPOBMJUZ JO UIF HFPNFUSZ PG B QBSU�

8JUIJO EJHJUBM GBCSJDBUJPO UFDIOPMPHJFT XF GPDVT PO MBTFS DVUUJOH BOE MPX�FOE '%. �%
QSJOUJOH 	J�F� 3FQ3BQ 	+POFT FU BM� ����
 BOE EFSJWBUJWFT
 BT UIFTF UXP UFDIOPMPHJFT BSF
DPNNPOMZ BWBJMBCMF UISPVHI 'BC-BCT PS POMJOF TFSWJDFT� #Z UBLJOH BEWBOUBHF PG EJHJUBM
NBOVGBDUVSJOH UFDIOJRVFT XF DBO JODPSQPSBUF FYUSB GVODUJPOBMJUZ JO PVS DVTUPN QBSUT� ɨJT
DBO MFBE UP B SFEVDFE QBSU DPVOU TJNQMFS BTTFNCMZ JNQSPWFE DBCMF NBOBHFNFOU FUD�
5BCMF ��� TIPXT BO PWFSWJFX PG DPOOFDUJPOT NBEF QPTTJCMF UISPVHI DMFWFS NBOJQVMBUJPOT
PG DVTUPN DPNQPOFOU HFPNFUSZ�

8IFSFWFS QPTTJCMF BTTFNCMZ JOGPSNBUJPO JT FNCFEEFE JOUP UIF QBSU HFPNFUSZ� .VMUJQMF
NFUIPET DBO CF VTFE GPS UIJT� 5P CFHJO XJUI BMM MBTFS�DVU BOE �% QSJOUFE QBSUT BSF ëUUFE
XJUI FOHSBWFE BOOPUBUJPOT JOEJDBUJOH QBSU OVNCFST BOE PSJFOUBUJPO� ɨJT JT VTFGVM UP
EJTUJOHVJTI TJNJMBS QBSUT BOE IFMQT XIFO SFGFSSJOH UP B QBSU JO XSJUUFO EPDVNFOUBUJPO�
,FFQJOH USBDL PG EJêFSFOU QBSU PG UIF TBNF EFTJHO EJêFSFOU WFSTJPOT PG UIF TBNF QBSU PS
FWFO UIF TBNF QBSUT XJUIJO BMUFSOBUJWF EFTJHOT JT BO JOUFSFTUJOH QSPCMFN BOE XJMM DFSUBJOMZ
CFDPNF NPSF SFMFWBOU BT UIF PQFO TPVSDF IBSEXBSF DPNNVOJUZ HSPXT� "T PG ZFU XF
NBOVBMMZ BEE UIF QBSU OVNCFST EVSJOH UIF $"% EFTJHO QSPDFTT� )PXFWFS XF FOWJTJPO
PQQPSUVOJUJFT UP BVUPNBUF UIFTF TUFQT� 5FDIOJDBMMZ TQFBLJOH BVUPNBUJDBMMZ BEEJOH QBSU
OVNCFST JT B SFMBUJWFMZ FBTZ QSPDFTT UIPVHI UIFTF BOOPUBUJPOT DBO IBWF B USFNFOEPVT
FêFDU GPS UIF VTFS� 4FRVFOUJBM WFSTJPO OVNCFSJOH 	F�H� W� W� W�
 JT OPU BMXBZT QPTTJCMF
XJUIJO PQFO TPVSDF IBSEXBSF EFTJHOT TP BMUFSOBUJWF WFSTJPO OVNCFSJOH TDIFNFT TIPVME
CF DPOTJEFSFE� 0OF QPTTJCJMJUZ JT UP VTF UJNFTUBNQT BOPUIFS JT UP VTF UIF DPNNJU IBTIFT
GSPN B WFSTJPO DPOUSPM TZTUFN�

.BOZ QBSUT BSF QVSQPTFGVMMZ NBEF BTZNNFUSJD TP UIBU UIFZ DBO POMZ CF BTTFNCMFE JO POF
XBZ� 'JHVSF ���� TIPXT UXP FYBNQMFT PG UIJT� *O UIF MFGU�IBOE FYBNQMF DPSSFDU PSJFOUBUJPO
JT FOGPSDFE CZ HJWJOH UIF TOBQ DPOOFDUPST EJêFSFOU XJEUIT� *O UIF SJHIU�IBOE FYBNQMF UIJT
JT BDIJFWFE CZ NPWJOH UIF NJEEMF IPMF PVU PG DFOUFS� -BTFS�DVU QBSUT BSF NBEF GSPN "#4
TIFFU NBUFSJBM XJUI POF UFYUVSFE BOE POF TNPPUI TJEF� ɨPVHI OPU B EFMJCFSBUF DIPJDF
UIF UFYUVSF NBLFT JU WFSZ FBTZ UP EJTUJOHVJTI CFUXFFO NJSSPS QBSUT� ɨJT JT FTQFDJBMMZ VTFGVM
CFDBVTF MBTFS�DVU QBSUT BMXBZT IBWF BU MFBTU POF QMBOF PG TZNNFUSZ QBSBMMFM UP UIF QMBTUJD
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'JHVSF %FTDSJQUJPO

�� 4OBQ DPOOFDUPS 	"#4 o "#4


" SFWFSTJCMF DBOUJMFWFS TOBQ JT VTFE FYUFOTJWFMZ UP NBLF ��¡ 5�TIBQFE DPOOFD�
UJPOT CFUXFFO UXP MBTFS�DVU QBSUT� 6TFE GPS DPOOFDUJOH UIF EJêFSFOU QBSUT PG UIF
GSBNF UPHFUIFS BOE GPS DPOOFDUJOH NPEVMFT UP UIF GSBNF�

�� 5FYUJMF TOBQ 	"#4 o 5FYUJMF


" WBSJBOU PO DPOOFDUJPO � JT VTFE UP BUUBDI UIF PVUFS UFYUJMF UP UIF NPEVMFT� "
TNBMM MBTFS�DVU SFDFJWJOH QBSU JT TFXO EJSFDUMZ UP UIF UFYUJMF� ɨJT SFDFJWJOH QBSU
NBUFT XJUI JUT DPVOUFSQBSU JO UIF NPEVMFT�

�� 4UJUDI QBUUFSO 	'PBN o 'PBN


ɨF GPBN QBEEJOH MBZFS PG 0OP JT NBEF GSPN ìBU MBTFS�DVU GPBN QBSUT UIBU BSF
TFXO UPHFUIFS UP GPSN B UISFF�EJNFOTJPOBM TIFMM� ɨJT �% QBUUFSO JT HFOFSBUFE CZ
ìBUUFOJOH UIF �% TIBQF JO TPGUXBSF� ɨF CPSEFS PG UIF GPBN QBSUT JT QVODUVSFE
CZ UIF MBTFS BU �DN JOUFSWBMT GBDJMJUBUJOH UIF NBOVBM TFXJOH QSPDFTT�

�� ;JQ UJF iEPH CPOFw 	"#4 o $BCMF


'FBUVSF UP BUUBDI XJSJOH UP UIF GSBNF VTJOH B [JQ UJF� 1SFWJPVTMZ UXP QBSBMMFM
TMPUT XFSF VTFE CVU UIJT QSPWFE USPVCMFTPNF BT [JQ UJFT OFFEFE UP CF JOTFSUFE
CFGPSF BTTFNCMZ� #FDBVTF PG UIF iEPH CPOFw TIBQF [JQ UJFT DBO CF BUUBDIFE QPTU�
BTTFNCMZ�

�� /VU USBQ 	�% QSJOU o 'BTUFOFS


)FYBHPOBM QPDLFUT BSF VTFE JO �% QSJOUFE QBSUT UP DPOOFDU UP GBTUFOFST� " IFY
OVU JT QSFTTFE JOUP UIF QPDLFU BGUFS XIJDI TPNFUIJOH FMTF DBO CF BUUBDIFE UP
UIF QSJOUFE QBSU VTJOH B TDSFX� ɨJT NFUIPE JT NVDI NPSF SFMJBCMF UIBO DVUUJOH
UISFBET EJSFDUMZ JOUP UIF QSJOUFE QBSU�

�� 4FSWP TQMJOF 	"#4 o 4FSWP


)PCCZ TFSWPT VTF B TQMJOFE PVUQVU TIBGU XJUI USJBOHVMBS UFFUI UP USBOTGFS UPSRVF
UP UIF PVUQVU MFWFS� 8IJMF UIF EJNFOTJPOT PG TFSWPT BSF TUBOEBSEJ[FE UIPTF PG
UIF IPSOT UIBU DPNF XJUI TFSWPT BSF OPU� 8F TPMWF UIJT CZ DVUUJOH B SBEJBM QBUUFSO
PG MJOFT JO UIF DJSDVNGFSFODF PG B DJSDVMBS IPMF� ɨJT NFMUT UIF QMBTUJD JO TVDI B
XBZ UIBU NBUFT XJUI USJBOHVMBS UFFUI PG UIF TQMJOF� $VUUJOH UIF USJBOHVMBS UFFUI
EJSFDUMZ EPFT OPU XPSL BT UIF HFPNFUSZ JT UPP TNBMM�

Table 2.5 Examples of using design complexity of digital manufacturing techniques
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TIFFU� -BTFS�DVU QBSUT PG UIF TBNF TVC�BTTFNCMZ BSF BMTP MFGU DPOOFDUFE UP FBDI PUIFS WJB
TNBMM CSJEHFT TJNJMBS UP B TQSVF USFF PG B NPEFM LJU�

Fig. 2.12 Using asymmetry to improve the assembly process.

"ENJUUFEMZ UIFSF BSF MJNJUBUJPOT UP UIJT BQQSPBDI� ɨF FNCFEEFE JOGPSNBUJPO JT OPU TVï�
DJFOU UP EPDVNFOU UIF BTTFNCMZ QSPDFTT DPNQMFUFMZ� ɨF NBJO EPDVNFOUBUJPO JT QSPWJEFE
UISPVHI B XJLJ JODMVEJOH QIPUPT XSJUUFO JOTUSVDUJPOT BOE �% NPEFMT� %VSJOH UIF XPSL�
TIPQT XF PSHBOJ[FE XF GPVOE UIBU POF PG UIF CFTU XBZT UP FYQMBJO UIF BTTFNCMZ QSPDFTT
JT UP CSJOH BO BTTFNCMFE FYBNQMF UIBU QBSUJDJQBOUT DBO DPQZ� /FWFSUIFMFTT UIJT JT POMZ
QPTTJCMF JO TQFDJëD TJUVBUJPOT BOE EPFT OPU IFMQ UP QSPQBHBUF UIF EFTJHO WJB JOUFSOFU�

2.3 CONCLUSION

ɨJT DIBQUFS IBT EFTDSJCFE UIF NFUIPEPMPHZ VTFE UISPVHIPVU UIJT XPSL� #FDBVTF PG UIF
DPNQMFYJUJFT PG QMBUGPSN�CBTFE QSPEVDUT XF BSHVF UIBU B IVNBO�DFOUFSFE EFTJHO QSPDFTT
OFFET UP CF BQQMJFE XJUI BO FNQIBTJT PO VTBCJMJUZ BOE VTFS FYQFSJFODF BTQFDUT� )VNBO�
DFOUFSFE EFTJHO SFRVJSFT B IPMJTUJD BQQSPBDI BT EJêFSFOU QSPEVDU BTQFDUT DBOOPU CF FY�
USBDUFE BOE JOEJWJEVBMMZ PQUJNJ[FE� 'PS UIJT SFBTPO XF FNQMPZ BO JUFSBUJWF QSPUPUZQJOH
QSPDFTT UISPVHI UIF VTF PG EJHJUBM NBOVGBDUVSJOH UFDIOPMPHJFT TVDI BT MBTFS�DVUUJOH BOE �%
QSJOUJOH� ɨFTF UFDIOPMPHJFT BêPSE UIF EFTJHOFS B MBSHF EFHSFF PG EFTJHO GSFFEPN XIJDI
DBO CF VTFE UP GBDJMJUBUF UIF BTTFNCMZ QSPDFTT 	G2
� ɨF EJHJUBM NBOVGBDUVSJOH UFDIOJRVFT
BSF DPNNPOMZ BWBJMBCMF JO 'BC-BCT BOE UISPVHI POMJOF TFSWJDFT GBDJMJUBUJOH SFQSPEVDUJPO
BOE NPEJëDBUJPO PG UIF EFTJHO 	G1
 BOE MFBEJOH UP MPXFS QBSU DPTUT 	G9
� ɨF OFYU DIBQ�
UFS XJMM EFUBJM UIF JUFSBUJWF EFTJHO QSPDFTT JODMVEJOH B EFTDSJQUJPO PG UIF EFTJHO QSPDFTT
BOE UIF FYQFSJNFOUT XF IBWF QFSGPSNFE�
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Chapter 3

DESIGN ITERATIONS

0OP BOE UIF 0QTPSP QMBUGPSN IBWF HPOF UISPVHI NVMUJQMF EFTJHO JUFSBUJPOT GSPN XIJDI
XF HBJOFE EJêFSFOU JOTJHIU JOUP UIF TVDDFTT BOE GBJMVSFT PG EJêFSFOU BQQSPBDIFT� ɨF EFTJHO
JUFSBUJPOT FYQMPSF UIF EJêFSFOU BTQFDUT PG UIF EFTJHO CVJME BOE VTF QIBTFT�

"T FYQMBJOFE CZ UIF QSFWJPVT DIBQUFS UIF DPNQMFY OBUVSF PG QMBUGPSN�CBTFE QSPEVDUT SF�
RVJSFT VT UP VTF JUFSBUJWF EFTJHO JO PSEFS UP GVMMZ DPNQSFIFOE BOE BEESFTT UIF OFFET PG
UIF EJêFSFOU TUBLFIPMEFST� ɨF DIBMMFOHF JT UP ëOE B HPPE CBMBODF CFUXFFO UIF DPOìJDU�
JOH HPBMT PG EJêFSFOU TUBLFIPMEFST BT XFMM BT UIF UFDIOJDBM DPOTUSBJOUT PG UIF TZTUFN� 0VS
NBLFS�IBDLFS�DFOUSJD BQQSPBDI MFOET JUTFMG XFMM GPS RVJDL EFTJHO JUFSBUJPOT FTQFDJBMMZ EVF
UP UIF VTF PG EJHJUBM NBOVGBDUVSJOH UFDIOJRVFT� " TVNNBSZ PG UIF NBKPS PVUDPNFT PG UIJT
JUFSBUJWF BQQSPBDI JT HJWFO JO UIJT TFDUJPO�

'JHVSF ��� TIPXT B TDIFNBUJD PWFSWJFX PG UIF EFTJHO JUFSBUJPOT PG UIF 0QTPSP QMBUGPSN� ɨF
NBJO EFTJHO QBUI JT SFQSFTFOUFE CZ UIF UXP HFOFSBUJPOT PG UIF TPDJBM SPCPU 0OP DPNCJOFE
XJUI UIF 0QTPSP QMBUGPSN� ɨF ëHVSF BMTP EFQJDUT UXP TJEF�USBDLT� UIF IFYBQPE SPCPUT
BOE UIF 3PCPU #MPDLT UPPMLJU� ɨFTF UBOHFOUT BSF OPU GPDVTFE PO TPDJBM SPCPUJDT QFS TF�
/FWFSUIFMFTT UIFZ TFSWFE BO JNQPSUBOU SPMF JO JOTQJSJOH BOE JOGPSNJOH UIF EFTJHO PG UIF
QMBUGPSN� ɨF ëHVSF JMMVTUSBUFT UIF OPO�MJOFBS OBUVSF PG PVS EFTJHO QSPDFTT� UIF SFBTPOJOH
CFIJOE UIJT JT BSHVFE JO DIBQUFS �� ɨF SFNBJOEFS PG UIJT DIBQUFS JT TUSVDUVSFE BT GPMMPXT�

t SECTION 3.1 EFTDSJCFT UIF EFTJHO PG XBMLJOH IFYBQPE SPCPUT� ɨF ëSTU WFSTJPO
XBT DSFBUFE BU UIF TUBSU PG UIJT QSPKFDU BOE NBOZ PG JUT DPOTUSVDUJPO UFDIOJRVFT
XFSF VTFE JO UIF EFTJHO PG UIF JOJUJBM WFSTJPO PG UIF TPDJBM SPCPU 0OP� ɨF TFDPOE
IFYBQPE SPCPU XBT DSFBUFE NVDI NPSF SFDFOUMZ BOE JODPSQPSBUFT JNQSPWFNFOUT
GSPN UIF 0OP BOE 0QTPSP EFTJHO JUFSBUJPOT�

t SECTION 3.2 EFUBJMT UIF EFTJHO BOE VTF PG B %*: DPOTUSVDUJPO TZTUFN GPS NBLJOH
TNBMM�TDBMF NPCJMF SPCPUT JOUFOEFE GPS VTF CZ TFDPOEBSZ TDIPPM TUVEFOUT�

t SECTIONS 3.3 AND 3.4 FYQMBJO UIF HMPCBM EFTJHO EFDJTJPOT CFIJOE UIF TPDJBM
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v1.0

v1.1

v1.2

Ono gen. 1

v2.0

v2.1

v2.2

v2.3

Ono gen. 2

v1.0

v1.1

v1.2

Opsoro

A

B

C

Robot Blocks

Ant Scorpion

Hexapod robots

Fig. 3.1 Schematic overview of the design iterations.

SPCPU 0OP BT XFMM BT UIF UFTU SFTVMUT UIBU JOGPSNFE UIFTF EFDJTJPOT� ɨF EFTDSJQUJPO
PG 0OP JT EJWJEFE JOUP UXP TFQBSBUF TFDUJPOT SFQSFTFOUJOH UIF DPNQMFUF SFEFTJHO PG
UIF SPCPU UIBU UPPL QMBDF NJEXBZ UISPVHI UIF QSPKFDU�

t SECTION 3.5 EFUBJMT UIF TIJGU JO SFTFBSDI GPDVT GSPN B TJOHMF TPDJBM SPCPU EFTJHO
UP B QMBUGPSN GPS UIF EFTJHO PG TPDJBM SPCPUT� ɨF UPPMLJU XIJDI JT CBTFE PO UIF
0OP SPCPU IBT HPOF UISPVHI NVMUJQMF JUFSBUJPOT BOE FBDI JUFSBUJPO XBT UFTUFE JO
B SPCPU EFTJHO DPOUFYU�

3.1 HEXAPOD ROBOTS

3.1.1 STIGMERGIC ANT

ɨF 4UJHNFSHJD "OU DBNF BCPVU JO ���� BT B EFNPOTUSBUPS GPS UIF EJêFSFOU UZQFT PG QSPUP�
UZQJOH UFDIOPMPHJFT PêFSFE BU UIF EFQBSUNFOU�T JOEVTUSZ TFSWJDFT EJWJTJPO JODMVEJOH $/$
NJMMJOH UIFSNPGPSNJOH �% QSJOUJOH MBTFS DVUUJOH BOE FMFDUSPOJDT QSPUPUZQJOH� ɨF LFZ
DIBMMFOHF PG UIJT QSPKFDU XBT UP JOUFHSBUF UIFTF EJêFSFOU UFDIOPMPHJFT JOUP POF TIPXDBTF
UIBU XPVME EFNPOTUSBUF UIF CFOFëUT PG FBDI UFDIOPMPHZ JO BO JOUFSFTUJOH BOE BUUSBDUJWF
GPSNBU� ɨF EFNPOTUSBUPS JT EFTJHOFE QSJNBSJMZ GPS VTF JO FYIJCJUJPOT BOE USBEF GBJST�
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3. DESIGN ITERATIONS

ɨF EFNPOTUSBUPS CPSSPXT UIF DPODFQU PG iTUJHNFSHZw BT B NFUBQIPS GPS UIF EFQBSUNFOU�T
BQQSPBDI UP JOEVTUSJBM EFTJHO� ɨF UFSN iTUJHNFSHZw XBT DPJOFE CZ (SBTTÏ 	����
 BT B
OBNF GPS UIF QSPDFTT VTFE CZ FVTPDJBM JOTFDUT TVDI BT BOUT UP DPPSEJOBUF UIFJS BDUJPOT�
ɨF UFSN JT DPNQPTFE PG UIF (SFFL XPSET TUJHNB 	NBSL TJHO
 BOE FSHPO 	XPSL BDUJPO

EFOPUJOH UIBU BHFOUT JO TPDJBM JOTFDU DPMPOJFT MFBWF NBSLT JO UIFJS FOWJSPONFOU BT B XBZ UP
DPNNVOJDBUF GVUVSF BDUJPOT�

ɨF DPODFQU PG TUJHNFSHZ JT USBOTQPTFE POUP UIF EFTJHO QSPDFTT� )FSF QIZTJDBM QSPUPUZQFT
BSF UIF NBSLT UIBU BSF MFGU JO UIF FOWJSPONFOU BOE UIF QSPDFTT PG QSPUPUZQJOH JT TFFO
BT B SJDI BOE NFBOJOHGVM NPEF PG DPNNVOJDBUJPO CFUXFFO UIF TUBLFIPMEFST PG B EFTJHO
QSPDFTT� *O PVS JOEVTUSJBM EFTJHO EFQBSUNFOU XF JNQMFNFOU UIJT QIJMPTPQIZ CZ FNQIBTJ[�
JOH UIF JNQPSUBODF PG NBLJOH QIZTJDBM QSPUPUZQFT FBSMZ BOE PGUFO BT QBSU PG BO JUFSBUJWF
DPNNVOJDBUJPO QSPDFTT CFUXFFO TUBLFIPMEFST�

ɨF 4UJHNFSHJD "OU JT DPODFJWFE BT UIF MJUFSBM FNCPEJNFOU PG UIJT ëHVSBUJWF NFUBQIPS GPS
JOEVTUSJBM EFTJHO BT B TPSU PG NBTDPU� ɨF BOU JT JNQMFNFOUFE BT B �� DN MPOH IFYBQPE
SPCPU XJUI UISFF EFHSFFT PG GSFFEPN JO FBDI MFH� "T B UPOHVF�JO�DIFFL JOUFSQSFUBUJPO PG
UIF TUJHNFSHZ QBSBEJHN UIF 4UJHNFSHJD "OU MFBWFT USBDFT JO JUT FOWJSPONFOU JO UIF GPSN
PG B DBOEZ USBJM�

Fig. 3.2 Final prototype of the Stigmergic Ant
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3. DESIGN ITERATIONS

3.1.1.1 EMBODIMENT DESIGN�

ɨF EFTJHO PG UIF 4UJHNFSHJD "OU XBT JOìVFODFE JO B MBSHF QBSU CZ UIF NFDIBOJDBM EFTJHO
PG UIF MFH� ɨF MFH XBT EFTJHOFE ëSTU CFDBVTF 	�
 JU JT B MBSHF TVCBTTFNCMZ UIBU JT VTFE TJY
UJNFT 	�
 UIF DPNQPOFOUT PG UIF MFH SFQSFTFOU UIF NBKPSJUZ PG UIF UPUBM DPTU PG UIF SPCPU
BOE 	�
 NPTU EFTJHO DPOTUSBJOUT TVDI BT PWFSBMM TJ[F XFJHIU SBOHF PG NPUJPO BOE QPXFS
TVQQMZ BSF B EJSFDU DPOTFRVFODF PG UIF MFH�

8F EFDJEFE UP VTF UISFF BDUVBUPST GPS FBDI MFH� 8IJMF IFYBQPET XJUI UXP %0' MFHT BSF
QPTTJCMF UIF FYUSB %0' BMMPXT GPS GVMM TJY�BYJT DPOUSPM PG UIF CPEZ PG UIF SPCPU BOE BMTP
BMMPXT GPS NPSF FïDJFOU BOE NPSF OBUVSBM MPPLJOH MPDPNPUJPO� 4UBOEBSE�TJ[FE 3BEJP�
$POUSPMMFE 	3$
 TFSWPT BSF VTFE UISPVHIPVU UIF EFTJHO UIPVHI UIF EFTJHO OFDFTTJUBUFE
UIF VTF PG IJHI�UPSRVF NFUBM�HFBS TFSWPT� &BDI TFSWP HFOFSBUFT VQ UP �� LHG · DN PG UPSRVF�
ɨF SFMBUJWFMZ IJHI UPSRVF PVUQVU JT OFFEFE CFDBVTF EVSJOH DFSUBJO QIBTFT PG UIF HBJU DZDMF
UIF FOUJSF XFJHIU PG UIF SPCPU OFFET UP CF TVQQPSUFE CZ POMZ UISFF TFSWPT� ɨF TFSWPT DPTU
DJSDB �� ǎ FBDI UPUBMJOH VQ UP ��� ǎ GPS BMM MFHT� ɨJT SFQSFTFOUFE B TJHOJëDBOU GSBDUJPO PG
UIF CVEHFU GPS UIJT QSPKFDU�

ɨF TJ[F PG UIF 4UJHNFSHJD "OU XBT EFUFSNJOFE CZ UIF MFHT UP LFFQ UIF PWFSBMM QSPQPSUJPOT
JO MJOF XJUI UIPTF PG B CJPMPHJDBM BOU� ɨF MFH MFOHUI JT MBSHFMZ EFëOFE CZ UIF TFSWP BDUVBUPST
XIJDI BSF QPTJUJPOFE BU UIF KPJOUT PG UIF MFHT� ɨF TFSWPT OFFE UP CF TQBDFE GBS FOPVHI TP
BT OPU UP DPMMJEF XJUI POF BOPUIFS ZFU DMPTF FOPVHI TP UIBU UIF NFDIBOJDBM BEWBOUBHF PG
UIF MFH TFHNFOUT EPFT OPU DBVTF UIF TFSWP UP FYDFFE JUT UPSRVF SBUJOH�

*O BEEJUJPO UP UIF �� %0'T PG UIF MFHT UIF BOU BMTP IBT BDUVBUFE NBOEJCMFT BO BDUVBUFE
OFDL BOE B EJTQFOTJOH NFDIBOJTN JO UIF BCEPNFO GPS B UPUBM PG UISFF FYUSB %0'T CSJOHJOH
UIF UPUBM UP �� TFSWPT� ɨF UXP FYUSB %0'T BMMPX GPS NPSF FYQSFTTJWFOFTT BOE HJWF UIF BOU
TPNF MJGF�MJLF CFIBWJPS� 'PS JOTUBODF XIJMF UVSOJOH UIF BOU XJMM BMTP UVSO JUT IFBE JO UIF
EJSFDUJPO JU JT IFBEJOH� ɨF NFDIBOJTN JO UIF BCEPNFO PG UIF SPCPU JT VTFE UP EJTQFOTF
B DBOEZ USBJM BT B GPSN PG TUJHNFSHZ� ɨF NFDIBOJTN VTFT B SPUBUJOH EJTL UP EJTQFOTF
.�.�T GSPN BO JOUFSOBM SFTFSWPJS� &BDI DPNQMFUFE CBDL BOE GPSUI TXFFQ ESPQT POF
.�. BMMPXJOH GPS QSFDJTF DPOUSPM�

.PTU PG UIF DVTUPN QBSUT GPS UIJT QSPKFDU XFSF NBEF VTJOH MBTFS DVUUJOH� /FBSMZ BMM QBSUT GPS
UIF GSBNF BOE UIF MFHT PG UIF BOU XFSF DVU GSPN � NN .FEJVN�%FOTJUZ 'JCSFCPBSE 	.%'

XIJDI XBT QBJOUFE CMBDL BGUFSXBSET� ɨF MBTFS�DVU QBSUT BSF JOUFSDPOOFDUFE VTJOH TMPU�BOE�
UBC KPJOUT XIJDI BSF SFJOGPSDFE VTJOH XPPE HMVF� 4FSWPT BSF BUUBDIFE UP UIF GSBNF VTJOH
NBDIJOF TDSFXT� ɨF UIPSBY JT DPNQPTFE PG B EPVCMF�QMBUF EFTJHO GPS JODSFBTFE UPSTJPOBM
TUJêOFTT BT JU JT TVCKFDUFE UP MBSHF MPBET BU UIF CBTF PG FBDI MFH�

5P JNQSPWF UIF SPCPU�T MPBE�CFBSJOH DBQBDJUZ UIF CBTF PG FBDI MFH GFBUVSFT EPVCMF CFBSJOH
EFTJHO XJUI B QMBJO CFBSJOH BU UIF PQQPTJUF FOE PG UIF TFSWP�T PVUQVU TIBGU� ɨF UJQ PG FBDI
MFH JT SVCCFSJ[FE JO PSEFS UP SFEVDF TMJQQBHF TFFJOH UIBU GSJDUJPO QMBZT B MBSHF SPMF JO UIF
FïDJFODZ PG MPDPNPUJPO� 'JOBMMZ UP BDDPNNPEBUF UIF MBSHF BNPVOUT PG XJSJOH JO UIJT

�4JHOJëDBOU DPOUSJCVUJPOT UP UIF EFTJHO BOE DPOTUSVDUJPO PG UIF 4UJHNFSHJD "OU XFSF NBEF CZ *WP 4JY BOE -BVSFO[
5BDL�
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3. DESIGN ITERATIONS

SPCPU NPVOUJOH IPMFT GPS [JQ�UJFT XFSF JOUFHSBUFE JO FBDI TFHNFOU PG FBDI MFH� ɨJT TFSWFT
UP SFEVDF TUSBJO PO UIF TFSWP MFBET BT XFMM BT FMJNJOBUF UIF QPTTJCJMJUZ PG B DBCMF DBUDIJOH
BOE CSFBLJOH�

ɨF IPMMPX BCEPNFO PG UIF 4UJHNFSHJD "OU JT DPNQPTFE PG B MBTFS�DVU SJC TUSVDUVSF PO UIF
PVUTJEF XJUI B UXP�QBSU QMBTUJD TIFMM PO UIF JOTJEF UP TFSWF BT B DBOEZ SFTFSWPJS� ɨF TIFMM
XBT NPEFMFE BT B /PO�6OJGPSN 3BUJPOBM #�4QMJOFT 	/63#4
 TVSGBDF JO $"%� 6TJOH UIJT
TVSGBDF B QPTJUJWF NPME XBT NJMMFE JO 1PMZVSFUIBOF 	16
 GPBN XIJDI XBT TVCTFRVFOUMZ
VTFE UP UIFSNPGPSN UIF UXP QBSUT PVU PG "#4 QMBTUJD� ɨF TFBN CFUXFFO UIF UXP IBMWF JT
IJEEFO CZ UIF PVUFS SJCT�

ɨF FMFDUSPOJDT PG UIF BOU SPCPU BSF "SEVJOP�CBTFE XJUI BO "SEVJOP NFHB IBOEMJOH DPN�
NVOJDBUJPO HBJU QBUUFSO HFOFSBUJPO BOE JOWFSTF LJOFNBUJDT� " TFQBSBUF 44$��� TFSWP
DPOUSPMMFS� IBOEMFT UIF 1VMTF�8JEUI .PEVMBUJPO 	18.
 XBWFGPSN HFOFSBUJPO UP DPOUSPM
UIF �� 3$ TFSWP� ɨF 44$��� JUTFMG JT DPOUSPMMFE CZ UIF "SEVJOP .FHB PWFS 6"35�

*OJUJBMMZ UIF BOU XBT QPXFSFE UISPVHI B UFUIFS DBCMF XIJDI DPOOFDUFE UIF SPCPU UP BO
FYUFSOBM IJHI�DVSSFOU � 7 QPXFS TPVSDF� ɨF UFUIFS XBT BMTP VTFE GPS DPNNVOJDBUJPO
XJUI UIF DPNQVUFS�CBTFE (6*� ɨJT TFUVQ XBT FWFOUVBMMZ VQHSBEFE UP FMJNJOBUF UIF UFUIFS�
ɨF FYUFSOBM QPXFS TVQQMZ XBT SFQMBDFE CZ BO JOUFHSBUFE � 7 /J.) CBUUFSZ QBDL BOE UIF
DPNNVOJDBUJPO DBCMF XBT SFQMBDFE CZ BO 9#FF XJSFMFTT MJOL� #FTJEFT UIF PCWJPVT CFOFëUT
UIJT VQHSBEF BMTP JNQSPWFE UIF TUBODF BOE TQFFE PG UIF SPCPU BT SFNPWJOH UIF UIJDL�HBVHF
DBCMF NBEF UIF SPCPU OPUJDFBCMZ MFTT UBJM�IFBWZ�

3.1.2 LOCOMOTION ALGORITHM

&BDI MFH PG UIF IFYBQPE IBT B IPSJ[POUBM IJOHF KPJOU OFBS UIF CBTF PG UIF CPEZ GPMMPXFE
CZ UXP WFSUJDBM IJOHF KPJOUT 	ëH� ���� α β BOE γ SFTQFDUJWFMZ
� ɨJT DPOëHVSBUJPO FOBCMFT
UISFF�BYJT QPTJUJPOBM DPOUSPM PG UIF MFH UJQ� (BJUT BOE CPEZ QPTJUJPO�PSJFOUBUJPO DPOUSPM BSF
NBEF QPTTJCMF CZ DPPSEJOBUFE NPWFNFOU PG UIF MFH UJQ QPTJUJPOT PG BMM TJY MFHT� *O FTTFODF
UIF DPOUSPM TDIFNF SFMJFT VQPO MPPLJOH BU NPUJPO PG UIF SPCPU BT B USBOTGPSNBUJPO PG UIF
XPSME SFMBUJWF UP B TUBUJPOBSZ SPCPU CPEZ BOE USBOTGPSNJOH MFH UJQ QPTJUJPOT UP DPJODJEF
XJUI UIF NPWJOH XPSME�

5P BDDPNQMJTI UIJT UIF TPGUXBSF OFFET BO NFUIPE UP EFUFSNJOF B MFH�T KPJOU BOHMFT GPS BOZ
HJWFO TFU PG MFH UJQ DPPSEJOBUFT� "MHPSJUINT UIBU QFSGPSN TVDI DBMDVMBUJPOT BSF SFGFSSFE
UP BT *OWFSTF ,JOFNBUJDT 	*,
 BMHPSJUINT� .PSF DPNQMJDBUFE LJOFNBUJD DIBJOT MJLF UIPTF
GPVOE JO B TJY�BYJT JOEVTUSJBM SPCPU BSN SFMZ VQPO JUFSBUJWF BQQSPYJNBUJPO *, BMHPSJUINT
UP ëOE BSN TPMVUJPOT� 5P BWPJE UIJT UIF NFDIBOJDBM EFTJHO PG UIF BOU�T MFHT XBT NPEJëFE
TP UIBU UIF *, QSPCMFN XPVME IBWF BO FYBDU BOBMZUJDBM TPMVUJPO� ɨJT SFTVMUFE JO B ESBNBUJD
TJNQMJëDBUJPO PG UIF *, BMHPSJUIN� $POTFRVFOUMZ UIF 4UJHNFSHJD "OU OFFET TJHOJëDBOUMZ
MFTT DPNQVUBUJPOBM QPXFS� ɨF BMHPSJUIN JNQPTFT POF JNQPSUBOU SFRVJSFNFOU PO UIF NF�
DIBOJDBM EFTJHO PG UIF MFH� UIF MFH UJQ OFFET UP DPJODJEF XJUI UIF QMBOF UIBU JT QFSQFOEJDVMBS

�-ZOYNPUJPO � 44$��� 4FSWP $POUSPMMFS o
#//+Γχχ222Α'4)3(*/$*)Α�*(χ+ΧͰͶͲΧ..�ΧͰͯΧ. -1*Χ�*)/-*'' -Α�.+3

101

http://www.lynxmotion.com/p-395-ssc-32-servo-controller.aspx


3. DESIGN ITERATIONS

UP UIF BYFT PG SPUBUJPO PG TFSWPT # � $ BOE DPOUBJOT TFSWP "�T BYJT PG SPUBUJPO 	TFF ëH� ���
GPS TFSWP OBNJOH
� "T B SFTVMU UIF UISFF TFHNFOUT PG UIF LJOFNBUJD DIBJO PG B MFH CFDPNF
DPQMBOBS BMMPXJOH GPS B TJNQMF BOBMZUJDBM TPMVUJPO VTJOH USJHPOPNFUSJD GVODUJPOT�

α

O

A

T

X

Y Z

X

Y Z

Fig. 3.3 Top view showing tip position at T , body coordinate system at O, and leg coordinate
system at A

ɨF DPNQMFUF *, BMHPSJUIN DBO CF TVNNBSJ[FE JO UIF GPMMPXJOH TUFQT�

�� ɨF *, BMHPSJUIN JT GFE TJY �% QPJOUT JO UIF BOU�T CPEZ DPPSEJOBUF TZTUFN� ɨFTF
QPJOUT SFQSFTFOU UIF EFTJSFE MFH UJQ QPTJUJPOT� ɨF PSJHJO PG UIF CPEZ DPPSEJOBUF
TZTUFN DPJODJEFT XJUI UIF DFOUFS PG UIF SPCPU�T CPEZ BT TIPXO JO ëH� ���� -FH UJQ
QPTJUJPOT BSF EFUFSNJOFE CZ B IJHIFS�MFWFM BMUFSOBUJOH USJQPE HBJU BMHPSJUIN�

�� 'PS FBDI MFH UIF UJQ QPTJUJPO T JT USBOTGPSNFE GSPN UIF CPEZ DPPSEJOBUF TZTUFN BU
QPJOU O UP UIF DPSSFTQPOEJOH MFH DPPSEJOBUF TZTUFN XIJDI IBT JUT PSJHJO BU QPJOU
A� UIF DFOUFS PG SPUBUJPO PG TFSWP "�

�� ɨF BOHMF PG SPUBUJPO PG TFSWP " α DBO CF EFUFSNJOFE FBTJMZ� *U JT UIF BOHMF CFUXFFO
UIF MFH DPPSEJOBUF TZTUFN Y�BYJT BOE UIF QSPKFDUJPO PG TFHNFOU AT POUP UIF 9:
QMBOF 	ëH� ���
�

�� ɨF MFOHUIT PG TFHNFOUT AB BC BOE CT BSF LOPXO UIFZ BSF EFUFSNJOFE CZ UIF
HFPNFUSZ PG UIF MFH� ɨFTF MFOHUIT BSF VTFE UP DPOTUSVDU UXP DJSDMFT UIF ëSTU XJUI
SBEJVT ∥BC∥ BSPVOE QPJOU # UIF TFDPOE XJUI SBEJVT ∥CT∥ BSPVOE QPJOU T 	ëH�
���
�
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A

B

C

T

α

β

γ

C ′

servo A

servo B

servo C

X

Y

O

Fig. 3.4 Kinematic chain of the leg

�� /FYU UIF QPTJUJPO PG QPJOU C UIF LOFF JT EFUFSNJOFE� *U GPMMPXT GSPN UIF MFH
HFPNFUSZ UIBU UIF LOFF QPJOU TIPVME CF TJUVBUFE BU UIF JOUFSTFDUJPO PG UIF UXP DJSDMFT�
'PS FWFSZ WBMJE 	SFBDIBCMF
 UJQ QPTJUJPO UIFSF BSF UXP TPMVUJPOT QPJOUT C BOE C ′�
ɨF TPMVUJPO XJUI UIF TNBMMFTU [�DPPSEJOBUF C ′ JT EJTDBSEFE� C ′ JT TJUVBUFE CFMPX
HSPVOE MFWFM BOE DBOOPU CF VTFE�

�� 0ODF UIF QPTJUJPO PG QPJOU C JT EFUFSNJOFE BOHMFT β BOE γ DBO CF DBMDVMBUFE VTJOH
JOWFSTF USJHPOPNFUSJD GVODUJPOT�

�� 'JOBMMZ BOHMFT α β BOE γ BSF NBQQFE GSPN [−π
2 ,+

π
2 ] UP [��� �T, ���� �T] BOE B

DBMJCSBUJPO PêTFU JT BQQMJFE� ɨF SFTVMUJOH QVMTF XJEUI WBMVFT BSF TFOU UP UIF TFSWP
DPOUSPMMFS�

ɨF MPDPNPUJPO PG UIF 4UJHNFSHJD "OU JT HFOFSBUFE VTJOH B TJNQMF BMUFSOBUJOH USJQPE HBJU
BMHPSJUIN� *O UIJT HBJU MFHT BSF HSPVQFE JOUP UXP TFUT PG UISFF UIF FQPOZNPVT USJQPET
	ëH� ���
� ɨF ëSTU TFU JT DPNQPTFE PG UIF MFGU GSPOU MFH 	-'
 UIF SJHIU NJEEMF MFH 	3.

BOE UIF MFGU CBDL MFH 	-#
� ɨF TFDPOE TFU DPOUBJOT UIF PQQPTJOH MFHT� ɨF MFHT PG FBDI TFU
NPWF TJNVMUBOFPVTMZ BOE UIFSF BSF BMXBZT UISFF MFHT JO DPOUBDU XJUI UIF HSPVOE�

ɨJT HBJU JT DPNNPOMZ FNQMPZFE CZ JOTFDUT XIJMF NPWJOH TMPXMZ BOE XBT ëSTU EFTDSJCFE CZ
8JMTPO 	����
� ɨF BMUFSOBUJOH USJQPE HBJU JT SFMBUJWFMZ XFMM VOEFSTUPPE BOE JT DPNNPOMZ
JNQMFNFOUFE JO IFYBQPE SPCPUT VTJOH B WBSJFUZ PG EJêFSFOU UFDIOJRVFT 	"MUFOEPSGFS FU BM�
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LF

LM

LB

RF

RM

RB

Tripod a Tripod b

Fig. 3.5 Tripods of the alternating tripod
gait

T ′
a

T ′
b

T
d⃗a

d⃗b
flight

phase

stance
phase

Fig. 3.6 Effect of the displacement vectors on leg tip
positions

����� #FFS FU BM� ����� #JSLNFZFS FU BM� ����� 8BOH FU BM� ����
� ɨF DIBSBDUFSJTUJDT PG
UIJT HBJU BSF UIBU JU JT TUBUJDBMMZ TUBCMF BOE SFMBUJWFMZ TJNQMF UIPVHI TMPXFS UIBO PUIFS HBJUT�

ɨF 4UJHNFSUJD "OU JNQMFNFOUT UIJT BMUFSOBUJOH USJQPE BMHPSJUIN CZ TVQFSJNQPTJOH B EJT�
QMBDFNFOU WFDUPS VQPO UIF OFVUSBM QPTJUJPO PG FBDI MFH UJQ 	ëH� ���
� ɨF EJTQMBDFNFOU
WFDUPST d⃗ BSF QSFDBMDVMBUFE BOE EFTDSJCF B TFNJ�DJSDVMBS QBUI XJUI B MJOFBS TFHNFOU GPS
UIF TUBODF 	QVTI Pê
 QIBTF BOE BO BSD TFHNFOU GPS UIF ìJHIU 	SFUVSO
 QIBTF PG UIF HBJU�
%JTQMBDFNFOU WFDUPS DPPSEJOBUFT BSF TUPSFE JO B DJSDVMBS BSSBZ�

ɨF EJTQMBDFNFOU WFDUPST PG UIF UXP USJQPET d⃗a BOE d⃗b BSF JO BOUJQIBTF TP UIBU XIFOFWFS
POF USJQPE JT JO TUBODF QIBTF UIF PUIFS JT JO ìJHIU QIBTF� "U FWFSZ UJNF TUFQ UIF JOEJDFT PG
UIF EJTQMBDFNFOU WFDUPS BSSBZ BSF JODSFNFOUFE SFTVMUJOH JO EJTQMBDFNFOU WFDUPS d⃗a GPS UIF
MFHT PG USJQPE a BOE EJTQMBDFNFOU WFDUPS d⃗b GPS UIF MFHT PG USJQPE b� 'PS FBDI PG UIF SPCPU�T
MFHT B OFX UJQ QPTJUJPO T ′ JT GPVOE CZ TVQFSJNQPTJOH UIF EJTQMBDFNFOU WFDUPS d⃗ VQPO
UIF MFH�T OFVUSBM QPTJUJPO T  TP UIBU T ′ = T + d⃗� 'PS UIF MFHT PG USJQPE B UIJT CFDPNFT
T ′
a = T + d⃗a� 'PS USJQPE C UIF SFTVMU JT T ′

b = T + d⃗b�

ɨF TUFQT EFTDSJCFE BCPWF BSF VTFE UP JNQMFNFOU UIF BOU�T GPSXBSE MPDPNPUJPO� 5VSOJOH
JT CVJMU VQPO UIF TBNF QSJODJQMF CVU UIF QSPDFTT JT TMJHIUMZ NPSF DPNQMJDBUFE� )FSF UIF
Y�DPNQPOFOU PG UIF EJTQMBDFNFOU WFDUPS JT VTFE UP ESJWF SPUBUJPO PG UIF MFH UJQ BCPVU UIF
SPCPU�T CPEZ PSJHJO O BOE UIF [�DPNQPOFOU JT VTFE UP USBOTMBUF UIF MFH UJQ WFSUJDBMMZ� "T
B SFTVMU UIF UXP USJQPET SPUBUF JO PQQPTJUF EJSFDUJPOT BSPVOE UIF CPEZ PSJHJO DBVTJOH
UIF SPCPU UP UVSO JO QMBDF� " NPSF HFOFSBMJ[FE BQQSPBDI DPVME JODPSQPSBUF SPUBUJPO BOE
USBOTMBUJPO JO UIF TBNF USBOTGPSNBUJPO NBUSJY FOBCMJOH TJNVMUBOFPVT DIBOHFT PG QPTJUJPO
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BOE PSJFOUBUJPO UIPVHI UIJT IBT OPU ZFU CFFO JNQMFNFOUFE�

3.1.3 SCORPION�

*O FBSMZ ���� UIF 4UJHNFSHJD "OU XBT EJTBTTFNCMFE BOE DPNQPOFOUT XFSF SFVTFE UP DSFBUF
B TFDPOE�HFOFSBUJPO IFYBQPE SPCPU UIJT UJNF JOTQJSFE CZ UIF EFTJHO PG B TDPSQJPO 	5FS�
SZO FU BM� ����
� *NQSPWFNFOUT PG UIF TDPSQJPO PWFS UIF 4UJHNFSHJD "OU GBMM JOUP UXP
DBUFHPSJFT�

�� ɨF IJHI�MFWFM TPGUXBSF PG UIF SPCPU XBT DIBOHFE UP IBWF B MBSHF EFHSFF PG BV�
UPOPNPVT BOJNBM�MJLF CFIBWJPS� ɨJT JT JO DPOUSBTU XJUI UIF PSJHJOBM 4UJHNFSHJD
"OU XIJDI GVODUJPOFE NVDI NPSF BT B SFNPUFMZ PQFSBUFE SPCPU� ɨJT OFX TFNJ�
BVUPOPNPVT NPEF PG PQFSBUJPO SFRVJSFT NVDI MFTT TQBDF UP EFQMPZ NBLJOH JU NPSF
VTFGVM GPS FYQPTJUJPOT BOE USBEF TIPXT XIFSF TQBDF JT BU B QSFNJVN�

�� ɨF NFDIBOJDBM EFTJHO PG UIF SPCPU JT HSFBUMZ JNQSPWFE MFBEJOH UP SFEVDFE XFJHIU
MPOHFS CBUUFSZ MJGF BOE PWFSBMM CFUUFS QFSGPSNBODF�

ɨF JOUFSBDUJPO QBSBEJHN PG UIF TDPSQJPO XBT DIBOHFE XJUI UXP UIJOHT JO NJOE� 'JSTU PG BMM
UIF SPCPU TIPVME CF VTBCMF JO BO BSFB BT TNBMM BT B UBCMFUPQ� 4FDPOEMZ JOUFSBDUJWJUZ TIPVME
CF GPDVTFE PO WFSZ TIPSU JOUFSBDUJPOT XJUI WJTJUPST BOE XIFO OP POF JT BDUJWFMZ QMBZJOH
XJUI UIF SPCPU UIF SPCPU TIPVME EJTQMBZ TPNF TPSU PG BUUFOUJPO�HSBCCJOH CFIBWJPS�

5PXBSE UIJT FOE B OVNCFS PG *3 TFOTPST XFSF JOUFHSBUFE JOUP UIF CPEZ PG UIF TDPSQJPO�
4FOTPST QPTJUJPOFE PO UIF WFOUSBM TJEF PG UIF SPCPU GVODUJPO UP EFUFDU BOE BWPJE UBCMF FEHFT
XIFSFBT TFOTPST PO UIF EPSTBM TJEF BSF VTFE UP EFUFDU B VTFS�T IBOE� 5PXBSE UIJT FOE UIF
SPCPU IBT � *3 EFUFDUPST BMPOH UIF MFOHUI PG JUT CBDL XIJDI EFUFDU UIF QSFTFODF PG B IBOE
BCPWF JU BT XFMM BT POF *3 EJTUBODF TFOTPS JO GSPOU XIJDI JT VTFE UP NFBTVSF UIF EJTUBODF
CFUXFFO UIF IBOE BOE UIF SPCPU�

8IFO OP POF JT OFBSCZ UIF TDPSQJPO FYIJCJUT B TFFLJOH CFIBWJPS XIFSF JU XJMM SBOEPNMZ
UVSO BOE MPPL GPS B WJDUJN� 8IFO B WJTJUPS QPTJUJPOT UIFJS IBOE PWFS UIF IFBE PG UIF
TDPSQJPO JU XJMM BTTVNF B EFGFOTJWF UISFBUFOJOH TUBODF XBSOJOH UIF VTFS UP CBDL BXBZ�
4IPVME B WJTJUPS DIPPTF UP JHOPSF UIJT XBSOJOH UIF TDPSQJPO XJMM TUJOH NBSLJOH UIFN XJUI
B GFMU NBSLFS IJEEFO XJUIJO JUT TUJOHFS� $POWFSTFMZ UIF SPCPU NBZ BMTP CF DBMNFE EPXO
CZ TUSPLJOH JUT CBDL JO XIJDI DBTF JU XJMM FYIJCJU B IBQQZ TPPUIJOH CFIBWJPS�

ɨF TFDPOE HSPVQ PG JNQSPWFNFOUT JT SFMBUFE UP UIF NFDIBOJDBM EFTJHO PG UIF IFYBQPE�
8F EJTDFSO UISFF NBKPS GBDUPST UIBU USJHHFSFE UIF DIBOHFT�

t -FTTPOT MFBSOFE GSPN UIF 4UJHNFSHJD "OU� FTQFDJBMMZ QSPCMFNT UIBU POMZ BSJTF BGUFS
FYUFOEFE VTF PG UIF EFWJDF TVDI BT TFSWPT PWFSIFBUJOH BOE CVSOJOH PVU�

�ɨF TDPSQJPO XBT DSFBUFE CZ 3PCCF 5FSSZO 4UFQIBO 'MBNBOE BOE 1JFUFSKBO %FDPOJODL� .Z PXO JOWPMWFNFOU
JO UIJT QSPKFDU XBT MJNJUFE UP BO BEWJTPSZ SPMF�
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Fig. 3.7 Final prototype of the scorpion

t ɨF QSPMJGFSBUJPO PG EJHJUBM NBOVGBDUVSJOH UFDIOJRVFT� *O UIF GPVS ZFBST TJODF UIF BOU
XBT EFTJHOFE UIF OVNCFS PG EJHJUBM NBOVGBDUVSJOH NBDIJOFT BU UIF EFQBSUNFOU IBT
JODSFBTFE DPOTJEFSBCMZ� ɨF DBQBDJUZ GPS FYJTUJOH UFDIOJRVFT TVDI BT MBTFS DVUUJOH
IBT EPVCMFE PS USJQMFE BOE OFX UFDIOJRVFT NPTU OPUBCMZ MPX�DPTU �% QSJOUJOH
IBWF CFFO BEEFE�

t #FUUFS LOPXMFEHF PG EJHJUBM NBOVGBDUVSJOH� &YQFSUJTF IBT CFFO CVJMU VQ PWFS UIF
ZFBST MFBEJOH UP GBTUFS EFTJHO DZDMFT CFUUFS VTF PG NBUFSJBMT BOE UFDIOJRVFT BOE B
CFUUFS VOEFSTUBOEJOH PG QBSU QFSGPSNBODF�

ɨF ëSTU NBKPS DIBOHF GSPN UIF BOU JT UIF VTF PG � NN "#4 JOTUFBE PG � NN .%'� ɨPVHI
MFTT SJHJE UIJT OFX NBUFSJBM IBT B NVDI CFUUFS TUSFOHUI�UP�XFJHIU SBUJP QFSNJUUJOH B NPSF
MJHIUXFJHIU EFTJHO� ɨF TDPSQJPO IBT B TJNJMBS EPVCMF�QMBUF DIBTTJT EFTJHO UIPVHI UIF
QMBUFT BSF IFME BU EJTUBODF CZ UISFBEFE TQBDFST JNQSPWJOH DIBTTJT SJHJEJUZ�

5XP CJH DIBOHFT XFSF NBEF UP UIF EFTJHO PG UIF MFHT UP SFEVDF TUSBJO PO UIF TFSWPT� 'JSTU PG
BMM JEMFS CFBSJOHT XFSF BEEFE PO UIF CBDLQMBUF PG FBDI TFSWP 	UIF TJEF PQQPTJUF UIF PVUQVU
TIBGU
� ɨJT TFSWFT UP FMJNJOBUF BOZ NJTBMJHONFOU JO UIF MFH KPJOUT XIJDI JO UVSO SFEVDFT
UIF SFRVJSFE BNPVOU PG UPSRVF� ɨF JEMFS EFTJHO XBT DPQJFE GSPN UIF 0QTPSP +PJOU NPEVMF
	TFDUJPO �������
 JOUFHSBUJOH �% QSJOUFE QBSUT JO UIF EFTJHO PG UIF MFHT�

4FDPOEMZ HSBWJUZ DPNQFOTBUJPO TQSJOHT XFSF BEEFE UP UIF #�BYJT PG FBDI MFH� ɨF TFSWPT
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PO UIJT BYJT BSF TVCKFDU UP UIF IJHIFTU MPBET BOE IBE B UFOEFODZ UP FWFOUVBMMZ GBJM EVF UP
FYDFTTJWF TUSBJO� 4USPOH FMBTUJD DPSET XFSF BEEFE UP UIF VOEFSTJEF PG FBDI MFH JO PSEFS UP
DSFBUF B GPSDF PQQPTJOH HSBWJUZ�

ɨFSNPGPSNJOH XBT VTFE NPSF FYUFOTJWFMZ JO UIF TDPSQJPO CPUI GPS BFTUIFUJD QBSUT BT XFMM
BT GPS TUSVDUVSBM DPNQPOFOUT� ɨF UIJSE TFHNFOU PG UIF MFHT 	TFHNFOU CT 
 XBT FOUJSFMZ
SFQMBDFE CZ B TJOHMF UIFSNPGPSNFE QBSU NBEF PVU PG � NN QPMZTUZSFOF 	14
� ɨF EPVCMZ
DVSWFE TIBQF PG UIJT NPOPDPRVF QBSU HJWFT JU UIF TUSFOHUI JU SFRVJSFT XIJMF CFJOH WFSZ
MJHIUXFJHIU� 6TF PG UIFSNPGPSNJOH JT SFQFBUFE JO UIF TDPSQJPO�T EPSTBM BOE WFOUSBM DPWFS
QMBUFT BT XFMM BT JUT DMBXT BOE TUJOHFS�

ɨF FOE SFTVMU PG BMM UIFTF FNCPEJNFOU DIBOHFT JT B IJHI�QFSGPSNBODF MJHIUXFJHIU SPCPU�
5P JMMVTUSBUF UIF 4UJHNFSHJD "OU IBE BO JEMF DVSSFOU DPOTVNQUJPO PG � UP � " XIJMF TUBOE�
JOH XIJMF UIF TDPSQJPO POMZ ESBXT � " VOEFS TJNJMBS DPOEJUJPOT� &WFO NPSF TP CFDBVTF PG
UIF BOUBHPOJTUJD TQSJOHT UIBU XFSF JOUFHSBUFE JOUP UIF MFHT UIF SPCPU DBO SFNBJO TUBOEJOH
FWFO XIFO QPXFS JT UVSOFE Pê� "MM JO BMM UIF SFTVMU JT B IFYBQPE XJUI BO FYUFOEFE CBUUFSZ
MJGF BOE B HSFBUMZ JNQSPWFE HBJU�

3.1.4 SUMMARY

ɨF UXP IFYBQPE SPCPUT QSFTFOUFE JO UIJT TFDUJPO EFNPOTUSBUF UIF CFOFëUT PG EJHJUBM NBOV�
GBDUVSJOH UFDIOJRVFT JO DPNQMFY NFDIBOJDBMMZ EFNBOEJOH BQQMJDBUJPOT� ɨF SJTF PG UIFTF
UFDIOJRVFT IBT TJHOJëDBOUMZ MPXFSFE UIF DPTU PG DSFBUJOH DVTUPN QBSUT GPS SPCPUJDT 	G9

XJUI UIF BEEFE CFOFëU UIBU EFTJHOT DBO CF TIBSFE FBTJMZ WJB POMJOF QMBUGPSNT GBDJMJUBUJOH
XPSMEXJEF DPMMBCPSBUJPO 	G10
� 4UJMM UIF EPDVNFOUBUJPO BOE DPNNVOJDBUJPO PG B EFTJHO
SFNBJOT B EJïDVMU BOE UJNF�DPOTVNJOH DIBMMFOHF� ɨJT QSPCMFN JT FYBDFSCBUFE CZ 	�
 UIF
DPTU PG NPTU $"% UPPMT BOE 	�
 UIF GBDU UIBU $"% ëMFT DBOOPU DBQUVSF BMM UIF EFTJHO
JOGPSNBUJPO� 'PS JOTUBODF DPNQPOFOU XJSJOH BTTFNCMZ PSEFS BOE DBMJCSBUJPO SPVUJOFT
BSF EJïDVMU UP EPDVNFOU JO $"%�

8JUI CPUI IFYBQPET MBTFS DVUUJOH TFSWFE BT UIF QSPEVDUJPO UFDIOJRVF PG DIPJDF GPS UIF
CVML PG UIF DPNQPOFOUT� 8IJMF MBTFS DVUUJOH IBT TPNF EFTJHO MJNJUBUJPOT o F�H� CFJOH
MJNJUFE UP ìBU QBSUT o UIF UFDIOJRVF FOBCMFT EFTJHOFST UP SBQJEMZ DSFBUF MBSHF TUSPOH QBSUT
XJUI BO FYDFMMFOU ëOJTI� 8IJMF UIF CBTF UFDIOJRVFT PG UIF UXP SPCPUT BSF UIF TBNF UIF
TDPSQJPO EFNPOTUSBUFT B NVDI CFUUFS VOEFSTUBOEJOH PG UIF MBTFS DVUUJOH UFDIOJRVF BT
TIPXO CZ UIF VTF PG NPSF EVSBCMF NBUFSJBMT BOE NPSF DPNQMFY HFPNFUSZ� ɨJT SFTVMUFE JO
B NVDI MJHIUFS BOE CFUUFS QFSGPSNJOH SPCPU� *O BEEJUJPO UIF TDPSQJPO VTFT UIFSNPGPSNJOH
NPSF FYUFOTJWFMZ JO UIF EFTJHO BOE BMTP JODPSQPSBUFT �% QSJOUJOH GPS NBOZ TNBMM DPNQMFY
QBSUT B UFDIOJRVF UIBU XBT OPU QSFTFOU JO UIF 4UJHNFSHJD "OU� ɨPVHI UIF IFYBQPET XFSF
OPU FYQMJDJUMZ EFTJHOFE BT PQFO IBSEXBSF UIF UPPMT BOE UFDIOJRVFT VTFE BSF XFMM TVJUFE GPS
PQFO %*: SFQSPEVDUJPO 	G1
� ɨF VTF PG MBTFS DVUUJOH BOE �% QSJOUJOH UFDIOJRVFT JO B
EFNBOEJOH TDFOBSJP QSPWFE VTFGVM BOE JOTQJSFE GVUVSF EFTJHOT JO UIJT XPSL�

8IJMF OPU EFTJHOFE XJUI UIJT JO NJOE BTQFDUT PG EFTJHO NPEVMBSJUZ FNFSHFE JO CPUI
IFYBQPET� *O FTTFODF UIF MFH o B TVCBTTFNCMZ UIBU JT SFVTFE TJY UJNFT o DBO CF TFFO BT B
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iQSJNJUJWFw UPPMLJU NPEVMF� ɨF NPEVMBS EFTJHO PG UIF MFH NBLFT JU FBTJFS UP CVJME BOE UP
VTF 	G2
� ɨFSF JT B EJSFDU QBSBMMFM CFUXFFO UIF QIZTJDBM MFH NPEVMF B SFVTBCMF IBSEXBSF
CMPDL BOE UIF MFH ESJWFS DMBTT B SFVTBCMF TPGUXBSF DPNQPOFOU� *O CPUI DBTFT DPNQMFY
CFIBWJPS JT BCTUSBDUFE BXBZ JO BO FBTZ�UP�VTF iCMBDL CPYw� " TJNJMBS TUSBUFHZ BMTP FNFSHFE
JO UIF 0QTPSP QMBUGPSN�

ɨF EFTJHO PG UIF TDPSQJPO�T MFHT JT CBTFE PO B TQFDJBMJ[FE WFSTJPO PG UIF 0QTPSP KPJOU
NPEVMF� *U JT JOUFSFTUJOH UP OPUF IPX UIJT NPEVMF XBT SFQVSQPTFE BT B MFH NPEVMF GPS
XIJDI JU XBT OPU PSJHJOBMMZ JOUFOEFE� ɨJT JT DIBSBDUFSJTUJD GPS UIF DIPTFO DPNQPOFOUT BOE
UFDIOJRVFT XIJDI QMBDF BO FNQIBTJT PO ìFYJCJMJUZ BEBQUBUJPO GBTU EFTJHO JUFSBUJPOT BOE
BO PQFO iIBDLJOHw EFTJHO BQQSPBDI 	G1
�

3.2 ROBOT BLOCKS – TOOLKIT FOR SIMPLE
EDUCATIONAL ROBOTS

#VJMEJOH B SPCPU GSPN TDSBUDI JO BO FEVDBUJPOBM DPOUFYU DBO CF B DIBMMFOHJOH QSPTQFDU�
8IJMF B NVMUJUVEF PG QSPKFDUT TJNQMJGZ UIF FMFDUSPOJDT BOE TPGUXBSF BTQFDUT PG B SPCPU UIF
TBNF DBOOPU CF TBJE GPS DPOTUSVDUJPO TZTUFNT GPS SPCPUJDT� ɨJT TFDUJPO QSFTFOUT PVS FêPSUT
UP DSFBUF B MPX�DPTU EP�JU�ZPVSTFMG DPOTUSVDUJPO TZTUFN GPS TNBMM FEVDBUJPOBM SPCPUT� $VS�
SFOUMZ POF PG UIF NPTU DPNNPO XBZT PG JNQMFNFOUJOH SPCPUJDT JO UIF TDIPPM DVSSJDVMVN
JT UISPVHI UIF VTF PG DPNNFSDJBM SPCPU LJUT TVDI BT -&(0 .JOETUPSNT� ɨF BMUFSOBUJWF
UP VTJOH B DPNNFSDJBM SPCPU LJU JT CVJMEJOH B SPCPU GSPN TDSBUDI� *O UIF QBTU UIJT XPVME
IBWF NFBOU TFMFDUJOH NJDSPDPOUSPMMFS BOE NPUPS ESJWFS DIJQT EFWFMPQJOH B QSJOUFE DJSDVJU
CPBSE $/$ NJMMJOH B DVTUPN DIBTTJT GPS UIF SPCPU BOE ëOBMMZ QSPHSBNNJOH UIF SPCPU JO
MPX�MFWFM MBOHVBHFT TVDI BT BTTFNCMZ PS $� *O SFDFOU ZFBST IPXFWFS B OVNCFS PG QSPKFDUT
IBWF DPNF BCPVU UIBU HSFBUMZ TJNQMJGZ UIJT QSPDFTT� UIFZ QSPWJEF ìFYJCMF ZFU VTFS�GSJFOEMZ
TPMVUJPOT UP FBDI PG UIF TVC�QSPCMFNT QSFTFOUFE JO SPCPUJDT� " DPNQMFUF SPCPUJDT QMBU�
GPSN DBO CF TFFO BT UIF DPNCJOBUJPO PG UISFF EJTUJODU FMFNFOUT� 	�
 B TFU PG FMFDUSPOJDT
	�
 B QSPHSBNNJOH FOWJSPONFOU 	TPGUXBSF
 BOE 	�
 DPOTUSVDUJPO FMFNFOUT GPS B QIZTJDBM
FNCPEJNFOU� "T EJTDVTTFE JO TFDUJPO ����� NVMUJQMF QSPKFDUT FYJTU UIBU QSPWJEF BO JOUFS�
NFEJBUF TPMVUJPO CFUXFFO CVJMEJOH GSPN TDSBUDI BOE VTJOH B DPNNFSDJBM LJU� *O EPJOH
TP UIFZ QSPWJEF VTFS�GSJFOEMZ UPPMT GPS FEVDBUJPOBM SPCPUJDT UIBU DBO QPUFOUJBMMZ MFBE UP
B EFFQFS MFBSOJOH FYQFSJFODF� 8IJMF UIJT BQQSPBDI JT BMSFBEZ TVDDFTTGVM BOE XJEFMZ VTFE
JO TPGUXBSF BOE FMFDUSPOJDT DPNNPO DPOTUSVDUJPO TZTUFNT BSF TUJMM MBDLJOH� ɨF DIPJDFT
GPS SPCPU DPOTUSVDUJPO TZTUFNT BSF OPU RVJUF BT EJWFSTF BT UIPTF BWBJMBCMF GPS TPGUXBSF BOE
FMFDUSPOJDT� $POTFRVFOUMZ UIF PQUJPOT UIBU SFNBJO BSF FJUIFS 	�
 UP VTF POF PG UIF GFX
QVSQPTF�CVJMU TZTUFNT 	F�H� .BLF#MPDL #JU#FBN
 	�
 UP NPEJGZ UPZ DPOTUSVDUJPO TZT�
UFNT 	F�H� -&(0 .FDDBOP
 PS 	�
 UP CVJME B SPCPU FNCPEJNFOU GSPN TDSBUDI VTJOH SBX
NBUFSJBMT� 0GUFO DPTU BOE BWBJMBCJMJUZ PG QBSUT BSF UIF NBJO PCTUBDMFT IFSF� *O PVS PQJOJPO
OPOF PG UIF BQQSPBDIFT BSF BOBMPHPVT UP XIBU JT PêFSFE JO UIF PUIFS DBUFHPSJFT� QMBUGPSNT
UIBU BMMPX OPWJDFT UP XPSL XJUI DPNQMFY UFDIOPMPHJFT JO B VTFS�GSJFOEMZ XBZ CVU UIBU BMTP
BMMPX BEWBODFE VTFST UP NPEJGZ FYUFOE BOE IBDL UIF QMBUGPSN CFZPOE JUT PSJHJOBM DBQBCJM�
JUJFT� .PSF SFTFBSDI JOUP UIF TQFDJëDBUJPOT PG %*: SPCPU DPOTUSVDUJPO TZTUFNT JT JNQPSUBOU
IFSF� *O PVS XPSL XF FNQIBTJ[F UIF SPMF PG VTFS FYQFSJFODF BOE VTFS�GSJFOEMJOFTT QSFDJTFMZ
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CFDBVTF XF UIJOL UIPTF BSF EFDJTJWF GBDUPST JO UIF TVDDFTT PG BO PQFO DPOTUSVDUJPO TZTUFN�

0VS HPBM JT UP DSFBUF BO FYUFOEBCMF DPOTUSVDUJPO TZTUFN UIBU DBO CF VTFE JO DPOKVODUJPO
XJUI FMFDUSPOJDT BOE TPGUXBSF UP CVJME TNBMM SPCPUT GSPN TDSBUDI� *OìVFODFE CZ UIF BQ�
QBSFOU ìBXT PG FYJTUJOH BQQSPBDIFT XF QBJE TQFDJBM BUUFOUJPO UP UXP LFZ BTQFDUT� 'JSTU
PG BMM DPTU JT PGUFO B CBSSJFS JO UIF JNQMFNFOUBUJPO PG SPCPUJDT JO FEVDBUJPO 	(PO[BMF[�
(PNF[ FU BM� ����� +PIOTPO ����� .BUBSJD FU BM� ����� .POEBEB FU BM� ����� 3JPKBT
FU BM� ����
� "T TVDI XF IBWF NBEF B DPOTDJPVT FêPSU UP SFEVDF DPTU XJUIPVU MJNJUJOH
GVODUJPOBMJUZ CZ SFQVSQPTJOH TUBOEBSE DPNQPOFOUT BOE CZ VTJOH BêPSEBCMF MPX�WPMVNF
QSPEVDUJPO NFUIPET� 4FDPOEMZ XF BJN UP NBLF PVS TZTUFN PQFO 	J�F� wIBDLBCMFw TVJU�
BCMF GPS %*:
 NFBOJOH BOZPOF TIPVME CF BCMF UP NPEJGZ BOE FYQBOE UIF TZTUFN� *O PSEFS
UP NFFU UIJT SFRVJSFNFOU XF IBWF SFTUSJDUFE NBOVGBDUVSJOH UFDIOJRVFT UP UIPTF UIBU DBO
DPNNPOMZ CF GPVOE JO 'BC-BCT 	8BMUFS�)FSSNBOO BOE #àDIJOH ����
 F�H� �% QSJOUFST
BOE MBTFS DVUUFST� 8IJMF NBTT QSPEVDUJPO UFDIOJRVFT TVDI BT JOKFDUJPO NPVMEJOH DBO
QSPEVDF QBSUT BU B NVDI MPXFS DPTU UIFZ XPVME TJHOJëDBOUMZ IJOEFS UIF BCJMJUZ GPS BOZPOF
UP DVTUPNJ[F QBSUT EVF UP UIF DPTUT BTTPDJBUFE XJUI UPPMJOH BOE NPVMET�

&WFO JG UIFSF BSF OP 'BC-BCT JO UIF WJDJOJUZ POMJOF TFSWJDFT 	F�H� 4IBQFXBZT 1POPLP �%
)VCT
 PêFS DPNQMFUF BDDFTT UP EJHJUBM GBCSJDBUJPO UFDIOJRVFT� )PXFWFS DSFBUJOH QBSUT BU
B 'BC-BC IBT UIF BEEFE CFOFëU PG CSJOHJOH TUVEFOUT BOE UFBDIFST JO DPOUBDU XJUI B OFX
FOWJSPONFOU UIBU PêFST B QMFUIPSB PG 45&. UFBDIJOH PQQPSUVOJUJFT 	#MJLTUFJO ����B
� *U
TIPVME BMTP CF OPUFE UIBU UIF UXP BTQFDUT NFOUJPOFE BCPWF BSF JO GBDU JOUFSSFMBUFE� #Z
EFTJHOJOH UIF TZTUFN TP UIBU TUVEFOUT DBO NBOVGBDUVSF UIFJS PXO QBSUT BU B MPDBM 'BC-BC
DPTUT DBO CF HSFBUMZ SFEVDFE� "EEJUJPOBMMZ UIF TUVEFOUT CFDPNF GBNJMJBS XJUI UIF NBOV�
GBDUVSJOH QSPDFTT MPXFSJOH UIF CBSSJFS UP NPEJGZ FYJTUJOH EFTJHOT JOUP DVTUPN DPNQPOFOUT
BOE JOUSPEVDJOH UIFN UP UIF %*: DVMUVSF�

ɨF GPMMPXJOH TFDUJPOT XJMM EFUBJM UIF EFTJHO BOE FWBMVBUJPO PG UIJT DPOTUSVDUJPO TZTUFN�
ɨF QSPKFDU IBT VOEFSHPOF UXP EFTJHO JUFSBUJPOT SFTVMUJOH JO UISFF EJTUJODU DPOTUSVDUJPO
TZTUFNT� ɨF UISFF TZTUFNT XFSF HJWFO UP TUVEFOUT BOE UFBDIFST UP CF VTFE JO B SPCPUJDT
DPOUFTU� 4VCTFRVFOUMZ UIF TZTUFNT XFSF FWBMVBUFE PO UISFF BTQFDUT VTBCJMJUZ BêFDUJWF
BQQSBJTBM BOE GVODUJPOBMJUZ UISPVHI 	�
 TVSWFZT ëMMFE PVU CZ UIF QBSUJDJQBOUT PG UIF DPOUFTU
BOE 	�
 UISPVHI BO FYQFSU FWBMVBUJPO� #BTFE PO UIJT JOGPSNBUJPO XF IBWF DIPTFO POF
TZTUFN UP CF VTFE BT UIF CBTJT GPS UIF OFYU EFTJHO JUFSBUJPO JODPSQPSBUJOH GFFECBDL GSPN
CPUI UIF VTFS TVSWFZT BOE UIF FYQFSU FWBMVBUJPO�

3.2.1 ROBOTS TO MOTIVATE STUDENTS INTO STEM

*O UIF TVNNFS PG ���� %XFOHP 7;8� MBVODIFE UIF $&SSPCPUJDT� QSPKFDU JO "SHFOUJOB�
8JUIJO UIJT QSPKFDU XIJDI XBT DP�GVOEFE CZ UIF (PPHMF 3*4& ���� QSPHSBN TUVEFOUT
BOE UFBDIFST XFSF USBJOFE UP CVJME SPCPUT� ɨF JEFB JT UIBU CZ IBOET�PO FYQFSJFODF TUV�
EFOUT BOE UFBDIFST FWPMWF GSPN CFJOH DPOTVNFST UP UFDIOPMPHZ QSPEVDFST� *O UPUBM ��
TUVEFOUT 	BHFE �����
 BOE �� UFBDIFST QBSUJDJQBUFE� ɨF QSPKFDU UPPL QMBDF JO UIF 4BMUB

�" OPO�QSPëU PSHBOJTBUJPO UIBU QSPNPUFT TDJFODF BOE UFDIOPMPHZ� o #//+Γχχ222Α�2 )"*Α*-"
�$&SSPCPUJDT QSPKFDU EPDVNFOUBSZ� o #//+Γχχ222Α4*0/0� Α�*(χ2�/�#Θ1҅%�Χ�ͮ�-�Ͳ�"
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3. DESIGN ITERATIONS

QSPWJODF JO OPSUIFSO "SHFOUJOB� %VF UP UIF HFPHSBQIJDBM MPDBUJPO BOE MPX CVEHFUT UIFTF
TUVEFOUT IBE NJOJNBM BDDFTT UP UIF MBUFTU UFDIOPMPHJFT� 'PS UIFTF TUVEFOUT SPCPUJDT BOE
UIF DPNCJOBUJPO PG FMFDUSPOJDT NFDIBOJDT BOE QSPHSBNNJOH XBT B DPNQMFUFMZ OFX FYQF�
SJFODF�

Fig. 3.8 Playfields used during the contest. The left playfield has a light-to-dark gradient on the
floor to guide robots toward the flame. The right playfield has a bright spotlight above the flame
to aid the robots in navigation.

"U UIF FOE PG UIF IBOET�PO TFTTJPOT B SPCPU DPOUFTU XBT PSHBOJ[FE XJUI UIF DIBMMFOHF PG
EFTJHOJOH B ëSFëHIUJOH SPCPU� 1BSUJDJQBOUT XFSF HJWFO ëWF EBZT UP DSFBUF B SPCPU UIBU DBO
BVUPOPNPVTMZ OBWJHBUF BSPVOE PCTUBDMFT UPXBSET B ëSF o SFQSFTFOUFE CZ B MJU DBOEMF o BOE
FYUJOHVJTI JU� *O PSEFS UP QFSTVBEF TUVEFOUT UP FYQMPSF EJêFSFOU TPMVUJPOT UXP EJêFSFOU
QMBZëFMET 	ëH� ���
 XFSF QSPWJEFE� ɨF ëSTU 	ëH� ��� MFGU
 IBT B HSBEJFOU ìPPS TP HSFZ
TDBMF TFOTPST DBO CF VTFE UP EFUFSNJOF UIF EJTUBODF PG UIF SPCPU UP UIF DBOEMF� ɨF TFDPOE
	ëH� ��� SJHIU
 IBT B TQPUMJHIU BCPWF UIF DBOEMF QPJOUFE UPXBSET UIF SPCPU XIJDI DBO CF
EFUFDUFE VTJOH *3 TFOTPST�

*O UPUBM �� TUVEFOUT BOE �� UFBDIFST QBSUJDJQBUFE JO UIF QSPKFDU� ɨFZ XFSF EJWJEFE JOUP
UFBNT PG UXP UP UISFF BOE XFSF HJWFO B LJU XJUI CVJMEJOH NBUFSJBMT GPS UIFJS SPCPUT� 5FBNT
DPOTJTUFE TPMFMZ PG FJUIFS UFBDIFST PS TUVEFOUT� UIFSF XFSF OP NJYFE UFBNT� ɨF LJU 	ëH�
���
 DPOTJTUFE PG UIF GPMMPXJOH JUFNT�

t 1× %XFOHP #PBSE 	XZêFMT #SVOFFM FU BM� ����� XZêFMT )FSNBOT FU BM� ����

	B NJDSPDPOUSPMMFS CPBSE XJUI QSPWJTJPOT UP DPOUSPM � %$ NPUPST BOE � 3$ TFSWPT
BMPOH XJUI NVMUJQMF TFOTPST
�

t 1× QSPHSBNNFS XJUI 64# DBCMF�

t 1× CBUUFSZ QBDL�

t 2× HFBSFE %$ NPUPST XJUI XIFFMT�
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Fig. 3.9 The robot kit used in the contest contains a microcontroller board and programmer, a
battery, 2 geared DC motors, 1 RC servo, 2 wheels, 1 m of aluminium extrusions, and a set of
plastic connectors. The type of connectors (shown in red) changes between the three systems.

t 2× *3 TFOTPST�

t 1× GBO BOE CBMMPPOT 	FJUIFS PG XIJDI DBO CF VTFE UP FYUJOHVJTI UIF DBOEMF
�

t "MVNJOJVN CFBNT� QBSUJDJQBOUT XFSF GSFF UP TFMFDU QSF�DVU QJFDFT PG �� NN �� NN
BOE ��� NN� " UPUBM MFOHUI PG �N XBT QSPWJEFE QFS UFBN� /P UFBN PQUFE UP DVU
CFBNT PG DVTUPN MFOHUI�

t 1MBTUJD DPOOFDUPST UZQF EFQFOEJOH PO UIF TZTUFN BTTJHOFE UP UIF UFBN� � NPUPS
DPOOFDUPST � QBJS PG TFSWP DPOOFDUPST BOE �� ��¡ DPSOFS DPOOFDUPST� .PSF DPOOFD�
UPST XFSF BWBJMBCMF JG OFFEFE� ɨJT QBSU PG UIF LJU XBT UIF GPDVT PG UIF FYQFSJNFOU�

t .JTDFMMBOFPVT JUFNT TVDI BT OVUT TDSFXT BOE XJSFT�

5P TVDDFTTGVMMZ CVJME B ëSFëHIUJOH SPCPU JU JT JNQPSUBOU UP NBTUFS UIF CBTJDT PG NBOZ
45&. EJTDJQMJOFT� ,OPXMFEHF PG NBUFSJBMT NFDIBOJTNT BOE NFDIBOJDBM FOHJOFFSJOH
QSJODJQMFT BSF FTTFOUJBM TLJMMT GPS CVJMEJOH UIF QIZTJDBM FNCPEJNFOU PG UIF SPCPU XIJMF
UIF FMFDUSPOJDT SFRVJSF JOTJHIU JOUP FMFDUSJDJUZ BOE QIZTJDT� 'JOBMMZ UP QSPHSBN UIF SPCPU
TVCKFDUT TVDI BT DPNQVUFS TDJFODF NBUIFNBUJDT BOE BMHPSJUINJD UIJOLJOH BSF SFRVJSFE�
"T TVDI XF CFMJFWF SPCPUJDT DPOUFTUT TVDI BT UIJT POF IBWF HSFBU FEVDBUJPOBM WBMVF CFDBVTF
UIFZ UFBDI UIF CBTJD QSJODJQMFT PG FOHJOFFSJOH QSPHSBNNJOH BOE FMFDUSPOJDT JO B GVO BOE
FOHBHJOH DPOUFYU 	0TCPSOF FU BM� ����� 1BDL BOE "WBO[BUP ����� 7FSOFS BOE "IMHSFO
����� XZêFMT )FSNBOT FU BM� ����
�
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3. DESIGN ITERATIONS

3.2.2 DESIGN OF THE BUILDING SYSTEMS

8F IBWF DSFBUFE PVS TZTUFNT QSJNBSJMZ UP GBDJMJUBUF UIF EFTJHO BOE DPOTUSVDUJPO PG TNBMM
FEVDBUJPOBM SPCPUT� "T TVDI UIF EFTJHO EFDJTJPOT XF IBWF NBEF SFTVMUFE JO TZTUFNT UIBU
BSF NVDI CFUUFS TVJUFE GPS CVJMEJOH TNBMM XIFFMFE SPCPUT BT PQQPTFE UP ìZJOH ESPOFT
PS FWFO IVNBOPJE SPCPUT� "U UIF TUBSU PG UIF EFTJHO QSPDFTT XF EFDJEFE UP CVJME PVS
DPOTUSVDUJPO TZTUFN BSPVOE TUBOEBSEJ[FE ��Y�� NN BMVNJOJVN 5�TMPU FYUSVTJPOT� 8F
CBTFE UIJT EFDJTJPO PO B OVNCFS PG GBDUPST�

t #Z SFMZJOH PO UIFTF BMVNJOJVN FYUSVTJPOT UIF POMZ DVTUPN DPNQPOFOUT SFRVJSFE
BSF TNBMM DPOOFDUPS QJFDFT� ɨFTF DBO CF RVJDLMZ BOE FBTJMZ NBOVGBDUVSFE VTJOH
B MBTFS DVUUFS PS B �% QSJOUFS� ɨJT TUSBUFHZ HSFBUMZ JNQSPWFT UIF NBDIJOF UJNF
SFRVJSFE UP QSPEVDF B LJU�

t #FDBVTF PG UIF 5�TMPUT DPNQPOFOUT DBO CF GBTUFOFE BU BOZ BSCJUSBSZ TQPU BMPOH UIF
MFOHUI PG UIF FYUSVTJPO� 4ZTUFNT UIBU SFMZ PO CFBNT XJUI SFHVMBSMZ TQBDFE IPMFT 	F�H�
-&(0 5FDIOJD #JU#FBN
 EP OPU PêFS UIJT BEWBOUBHF�

t ɨFZ BSF DPNQBUJCMF XJUI TUBOEBSE .� GBTUFOFST BT PQQPTFE UP MBSHFS TJ[F FYUSVTJPOT
XIJDI HFOFSBMMZ VTF QSPQSJFUBSZ OVUT BOE CPMUT�

t "MVNJOJVN JT TUSPOHFS BOE NPSF SPCVTU UIBO DPNNPO UZQFT PG QMBTUJDT 	TVDI BT
"#4 PS 11
�

t ɨFZ BSF JOFYQFOTJWF 	���� ǎ GPS B MFOHUI PG � N
 BOE DBO CF CPVHIU GSPN NVMUJQMF
TVQQMJFST 	F�H� .JTVNJ 0QFO#FBN
�

"T NFOUJPOFE FBSMJFS POF PG UIF HPBMT PG UIJT QSPKFDU JT UP DSFBUF B TZTUFN UIBU JT BDDFTTJCMF
BOE FBTZ UP 	SF
QSPEVDF� "T TVDI XF IBWF MJNJUFE PVSTFMWFT UP UPPMT BOE NBDIJOFT UIBU BSF
DPNNPOMZ GPVOE JO 'BC-BCT�

0VS EFTJHO BQQSPBDI 	ëH� ����
 DBO CF BQQSPYJNBUFE CZ UIF 1VHI�T %FTJHO 'VOOFM NPEFM
	1VHI ����
 XJUI UXP JUFSBUJPOT PG EJWFSHFOU BOE DPOWFSHFOU JEFBUJPO� ɨF JOJUJBM EF�
TJHO SFRVJSFNFOUT DBO CF TVNNBSJ[FE BT� 	�
 "O PQFO %*: DPOTUSVDUJPO TZTUFN GPS SPCPU
LJUT 	�
 QSPEVDJCMF XJUI DPNNPO GBDJMJUJFT JO 'BC-BCT 	F�H� IBOE UPPMT MBTFS DVUUFST BOE
CBTJD �% QSJOUFST
 	�
 VTJOH UIF TUBOEBSE 15 × 15 BMVNJOJVN 5�TMPU FYUSVTJPOT� "O FY�
QMPSBUPSZ ëSTU JUFSBUJPO XBT EPOF JO DPOKVODUJPO XJUI �OE ZFBS *OEVTUSJBM %FTJHO TUVEFOUT
BU (IFOU 6OJWFSTJUZ� "T BO BTTJHONFOU GPS POF PG UIF DPVSTFT UIFZ XFSF SFRVJSFE UP EF�
TJHO B LJU CBTFE PO UIF BMVNJOJVN CFBNT UIBU DPVME CF VTFE UP CVJME UXP EJêFSFOU SPCPUT�
"MUPHFUIFS UIF TUVEFOUT EFTJHOFE �� EJêFSFOU SPCPU LJUT� 'JHVSF ���� TIPXT TPNF PG UIF
SPCPUT UIFZ DSFBUFE�

" OVNCFS PG DPODMVTJPOT XFSF ESBXO GSPN UIF TUVEFOUT� LJUT� /POF PG UIF DPOOFDUJPO
TZTUFNT UIFZ EFTJHOFE XFSF TVJUBCMF GPS B MBSHFS TDBMF FYQFSJNFOU� 4PNF PG UIF DPOOFDUPST
TIPXFE B MBDL PG TUSFOHUI TPNF SFRVJSFE UPP NVDI NBOVBM MBCPVS UP QSPEVDF BOE TPNF
XFSF TJNQMZ UPP MJNJUFE� "U B DFSUBJO QPJOU JO UIFJS EFTJHO QSPDFTT UIF TUVEFOUT OFFEFE
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3. DESIGN ITERATIONS
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Fig. 3.10 Design funnel – schematic overview of our design process. Adapted from Buxton (2007,
p. 148), Pugh (1991, p.75).

Fig. 3.11 Student designs from iteration one.

UP DPNF VQ XJUI B UZQF PG SFWFSTJCMF DPOOFDUPS UP HVBSBOUFF UIF NPEVMBSJUZ PG UIFJS LJUT�
*O SFUSPTQFDU XF UIJOL UIJT TUFQ XBT UIF DSJUJDBM NPNFOU UIBU EFUFSNJOFE UIF RVBMJUZ PG
UIF LJUT UIFZ EFTJHOFE� 'PS UIJT SFBTPO XF EFDJEFE UP GPDVT TPMFMZ PO EFTJHOJOH NPEVMBS
DPOOFDUPST JO UIF TFDPOE JUFSBUJPO� *U JT GSPN UIJT JUFSBUJPO UIBU XF HFOFSBUFE UIF UISFF
TZTUFNT UIBU XFSF VTFE JO UIF SPCPUJDT DPOUFTU� 'PS FBDI TZTUFN XF EFTJHOFE B ��¡ DPSOFS
DPOOFDUPS 	XIJDI BMMPXT GPS CPUI DPSOFS� BOE 5�DPOOFDUJPOT
 B TFSWP DPOOFDUPS BOE B
%$ NPUPS DPOOFDUPS� ɨF QSJODJQMF CFIJOE FBDI TZTUFN JT IJHIMZ BEBQUBCMF BOE OFX
DPOOFDUPST CBTFE PO UIF TBNF QSJODJQMF DBO CF FBTJMZ EFTJHOFE UP BDDPNNPEBUF TQFDJëD
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TFOTPST MBSHFS NPUPST FUD� ɨF BEBQUBCJMJUZ PG UIF DPOOFDUPST BOE UIF DPOUJOVPVT NPVOU�
JOH QPTJUJPOT PêFSFE CZ UIF BMVNJOJVN CFBNT UPHFUIFS SFTVMU JO B IJHI EFHSFF PG ìFYJCJMJUZ
JO UIF UISFF DPOTUSVDUJPO TZTUFNT� 'JHVSF ���� TIPXT TPNF PG UIF EJWFSHFOU BOE DPOWFS�
HFOU QSPUPUZQFT DSFBUFE JO JUFSBUJPO UXP� 4PNF PG UIF wBCBOEPOFEw QSPUPUZQFT BSF BMTP
TIPXO JO UIJT QJDUVSF� 'PS JOTUBODF POF DPODFQU SFMJFE PO B MFWFS NFDIBOJTN UP MPDL UIF
DPOOFDUPS JOUP QMBDF� )PXFWFS GPSDFT HFOFSBUFE CZ UIF MFWFS DBVTFE UIF QSJOUFE QBSU UP
EFMBNJOBUF BOE OP FêFDUJWF TPMVUJPO DPVME CF GPVOE GPS UIJT QSPCMFN�

SYSTEM 1

laser-cut screw
connectors

SYSTEM 2

printed friction-fit
connectors

SYSTEM 3

printed hybrid
connectors

ABANDONED

lever connectors

Fig. 3.12 Prototypes from iteration two.

ɨF ëOBM EFTJHO ëMFT PG UIF UISFF TZTUFNT DBO CF GPVOE JO PVS (JU)VC SFQPTJUPSZ�� ɨF
QBSUT GPS TZTUFN � XFSF MBTFS�DVU GSPN � NN TIFFUT PG "#4 QMBTUJD� "#4 XBT DIPTFO CFDBVTF
UIF NBUFSJBM JT TUSPOH CVU OPU CSJUUMF BOE CFDBVTF JU DBO CF DVU FBTJMZ BOE DMFBOMZ VTJOH B
�� NN MBTFS DVUUFS� 4ZTUFNT � BOE � XIJDI XFSF EFTJHOFE UP CF �% QSJOUFE XFSF QSJOUFE
PO BO 6MUJNBLFS � VTJOH 1-" QMBTUJD XJUI B MBZFS IFJHIU PG �.� NN BOE BO JOëMM EFOTJUZ
PG ���� 1-" XBT DIPTFO CFDBVTF PG JUT VCJRVJUZ JO MPX�FOE �% QSJOUFST BOE CFDBVTF UIF
NBUFSJBM DBO CF QSJOUFE XJUIPVU B IFBUFE CFE� )PXFWFS UIF QJFDFT DBO BMTP CF QSJOUFE
JO "#4 JG EFTJSFE� 4ZTUFNT � BOE � SFMZ PO .� OVUT BOE TDSFXT GPS UIFJS GVODUJPOBMJUZ�
&JUIFS IFY TPDLFU DBQ TDSFXT PS DSPTT�SFDFTTFE QBO TDSFXT DBO CF VTFE UIPVHI UIF GPSNFS
JT QSFGFSSFE� )FY TPDLFU DBQ TDSFXT PêFS UXP BEWBOUBHFT� 	�
 UIFZ BSF NPSF EVSBCMF 	MFTT
QSPOF UP TUSJQQJOH
 BOE 	�
 UIFZ DBO CF UJHIUFOFE BU BO BOHMF VTJOH B CBMM�FOE IFY LFZ�
4JODF XF IBE EJïDVMUZ CVZJOH UIJT UZQF PG TDSFX JO "SHFOUJOB DSPTT�SFDFTTFE TDSFXT XFSF
VTFE EVSJOH UIF DPOUFTU� ɨFZ XPSL KVTU BT XFMM CVU BSF NPSF DVNCFSTPNF UP XPSL XJUI
JO UJHIU TQBDFT�

�#//+.Γχχ"$/#0�Α�*(χ� .�-1�)� 1 '� χ�*�*/�'*�&.
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3. DESIGN ITERATIONS

3.2.2.1 SYSTEM 1: LASER-CUT SCREW CONNECTORS

4ZTUFN � SFMJFT PO MBTFS DVUUJOH BT UIF TPMF QSPEVDUJPO UFDIOJRVF� *O UIJT DPOUFYU UIF NBJO
BEWBOUBHF PG MBTFS DVUUJOH JT JUT TQFFE� BMM UIF QBSUT SFRVJSFE GPS �� UFBNT XFSF QSPEVDFE
JO UXP IPVST XIFSFBT UIF QBSUT GPS UIF PUIFS TZTUFNT UPPL PWFS B XFFL FBDI VTJOH �%
QSJOUJOH� ɨF NBJO EFTJHO MJNJUBUJPO PG MBTFS DVUUJOH JT UIBU NBUFSJBMT DBO POMZ CF DVU
GSPN POF EJSFDUJPO TP POMZ ìBU TIBQFT DBO CF QSPEVDFE�

ɨF DPOTUSVDUJPO TZTUFN XF DSFBUFE VTJOH UIJT UFDIOJRVF SFMJFT PO TNBMM 5�TIBQFE HVTTFU
QMBUFT UP DPOOFDU BMVNJOJVN CFBNT 	ëH� ����
� ɨF HVTTFU QMBUFT DPOUBJO GPVS IPMFT FBDI
XIJDI BSF VTFE UP TDSFX UIF QMBUFT UP UIF BMVNJOJVN FYUSVTJPOT� 5XP TDSFXT BSF VTFE QFS
CFBN UP FOTVSF UIBU UIF CFBNT DBOOPU SPUBUF JO SFTQFDU PG POF BOPUIFS� ɨF BMVNJOJVN
FYUSVTJPOT XF DIPTF BSF XFMM TVJUFE GPS UIJT BQQMJDBUJPO BT UIF 5�TMPUT PG UIF FYUSVTJPOT
DBO BDDPNNPEBUF TUBOEBSE .� OVUT� "MUFSOBUJWFMZ UIF DPSOFS QMBUFT DBO BMTP CF VTFE
JO DPOKVODUJPO XJUI UIF UISFBEFE IPMFT BU UIF FOE PG FBDI CFBN UP DSFBUF B DPOOFDUJPO
CFUXFFO CFBNT�

90° corner
connector

dc motor
connector

servo
connector

Fig. 3.13 Laser-cut screw connector system.

5P NBLF B DPSOFS DPOOFDUJPO CFUXFFO UXP CFBNT UXP OVUT OFFE UP CF JOTFSUFE JOUP FBDI
CFBN ëSTU� ɨFO B HVTTFU QMBUF JT QPTJUJPOFE PWFS UIF OVUT BOE TDSFXT BSF JOTFSUFE JO UIF
GPVS IPMFT� "EKVTUNFOU JT QPTTJCMF CZ TIJGUJOH UIF QBSUT BSPVOE JO UIFJS 5�TMPUT� 'JOBMMZ
UIF DPOOFDUJPO JT TFDVSFE JO QMBDF CZ UJHIUFOJOH UIF TDSFXT�

ɨJT TZTUFN SFMJFT PO OVUT BOE TDSFXT UP DSFBUF B SJHJE DPOOFDUJPO� 8IJMF UIJT NFUIPE JT
SFMJBCMF BOE MPX�DPTU DIBOHJOH UIF DPOTUSVDUJPO UBLFT TPNF UJNF BOE UIFSFGPSF MJNJUT UIF
TDPQF GPS SBQJE JUFSBUJPOT PG EJêFSFOU EFTJHOT�
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3. DESIGN ITERATIONS

3.2.2.2 SYSTEM 2: PRINTED FRICTION-FIT CONNECTORS

'PS UIF TFDPOE DPOTUSVDUJPO TZTUFN XF XBOUFE B UZQF PG DPOOFDUJPO UIBU JT WFSZ RVJDL UP
VTF JO PSEFS UP FODPVSBHF RVJDL EFTJHO JUFSBUJPOT JO UIF SPCPUJDT DPOUFTU� $POTFRVFOUMZ
PVS TFDPOE DPOOFDUJPO TZTUFN SFMJFT TPMFMZ PO GSJDUJPO UP DPOOFDU QJFDFT UPHFUIFS� ɨF
DPSOFS QJFDFT PG UIJT TZTUFN IBWF UXP TFUT PG HSPPWFT UIBU NBUDI UIF QSPëMF PG UIF 5�TMPUT
JO UIF BMVNJOJVN CFBNT 	ëH� ����
� 5P DSFBUF B DPOOFDUJPO UXP CFBNT BSF TJNQMZ TMPUUFE
JOUP B DPSOFS QJFDF XJUI TVïDJFOU GPSDF� ɨF ESBXCBDL PG UIJT BQQSPBDI JT UIBU UIF GSJDUJPO
GPSDF MJNJUT UIF BNPVOU PG GPSDF UIBU FBDI DPSOFS DBO BCTPSC�

90° corner
connector

dc motor
connector

servo
connector

Fig. 3.14 Printed friction-fit connector system.

ɨF QMBTUJD QJFDFT PG UIJT TZTUFN XFSF EFTJHOFE UP CF QSJOUBCMF PO B MPX�DPTU �% QSJOUFS
	F�H� B 3FQ3BQ PS JO PVS DBTF BO 6MUJNBLFS
� %FTJHOJOH GPS UIJT DBUFHPSZ PG �% QSJOUFST
QPTFT TFWFSBM MJNJUBUJPOT GSPN XIJDI QSPGFTTJPOBM �% QSJOUFST EP OPU TVêFS� 0OF PG UIF
NBJO DIBMMFOHFT JT UIBU MPX�FOE �% QSJOUFST UZQJDBMMZ EP OPU IBWF B TFDPOE QSJOU IFBE UP
EFQPTJU TVQQPSU NBUFSJBM� ɨJT NFBOT UIBU GFBUVSFT TVDI BT VOEFSDVUT OFFE UP CF DBSFGVMMZ
EFTJHOFE TP UIBU UIFZ BSF TFMG�TVQQPSUJOH� 1BSUT PG UIJT TZTUFN DBO CF QSJOUFE XJUI NJOJNBM
PWFSIBOHT CZ MBZJOH UIFN ìBU PO UIFJS TJEF� ɨF POMZ PWFSIBOHT o UIF CPUUPN HSPPWFT o
DBO CF QSJOUFE CFDBVTF CPUI FEHFT BSF TVQQPSUFE�

ɨF TFDPOE DIBMMFOHF XF FODPVOUFSFE XIJMF EFTJHOJOH UIJT CVJMEJOH TZTUFN XBT UP ëOE B
HPPE XBZ PG SFMJBCMZ DSFBUJOH B GSJDUJPO�ëU DPOOFDUJPO� ɨF UPMFSBODFT PG QBSUT QSPEVDFE
PO %*: �% QSJOUFST EFQFOE PO NBOZ GBDUPST JODMVEJOH UIF DPOTUSVDUJPO BOE DBMJCSBUJPO
PG UIF NBDIJOF UIF RVBMJUZ PG UIF QMBTUJD ëMBNFOU VTFE BOE FWFO UIF BNCJFOU UFNQFSBUVSF�
"T TVDI B TJNQMF HSPPWF XJUI DPSSFDU TVC�NJMMJNFUSF EJNFOTJPOT JT OPU B GFBTJCMF XBZ UP
BDIJFWF B GSJDUJPO ëU� 0VS TPMVUJPO XBT UP JODPSQPSBUF B TQSJOH�MJLF GFBUVSF JO UIF QSJOUFE
QBSUT� ɨF QVSQPTF PG UIJT TQSJOH JT UP DSFBUF UFOTJPO CFUXFFO UIF HSPPWF PG UIF QSJOUFE QBSU
BOE UIF TVSGBDF PG UIF BMVNJOJVN CFBN� ɨJT EFTJHO BMMPXT GPS NVDI XJEFS UPMFSBODFT� ɨF
TQSJOH�MJLF GFBUVSF BMTP UBLFT BEWBOUBHF PG UIF BOJTPUSPQJD OBUVSF PG �% QSJOUFE PCKFDUT� UIF
TQSJOHT ìFY JO UIF IPSJ[POUBM QMBOF XIJDI JT UIF TUSPOHFTU EJSFDUJPO JO '%. QBSUT CFDBVTF
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JU EPFT OPU EFQFOE PO JOUFSMBZFS BEIFTJPO�

3.2.2.3 SYSTEM 3: PRINTED HYBRID CONNECTORS

*O UIF EFTJHO PG UIJSE TZTUFN XF XBOUFE UP TUSJLF B CBMBODF CFUXFFO UIF TUSFOHUI BOE
SPCVTUOFTT PG UIF MBTFS�DVU TDSFX DPOOFDUPST BOE UIF FBTF PG BTTFNCMZ PG UIF QSJOUFE GSJDUJPO�
ëU DPOOFDUPST� ɨJT IZCSJE TZTUFN DPNCJOFT UIF HSPPWF NPVOUJOH TZTUFN PG TZTUFN � XJUI
UIF OVU BOE TDSFX DPOOFDUJPO PG TZTUFN �� *O QSBDUJDF UIJT NFBOT UIBU VTFST DBO RVJDLMZ
USZ PVU OFX JEFBT CZ TMJEJOH DPOOFDUPS QJFDFT JOUP UIF 5�TMPUT PG UIF CFBNT� 0ODF UIFZ BSF
TFDVSFMZ JO QMBDF UIF DPOOFDUJPO DBO CF ëYFE CZ UJHIUFOJOH UIF UXP TDSFXT�

90° corner
connector

dc motor
connector

servo
connector

Fig. 3.15 Printed ”hybrid” connector system.

ɨF DPOOFDUPS JUTFMG DPOTJTUT PG B QSJOUFE QMBTUJD QBSU UXP OVUT BOE UXP TDSFXT� ɨF CBTJD
TIBQF PG UIF DPSOFS DPOOFDUPS JT TJNJMBS UP UIF POF GSPN UIF GSJDUJPO�ëU TZTUFN XJUI HSPPWFT
UP BDDPNNPEBUF UIF 5�TMPU DIBOOFMT PG UIF BMVNJOJVN CFBNT 	ëH� ����
� "EEJUJPOBMMZ
FBDI TJEF IBT B DJSDVMBS IPMF FOEJOH XJUI B IFYBHPOBM DVU�PVU XIJDI IPMET B OVU BOE TDSFX
JO QMBDF� ɨF OVU TJUT JO UIF IFYBHPOBM DVU�PVU BOE JT QPTJUJPOFE JO MJOF XJUI UIF SJEHF UIBU
TMJEFT JOUP UIF 5�TMPU DIBOOFM PG BO BMVNJOJVN CFBN� ɨJT DPOOFDUPS DBO CF JOTFSUFE JOUP
UIF FYUSVTJPOT XJUI UIF GBTUFOFST BMSFBEZ JO QMBDF SFTVMUJOH JO B TVCTUBOUJBM TQFFE HBJO PWFS
UIF MBTFS�DVU TDSFX DPOOFDUPST�

"T XJUI UIF QSFWJPVT CVJMEJOH TZTUFN B OVNCFS PG QSPQFSUJFT PG MPX�FOE �% QSJOUJOH BSF
VUJMJ[FE� UIF QBSUT DBO CF QSJOUFE XJUIPVU UIF VTF PG TVQQPSU NBUFSJBM UIFZ BSF EFTJHOFE
XJUI XJEF UPMFSBODFT JO NJOE BOE UIFZ DBO CF PSJFOUFE TP UIBU JOUFS�MBZFS GPSDFT BSF SF�
EVDFE UP B NJOJNVN� 5BCMF � TIPXT B TVNNBSZ PG UIF QSPQFSUJFT PG UIF UISFF TZTUFNT�
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4ZTUFN � 4ZTUFN � 4ZTUFN �

1SPEVDUJPO UFDIOJRVF -BTFS DVUUJOH �% QSJOUJOH �% QSJOUJOH
.BUFSJBM �NN "#4 TIFFU 1-" 1-"
1SPEVDUJPO UJNF QFS QJFDF �� NJO� �� NJO� �� NJO�
$POOFDUJPO NFUIPE TDSFX GSJDUJPO GSJDUJPO � TDSFX

&YUSB IBSEXBSF QFS DPOOFDUPS
� .�Y� TDSFXT
� .� OVUT

OPOF
� .�Y�� TDSFXT
� .� OVUT

Table 3.1 Comparison of the three building systems

3.2.3 MEASURING USABILITY, AFFECTIVE APPRAISAL, AND
FUNCTIONALITY

ɨF NBJO PCKFDUJWF PG PVS FWBMVBUJPO JT UXPGPME� 'JSTUMZ XF XBOUFE UP EFUFSNJOF XIJDI PG
UIF UISFF TZTUFNT JT NPTU BQQSPQSJBUF GPS VTF JO FEVDBUJPOBM SPCPUJDT� 4FDPOEMZ XF XBOUFE
UP FTUBCMJTI UIF OFYU TUFQT UP GVSUIFS JNQSPWF UIBU TZTUFN� 5P UIJT FOE XF GPDVTFE PO UISFF
LFZ BTQFDUT EVSJOH PVS FWBMVBUJPO QSPDFTT� ɨFTF BTQFDUT BSF 	�
 UIF VTBCJMJUZ 	J�F� BSF UIF
CMPDLT FBTZ UP VTF 
 	�
 UIF BêFDUJWF BQQSBJTBM 	J�F� XIBU JT UIF QFSDFJWFE FNPUJPOBM WBMVF GPS
VTFST 
 BOE 	�
 UIF GVODUJPOBMJUZ 	J�F� IPX WFSTBUJMF BSF UIFZ IPX XFMM EP UIFZ QFSGPSN 
�

ɨF UPPMT XF TFMFDUFE UP NFBTVSF UIF BCPWF�NFOUJPOFE BTQFDUT XFSF TVCKFDU UP B OVNCFS
PG DPOTUSBJOUT� 8F DIPTF UPPMT UIBU BSF TIPSU BOE RVJDL UP ëMM PVU UIBU BSF VOBNCJHVPVT
BOE UIBU DBO CF DPNQMFUFE UISPVHI BO POMJOF TVSWFZ UPPM� $POTFRVFOUMZ XF DIPTF UIF
GPMMPXJOH UISFF UPPMT� TZTUFN VTBCJMJUZ TDBMF 	M1
 1JDL�"�.PPE 	M3
 BOE "UUSBL%Jê
	M2
� .PSF JOGPSNBUJPO PO UIFTF NFBTVSFNFOU UPPMT JT HJWFO JO TFDUJPO ��������

"EEJUJPOBMMZ XF BMTP BTLFE SFTQPOEFOUT UP JOEJDBUF UIFJS BHF HFOEFS BOE UIF DPMPVS 	XIJDI
DPSSFTQPOET UP UIF UZQF
 PG UIF CVJMEJOH CMPDLT UIFZ VTFE� 'JOBMMZ XF QSPWJEFE UXP PQFO
UFYU BSFBT XIFSF XF BTLFE XIBU UIFZ MJLFE BOE EJTMJLFE BCPVU UIF TZTUFN 	M6
�

ɨF RVFTUJPOOBJSF XBT HJWFO BU UIF FOE PG UIF FWFOU BGUFS UIF ëOBM DPOUFTU� 8F BTLFE UIBU
POMZ UIF QFSTPOT XIP BDUJWFMZ QBSUJDJQBUFE JO UIF NFDIBOJDBM DPOTUSVDUJPO QSPDFTT DPN�
QMFUF UIF TVSWFZ BT UIF TVSWFZ SFMBUFT UP UIF SPCPU CVJMEJOH CMPDLT� *O NPTU UFBNT POF
QFSTPO XBT SFTQPOTJCMF GPS CVJMEJOH UIF QIZTJDBM FNCPEJNFOU XIJMF UIF PUIFST GPDVTFE
PO UIF FMFDUSPOJDT BOE UIF QSPHSBNNJOH� $POTFRVFOUMZ JO UIPTF DBTFT POMZ POF RVFT�
UJPOOBJSF XBT DPNQMFUFE QFS UFBN� *O SBSF DBTFT XIFSF NVMUJQMF QBSUJDJQBOUT XPSLFE PO
UIF NFDIBOJDT UIFZ FBDI ëMMFE JO B TFQBSBUF TVSWFZ�
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8IJMF PVS RVFTUJPOOBJSF DFSUBJOMZ NFBTVSFT VTBCJMJUZ BOE BêFDUJWF BQQSBJTBM GVODUJPOBMJUZ
JT OPU NFBTVSFE BT FYQMJDJUMZ� 'PS UIBU SFBTPO XF BMTP DPOEVDUFE BO FYQFSU FWBMVBUJPO�
8F BTLFE TJY FYQFSUT o UFBDIFST BOE DPBDIFT XIP BSF GSFRVFOUMZ JOWPMWFE JO FEVDBUJPOBM
SPCPUJDT o UP QBSUJDJQBUF JO B UXP�QBSU TUVEZ� ɨF FYQFSUT XFSF DIPTFO GPS CPUI UIFJS FYQF�
SJFODF JO UFBDIJOH BOE UIFJS LOPXMFEHF SFHBSEJOH UIF EFTJHO PG SPCPUJDT� *O UIF ëSTU QBSU
UIFZ XFSF BTLFE UP JOEJDBUF XIJDI BTQFDUT UIFZ DPOTJEFS XIFO FWBMVBUJOH SPCPUT� ɨFZ
XFSF UIFO TIPXO TIPSU 	MFTT UIBO � NJOVUF
 WJEFP DMJQT PG �� SPCPUT CVJMU EVSJOH UIF $&S�
SPCPUJDT DPOUFTU 	M8
 BOE XFSF BTLFE UP HJWF FBDI PG UIFN B TDPSF CFUXFFO � BOE � 	M4
�
'PS UIF TFDPOE QBSU UIF FYQFSUT XFSF HJWFO UIF PQQPSUVOJUZ UP FYQFSJNFOU XJUI UIF UISFF
EJêFSFOU TZTUFNT� 4VCTFRVFOUMZ UIFZ XFSF BTLFE UP SBOL UIF TZTUFNT JO UIFJS PSEFS PG QSFG�
FSFODF BOE UP XSJUF EPXO BOZ BEEJUJPOBM DPNNFOUT UIFZ IBE 	M6
� 8IJMF FWBMVBUJPO
UISPVHI WJEFP ëMFT DFSUBJOMZ IBT JUT MJNJUBUJPOT XF GFFM UIBU UIJT BQQSPBDI JO DPNCJOB�
UJPO XJUI UIF SFTQPOTFT GSPN UIF PQFO RVFTUJPOT EP BMMPX VT UP HBJO BO JOTJHIU JOUP UIF
GVODUJPOBMJUZ PG FBDI SPCPU DPOTUSVDUJPO TZTUFN�

3.2.4 RESULTS

0G UIF �� TUVEFOUT BOE �� UFBDIFST 	��� QBSUJDJQBOUT UPUBM
 �� QBSUJDJQBOUT JOEJDBUFE UIFZ
XFSF BDUJWFMZ JOWPMWFE JO UIF NFDIBOJDBM CVJMEJOH QSPDFTT BOE XFSF BTLFE UP DPNQMFUF PVS
RVFTUJPOOBJSF� ɨJT DPSSFTQPOET UP B SBUJP PG ������ "T NFOUJPOFE BCPWF POF QFSTPO
QFS UFBN DPNQMFUFE UIF TVSWFZ JO NPTU DBTFT� "U UIF TUBSU PG UIF QSPKFDU FBDI HSPVQ XBT
BTTJHOFE B CVJMEJOH TZTUFN JO PSEFS UP BDIJFWF BO BQQSPYJNBUFMZ FWFO EJTUSJCVUJPO 	SFTQ�
�� �� ��
 PG UIF UISFF TZTUFNT� )PXFWFS FBSMZ PO JO UIF CVJME QSPDFTT TFWFSBM PG UIF
HSPVQT VTJOH UIF MBTFS�DVU TDSFX TZTUFN FYQSFTTFE UIFJS GSVTUSBUJPO XJUI UIJT TZTUFN� ɨFZ
XFSF UIFSFGPSF BMMPXFE UP TXJUDI UP B EJêFSFOU CVJMEJOH TZTUFN PG UIFJS DIPJDF XIJDI
SFTVMUFE JO B EJTQSPQPSUJPOBUF EJTUSJCVUJPO XIFSF UIF MBTFS�DVU TDSFX TZTUFN XBT TFWFSFMZ
VOEFSSFQSFTFOUFE BT DPNQBSFE UP UIF PUIFS TZTUFNT� 'PVS PG UIF RVFTUJPOOBJSF SFTQPOEFOUT
VTFE UIF MBTFS�DVU TDSFX TZTUFN �� VTFE UIF GSJDUJPO�ëU TZTUFN BOE �� VTFE UIF IZCSJE
TZTUFN�

ɨF BWFSBHF BHF PG SFTQPOEFOUT JT ����� )PXFWFS UIJT BWFSBHF JT TLFXFE CFDBVTF UIF HSPVQT
DPOTJTUFE PG B NBKPSJUZ PG TFDPOEBSZ TDIPPM TUVEFOUT 	n = 32
 TVQQMFNFOUFE XJUI B TNBMM
HSPVQ PG UFBDIFST 	n = 5
� "WFSBHF BHF PG TUVEFOUT XBT ���� 	σ = 1.65
� BWFSBHF BHF PG
UFBDIFST XBT ���� 	σ = 9.19
� (FOEFS EBUB TIPX B NBMF NBKPSJUZ XJUI �� NBMF QBSUJD�
JQBOUT BOE �� GFNBMF QBSUJDJQBOUT� )PXFWFS HFOEFS SBUJP TLFXOFTT JT OPU VODPNNPO JO
SPCPUJDT DPOUFTUT 	+PIOTPO ����� .JMUP FU BM� ����
�

3.2.4.1 SYSTEM USABILITY SCALE

ɨF SFTVMUT PG UIF 4ZTUFN 6TBCJMJUZ 4VSWFZ TIPXFE BO BWFSBHF 464 WBMVF PG ���� 	σ = 14.6

GPS BMM UISFF TZTUFNT DPNCJOFE� #BOHPS FU BM� 	����
 DBMDVMBUFE UIF BWFSBHF 464 WBMVF PG
��� TUVEJFT UP CF ������ " POF�TJEFE U�UFTU BU B TJHOJëDBODF WBMVF BMQIB PG ���� JOEJDBUFT
UIBU UIF BWFSBHF WBMVF PG ���� JT TUBUJTUJDBMMZ TJHOJëDBOUMZ EJêFSFOU GSPN UIF CBTFMJOF WBMVF
PG ����� 	t = 4.621 p << 0.05 ��� $* PG UIF EJêFSFODF= [6.24, 16.001]
�
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5P JOWFTUJHBUF EJêFSFODFT JO 464 TDPSFT BNPOH UIF UISFF TZTUFNT B POF�XBZ "/07" XBT
QFSGPSNFE� *OTQFDUJPO PG UIF CPYQMPUT BOE UIF ,PMNPHPSPW�T UFTU 	p = 0.068 > 0.05

TVHHFTUT OPSNBMJUZ PG UIF EBUB� .PSFPWFS UIF BTTVNQUJPO PG IPNPHFOFPVT WBSJBODF XBT
DPOëSNFE CZ -FWFOF�T UFTU 	p = 0.261 > 0.05
� #BTFE PO UIF POF�XBZ "/07" XJUI
B TJHOJëDBODF MFWFM PG �� 	F = 0.007 p = 0.993 >> 0.05
 XF DBO TUBUF UIBU UIFSF
JT OPU FOPVHI TUBUJTUJDBM FWJEFODF PG EJêFSFODF JO NFBO WBMVF PG 464 BNPOH UIF UISFF
TZTUFNT� 8F BMTP QFSGPSNFE B ,SVTLBM�8BMMJT UFTU XIJDI DPOëSNT UIF SFTVMU PG UIF POF�
XBZ "/07" BOBMZTJT 	p = 0.97 >> 0.05
� ɨJT SFTVMU JT JO DPOUSBTU XJUI PVS FYQFSJFODFT
FBSMZ PO JO UIF QSPKFDU XIFSF TFWFSBM HSPVQT TXJUDIFE GSPN UIF MBTFS�DVU TDSFX DPOOFDUPS
TZTUFN UP BOPUIFS TZTUFN� " QPTTJCMF FYQMBOBUJPO JT UIBU POMZ UIF VTFST XIP XFSF TBUJTëFE
XJUI UIF TZTUFN SFNBJOFE XIJDI XPVME FYQMBJO XIZ OP EJêFSFODF JO VTBCJMJUZ JT EFUFDUFE�

*OEFFE UXP VTFST PG UIF MBTFS�DVU TDSFX DPOOFDUPS TZTUFN JOEJDBUFE JO UIF PQFO RVFTUJPOT
UIBU UIFZ IBE EJïDVMUZ KPJOJOH CFBNT XJUI UIJT TZTUFN� 8F UIJOL UIJT JT CFDBVTF UIF TZTUFN
JT QBSUJDVMBSMZ TFOTJUJWF UP UIF PSEFS PG BTTFNCMZ CFDBVTF UIF OVUT OFFE UP CF JOTFSUFE JOUP
UIF DIBOOFMT PG UIF CFBNT JO BEWBODF� ɨF NBJO QSPCMFNT SFQPSUFE CZ VTFST PG UIF GSJDUJPO�
ëU TZTUFN JT UIBU DPOOFDUJPO QJFDFT SFRVJSF UPP NVDI GPSDF UIF ëSTU UJNF UIFZ BSF VTFE BOE
UIBU UIFZ BSF QSPOF UP MPPTFOJOH XIJMF JO VTF� 6TFST PG UIF IZCSJE CSJDLT SFQPSUFE POMZ
NJOPS JTTVFT TVDI BT UIF IFYBHPOBM PQFOJOHT GPS OVUT CFJOH UPP TNBMM� *O BMM UISFF HSPVQT
VTFST SFNBSLFE UIBU UIFZ XPVME MJLF B MBSHFS WBSJFUZ PG EJêFSFOU QJFDFT� 8F TVTQFDU UIBU
UIF VTBCJMJUZ PG TZTUFNT � BOE � XPVME IBWF CFFO TMJHIUMZ IJHIFS JG IFY TPDLFU DBQ TDSFXT
XFSF VTFE JOTUFBE PG DSPTT�SFDFTTFE QBO IFBE TDSFXT BT EFTDSJCFE FBSMJFS�

3.2.4.2 PICTORIAL MOOD REPORTING INSTRUMENT

ɨF TFDPOE QBSU PG PVS TVSWFZ VTFT UIF 1JDUPSJBM .PPE 3FQPSUJOH *OTUSVNFOU 	%FTNFU FU
BM� ����� 7BTUFOCVSH FU BM� ����
 UP NFBTVSF UIF PWFSBMM NPPE QBSUJDJQBOUT FYQFSJFODFE
EVSJOH UIF DPOTUSVDUJPO QSPDFTT PG UIF SPCPU� ɨF GBDJBM FYQSFTTJPOT QSPWJEFE CZ UIJT UPPM
DBO CF BSSBOHFE PO UXP BYFT DPNQBSBCMF UP 3VTTFM�T DJSDVNQMFY NPEFM PG BêFDU 	3VTTFM
����
� ɨFTF BYFT BSF WBMFODF 	QMFBTVSF � EJTQMFBTVSF
 BOE BSPVTBM 	IJHI FOFSHZ � MPX FO�
FSHZ
� 'JHVSF ���� TIPXT UIF NPPET SFQPSUFE CZ QBSUJDJQBOUT QMPUUFE PO UIFTF UXP BYFT�
'JTIFS�T &YBDU 5FTU 	'JTIFS ����
 JOEJDBUFT UIBU UIFSF JT OPU FOPVHI TUBUJTUJDBM FWJEFODF 	Q
� ���� � ����
 UP DMBJN UIBU UIFSF JT B SFMBUJPOTIJQ CFUXFFO UIF UZQF PG CVJMEJOH TZTUFN
VTFE BOE UIF NPPE SFQPSUFE CZ UIF VTFST� 8F UIJOL UIF MPX TBNQMF TJ[F JT QBSUJBMMZ SF�
TQPOTJCMF GPS UIJT� *G XF UBLF UIF MBTFS�DVU DPOOFDUPS QJFDFT 	O � �
 PVU PG UIF FRVBUJPO
BOE DMVTUFS UIF NPPET JO QPTJUJWF OFVUSBM BOE OFHBUJWF CSBDLFUT 	DGS� UIF WBMFODF BYJT JO
UIF DJSDVNQMFY NPEFM PG BêFDU 	3VTTFM ����

 XF EP TFF B TMJHIU DPSSFMBUJPO 	Q � ����� �
����
 CFUXFFO UIF CVJMEJOH TZTUFN BOE UIF WBMFODF PG UIF SFQPSUFE NPPE XJUI UIF IZCSJE
DPOOFDUPST QFSGPSNJOH TMJHIUMZ CFUUFS�

3.2.4.3 ATTRAKDIFF

ɨF UIJSE QBSU PG PVS TVSWFZ DPOTJTUT PG UIF "UUSBL%Jê RVFTUJPOOBJSF 	)BTTFO[BIM FU BM�
����
� ɨF EBUB XBT QSPDFTTFE CZ NFBOT PG UIF "UUSBL%Jê POMJOF UPPM� 'JHVSF ���� TIPXT

120



3. DESIGN ITERATIONS
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Fig. 3.16 PMRI results, each dot represents
the mood of one respondent.
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Fig. 3.17 AttrakDiff results, the hatched area
represents the confidence interval of each sys-
tem.

UIF QPTJUJPO BOE DPOëEFODF SFDUBOHMF PG IFEPOJD BOE QSBHNBUJD RVBMJUJFT PG UIF UISFF
TZTUFNT� 0WFSBMM XF DBO TBZ UIBU UIF IZCSJE TZTUFN TDPSFE CFUUFS UIBO UIF GSJDUJPO�ëU
TZTUFN XIJDI JO UVSO TDPSFE CFUUFS UIBO UIF TDSFX DPOOFDUPS TZTUFN� *U TIPVME CF OPUFE
UIBU UIF MBSHF DPOëEFODF JOUFSWBM PG UIF MBTFS�DVU TDSFX DPOOFDUPST JT BHBJO B DPOTFRVFODF
PG UIF MPX OVNCFS PG QBSUJDJQBOUT DPNQBSFE UP UIF PUIFS UXP TZTUFNT� ɨF SFTVMUT GSPN
UIF "UUSBL%Jê FWBMVBUJPO BSF JO MJOF XJUI UIF GFFECBDL GSPN UIF PQFO RVFTUJPOT BOE XJUI
PVS PXO TVCKFDUJWF BTTFTTNFOU� "MUIPVHI UIFTF SFTVMUT JOEJDBUF UIBU UIF IZCSJE TZTUFN JT
UIF CFTU PG UIF UISFF UIFSF JT TUJMM SPPN GPS JNQSPWFNFOU�

3.2.4.4 EXPERT EVALUATION

"T B ëOBM QBSU PG PVS TUVEZ XF QFSGPSNFE BO FYQFSU FWBMVBUJPO XJUI TJY FYQFSUT� *O UIF
ëSTU QBSU PG UIJT FWBMVBUJPO UIF FYQFSUT XFSF BTLFE� i*O ZPVS PQJOJPO XIBU DSJUFSJB BSF
JNQPSUBOU GPS HSBEJOH NFDIBUSPOJDT QSPKFDUT TVDI BT B SPCPUJDT DPOUFTU w 	2� ëH� ����
�
ɨF FYQFSUT XFSF UIFO TIPXO WJEFP DMJQT PG �� EJêFSFOU SPCPUT BOE XFSF BTLFE UIF GPM�
MPXJOH RVFTUJPO� i6TJOH UIF DSJUFSJB BOE UIFJS JNQPSUBODF ZPV TQFDJëFE JO UIF QSFWJPVT
TFDUJPO 	2�
 IPX XPVME ZPV SBUF UIF SPCPUT TIPXO CFMPX w &BDI SPCPU DPVME CF SBUFE
JOEJWJEVBMMZ VTJOH B ��QPJOU TDBMF XJUI � CFJOH UIF MPXFTU BOE � CFJOH UIF IJHIFTU SBUJOH�
" ��QPJOU TDBMF XBT DIPTFO UP BMMPX GPS NPSF HSBOVMBS SFQPSUJOH UIBO ��QPJOU TDBMFT XIJMF
TUJMM PêFSJOH B OFVUSBM QPTJUJPO� 0G UIF �� SPCPUT GPVS XFSF CVJMU VTJOH UIF MBTFS�DVU TDSFX
DPOOFDUPS TZTUFN TFWFO VTJOH UIF QSJOUFE GSJDUJPO�ëU TZTUFN BOE TJY VTJOH UIF QSJOUFE
IZCSJE TZTUFN� ɨF SFTVMUT PG 2� 	UBCMF ���
 TIPX BO BWFSBHF TDPSF PG ���� GPS SPCPUT CVJMU
XJUI UIF TDSFX DPOOFDUPS TZTUFN ���� GPS UIPTF CVJMU XJUI UIF GSJDUJPO�ëU TZTUFN BOE ����
GPS SPCPUT CVJMU VTJOH UIF IZCSJE TZTUFN� 8IJMF UIF TBNQMF TJ[F PG UIJT TUVEZ JT MPX EBUB
EPFT TVHHFTU UIBU UIF VTF PG UIF IZCSJE TZTUFN UFOET UP MFBE UP CFUUFS TDPSJOH SPCPUT�
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4ZTUFN �� MBTFS�DVU TDSFX
DPOOFDUPST

�� QSJOUFE GSJDUJPO�ëU DPOOFDUPST �� QSJOUFE IZCSJE DPOOFDUPST

3PCPU ) . 0 1 " # $ & ' + , % ( * - / 2

&� � � � � � � � � � � � � � � � � �
&� � � � � � � � � � � � � � � � � �
&� � � � � � � � � � � � � � � � � �
&� � � � � � � � � � � � � � � � � �
&� � � � � � � � � � � � � � � � � �
&� � � � � � � � � � � � � � � � � �

"WH� ���� ���� ���� ���� ���� ��� ���� ���� ��� ���� ��� ���� ��� ���� � ���� ���

���� ���� ����

Table 3.2 Q2 – Robot ratings

*O UIF MBTU QBSU PG UIF FYQFSU FWBMVBUJPO 	2�
 UIF FYQFSUT XFSF HJWFO TBNQMFT PG UIF UISFF
TZTUFNT UP FYQFSJNFOU XJUI� ɨFZ XFSF UIFO BTLFE UP SBOL UIF TZTUFNT JO PSEFS PG QSFG�
FSFODF VTJOH UISFF ESPQ�EPXO NFOVT� 3FTVMUT PG 2� BSF TIPXO JO UBCMF ���� ɨF IZCSJE
TZTUFN XBT SBOLFE ëSTU UIF NPTU 	UISFF UJNFT
 GPMMPXFE CZ UIF GSJDUJPO�ëU TZTUFN 	UXJDF

BOE UIFO UIF MBTFS�DVU TZTUFN 	POMZ PODF
� ɨF FYQFSUT GSFRVFOUMZ QSBJTFE UIF FBTF PG VTF
PG TZTUFNT � BOE � CVU OPUFE UIBU UIF GSJDUJPO�ëU TZTUFN XJMM QSPCBCMZ MPPTFO PWFS UJNF�
*O UIFJS DPNNFOUT UIF FYQFSUT BMTP DPNNFOEFE UIF MBTFS�DVU TZTUFN GPS JUT TJNQMJDJUZ BOE
TUSFOHUI SFNBSLJOH UIBU JU JT B WFSZ DIFBQ QBSU UP QSPEVDF�

1 2 3 4 5

not important very important

2.50aesthetics

3.83robustness

4.33performance

3.16novelty

4.83creative problem solving

4.67functionality

Fig. 3.18 Q1 – Experts’ criteria for grading robots.

3.2.5 SUMMARY

ɨF SFTVMUT DPOTUJUVUF B ëSTU TUFQ UPXBSET BO PQFO %*: DPOTUSVDUJPO LJU GPS TNBMM�TDBMF
SPCPUJDT� 8F CFMJFWF TVDI B TZTUFN IBT UIF QPUFOUJBM PG HSFBUMZ DPNQMFNFOUJOH PUIFS FG�
GPSUT JO FEVDBUJPOBM SPCPUJDT CZ QSPWJEJOH B MPX�DPTU 	G9
 iIBDLBCMFw 	G1
 QMBUGPSN GPS
CVJMEJOH UIF QIZTJDBM FNCPEJNFOU PG TNBMM SPCPUT�

8F CFMJFWF UIBU UIF VTF PG 5�TMPUUFE BMVNJOJVN CFBNT IFMQFE VT HSFBUMZ UPXBSE UIJT HPBM�
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4ZTUFN &� &� &� &� &� &�

4ZTUFN ��
-BTFS�DVU TDSFX DPOOFDUPST

�OE �OE �SE �OE �TU �SE

4ZTUFN ��
1SJOUFE GSJDUJPO�ëU DPOOFDUPST

�SE �TU �OE �SE �OE �TU

4ZTUFN ��
1SJOUFE IZCSJE DPOOFDUPST

�TU �SE �TU �TU �SE �OE

Table 3.3 Q3 – Systems ranking by the experts

UIFZ BSF MPX�DPTU TUSPOH BOE DBO CF VTFE UP DPOOFDU NBOZ EJêFSFOU UZQFT PG DPNQPOFOUT�
)PXFWFS UIF EPXOTJEFT PG UIJT BQQSPBDI JODMVEF UIF XFJHIU 	UIF BMVNJOJVN CFBNT BSF
IFBWJFS UIBO UIFJS QMBTUJD DPVOUFSQBSUT
 BOE UIFJS BQQFBSBODF 	SPCPUT CVJMU XJUI UIJT TZTUFN
DBO CF CVMLZ BOE UFDIOJDBM MPPLJOH
�

0G UIF UISFF DPOTUSVDUJPO TZTUFNT QSFTFOUFE JO UIJT QBQFS XF UIJOL UIF IZCSJE TZTUFN JT
CFTU TVJUFE UP UIF DPOUFYU BU IBOE� ɨJT DPODMVTJPO JT BMTP TVQQPSUFE CZ UIF SFTVMUT PG PVS
RVFTUJPOOBJSF� 8IJMF GFFECBDL JOEJDBUFT UIBU UIF GSJDUJPO�ëU TZTUFN JT FBTZ BOE QMFBTBOU UP
XPSL XJUI JO UIF BTTFNCMZ QIBTF JU EPFT DBVTF QSPCMFNT XIFO UIF SPCPU JT VTFE EVF UP
GBJMVSFT PG UIF DPOOFDUJPO VOEFS FYDFTTJWF GPSDF� 0O UIF PUIFS IBOE UIF MBTFS�DVU TDSFX
TZTUFN DBO CF NBOVGBDUVSFE RVJDLMZ BOE QSPWJEFT TUSPOH ëSN DPOOFDUJPOT� )PXFWFS
UIFTF DPOOFDUJPOT BSF TMPX BOE EJïDVMU UP VTF SFTVMUJOH JO GSVTUSBUFE VTFST BOE IJOEFSJOH
UIF TUBUF PG ìPX� ɨF IZCSJE TZTUFN TUSJLFT B CBMBODF CFUXFFO UIF TUSFOHUI BOE SJHJEJUZ
PG B CPMUFE DPOOFDUJPO BOE UIF FBTF�PG�VTF PG B GSJDUJPO�ëU DPOOFDUJPO� 6TFST DBO RVJDLMZ
USZ PVU EJêFSFOU DPOëHVSBUJPOT CZ TMPUUJOH UIF DPOOFDUPST JO BOE PVU PG UIF CFBNT BOE
PODF UIFZ BSF IBQQZ DPOOFDUPST DBO CF MPDLFE JOUP QMBDF CZ UFOTJPOJOH B TJOHMF TDSFX QFS
TJEF� ɨJT BMMPXT GPS B CFUUFS NBUDI CFUXFFO TLJMMT BOE DIBMMFOHFT MFBEJOH UP B QPTJUJWF
TUBUF PG ìPX 	G6
 GPS UIF VTFS� ɨF IZCSJE TZTUFN PêFST B HPPE CBMBODF CFUXFFO UFDIOJDBM
QFSGPSNBODF FBTF�PG�VTF 	G2
 BOE DPTU 	G9
� ɨF JOTJHIUT HBJOFE GSPN UIF IZCSJE TZTUFN
XFSF MBUFS JOUFHSBUFE JO UIF MBUFTU WFSTJPO PG UIF 0QTPSP QMBUGPSN 	TFDUJPO �����
�

" DPNNPO QPJOU PG DSJUJDJTN UIBU BQQMJFT UP UIF UISFF TZTUFNT JT UIBU VTFST XBOU B MBSHFS
WBSJFUZ PG CVJMEJOH CMPDLT� 8F POMZ QSPWJEFE UISFF UZQFT PG CVJMEJOH CMPDLT GPS UIJT QSPKFDU�
B ��¡ DPSOFS DPOOFDUPS B %$ NPUPS DPOOFDUPS BOE B TFSWP DPOOFDUPS� 8IJMF KVTU UIFTF
UISFF UZQFT BSF BEFRVBUF GPS CVJMEJOH B ëSFëHIUJOH SPCPU XF SFDPHOJ[F UIBU UIJT CBTJD
TFMFDUJPO PG CMPDLT NBZ IBWF CFFO MJNJUFE UIPVHI JU EJE GPSDF UIF VTFST UP VTF DSFBUJWF
UIJOLJOH UP EFTJHO TPMVUJPOT XJUI UIF MJNJUFE TFU PG CVJMEJOH CMPDLT 	G7
� 0VS ëSTU TFU PG
DPOOFDUPST QSPWJEFT POMZ TUBUJD DPOOFDUJPOT BMUIPVHI XF IBWF FWFSZ JOUFOUJPO PG DSFBUJOH
DPNQPOFOUT UIBU BMMPX GPS NPWJOH NFDIBOJTNT TVDI BT IJOHFT XIFFMT BOE HFBST� "EEJ�
UJPOBMMZ CFDBVTF UIF EFTJHO ëMFT PG UIF UISFF TZTUFNT XFSF SFMFBTFE BT PQFO TPVSDF IBSEXBSF
NPUJWBUFE VTFST DBO FYUFOE UIF TZTUFNT XJUI DVTUPN�EFTJHOFE DPNQPOFOUT 	G1 G10
�

8IJMF PO UIJT TVCKFDU XF XPVME BMTP IBWF MJLFE UP JOWPMWF UIF TUVEFOUT JO UIF NBOVGBD�
UVSJOH QSPDFTT PG UIF CVJMEJOH CMPDLT� "T 	#MJLTUFJO ����B
 TIPXFE 'BC-BCT BOE EJHJUBM
GBCSJDBUJPO PêFS NBOZ 45&.�SFMBUFE UFBDIJOH PQQPSUVOJUJFT 	G8
� )PXFWFS EVF UP MP�
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HJTUJDBM DIBMMFOHFT UIJT XBT OPU QPTTJCMF GPS PVS SPCPUJDT DPOUFTU JO "SHFOUJOB� *OTUFBE BMM
DPNQPOFOUT XFSF NBOVGBDUVSFE BOE LJUUFE CFGPSFIBOE�

"T B ëOBM QPJOU XF XPVME MJLF UP DPOUJOVF JNQSPWJOH PVS FWBMVBUJPO NFUIPE� 8IJMF XF
HBJOFE WBMVBCMF JOTJHIU UISPVHI UIF VTF PG RVFTUJPOOBJSFT XF EJE TUJMM FODPVOUFS TPNF
QSPCMFNT� 8F QVSQPTFGVMMZ TFMFDUFE FWBMVBUJPO UPPMT UIBU BSF RVJDL UP ëMM PVU BOE BWPJEFE
UPP NBOZ PQFO RVFTUJPOT CVU XF TUJMM OPUJDFE UIBU TPNF QBSUJDJQBOUT GPVOE UIF RVFTUJPO�
OBJSF UPP MPOH� "T BO BMUFSOBUJWF XF XPVME MJLF UP FYQFSJNFOU XJUI QFSJPEJD FWBMVBUJPO
GPSNT XIFSF XF BTL QBSUJDJQBOUT UP ëMM PVU B WFSZ TIPSU TVSWFZ BU UIF FOE PG FBDI TFTTJPO�

3.3 ONO – GENERATION 1

ɨF 0OP QSPKFDU ëOET JUT PSJHJO JO PVS FYQFSJFODFT XJUI DPOWFOUJPOBM TPDJBM SPCPUT DIJFìZ
UIF SPCPU 1SPCP 	4BMEJFO ����
� &YQFSJNFOUT XJUI UIF 1SPCP IBWF TIPXO B EJTDSFQBODZ
CFUXFFO XIBU UIF EFTJHOFST FOWJTJPOFE BT JNQPSUBOU GVODUJPOBMJUZ BOE XIBU GVODUJPOBMJUZ
XBT BDUVBMMZ VTFE CZ UIFSBQJTUT EVSJOH FYQFSJNFOUT� ɨF SPCPU IBE CFFO DPODFJWFE BT BO
BEWBODFE SFTFBSDI QMBUGPSN PG XIJDI POMZ POF DPQZ XPVME CF CVJMU� "T JU UVSOT PVU NBOZ
JOUFSBDUJPO FYQFSJNFOUT XJUI DIJMESFO SFRVJSFE POMZ CBTJD SPCPU GVODUJPOBMJUZ 	1PQ FU BM�
����� 7BOEFSCPSHIU FU BM� ����
� &YQFSJNFOUT XFSF BMTP BU UJNFT IBNQFSFE CZ QSBDUJDBM JT�
TVFT TVDI BT NBMGVODUJPOT CSPLFO DPNQPOFOUT TFUVQ BOE DBMJCSBUJPO BOE USBOTQPSUBUJPO
EJïDVMUJFT� *O UIJT XF SFDPHOJ[FE BO PQQPSUVOJUZ GPS B MPX�DPTU BOE MPX�UFDI IBDLBCMF
TPDJBM SPCPU�

ɨJT JOTJHIU QSPNQUFE VT UP EFTJHO B OFX TJNQMJëFE TPDJBM SPCPU BT XF GPVOE UIBU PUIFST
XFSF BMTP EFBMJOH XJUI TJNJMBS JTTVFT� 0VS HPBMT GPS UIF EFTJHO PG UIF 0OP SPCPU XFSF
UP DSFBUF B SPCPU UIBU JT JOFYQFOTJWF SFQSPEVDJCMF NPEVMBS FBTJMZ SFQBJSBCMF BOE FBTJMZ
USBOTQPSUBCMF� .BOZ PG UIFTF DIBMMFOHFT XFSF NFU CZ UBLJOH DVFT GSPN DPOUFNQPSBSZ
%*: QBSBEJHNT TVDI BT UIF NBLFS NPWFNFOU BOE UIF PQFO TPVSDF IBSEXBSF NPWFNFOU
BT EFTDSJCFE JO DIBQUFS �� 8F CFMJFWF UIBU MPX�DPTU PQFO TPVSDF TPDJBM SPCPUT QSPWJEF
BEWBOUBHFT UIBU DVSSFOU IJHI�FOE SPCPUT EP OPU IBWF� UIFZ BSF XFMM TVJUFE GPS MBSHF�TDBMF
TUVEJFT BOE UIFZ BSF BDDFTTJCMF GPS TUVEFOUT BOE IPCCZJTUT�

ɨF EFTJHO PG 0OP JT BJNFE QSJNBSJMZ BU DIJMESFO XJUI B GPDVT PO UIFSBQFVUJD BQQMJDBUJPOT
TVDI BT UIF USFBUNFOU PG BVUJTN TQFDUSVN EJTPSEFS� ɨF SFBTPO XF DIPTF UIJT UBSHFU HSPVQ JT
UXPGPME� 	�
 UIFSF JT B MBSHF EFNBOE GPS UIJT UZQF PG SPCPU GPS USFBUNFOUT PG EFWFMPQNFOUBM
EJTPSEFST TVDI BT BVUJTN 	$BCJCJIBO FU BM� ����
 BOE 	�
 PUIFS TPDJBM SPCPUT 	F�H� ,P[JNB
.� 1� .JDIBMPXTLJ FU BM� 	����
 %BVUFOIBIO FU BM� 	����
 4BMEJFO FU BM� 	����
 .FUUB
FU BM� 	����

 FYJTU XJUIJO UIJT TFHNFOU PG UIFSBQFVUJD SPCPUT GPS DIJMESFO QSPWJEJOH VT
XJUI B QPJOU PG SFGFSFODF� #Z OBSSPXJOH PVS GPDVT UP UIJT BQQMJDBUJPO BSFB XF HBJO NPSF
TQFDJëD JOGPSNBUJPO BCPVU UIF VTBHF DPOUFYU PG UIF SPCPU XIJDI JT IFMQGVM JO UIF EFTJHO
QSPDFTT�

ɨF VTF PG EJHJUBM NBOVGBDUVSJOH UFDIOJRVFT JT JEFBMMZ TVJUFE GPS BO JUFSBUJWF EFTJHO QSP�
DFTT� $POTFRVFOUMZ 0OP�T WFSTJPO IJTUPSZ JT NVDI NPSF B DPOUJOVPVT TQFDUSVN PG TNBMM
DIBOHFT 	KVTU MJLF iDPNNJUTw JO TPGUXBSF WFSTJPO DPOUSPM TZTUFNT
 SBUIFS UIBO MBSHF EJT�
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Fig. 3.19 Children interacting with Ono v1.1 through the control box

DSFUF QSPEVDU SFMFBTFT� /FWFSUIFMFTT XF EJTUJOHVJTI UIF GPMMPXJOH WFSTJPOT XJUIJO UIF ëSTU
HFOFSBUJPO PG 0OP�

t ONO V1.0 – ɨF ëSTU GVODUJPOBM WFSTJPO PG 0OP� ɨJT NJMFTUPOF JT QSFDFEFE
CZ FYQFSJNFOUBUJPO XJUI NBUFSJBMT BOE QSPEVDUJPO UFDIOJRVFT NVMUJQMF JUFSBUJPOT
PG NFDIBOJTNT GPS GBDJBM BOJNBUJPO BT XFMM BT DIBSBDUFS EFTJHO BOE NPEFMJOH� ɨF
EFTJHO XBT TQMJU JOUP UXP EJêFSFOU QSPUPUZQFT� UIF ëSTU CFJOH B GVMMZ XPSLJOH iOBLFEw
SPCPU BOE UIF TFDPOE B TUBUJD QSPPG�PG�DPODFQU EFNPOTUSBUJOH UIF NBUFSJBMT BOE
UFDIOJRVFT UP CF VTFE GPS UIF SPCPU�T TLJO�

t ONO V1.1 – ɨF NPTU JNQPSUBOU DIBOHF JO UIJT WFSTJPO JT UIBU JU DPNCJOFE UIF
UXP QSFWJPVT QSPUPUZQFT JOUP POF GVMMZ JOUFHSBUFE SPCPU� 8IJMF UIF UXP QSPUPUZQFT
PG W��� XFSF EFTJHOFE XJUI JOUFHSBUJPO JO NJOE NBOZ TNBMM UXFBLT XFSF OFFEFE
UP BDIJFWF UIJT HPBM� ɨF PSEFS PG PQFSBUJPOT UP BUUBDI UIF TLJO PWFS UIF TLFMFUPO
QSPWFE FTQFDJBMMZ DIBMMFOHJOH�

*O BEEJUJPO UP UIF EFTJHO DIBOHFT NBEF UP FOBCMF JOUFHSBUJPO XF BMTP USBOTJUJPOFE
GSPN VTJOH 14 UP VTJOH "#4 GPS BMM MBTFS�DVU QBSUT� "#4 QMBTUJD JT TUSPOHFS BOE B MPU
MFTT CSJUUMF UIBO 14� ɨF NBUFSJBM BMTP DVUT NVDI CFUUFS FMJNJOBUJOH CVSST SFEVDJOH
QPTU�QSPDFTTJOH TUFQT BOE MFBEJOH UP B CFUUFS QBSU ëOJTI�

t ONO V1.2 – ɨF ëSTU DIBOHF PG UIJT WFSTJPO SFMBUFT UP UIF DPOTUSVDUJPO PG UIF
SPCPU�T MBTFS�DVU GSBNF� 8IFSFBT UIF QSFWJPVT WFSTJPO SFMJFE VQPO GSJDUJPO UP IPME
TMPU�BOE�UBC DPOOFDUJPOT JO QMBDF W��� SFQMBDFE UIF QMBJO UBCT XJUI DBOUJMFWFSFE
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TOBQT QSPWJEJOH B QPTJUJWF MPDLJOH GPSDF� 'JHVSF ���� TIPXT UIF EJêFSFODF CFUXFFO
PME�TUZMF BOE OFX�TUZMF DPOOFDUPST�
*O UIJT WFSTJPO XF BMTP FYQFSJNFOUFE XJUI B OFX "SEVJOP�CBTFE DPOUSPMMFS JOUF�
HSBUFE JOUP UIF SPCPU�T CPEZ� ɨJT JT B CSFBL GSPN UIF QSFWJPVT TFUVQ XIFSF QSP�
DFTTJOH IBQQFOT JO B TFQBSBUF DPOUSPM VOJU� .PSF EFUBJM PO UIJT DPOUSPMMFS XJMM CF
EFTDSJCFE JO TFDUJPO ������

Fig. 3.20 Changes in the slot-and-tab construction system between v1.1 (left) and v1.2 (right)

ɨF ëSTU HFOFSBUJPO PG EFTJHO JUFSBUJPOT EJE OPU ZFU FNCPEZ BMM BTQFDUT PG UPPMLJUT BT
EFTDSJCFE JO TFDUJPO ������ 4UJMM QSJNJUJWF FMFNFOUT TVDI BT UIF TOBQ DPOOFDUPST BOE UIF
NPEVMBS FMFNFOUT IBWF CFFO QBSU PG UIF EFTJHO TJODF UIF ëSTU WFSTJPO�

ɨF SPCPUT JO UIJT HFOFSBUJPO BSF DIBSBDUFSJ[FE CZ B GPDVT PO NFDIBOJDBM EFTJHO BTQFDUT�
ɨF TDPQF PG UIF FMFDUSPOJDT BOE TPGUXBSF JNQMFNFOUBUJPO JT MJNJUFE UP UIF CBSF OFDFTTJUJFT
SFRVJSFE GPS CBTJD BOJNBUJPO PG GBDJBM FYQSFTTJPOT� ɨF NBJO DPOUSJCVUJPOT PG UIF ëSTU
HFOFSBUJPO QSPUPUZQFT JT UIBU UIFZ TFSWFE BT B UFTU CFE GPS FYQFSJNFOUJOH XJUI NBUFSJBMT BOE
UFDIOJRVFT BOE BMMPXFE GPS B QSFMJNJOBSZ WBMJEBUJPO PG GVODUJPOBMJUZ TDPQF BOE DIBSBDUFS
EFTJHO EFDJTJPOT�

3.3.1 CONCEPTUAL DESIGN OF THE EMBODIMENT

ɨF FNCPEJNFOU EFTJHO PG UIF 0OP JT UIF SFTVMU PG UISFF DBUFHPSJFT PG DPOTUSBJOUT� 	�

SFRVJSFNFOUT SFMBUFE UP UIF UBSHFU BVEJFODF PG UIF SPCPU 	�
 UFDIOJDBM SFRVJSFNFOUT BOE
	�
 QSBDUJDBM SFRVJSFNFOUT SFMBUFE UP UIF VTBHF JO B UIFSBQFVUJD DPOUFYU� ɨJT TFDUJPO HJWFT
BO PWFSWJFX PG UIF SBUJPOBMF CFIJOE FBDI PG UIFTF DPOTUSBJOUT BOE CSJFìZ FYQMBJOT IPX
UIFTF DPOTUSBJOUT IBWF TIBQFE UIF WJTVBM BQQFBSBODF PG UIF SPCPU�

8F EFDJEFE UP MJNJU BDUVBUJPO UP UIF GBDF PG UIF SPCPU BOE LFFQ UIF SFTU PG UIF CPEZ OPO�
NPWJOH� "DUVBUJPO PG GBDJBM GFBUVSFT DBO CF BDIJFWFE XJUI DPNQBSBUJWFMZ TNBMM JOFYQFOTJWF

126



3. DESIGN ITERATIONS

Fig. 3.21 Exploration sketches for the embodiment design

BDUVBUPST XIFSFBT GVMM CPEZ NPUJPO OFDFTTJUBUFT UIF VTF PG IJHI�QFSGPSNBODF NPUPST BOE
ESJWF TZTUFNT ESJWJOH UIF DPTU VQ DPOTJEFSBCMZ� .VMUJQMF TUVEJFT BOE BQQMJDBUJPOT JO )3*
NBLF VTF PG GBDJBM FYQSFTTJPOT TJODF QFPQMF SFMZ PO GBDF�UP�GBDF DPNNVOJDBUJPO JO EBJMZ
MJGF� ɨF GBDF QMBZT B WFSZ JNQPSUBOU SPMF JO UIF FYQSFTTJPO PG DIBSBDUFS FNPUJPO BOE�PS
JEFOUJUZ 	$PMF ����
� .FISBCJBO 	����
 TIPXFE UIBU POMZ �� PG BêFDUJWF JOGPSNBUJPO
JT USBOTGFSSFE CZ TQPLFO MBOHVBHF UIBU ��� JT USBOTGFSSFE CZ QBSBMBOHVBHF BOE ��� PG
USBOTGFS JT EVF UP GBDJBM FYQSFTTJPOT� 'BDJBM FYQSFTTJPOT BSF UIFSFGPSF B NBKPS NPEBMJUZ JO
IVNBO GBDF�UP�GBDF DPNNVOJDBUJPO FTQFDJBMMZ JO ëFMET TVDI BT 3PCPU�"TTJTUFE ɨFSBQZ
	3"5
 XIFSF FNPUJPOT QMBZ B DSVDJBM SPMF JO UIF DPNNVOJDBUJPO QSPDFTT�

ɨF FOUJSF SPCPU JT DPWFSFE JO B TPGU GPBN BOE UFYUJMF TLJO JO PSEFS UP BUUBJO B TPGU BOE JOWJU�
JOH BQQFBSBODF GPS DIJMESFO BT XFMM BT UP QSPUFDU UIF JOUFSOBM DPNQPOFOUT GSPN EBNBHF�
8F XBOUFE UP NPWF BXBZ GSPN UIF JNBHF PG SPCPUT BT NFDIBOJDBM EFWJDFT NBEF PG IBSE
QMBTUJDT BOE NFUBMT BOE JOTUFBE BJN GPS B OPO�UISFBUFOJOH JNBHF SFNJOJTDFOU PG TUVêFE
BOJNBMT BOE UFEEZ CFBST� ɨF SBUJPOBMF CFIJOE UIJT DIPJDF JT JO MJOF XJUI UIBU PG TJNJMBS
SPCPUT TVDI BT 1BSP 	,JEE FU BM� ����
 1SPCP 	(PSJT FU BM� ����
 BOE UIF )VHHBCMF 	4UJFIM
FU BM� ����
�

#FDBVTF PG UIF QSPDFTT XF DIPTF GPS UIF QSPEVDUJPO PG 0OP�T TPGU GPBN TLJO MBZFS UIF UZQFT
PG HFPNFUSZ XF DPVME QSPEVDF XBT MJNJUFE UP TJNQMF TNPPUI TIBQFT� ɨJT JT SFìFDUFE JO
UIF ëOBM EFTJHO PG UIF SPCPU XIJDI DPVME CF EFTDSJCFE BT B iCMPCKFDUw� BO PCKFDU DPNQPTFE
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TNPPUI DVSWFT BOE MBDLJOH TIBSQ FEHFT� ɨJT JT OFDFTTBSZ CFDBVTF UIF UISFF�EJNFOTJPOBM
GPBN MBZFS JT DPNQPTFE TPMFMZ PVU PG NBOZ ìBU QJFDFT PG GPBN BOE NPSF EFUBJMFE GPSNT
XPVME SFRVJSF NPSF GPBN QBSUT�

ɨF VOSFBMJTUJD JDPO�MJLF BQQFBSBODF JT OPU POMZ UIF SFTVMU PG UFDIOJDBM MJNJUBUJPOT� *U JT
BMTP B DPOTDJPVT EFDJTJPO NBEF UP BWPJE UIF FêFDUT PG UIF 6ODBOOZ 7BMMFZ 	ëH� ����

BT EFTDSJCFE CZ .PSJ 	����
� ɨF IZQPUIFTJT PG UIF 6ODBOOZ 7BMMFZ JT UIBU UIF BïOJUZ
CFUXFFO B IVNBO CFJOH BOE BO PCKFDU JODSFBTFT JO QSPQPSUJPO UP UIF IVNBO MJLFOFTT PG
UIBU PCKFDU� ɨJT FêFDU DPOUJOVFT VQ UP UIF QPJOU XIFSF UIF PCKFDU 	F�H� B SPCPU
 JT BMNPTU
CVU OPU RVJUF IVNBO� *O UIJT SFHJPO OBNFE UIF 6ODBOOZ 7BMMFZ UIF FFSJOFTT SFTVMUT JO B
TUSPOH OFHBUJWF SFTQPOTF� *O PVS DBTF XF EFMJCFSBUFMZ DIPTF UP TUBZ PO UIF MFGU TJEF PG UIF
6ODBOOZ 7BMMFZ PQUJOH GPS B DIBSBDUFS�MJLF BQQFBSBODF PWFS B OFBS�IVNBO MJLFOFTT�

Fig. 3.22 The Uncanny Valley. Adopted from MacDorman (2005).

ɨF TJ[F PG UIF 0OP JT B EJSFDU DPOTFRVFODF PG POF PG UIF NPTU JNQPSUBOU QSBDUJDBM DPODFSOT
OBNFMZ UIBU UIF SPCPU TIPVME CF FBTZ UP USBWFM XJUI� ɨF SPCPU JT TJ[FE TP UIBU JU ëUT
JOTJEF UIF NBYJNVN EJNFOTJPOT GPS BO BJSMJOF DBSSZ�PO CBH �� DN × �� DN × �� DN�
ɨJT JT JNQPSUBOU GPS EFNPOTUSBUJPOT BU DPOGFSFODFT XPSLTIPQT BOE DPMMBCPSBUJPO XJUI
JOUFSOBUJPOBM QBSUOFST�

ɨF SPCPU IBT B EJTQSPQPSUJPOBMMZ MBSHF IFBE UP ESBX BUUFOUJPO UP JUT GBDF NBLJOH JUT GBDJBM
FYQSFTTJPOT NPSF OPUJDFBCMF� 0OP JT BMTP QPTFE JO B TJUUJOH QPTJUJPO UP JNQSPWF TUBCJMJUZ�
"T B DPOTFRVFODF PG JUT TJ[F BOE QPTF DIJMESFO DBO JOUFSBDU XJUI UIF SPCPU BU FZF IFJHIU
XIFO UIF SPCPU JT QMBDFE PO B UBCMF�

ɨF DPMPS ZFMMPX XBT DIPTFO CFDBVTF PG UIF BTTPDJBUJPO CFUXFFO ZFMMPX BOE QPTJUJWF FNP�
UJPOT BT EFTDSJCFE CZ ,BZB BOE &QQT 	����
� ɨF ZFMMPX TLJO DPMPS BMTP QSPWJEFT TVïDJFOU
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DPOUSBTU UP UIF GBDJBM GFBUVSFT NBLJOH UIFN FBTJMZ EJTUJOHVJTIBCMF�

'JOBMMZ XF DIPTF GPS B HFOFSJD OPO�EFTDSJQUJWF BQQFBSBODF GPS SPCPU JOTUFBE PG PQUJOH
GPS B NPSF ìFTIFE�PVU DIBSBDUFS XJUI EJTUJODU GFBUVSFT� ɨF SFBTPOJOH CFIJOE UIJT JT UIBU
FNCPEJNFOU TFSWFT BT B TPSU PG CMBOL DBOWBT POUP XIJDI B DIBSBDUFS DBO CF CVJMU UISPVHI
UIF VTF PG BUUSJCVUFT B CJU MJLF UIF .S� 1PUBUP )FBE UPZ� 0OF JEFB IFSF XBT UP FNCFE 3'*%
UBHT JO UIF BUUSJCVUFT BMMPXJOH UIF SPCPU UP BVUPNBUJDBMMZ DIBOHF UIF CFIBWJPS CBTFE PO
JUT BUUSJCVUFT�

ɨF EFTJHO SFRVJSFNFOUT GPS UIF DPODFQUVBM EFTJHO PG UIF SPCPU BSF TVNNBSJ[FE JO UBCMF
���� 'JHVSF ���� TIPXT TPNF PG UIF EPPEMFT BOE TLFUDIFT GSPN UIF DPODFQU EFTJHO QIBTF�
'JHVSF ���� TIPXT IPX UIF FMFNFOUT GSPN UIF TLFUDIFT XFSF DPNCJOFE BOE JODPSQPSBUFE
JOUP B �% NPEFM� ɨJT NPEFM TFSWFE BT B CBTJT GSPN XIJDI UIF EFUBJMFE $"% ESBXJOHT PG
0OP XFSF DSFBUFE�

Fig. 3.23 Rendered image of the Ono outer skin surface model

5BSHFU BVEJFODF
	DIJMESFO


5FDIOJDBM
SFRVJSFNFOUT

1SBDUJDBM
SFRVJSFNFOUT

'BDF POMZ
4PGU � IVHHBCMF

4JNQMF TIBQF
6OSFBMJTUJD BQQFBSBODF

'JUT JO IBOE MVHHBHF
-BSHF IFBE

4FBUFE QPTJUJPO
:FMMPX

(FOFSJD BQQFBSBODF

Table 3.4 Summary of concept design requirements
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3.3.2 CONSTRUCTION

Fig. 3.24 The Ono v1.0 prototype with control unit

%JêFSFOU GSPN NBOZ PUIFS SPCPUT JO )3* SFTFBSDI 0OP XBT EFTJHOFE XJUI MPX�DPTU NBUF�
SJBMT BOE %*: UFDIOJRVFT JO NJOE XJUI UIF HPBM PG DSFBUJOH B MPX�DPTU TPDJBM SPCPU UIBU DBO
CF QSPEVDFE VTJOH FRVJQNFOU UIBU JT DPNNPOMZ GPVOE JO 'BC-BCT� ɨF DPTU PG NBUFSJBMT
SFRVJSFE UP CVJME POF SPCPU JT BSPVOE ��� &63� ɨJT DPTU NBZ WBSZ EFQFOEJOH PO MPDBUJPO
BOE PO XIBU DPNQPOFOUT UIF VTFS BMSFBEZ PXOT� 5BCMF ��� QSPWJEFT B SPVHI CSFBLEPXO
PG UIF DPTUT�

ɨF EFTJHO PG UIF SPCPU SFMJFT VQPO MBTFS DVUUJOH BT UIF NBJO QSPEVDUJPO UFDIOJRVF� ɨF
NBJO BEWBOUBHFT PG MBTFS DVUUJOH BSF UIBU 	�
 JU JT GBTU 	�
 UIF ëMFT DBO CF FEJUFE FBTJMZ 	�

JU JT XFMM TVJUFE GPS MBSHFS DPNQPOFOUT BOE 	�
 UIF NBDIJOF JT SFBTPOBCMZ FBTZ UP PQFSBUF
SFRVJSJOH OP BSUJTBOTIJQ� "T B TFMG�JNQPTFE DPOTUSBJOU XF SFTUSJDUFE UIF EFTJHO UP VTJOH
POMZ MBTFS�DVUUJOH BOE Pê�UIF�TIFMG QBSUT JO HFOFSBUJPO POF� CFDBVTF XF EJE OPU XBOU UP
JOUSPEVDF NPSF NBDIJOFSZ�FRVJQNFOU SFRVJSFNFOUT� ɨJT QSPWFE UP CF B DIBMMFOHF GPS
UIF EFTJHO PG UIF FZFT XIJDI SFRVJSF NBOZ TNBMM BOE JOUSJDBUF DPNQPOFOUT�

#PUI UIF IBSE NFDIBOJDBM QBSUT BOE UIF TPGU QSPUFDUJWF GPBN DPWFSJOH BSF DVU VTJOH B MBTFS
DVUUFS� ɨF TUSVDUVSBM QBSUT BSF NBEF GSPN � NN UIJDL QMBTUJD TIFFU NBUFSJBM� *OJUJBMMZ XF
VTFE XIJUF 14 QMBTUJD UIPVHI GSPN W��� POXBSE XF TXJUDIFE UP CMBDL "#4 QMBTUJD EVF UP
JUT TVQFSJPS NFDIBOJDBM QSPQFSUJFT BOE CFUUFS QBSU ëOJTI BU B TJNJMBS QSJDF QPJOU� ɨF TPGU
GPBN DPWFSJOH JT NBEF GSPN ìBU TIFFUT PG ìFYJCMF 16 GPBN�
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'JHVSF ���� TIPXT B QJDUVSF PG UIF W��� QSPUPUZQF PG UIF SPCPU� ɨF MFGU TJEF TIPXT UIF
JOOFS XPSLJOHT PG UIF SPCPU B QSPPG�PG�DPODFQU PG UIF PVUFS TLJO JT TIPXO UP UIF SJHIU
BOE UIF DPOUSPM JOUFSGBDF CPY JT TIPXO JO UIF NJEEMF� 8F EJTUJOHVJTI GPVS LFZ FMFNFOUT
JO UIF EFTJHO PG UIF SPCPU�

t ǲF GSBNF o ɨF GSBNF PG UIF SPCPU JT NBEF GSPN MBTFS�DVU JOUFSMPDLJOH DSPTT�
TFDUJPOT XIJDI TMPU UPHFUIFS UP GPSN B TUVSEZ TUSVDUVSF� ɨF QJFDFT PG UIF GSBNF
BSF BUUBDIFE UP POF BOPUIFS VTJOH TMPU BOE UBC DPOOFDUJPOT� ɨF GSBNF IBT PQFO�
JOHT UP BDDPNNPEBUF UIF EJêFSFOU NPEVMFT BOE IBT TMPUT BOE IPMFT UP TFDVSF UIF
XJSJOH UP UIF GSBNF VTJOH [JQ�UJFT�
" �% NPEFM PG UIF EFTJSFE BQQFBSBODF PG UIF SPCPU XBT VTFE BT UIF TUBSUJOH QPJOU
GPS UIF GSBNF� "GUFS BDDPVOUJOH GPS UIF UIJDLOFTT PG UIF GPBN DPWFSJOH UIJT NPEFM
XBT TMJDFE JOUP NVMUJQMF DSPTT�TFDUJPOT� ɨFTF TFDUJPOT XFSF UIFO VTFE BT UIF CBTJT
GPS UIF TLFMFUBM TUSVDUVSF PG UIF SPCPU� ɨF GSBNF EFTJHO XBT ëOJTIFE CZ BEEJOH
GFBUVSFT TVDI BT DPOOFDUPST TMPUT BOE IPMFT UP UIF DSPTT�TFDUJPOT� $VSSFOUMZ XF
HFOFSBUF UIFTF TMJDFT NBOVBMMZ IPXFWFS GVUVSF XPSL JODMVEFT QSPHSBNNJOH B $"%
UPPM PS QMVHJO UP BVUPNBUF UIJT QSPDFTT�

t ǲF NPEVMFT o ɨF GBDJBM GFBUVSFT PG 0OP BSF EJWJEFE JOUP NPEVMFT� &BDI NPE�
VMF DPOTJTUT PG B TFU PG SFMBUFE BDUVBUPST BOE TUSVDUVSBM QBSUT GPSNJOH B IJHIFS�MFWFM
CVJMEJOH CMPDL� .PEVMFT BSF DPOOFDUFE UP UIF GSBNF VTJOH DBOUJMFWFS TOBQ DPOOFD�
UPST� 8F DIPTF UP HSPVQ DPNQPOFOUT JOUP NPEVMFT CFDBVTF JU GBDJMJUBUFT SFQBJST
CFDBVTF UIFZ DBO CF SFVTFE JO OFX SPCPUT BOE CFDBVTF UIFZ BMMPX VT UP JNQSPWF
GBDJBM GFBUVSF NFDIBOJTNT JOEFQFOEFOUMZ GSPN UIF SFTU PG UIF SPCPU�
'JHVSF ���� TIPXT UIF NPEVMFT 	IJHIMJHIUFE JO DPMPS
 FNCFEEFE JO UIF TLFMFUBM
GSBNF� ɨF BSSPXT JOEJDBUF UIF EFHSFFT PG GSFFEPN PG UIF 0OP�T GBDF� ɨF HFOFSBUJPO
POF QSPUPUZQFT IBWF UISFF UZQFT PG NPEVMFT� UXP FZF NPEVMFT 	CMVF
 UXP FZFCSPX
NPEVMFT 	HSFFO
 BOE POF NPVUI NPEVMF 	SFE
�

t ǲF TLJO o ɨF GSBNF BOE UIF NPEVMFT BSF XSBQQFE JO B QSPUFDUJWF DPWFS NBEF GSPN
QPMZVSFUIBOF GPBN� ɨJT HJWFT UIF SPCPU B TPGU FYUFSJPS GPS JOUFSBDUJPO XJUI DIJMESFO
BOE QSPUFDUT UIF JOOFS DPNQPOFOUT GSPN QPUFOUJBM EBNBHF� ɨJT TPGU GPBN DPWFSJOH
JT JO UVSO DPWFSFE CZ B TFXO TVJU NBEF PVU PG FMBTUJD GBCSJD DPWFSJOH VQ UIF JOOFS
DPNQPOFOUT BOE QSPWJEJOH B WJTVBMMZ BUUSBDUJWF BQQFBSBODF�
ɨF NBOVGBDUVSF PG UIF TPGU GPBN QBEEJOH QSPWFE EJïDVMU� *OJUJBMMZ XF FYQFSJ�
NFOUFE XJUI NPMEJOH UFDIOJRVFT UP QSPEVDF UIJT ìFYJCMF GPBN DPWFS� ɨJT QSPWFE
UP CF VOTVJUBCMF� DSFBUJOH MBSHF NPMET JT MBCPS�JOUFOTJWF BOE UIF ìFYJCMF 16 SFTJOT
BSF WFSZ TFOTJUJWF UP UFNQFSBUVSF BOE IVNJEJUZ DPOEJUJPOT� 0VS TPMVUJPO XBT UP
SFDSFBUF UIF UISFF�EJNFOTJPOBM GPBN DPWFS PVU PG NBOZ ìBU MBTFS�DVU QJFDFT PG GPBN�
ɨF �% NPEFM PG UIF JOUFOEFE BQQFBSBODF XBT EJWJEFE JU JOUP SFHJPOT� ɨFTF SFHJPOT
XFSF UIFO ìBUUFOFE JO TPGUXBSF JO B XBZ UIBU NJOJNJ[FT UPUBM BNPVOU PG EJTUPSUJPO�
ɨF SFTVMUJOH TIBQFT XFSF UIFO MBTFS�DVU PVU PG GPBN BOE UIFO TFXO UPHFUIFS PWFS
UIF GSBNF SFTVMUJOH JO B �% GPBN TIBQF� ɨF UFDIOJRVF SFRVJSFT UIBU UIF TIBQF PG
UIF NPEFM JT TNPPUI BOE DPOUJOVPVT TP UIBU UIF CPEZ DBO FBTJMZ CF TQMJU JO UXP�
EJNFOTJPOBM QBUUFSOT� ɨF TBNF �% ìBUUFOJOH QSPDFTT XBT BMTP VTFE UP DSFBUF UIF
QBUUFSOT GPS UIF UFYUJMF TLJO�
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t ǲF DPOUSPM VOJU o ɨF ëSTU HFOFSBUJPO QSPUPUZQFT BSF DPOUSPMMFE GSPN B TFQBSBUF
DPOUSPM CPY� *O BEEJUJPO UP UIF JOUFSGBDF UIJT DPOUSPM VOJU BMTP DPOUBJOT UIF QPXFS
TVQQMZ BOE UIF NJDSPDPOUSPMMFS ESJWJOH UIF SPCPU� "T UIFTF QSPUPUZQFT XFSF EFTJHOFE
QSJNBSJMZ BT UFDIOJDBM CFODINBSLT GPS UIF NFDIBOJDBM EFTJHO NVDI MFTT BUUFOUJPO
XBT QBJE UP UIF TPGUXBSF TJEF PG UIF SPCPU� $POTFRVFOUMZ UIFTF SPCPU DPOUBJOFE
POMZ UIF CBSF NJOJNVN PG JOUFSBDUJWJUZ PêFSJOH KVTU FOPVHI UP CF BCMF UP UFTU UIF
NFDIBOJDBM FOHJOFFSJOH�
ɨF GSPOU PG UIF DPOUSPM CPY IBT B KPZTUJDL QPTJUJPOFE JO UIF DFOUFS PG BO FNPUJPO
DIBSU BMMPXJOH UIF VTFS UP TFMFDU UIF EFTJSFE FNPUJPO EJSFDUMZ� ɨJT DIBSU JT CBTFE
VQPO UIF DJSDVNQMFY NPEFM PG BêFDU 	3VTTFM ����
 B DPOUJOPVT UXP�EJNFOTJPOBM
FNPUJPO TQBDF� ɨF X BOE Y QPTJUJPOT PG UIF KPZTUJDL BSF NBQQFE EJSFDUMZ UP UIF
EJNFOTJPOT PG UIJT NPEFM BOE BSF VTFE UP ESJWF GBDJBM FYQSFTTJPOT� ɨF JOUFSOBM
NJDSPDPOUSPMMFS PG UIF DPOUSPM VOJU SFBET UIF KPZTUJDL QPTJUJPO BOE DBMDVMBUFT TFSWP
QPTJUJPOT� ɨF QPTJUJPO EBUB JT TFOU UISPVHI B DBCMF UP UIF TFSWP DPOUSPMMFS JOTJEF
UIF SPCPU� ɨJT DBCMF JT BMTP VTFE UP QSPWJEF QPXFS UP UIF SPCPU�

Fig. 3.25 CAD model showing construction and DOFs of Ono. The servo actuators are shown
in a darker color.

3.3.3 REPRODUCTION OF A ROBOT

0OF PG UIF QSPKFDU HPBMT JT UIBU 0OP DBO CF CVJMU XJUIPVU UIF BJE PG QBJE FYQFSUT PS QSP�
GFTTJPOBMT VTJOH DPNNPO NBUFSJBMT BOE VTJOH FBTZ BDDFTTJCMF QSPEVDUJPO UFDIOJRVFT� ɨF
QSPDFTT PG SFQMJDBUJOH UIF SPCPU JT NBEF VQ PVU PG UXP QBSUT� ɨF ëSTU QIBTF DPOTJTUT PG
HBUIFSJOH UIF OFDFTTBSZ Pê�UIF�TIFMG QBSUT BT XFMM BT NBOVGBDUVSJOH BMM DVTUPN QBSUT� ɨF
TFDPOE QIBTF FOUBJMT BTTFNCMJOH UIFTF QBSUT JOUP B NFBOJOHGVM BSUJGBDU�
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%FTDSJQUJPO $PTU

�NN QPMZTUZSFOF TIFFUT �� ǎ
��NN QPMZVSFUIBOF GPBN � ǎ �
"SEVJOP 6OP NJDSPDPOUSPMMFS �� ǎ �
44$��� TFSWP DPOUSPMMFS �� ǎ �
1$ QPXFS TVQQMZ �� ǎ �
3$ TFSWPT �� ǎ �
/VUT CPMUT DBCMF UJFT �� ǎ �
$POOFDUPST BOE FMFDUSJD DPNQPOFOUT �� ǎ �
5FYUJMF TVQQMJFT �� ǎ �
-BTFS DVUUJOH DPTU �� ǎ �

5PUBM ��� ǎ �

Table 3.5 Cost breakdown of the v1.0 prototype

ɨF GPDVT PG PVS JOWFTUJHBUJPO JT PO UIF TFDPOE QIBTF� *O PVS PQJOJPO UIF VTBHF PG EJH�
JUBM NBOVGBDUVSJOH UFDIOJRVFT CZ OPWJDFT FTQFDJBMMZ �% QSJOUJOH BOE MBTFS DVUUJOH IBT
BMSFBEZ CFFO TVïDJFOUMZ FYQMPSFE JO MJUFSBUVSF 	#MJLTUFJO ����B� (JCC ����� .BSUJO
����� .VFMMFS BOE #BVEJTDI ����
� "EEJUJPOBMMZ MPDBUJPOT UIBU PêFS BDDFTT UP EJHJUBM
NBOVGBDUVSJOH GBDJMJUJFT UP UIF HFOFSBM QVCMJD VTVBMMZ IBWF B TZTUFN JO QMBDF UP JOTUSVDU
OPWJDFT PO IPX UP VTF UIF NBDIJOFT� 'PS JOTUBODF NBOZ 'BC-BCT FNQMPZ B TZTUFN PG
NBOEBUPSZ JOTUSVDUJPO XPSLTIPQT CFGPSF B NBDIJOF DBO CF VTFE�

Fig. 3.26 Assembly instructions for the Ono v1.0 eye module

0O UIF PUIFS IBOE DPNNVOJDBUJOH BTTFNCMZ JOTUSVDUJPOT UP OPO�FYQFSUT DBO PGUFO CF B
EJïDVMU QSPTQFDU FTQFDJBMMZ XIFO UIF TVCKFDU NBUUFS JT DPNQMFY BOE XIFO GBDF�UP�GBDF
JOTUSVDUJPO JT OPU GFBTJCMF� ɨF BTTFNCMZ PG *,&" GVSOJUVSF JT B DMBTTJD FYBNQMF PG UIJT
QSPCMFN� UIPVHI JO UIJT DBTF UIF DPNQPOFOUT BSF OPU DSFBUFE CZ UIF VTFS BOE UIF EFTJHO JT
PQUJNJ[FE UP NJOJNJ[F UIF OVNCFS PG BTTFNCMZ TUFQT� ɨF EJTTFNJOBUJPO PG PQFO IBSEXBSF
CVJME JOTUSVDUJPOT JT FTQFDJBMMZ QSPCMFNBUJD CFDBVTF UIF BSUJGBDUT UFOE UP CF NVDI NPSF
DPNQMFY BOE DBQUVSJOH BMM UIF SFRVJSFE BTTFNCMZ JOTUSVDUJPO JO EJHJUBM ëMFT DBO CF EJïDVMU
BOE UJNF�DPOTVNJOH�
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Assembled frame

Fig. 3.27 Line drawing of the assembled frame

*SXJO FU BM� 	����
 JMMVTUSBUF TPNF PG UIF EJïDVMUJFT FODPVOUFSFE JO SFQMJDBUJPO PG PQFO
TPVSDF IBSEXBSF CZ OPWJDFT� *O UIF FYQFSJNFOU QBSUJDJQBOUT BTTFNCMFE B 3FQ3BQ �%
QSJOUFS 	+POFT FU BM� ����
 PWFS UIF DPVSTF PG B UISFF�EBZ XPSLTIPQ� )FSF B XJLJ�CBTFE
JOTUSVDUJPO NBOVBM TFSWFE BT UIF QSJNBSZ TPVSDF PG EPDVNFOUBUJPO� ɨPVHI UIF XPSLTIPQ
XBT TFMG�QBDFE FYQFSUT XFSF BMTP QSFTFOU UP BJE QBSUJDJQBOUT XIFO IFMQ XBT OFFEFE�

Fig. 3.28 Participant assembling the eye module.

5P JOWFTUJHBUF UIF QPUFOUJBM EJïDVMUJFT JO UIF BTTFNCMZ QSPDFTT PG UIF 0OP XF DPOEVDUFE
B TIPSU QJMPU TUVEZ� 0VS FYQFSJNFOU XBT NVDI NPSF MJNJUFE JO TDPQF UIBO UIBU PG *SXJO
FU BM� 	����
 IPXFWFS XF PQUFE UP BTL PVS QBSUJDJQBOUT UIF BTTFNCMZ TUFQT XJUIPVU UIF BJE
PG BO FYQFSU� ɨF FYQFSJNFOU XBT EJWJEFE JOUP UXP UBTLT�
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t 'PS UIF ëSTU UBTL QBSUJDJQBOUT XFSF BTLFE UP BTTFNCMF UIF GSBNF PG UIF SPCPU� ɨFZ
XFSF HJWFO QSJOUFE DPQZ PG B MJOF ESBXJOH SFQSFTFOUJOH UIF JOUFOEFE SFTVMU UIFZ
XFSF OPU HJWFO TUFQ�CZ�TUFQ JOTUSVDUJPOT� ɨF MJOF ESBXJOH JT TIPXO JO ëHVSF �����

t ɨF TFDPOE UBTL DPNQSJTFE BTTFNCMJOH POF FZF NPEVMF� 5PXBSE UIJT FOE QBSUJDJ�
QBOUT XFSF HJWFO UIF SFRVJSFE QBSUT TJNQMF UPPMT BOE B GPVS�QBHF JOTUSVDUJPO NBO�
VBM TIPXO JO ëHVSF �����

ɨF QJMPU TUVEZ XBT QFSGPSNFE XJUI ëWF QBSUJDJQBOUT BHFE ����� ZFBST PME� 7JEFP SFDPSE�
JOH XBT VTFE BT UIF QSJNBSZ NFBOT PG EBUB DBQUVSF 	M8
 BT TIPXO JO ëHVSF ����� ɨF
UIJOL�BMPVE QSPUPDPM 	'POUFZO FU BM� ����
 XBT FNQMPZFE EVSJOH UIF BTTFNCMZ QSPDFTT
NFBOJOH UIBU QBSUJDJQBOUT XFSF BTLFE UP WFSCBMJ[F UIFJS UIPVHIU QSPDFTT XIJMF UIFZ XFSF
BTTFNCMJOH DPNQPOFOUT� *NNFEJBUFMZ BGUFS DPNQMFUJOH UIF UXP UBTLT " TIPSU GPMMPX�VQ
JOUFSWJFX 	M7
 XBT QFSGPSNFE DPOTJTUJOH PG UIF GPMMPXJOH RVFTUJPOT�

t )PX XPVME ZPV EFTDSJCF UIF PWFSBMM EJïDVMUZ PG UIF UXP UBTLT 

t 8IBU XFSF UIF NPTU EJïDVMU TUFQT 

t )PX TIPVME UIF EPDVNFOUBUJPO CF JNQSPWFE 

ɨF UFTUT TIPXFE UIBU UIF WJTVBM JOTUSVDUJPOT XPSL SFBTPOBCMZ XFMM UP HVJEF JOFYQFSJFODFE
VTFST UISPVHI UIF BTTFNCMZ QSPDFTT� 6TFST OPUFE UIBU XIJMF UIF ESBXJOH PG UIF DPNQMFUFE
FZF NPEVMF MPPLT WFSZ DPNQMFY UIF BDUVBM BTTFNCMZ QSPDFTT JT HSFBUMZ TJNQMJëFE CZ UIF
TUFQ�CZ�TUFQ JOTUSVDUJPOT� 0OF VTFS DPNQBSFE UIF NPEVMF LJU UP B TFU PG -&(0 CSJDLT BOE
UIBU DPNQMFUJOH UIF BTTFNCMZ PG UIF FZF NPEVMF HBWF IJN B TFOTF PG TBUJTGBDUJPO QPUFOUJBMMZ
IJOUJOH BU UIF *,&" FêFDU 	/PSUPO FU BM� ����
�

ɨF FYQFSJNFOU BMTP SFWFBMFE B OVNCFS PG QSPCMFNT GPS CPUI UIF JOTUSVDUJPOT BOE UIF
QBSUT UIFNTFMWFT� ɨF JOTUSVDUJPOT TIPVME JODMVEF NPSF DPMPS UP JEFOUJGZ OFX PS EJTTJNJMBS
DPNQPOFOUT� &BDI DPNQPOFOU TIPVME BMTP CF MBCFMFE XJUI BO JEFOUJGZJOH OVNCFS BOE
SFRVJSFE UPPMT o JG BQQMJDBCMF o TIPVME CF TIPXO JO FBDI TUFQ� "U UJNFT QSPCMFNT BSPTF
XIFO TJNJMBS�MPPLJOH MBTFS�DVU QBSUT XFSF JOUFSDIBOHFE PS XIFO QBSUT XFSF BTTFNCMFE JO
B NJSSPSFE QPTJUJPO�

'SPN HFOFSBUJPO � POXBSE B OVNCFS PG DIBOHFT XFSF FOBDUFE UP DPNCBU UIF QSPCMFNT
FODPVOUFSFE EVSJOH UIJT FYQFSJNFOU� 5P TUBSU UIF JOTUSVDUJPO GPSNBU XBT TXJUDIFE GSPN
BO *,&"�-&(0�MJLF MJOF ESBXJOH GPSNBU UP BO POMJOF XJLJ�CBTFE JOTUSVDUJPO NBOVBM
XJUI FBDI TUFQ EPDVNFOUFE XJUI B QIPUPHSBQI BOE B TIPSU UFYU EFTDSJQUJPOT� ɨF MJOF
ESBXJOHT QSPWFE UPP UJNF�JOUFOTJWF UP DSFBUF BOE EJE OPU DPOWFZ BMM UIF JOGPSNBUJPO UIBU
B HPPE QJDUVSF DPVME DPOWFZ� ɨF XJLJ BMMPXT VTFST UP JNQSPWF UIF EPDVNFOUBUJPO BOE
BMTP LFFQT USBDL PG UIF EPDVNFOU�T WFSTJPO IJTUPSZ�

*O MBUFS HFOFSBUJPOT FBDI MBTFS�DVU QBSU XBT HJWFO B VOJRVF QBSU OVNCFS FOHSBWFE JOUP
UIF TVSGBDF PG UIF QBSU� ɨF QBSU OVNCFS BMTP JEFOUJëFT UIF TVCBTTFNCMZ UP XIJDI UIF
QBSU CFMPOHT BT XFMM BT UIF SPCPU WFSTJPO OVNCFS� ɨF QBSU OVNCFST BSF VTFE JO UIF
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EPDVNFOUBUJPO UP VOBNCJHVPVTMZ JEFOUJGZ UIF QBSUT UIBU BSF SFRVJSFE EVSJOH FBDI TUFQ�
ɨF QBSU OVNCFST BMTP BMMPX VT UP VOBNCJHVBUF UIF PSJFOUBUJPO PG B QBSU� QBSU TIPVME
BMXBZT CF BTTFNCMFE TP UIBU UIF FOHSBWFE UFYU JT GBDJOH PVUXBSE� ɨJT XBZ NJSSPS BTTFNCMZ
TJUVBUJPOT BSF BWPJEFE�

3.3.4 ROBOT-ASSISTED THERAPY

"T EFTDSJCFE BU UIF TUBSU PG TFDUJPO ��� UIF 0OP QMBUGPSN XBT PSJHJOBMMZ DPODFJWFE BT B
SFTFBSDI UPPM BJNFE BU SPCPU�BTTJTUFE UIFSBQZ GPS DIJMESFO XJUI "VUJTN 4QFDUSVN %JTPSEFS
	"4%
� ɨF UFSN "4% FODPNQBTTFT B HSPVQ PG NFOUBM DPOEJUJPOT DIBSBDUFSJ[FE CZ TPDJBM
BOE DPNNVOJDBUJPO EFëDJUT ëYBUFE PS SFQFUJUJWF CFIBWJPST BOE TFOTPSZ JTTVFT 	"NFSJDBO
1TZDIJBUSJD "TTPDJBUJPO ����
� ɨF XPSE iTQFDUSVNw JT VTFE UP JOEJDBUF UIBU UIF EJTPSEFS
DPWFST B XJEF SBOHF PG TFWFSJUZ TQBOOJOH GSPN IJHI GVODUJPOJOH JOEJWJEVBMT UIBU JOUFHSBUF
XFMM JOUP TPDJFUZ UP TFWFSFMZ BVUJTUJD JOEJWJEVBMT SFRVJSJOH DPOTUBOU DBSF� 4UVEJFT TVHHFTU
UIF GSFRVFODZ PG "4% UP CF BU � QFS ��� JOEJWJEVBMT 	#BJSE FU BM� ����
�

&BSMZ JOUFSWFOUJPO JT B LFZ DPNQPOFOU PG USFBUNFOU BOE DBO HSFBUMZ JNQSPWF UIF TPDJBCJM�
JUZ GVODUJPOBM JOEFQFOEFODF BOE RVBMJUZ PG MJGF PG JOEJWJEVBMT BêFDUFE CZ "4% 	3PHFST
����
� 5PPMT TVDI BT UPZT BOE TUVêFE BOJNBMT BSF PGUFO VTFE JO UIF UIFSBQZ PG ZPVOH
DIJMESFO XJUI BVUJTN BT B XBZ UP JODSFBTF NPUJWBUJPO BOE BUUFOUJPO� ɨF VTF PG BOJNBMT
JO UIFSBQZ JT BMTP B SFDVSSJOH UIFNF 	/JNFS BOE -VOEBIM ����
 UIPVHI "OJNBM�"TTJTUFE
ɨFSBQZ 	3"5
 TVêFST GSPN B OVNCFS PG ESBXCBDLT� ɨFTF ESBXCBDLT JODMVEF UIF FYQFOTF
PG USBJOJOH BOE DBSJOH GPS BOJNBMT UIFJS TBGFUZ 	CPUI CFIBWJPS BT XFMM BT EJTFBTFT BOE BM�
MFSHJFT
 BOE UIFJS VOQSFEJDUBCJMJUZ� 'PS UIFTF SFBTPOT TPDJBM SPCPUT IBWF CFFO TVHHFTUFE
BT BO BMUFSOBUJWF NFBOT UP DPOEVDU UIJT UZQF PG UIFSBQZ MFBEJOH UP UIF DPODFQU PG 3"5�
1SJPS XPSL IBT BMSFBEZ JOWFTUJHBUFE UIF FêFDUT PG SPCPUT JO UIF TPDJBMJ[BUJPO PG DIJMESFO
XJUI "4% 	$BCJCJIBO FU BM� ����� ,P[JNB /BLBHBXB FU BM� ����� 3PCJOT FU BM� �����
7BOEFSCPSHIU FU BM� ����
�

*O UIJT EPNBJO XF JEFOUJGZ B OVNCFS PG SFBTPOT XIZ UIF VTF PG B MPX�DPTU PQFO TPVSDF
TPDJBM SPCPU DPVME CF BEWBOUBHFPVT�

t $VSSFOU TUVEJFT JO 3"5 TQFDJëDBMMZ BOE )3* JO HFOFSBM BSF PGUFO MJNJUFE CZ UIF
BWBJMBCJMJUZ PG SPCPUT MFBEJOH UP FYQFSJNFOUT XJUI B MJNJUFE OVNCFS PG QBSUJDJQBOUT�
"DDFTT UP TNBMM JOFYQFOTJWF BOE VTFS�GSJFOEMZ SPCPUT XPVME FOBCMF SFTFBSDIFST UP
QFSGPSN MBSHF�TDBMF RVBOUJUBUJWF TUVEJFT�

t $VSSFOU "4% USFBUNFOU UIFSBQZ JT UJNF�DPOTVNJOH BOE FYQFOTJWF BOE UIJT QSPCMFN
JT DPNQPVOEFE CZ UIF MJNJUFE BWBJMBCJMJUZ PG RVBMJëFE UIFSBQJTUT� 8IJMF XF CFMJFWF JU
UP CF JMM�BEWJTFE UP USZ UP SFQMBDF UIFSBQJTUT XJUI SPCPUT XF EP UIJOL UIF UFDIOPMPHZ
IBT NVDI UP PêFS BT B UPPM GPS UIFSBQJTUT UP VTF EVSJOH TFTTJPOT BOE XPVME IFMQ
UP TUSFBNMJOF UIF UIFSBQZ QSPDFTT� )PXFWFS UIF BWBJMBCJMJUZ PG MPX�DPTU SPCPUJD
QMBUGPSNT JT B QSFSFRVJTJUF UP UIJT�

t $POUJOVJOH UIJT UIPVHIU JOFYQFOTJWF TPDJBM SPCPUT DPVME BMTP TFSWF BT B IPNFXPSL
UPPM GPS DIJMESFO XJUI BVUJTN� $IJMESFO DPVME MFBSO OFX NBUFSJBMT EVSJOH UIFSBQZ
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TFTTJPOT BOE TVCTFRVFOUMZ QSBDUJDF UIFTF MFTTPOT BU IPNF XJUI BJE PG UIF SPCPU� "T
BO BEEJUJPOBM BEWBOUBHF B TDFOBSJP XIFSF QBSFOUT IFMQ XJUI UIF iIPNFXPSLw PG UIFJS
DIJME DBO BMTP TFSWF UP TUSFOHUIFO UIF CPOE CFUXFFO QBSFOU BOE DIJME� 1SFTFOUMZ B
SFPDDVSSJOH QSPCMFN JT UIBU TFWFSFMZ BVUJTUJD DIJMESFO DBO CF NVDI NPSF TPDJBCMF
UPXBSE UIFJS UIFSBQJTU UIBO UPXBSE UIFJS QBSFOUT CFDBVTF DIJME BOE UIFSBQJTU TQFOE
NVDI NPSF UJNF UPHFUIFS QSBDUJDJOH TPDJBM JOUFSBDUJPOT�

t "4% DPWFST B XJEF TQFDUSVN PG DPOEJUJPOT BOE QBUJFOUT PGUFO SFRVJSF UIFSBQZ UIBU
JT QFSTPOBMJ[FE UP UIFJS TQFDJëD OFFET BOE UP UIF FYUFOU PG UIFJS BCJMJUZ� ɨF PQFO
TPVSDF QBSBEJHN DBO TFSWF UP BEESFTT UIJT OFFE PG BEBQUBUJPO BOE DVTUPNJ[BUJPO
PG UIF SPCPUJD QMBUGPSN UPXBSE UIF OFFET PG B TQFDJëD QBUJFOU PS TVCDBUFHPSZ PG
QBUJFOUT�

$POUJOVJOH UPXBSE UIF FYQMPSBUJPO PG UIJT UIFNF XF IBWF QFSGPSNFE UXP FYQFSJNFOUT
XJUIJO UIF DPOUFYU PG 3"5 GPS UIF USFBUNFOU PG "4%� ɨF TFUVQ BOE SFTVMUT PG UIFTF FYQFS�
JNFOUT BSF EFUBJMFE JO UIF UXP TVCTFDUJPOT CFMPX�

3.3.4.1 PILOT STUDY IN ROMANIA�

Fig. 3.29 Child interacting with Ono during the pilot study

�ɨJT TUVEZ XBT QFSGPSNFE JO DPMMBCPSBUJPO XJUI $SJTUJOB $PTUFTDV BOE .JIBFMB 7PSOJDV GSPN UIF #BCFT�#PMZBJ
6OJWFSTJUZ EFQBSUNFOU PG $MJOJDBM 1TZDIPMPHZ BOE 1TZDIPUIFSBQZ
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" QJMPU TUVEZ XBT QFSGPSNFE UP JOWFTUJHBUF UIF FNPUJPOBM SFTQPOTF PG DIJMESFO XJUI BVUJTN
UPXBSE 0OP� ɨF TUVEZ XBT QFSGPSNFE JO 3PNBOJB XIFSF UIF SPCPU XBT UFTUFE XJUI ëWF
DIJMESFO EJBHOPTFE XJUI "4% BHFE � UP �� ZFBST PME� 0OP W��� XBT VTFE EVSJOH UIF TUVEZ�
ɨF SPCPU XBT DPOUSPMMFE EJSFDUMZ CZ UIF UIFSBQJTU QFSGPSNJOH UIF FYQFSJNFOU� ɨF SPCPU
GVODUJPOFE BT BO PVUQVU EFWJDF POMZ UIFSF XFSF OP JOUFHSBUFE TFOTPST JO UIJT QSPUPUZQF�
*O UIJT i8J[BSE PG 0[w TFUVQ UIF UIFSBQJTU DPOUSPMMFE UIF SPCPU�T FNPUJPOT EJSFDUMZ WJB B
KPZTUJDL JOUFSGBDF UIVT FNVMBUJOH BVUPOPNPVT SPCPU CFIBWJPS� ɨF UFTU DPOTJTUFE PG UISFF
QIBTFT�

�� ɨF TUVEZ CFHBO XJUI BO FYQMPSBUJPO QIBTF� ɨF DIJMESFO XFSF HJWFO UJNF UP GSFFMZ
JOUFSBDU XJUI 0OP� 7BSJPVT BTQFDUT PG JOUFSBDUJPO TVDI BT GBDJBM FYQSFTTJPO NJNJDL�
JOH XFSF PCTFSWFE�

�� *O UIF TFDPOE QIBTF UIF DIJMESFO XFSF BTLFE UP JEFOUJGZ UIF FNPUJPO FYQSFTTFE
CZ UIF SPCPU� ɨF FNPUJPOT IBQQJOFTT BOHFS TBEOFTT BOE TVSQSJTF XFSF TIPXO JO
SBOEPN PSEFS BOE FBDI FNPUJPO XBT TIPXO GPVS UJNFT� ɨF DIJMESFO XFSF BTLFE
UP QJDL UIF SJHIU FNPUJPO GSPN UIF MJTU PG GPVS QPTTJCMF BOTXFST�

�� 'JOBMMZ UIF TFTTJPOT DPODMVEFE XJUI UIF PQQPSUVOJUZ GPS BEEJUJPOBM QMBZ UJNF�

*OUFSBDUJPOT XFSF DBQUVSFE PO WJEFP 	M8
 BOE XFSF BOBMZTFE QPTU�IPD� ɨF SFTVMUT PG UIJT
QJMPU TUVEZ BSF TVNNBSJ[FE JO UIF UBCMFT CFMPX� 5BCMF ��� TIPXT UIF JOUFSBDUJPO SBUFT EVS�
JOH UIF TUVEZ� 5BCMF ��� TIPXT UIF SFDPHOJUJPO SBUFT PG UIF GPVS TFMFDUFE FNPUJPOT� 'PS
FBDI PG UIF FNPUJPOT UIF UBCMF JOEJDBUFT UIF OVNCFS PG UJNFT UIF FNPUJPO XBT DPSSFDUMZ
JEFOUJëFE UIF OVNCFS PG UJNFT BO JODPSSFDU BOTXFS XBT HJWFO BOE UIF OVNCFS PG UJNFT
DIJMESFO JOEJDBUFE UIFZ EJE OPU LOPX UIF BOTXFS� 'PS UIF SFDPHOJUJPO SBUFT POMZ �� NFB�
TVSFNFOUT XFSF PCUBJOFE 	BT PQQPTFE UP ��
 BT POF DIJME SFGVTFE UP QBSUJDJQBUF JO UIJT QBSU
PG UIF TUVEZ�

0WFSBMM UIFTF UFTUT TVHHFTU UIBU 0OP IBT BO PWFSBMM JOWJUJOH BQQFBSBODF UIBU FMJDJUT JOUFS�
BDUJPO UIPVHI UIFSF BSF TUJMM TFWFSBM JTTVFT UIBU OFFE UP CF BEESFTTFE� ɨF QBSUJDJQBUJOH
DIJMESFO DPVME FBTJMZ JEFOUJGZ IBQQJOFTT BOE TBEOFTT CVU BOHFS XBT GSFRVFOUMZ DPOGVTFE
XJUI CFJOH TDBSFE PS TBE BOE TVSQSJTF XBT PGUFO DPOGVTFE XJUI IBQQJOFTT PS TBEOFTT� 8F
CFMJFWF UIBU NBKPS JNQSPWFNFOUT DBO CF NBEF JO UIJT BSFB TJNQMZ CZ BEKVTUJOH UIF %0'
WBMVFT GPS UIFTF FNPUJPOT JO TPGUXBSF� 0O UIF PUIFS IBOE UIF MPX SFDPHOJUJPO SBUFT GPS
UIFTF FNPUJPOT NBZ BMTP CF FYQMBJOFE CZ UIF GBDU UIBU UIFTF UFTUT XFSF QFSGPSNFE XJUI DIJM�
ESFO XJUI "4% BT PQQPTFE UP OPSNBMMZ EFWFMPQJOH DIJMESFO� " MJNJUBUJPO PG UIJT TUVEZ JT
UIF GBDU UIBU UIFSF XBT OP DPOUSPM HSPVQ PG OPSNBMMZ EFWFMPQJOH DIJMESFO� $POTFRVFOUMZ
JU JT EJïDVMU EJTDFSO XIFUIFS JODPSSFDU SFTQPOTFT XFSF EVF UP MJNJUBUJPOT PG UIF SPCPU EVF
UP UIF FNPUJPOBM EFWFMPQNFOU PG UIF DIJMESFO PS EVF UP B DPNCJOBUJPO PG CPUI GBDUPST�

0O UIF UFDIOJDBM TJEF XF GPVOE UIF TJNQMJDJUZ PG UIF DPOUSPM TFUVQ UP CF CFOFëDJBM� ɨF
SPCPU DPVME CF VTFE JNNFEJBUFMZ CZ UIF UIFSBQJTUT XJUIPVU FYQMJDJU USBJOJOH PG UIF PQFSBUPS
BOE XJUIPVU UIF BJE PG UFDIOJDBM TVQQPSU QFSTPOOFM� ɨJT XBT FTTFOUJBM BT XF DPVME OPU
USBWFM BCSPBE UP CF QSFTFOU BU UIF FYQFSJNFOUT�

)PXFWFS NBOZ BTQFDUT PG UIF DPOUSPM CPY JOUFSGBDF QSPWFE UP CF TVCPQUJNBM� 6TBHF PG UIF
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KPZTUJDL DBO CF EJTUSBDUJOH GPS UIF DIJMESFO BOE UIF TIPSU DBCMF NFBOT UIBU UIF XIPMF TFUVQ
DBO CF VOXJFMEZ BU UJNFT� *O BEEJUJPO UIF KPZTUJDL DPOUSPM IBT BO JNQPSUBOU EPXOTJEF�
8IJMF JU PêFST B RVJDL NFUIPE UP DIBOHF UIF SPCPU�T FNPUJPOT JU EPFT OPU PêFS QSFDJTF
DPOUSPM NBLJOH JU EJïDVMU UP SFQFBUFEMZ TFMFDU UIF FYBDU TBNF FNPUJPO� 'JOBMMZ UIF BEEJ�
UJPO PG JEMF BOJNBUJPOT XPVME CF IFMQGVM UP NBLF UIF SPCPU TFFN NPSF MJGFMJLF XIFO UIF
PQFSBUPS JT OPU BDUJWFMZ DPOUSPMMJOH JU�

%VSJOH UIF GSFF QMBZ QIBTF PG UIF TUVEZ NPTU DIJMESFO DPOUJOVFE UP TIPX JOUFSFTU JO UIF
SPCPU� 0OF DIJME QMBZFE B NVTJDBM JOTUSVNFOU UP UIF SPCPU BOE BOPUIFS DIJME USJFE UP GFFE
0OP� " UIJSE DIJME BTLFE UP QMBZ XJUI 0OP BGUFS UIF TUVEZ FOEFE� BOE FWFO DPOUSPMMFE UIF
SPCPU IJNTFMG VTJOH UIF KPZTUJDL JOUFSGBDF� ɨF JEFB PG NBLJOH UIF SPCPU DPOUSPMMBCMF CZ
DIJMESFO XBT VOFYQFDUFE� 8F GPVOE UIF JEFB JOUFSFTUJOH BOE DIPTF UP GVSUIFS FYQMPSF UIJT
DPODFQU�

*NJUBUJPOB 5PVDIJOHC 7FSCBM *OJUJBUJPOD &OHBHFNFOUE

$IJME * �� �� �� ���� � ���� 	�� �

$IJME ** � � �� ���� � ���� 	�� �

$IJME *** � � � ���� � ���� 	�� �

$IJME *7 � �� � ���� � ���� 	�� �

$IJME 7 � � �� ���� � ���� 	�� �


B /VNCFS PG UJNFT UIBU UIF DIJME IBE UIF TBNF GBDJBM FYQSFTTJPO BT 0OP
C /VNCFS PG UJNFT UIBU UIF DIJME UPVDIFE UIF SPCPU
D /VNCFS PG UJNFT UIF DIJME UBMLT UP UIF SPCPU�
E 5JNF TQFOU CFJOH BUUFOUJWF WT� UPUBM FOHBHFNFOU UJNF� 	N�TT


Table 3.6 Interaction rates

$PSSFDUMZ
JEFOUJëFE

*ODPSSFDUMZ
JEFOUJëFE

%PO�U LOPX

)BQQJOFTT �� � �
"OHFS � �� �
4BEOFTT �� � �
4VSQSJTF � � �

Table 3.7 Emotion recognition rates

3.3.4.2 CHILD CONTROLLER�

ɨF QJMPU TUVEZ JO 3PNBOJB SFWFBMFE BO VOFYQFDUFE NPEF PG JOUFSBDUJPO XIFSF UIF DIJM�
ESFO DPOUSPM UIF SPCPU EJSFDUMZ JO DPOKVODUJPO XJUI UIF UIFSBQJTU� ɨJT JT JO DPOUSBTU UP
UIF 8J[BSE PG 0[�TUZMF 3"5 TDFOBSJPT XF IBE PSJHJOBMMZ FOWJTJPOFE XIFSF UIF DPOUSPMMFS
XPVME POMZ CF VTFE CZ UIF UIFSBQJTU BOE XPVME CF TPNFXIBU IJEEFO GSPN DIJME�T WJFX�

�ɨF XPSL EFTDSJCFE JO UIJT TFDUJPO XBT EPOF CZ 1JFUFSKBO .PMMÏ BT QBSU PG IJT NBTUFS�T UIFTJT�
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Fig. 3.30 Wizard of Oz setup to test the child controller concept.

ɨF DPODFQU PG BO FNPUJPO DPOUSPMMFS GPS DIJMESFO JT BO JOUFSFTUJOH JEFB BT JU BMMPXT DIJM�
ESFO UP HP POF TUFQ GVSUIFS JO JOUFSBDUJOH XJUI UIF SPCPU�T FNPUJPOT BMMPXJOH UIF DIJME UP
FYQFSJNFOU XJUI FNPUJPOT PO B IJHIFS MFWFM PG BCTUSBDUJPO� 'PS JOTUBODF TUBSUJOH XJUI B
OFHBUJWF PS JODPSSFDU SPMFQMBZ TDFOBSJP UIF DIJME DPVME JUFSBUJWFMZ UXFBL UIF TPDJBM JOUFSBD�
UJPO TDFOBSJP VOUJM B EFTJSBCMF SFTVMU JT BDIJFWFE MFBSOJOH NPSF BCPVU UIBU UZQF PG TPDJBM
JOUFSBDUJPO JO UIF QSPDFTT� "OPUIFS QPUFOUJBM BQQMJDBUJPO PG UIF DIJME DPOUSPMMFS JT UP VTF
JU BT B UPPM UP IFMQ B DIJME FYQSFTT UIFJS PXO FNPUJPOT�

4PNF PG UIF FBSMZ DPODFQUT GPS UIF DIJME DPOUSPMMFS JODMVEFE EFWJDFT TIBQFE MJLF HBNF
DPOTPMF DPOUSPMMFST UBCMFU�CBTFE JOUFSGBDFT BOE FWFO JOUFSGBDFT CBTFE PO IBOE HFTUVSFT�
&WFOUVBMMZ JU XBT EFDJEFE UP CBTF UIF JOUFSGBDF BSPVOE B TFU PG JOUFSBDUJWF QMBZJOH DBSET
XIJDI DPVME CF VTFE UP DIBOHF UIF SPCPU�T FNPUJPOT PS QMBZ CBDL DFSUBJO BOJNBUJPOT�

ɨF DPODFQU JT JOTQJSFE CZ iFFO EPPT WPM HFWPFMFOTw 	USBOTMBUFE� B CPY GVMM PG FNPUJPOT
 B
UIFSBQZ UPPM DVSSFOUMZ JO VTF BU UIF UIFSBQZ DFOUFS XIFSF UIF UFTUT XFSF EPOF� ɨF DBSE�
UPPM JT BJNFE BU DIJMESFO CFUXFFO BHFT ��� BOE EFBMT XJUI UIF CBTJD FNPUJPOT IBQQJOFTT
TBEOFTT BOHSJOFTT BOE GFBS�

*O PVS TDFOBSJP XF IBWF DSFBUFE OFX FNPUJPO DBSET UIBU DBO CF EFUFDUFE CZ UIF SPCPU
UISPVHI DPNQVUFS WJTJPO� 8IFO B DIJME TIPXT UIF SPCPU B TQFDJëD DBSE UIF SPCPU XPVME
TVCTFRVFOUMZ QPSUSBZ UIF FNPUJPO UIBU JT BTTPDJBUFE XJUI UIBU DBSE� &JHIU EJêFSFOU DBSET
XFSF EFTJHOFE DPWFSJOH GPVS FNPUJPOT 	IBQQZ TBE BOHSZ GFBS
 BOE UXP EFHSFFT PG JOUFO�
TJUZ 	NJME BOE JOUFOTF
�

ɨF DPODFQU XBT FWBMVBUFE UISPVHI B 8J[BSE PG 0[ FYQFSJNFOU JOWPMWJOH GPVS DIJMESFO
XJUI BVUJTN XJUI BHFT SBOHJOH GSPN � UP �� ZFBST PME� ɨF TFUVQ PG UIF FYQFSJNFOU
JT TIPXO JO ëHVSF ����� ɨF DIJMESFO XFSF UFTUFE JOEJWJEVBMMZ BOE FBDI TFTTJPO MBTUFE
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BQQSPYJNBUFMZ POF IPVS� ɨF TFTTJPOT XFSF DBQUVSFE PO WJEFP 	M8
� ɨF TFTTJPOT XFSF
TUSVDUVSFE TJNJMBSMZ UP UIF SFHVMBS TFTTJPOT UIPVHI XJUI UIF QSFTFODF PG UIF SPCPU BT BO
FYUFOTJPO UP UIF iEPPT WPM HFWPFMFOTw UPPM�

ɨF TFTTJPOT XFSF EPOF JOEJWJEVBMMZ BOE XFSF NFEJBUFE CZ B UIFSBQJTU� 'PVS UIFSBQJTUT
XFSF JOWPMWFE JO UIF TUVEZ BT FBDI DIJME IBT UIFJS PXO UIFSBQJTU� ɨF SPCPU XBT QVU PO B
UBCMF XJUI UIF FNPUJPO DBSET QMBDFE JO GSPOU PG JU� " CBDLESPQ EFDPS XBT QMBDFE CFIJOE
UIF SPCPU� ɨJT CBDLESPQ TFSWFT UXP QVSQPTFT� 	�
 UIF CBDLESPQ IJEFT UIF SPCPU PQFSBUPS
XIP JT TFBUFE CFIJOE UIF JU 	�
 UIF CBDLESPQ DPOUBJOT B DBNFSB UISPVHI XIJDI UIF PQFSBUPS
DBO TFF� ɨF PQFSBUPS JT SFTQPOTJCMF GPS NBOVBMMZ DIBOHJOH UIF FNPUJPO PG UIF SPCPU JO
SFTQPOTF PG UIF DIJME TIPXJOH BO FNPUJPO DBSE� ɨF FOUJSF TFTTJPO JT DBQUVSFE UISPVHI
UXP DBNFSBT POF IJEEFO JO UIF CBDLESPQ BOE B TFDPOE POF QPTJUJPOFE CFIJOE UIF DIJME�

ɨF DPODFQU XBT NFU CZ QPTJUJWF SFBDUJPOT GSPN CPUI UIF UIFSBQJTUT BT XFMM BT UIF DIJMESFO�
1SFMJNJOBSZ SFTVMUT TVHHFTU UIF TZTUFN JT JOUVJUJWF UIF VTFST XFSF DPNGPSUBCMF XJUI UIF
TZTUFN BGUFS FYQFSJNFOUJOH XJUI JU GPS B TIPSU BNPVOU PG UJNF� *O B GPMMPX�VQ JOUFSWJFX
UIF UIFSBQJTUT JOEJDBUFE UIBU UIFZ UIPVHIU UIBU UIF QSFTFODF PG UIF SPCPU FOIBODFE UIF NP�
UJWBUJPO BOE BUUFOUJPO PG UIF DIJMESFO EVSJOH UIF TFTTJPO� ɨFZ BMTP MJLFE UIF CBDLHSPVOE
EFDPS FWFO UIPVHI JU XBT PSJHJOBMMZ JOUFOEFE BT B TPMVUJPO UP IJEF UIF PQFSBUPS JO UIF
8J[BSE PG 0[ TFUVQ�

" OVNCFS PG TIPSUDPNJOHT XFSF BMTP JEFOUJëFE EVSJOH UIF TUVEZ� 5P CFHJO UIF DBSET
TIPVME IBWF B CFUUFS HSBQIJDBM EFTJHO BOE TIPVME CF NBEF GSPN B NPSF EVSBCMF NBUFSJBM�
*O BEEJUJPO UP UIF FNPUJPO DBSET UIF TZTUFN TIPVME BMTP JODPSQPSBUF TJUVBUJPO DBSET UIBU
DBVTF UIF SPCPU UP QMBZ B TIPSU TDFOBSJP� 'JOBMMZ B OVNCFS PG BOJNBUJPOT TIPVME CF BEEFE
JO PSEFS UP BUUBJO B CFUUFS JMMVTJPO PG MJGF� ɨFTF BOJNBUJPOT TIPVME JODMVEF B XBLF�VQ�TMFFQ
CFIBWJPS BT XFMM BT TJNQMF JEMF BOJNBUJPOT TVDI BT CMJOLJOH BOE TMFFQJOH�

3.3.5 SUMMARY

ɨJT TFDUJPO EJTDVTTFE UIF ëSTU HFOFSBUJPO JUFSBUJPOT PG UIF 0OP TPDJBM %*: SPCPU� 8F
EFTDSJCFE UIF PSJHJOBM JODFQUJPO PG UIF QSPKFDU CVJMEJOH VQPO QSFWJPVT XPSL XJUI UIF
TPDJBM SPCPU 1SPCP BOE TUBUF PG UIF BSU JO TPDJBM SPCPUT GPS VTF JO UIFSBQZ� /FX JOTJHIUT
BOE UIF DPNCJOBUJPO XJUI UIF NBLFS NPWFNFOU QBSBEJHN EFëOFE UIF ëSTU DPODFQU� 8JUI
EJHJUBM GBCSJDBUJPO BOE UIF TPDJBM DPOUFYU JO NJOE UIJT ëSTU HFOFSBUJPO DSFBUFE B CFMJFWBCMF
TPDJBM DIBSBDUFS OBNFE 0OP 	G5
 UIBU IBT B TUSPOH GPDVT PO FNPUJPOT WJB GBDJBM FYQSFTTJPOT
	G3 G4
� ɨF FYQFSJNFOUT FWBMVBUFE UIFTF FNPUJPOBM FYQSFTTJPOT PG UIF SPCPU CZ UIF FOE�
VTFST JO UIF DPOUFYU PG 3"5 GPS DIJMESFO XJUI "4%� 8IJMF UIF EJHJUBM GBCSJDBUJPO BOE
%*: EFTJHO BMMPXFE GPS BO PQFO 	G1
 FBTZ UP CVJME 	G2
 BOE MPX�DPTU 	G9
 TPMVUJPO UIF
FYQFSJNFOUT HBWF OFX JOTJHIUT UP JNQSPWF JOTUSVDUJPOT BOE QBSUT JO PSEFS UP CFUUFS HVJEF
UIF ìPX 	G6
 PG UIF BTTFNCMZ QSPDFTT GPS UIF TFDPOE HFOFSBUJPO�
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3.4 ONO – GENERATION 2

ɨF TFDPOE HFOFSBUJPO PG UIF 0OP SPCPU JT NBSLFE CZ B DPNQMFUF SFEFTJHO PG UIF FOUJSF
SPCPU� ɨF WJTVBM BQQFBSBODF PG UIF SPCPU JT UIF POMZ DPOTUBOU CFUXFFO UIF UXP HFOFS�
BUJPOT BT BMM JOUFSOBM BTQFDUT XFSF DIBOHFE� ɨF FYQFSJNFOUT EPOF XJUI UIF ëSTU HFOFS�
BUJPO QSPUPUZQFT ZJFMEFE WBMVBCMF JOTJHIU JOUP BTQFDUT TVDI BT NBOVGBDUVSJOH UFDIOJRVFT
SFQSPEVDUJPO BOE SPCPU VTBHF� )PXFWFS UIF QSPUPUZQFT EJE OPU JODPSQPSBUF BMM FMFNFOUT
SFRVJSFE GPS B USVF SPCPUJD TZTUFN� $POTFRVFOUMZ UIF ëSTU HFOFSBUJPO 0OPT GVODUJPOFE
NPSF PS MFTT BT IJHI�UFDI IBOE QVQQFUT�

*O MBUF ���� UIF 0OP SPCPU XBT DPNQMFUFMZ SFEFTJHOFE� ɨF TFDPOE WFSTJPO JODPSQPSBUFT
MFTTPOT MFBSOFE GSPN PVS FYQFSJNFOUT BOE FYQBOET UIF SPCPU�T GVODUJPOBMJUZ SFTVMUJOH JO
B NPSF DBQBCMF SPCPUJD QMBUGPSN UIBU JT WJBCMF GPS VTF JO )3* FYQFSJNFOUT� ɨFSF BSF
B OVNCFS PG GBDUPST UIBU JOìVFODFE PVS EFDJTJPO UP UP B OFBS�DPNQMFUF SFEFTJHO PG UIF
SPCPU�T JOUFSOBMT BT PQQPTFE UP DBSSZJOH PVU JODSFNFOUBM JNQSPWFNFOUT UP UIF FYJTUJOH
EFTJHO� 'JSTU PG BMM XF EFDJEFE UP JODMVEF MPX�DPTU '%. �% QSJOUJOH 	J�F� 3FQ3BQ BOE
EFSJWBUJWFT
 BT B TFDPOE QSPEVDUJPO UFDIOJRVF� "T B NBOVGBDUVSJOH UFDIOJRVF �% QSJOUJOH
BMMPXT VT UP TJNQMJGZ NBOZ TNBMM BOE JOUSJDBUF QBSUT XJUIJO UIF EFTJHO PG DFSUBJO NPEVMFT
MFBEJOH UP NFDIBOJTNT UIBU QFSGPSN CFUUFS BOE BSF FBTJFS UP BTTFNCMF� "T B TFDPOE GBDUPS
XF EFDJEFE UP VTF B OFX JOUFSGBDF TUBOEBSE GPS UIF NPEVMFT CBTFE PO SFEFTJHOFE TOBQ
DPOOFDUPST� $POTFRVFOUMZ BMM NPEVMFT XFSF DIBOHFE JO POF XBZ PS BOPUIFS UIPVHI UIF
OFX FZF NPEVMF GVODUJPOT PO B GVOEBNFOUBMMZ EJêFSFOU QSJODJQMF OFDFTTJUBUJOH B DPNQMFUF
NPEVMF SFEFTJHO�

ɨF DIBOHFT UP UIF NPEVMF JOUFSGBDF TUBOEBSE NFBOU UIBU DIBOHFT UP UIF TLFMFUBM GSBNF
TUSVDUVSF XFSF JOFWJUBCMF� 8F UPPL UIJT BT BO PQQPSUVOJUZ UP FNQMPZ B OFX EFTJHO TUSBUFHZ
XIJDI MFBET UP B TUSPOHFS NPSF SJHJE GSBNF� "EEJUJPOBMMZ UIF TFDPOE HFOFSBUJPO GSBNF IBT
SFDFTTFT UP BDDPNNPEBUF UIF SPCPU�T QPXFS TVQQMZ BOE DPOUSPM FMFDUSPOJDT NFBOJOH UIBU
UIF ëSTU HFOFSBUJPO DPOUSPM CPY DBO CF FMJNJOBUFE�

*O UIF SFEFTJHO QSPDFTT XF EFDJEFE UP NJHSBUF PVS EFTJHO GSPN 4JFNFOT /9 UP 4PMJEXPSLT
B EJêFSFOU QBSBNFUSJD $"% TPGUXBSF TVJUF� *O PVS FYQFSJFODF UIFSF BSF B OVNCFS PG TNBMM
EJêFSFODFT CFUXFFO UIF UXP UIBU NBLF 4PMJEXPSLT CFUUFS TVJUFE GPS EFTJHOT UIBU JOWPMWF
MBSHF BNPVOUT PG MBTFS�DVU DPNQPOFOUT� 'PS JOTUBODF UIF OFX TPGUXBSF BMMPXT VT UP TBWF
DFSUBJO TLFUDI HFPNFUSZ TVDI BT UIF HFPNFUSZ PG B TOBQ DPOOFDUPS BT B SFVTBCMF TLFUDI
CMPDL� 8F SFMZ FYUFOTJWFMZ PO UIJT GVODUJPOBMJUZ CFDBVTF JU TQFFET VQ UIF TLFMFUPO EFTJHO
QSPDFTT JNNFOTFMZ� "T BO BEEFE CFOFëU 4PMJEXPSLT JT BMTP NVDI MFTT FYQFOTJWF BOE NPSF
QPQVMBS UIBO /9 MPXFSJOH UIF CBSSJFS UP NPEJëDBUJPO B CJU� *U JT BMTP GSFRVFOUMZ VTFE BT
B EFTJHO UPPM JO DPNQMFY PQFO TPVSDF IBSEXBSF QSPKFDUT FTQFDJBMMZ UIPTF UIBU PSJHJOBUFE
GSPN BO BDBEFNJD FOWJSPONFOU� 4PNF FYBNQMFT JODMVEF 0QFO)BOE 	.B FU BM� ����

BOE 8PPEFO)BQUJDT 	'PSTTMVOE FU BM� ����
�

'JOBMMZ JO UIF SFEFTJHO UIF FMFDUSPOJDT BOE TPGUXBSF TUBDL XFSF VQEBUFE UP MBZ UIF GPVO�
EBUJPOT GPS B TZTUFN UIBU JT TVJUFE GPS IVNBO�SPCPU JOUFSBDUJPO TDFOBSJPT� ɨF FMFDUSPOJDT
BOE TPGUXBSF TUBDL PG HFOFSBUJPO POF DBO CF EFTDSJCFE BT NJOJNBM JU XBT JOUFOEFE QSJ�
NBSJMZ UP UFTU UIF NFDIBOJDBM EFTJHO BOE XBT OPU XFMM TVJUFE GPS JOUFSBDUJWF TDFOBSJPT BT
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JMMVTUSBUFE CZ UIF 3"5 FYQFSJNFOUT� ɨF VQHSBEFE TFUVQ JT CVJMU BSPVOE UIF 3BTQCFSSZ
1J 4JOHMF�CPBSE $PNQVUFS 	4#$
 BOE BMMPXT UIF PQFSBUPS UP DPOUSPM UIF SPCPU PWFS 8J'J
UISPVHI B XFC CSPXTFS�CBTFE JOUFSGBDF UIBU PêFST NVMUJQMF UBTL�TQFDJëD BQQMJDBUJPOT�

8JUIJO UIF TFDPOE HFOFSBUJPO PG UIF 0OP SPCPU XF EJTUJOHVJTI UIF GPMMPXJOH WFSTJPOT�

t ONO V2.0 – ɨF JOJUJBM QSPUPUZQF PG UIJT HFOFSBUJPO EFTJHOFE GPS VTF EVSJOH
UIF BTTFNCMZ XPSLTIPQ BU 6// 	TFDUJPO �����
� ,FZ EJêFSFODFT JODMVEF BO VQ�
EBUFE NPEVMF JOUFSGBDF TUBOEBSE B SFEFTJHOFE FZF NFDIBOJTN BO VQEBUFE TLFMFUPO
EFTJHO BOE B OFX 4#$�CBTFE FMFDUSPOJDT BSDIJUFDUVSF�

t ONO V2.1 – ɨF CJHHFTU JNQSPWFNFOUT UIPVHI BSF JO UIF TPGUXBSF BOE FMFDUSPO�
JDT PG UIF SPCPU� "GUFS VTJOH B QFSGCPBSE�CBTFE DJSDVJU CPBSE JO W��� XF EFTJHOFE
B DVTUPN 1$# UP JOUFSGBDF UIF 3BTQCFSSZ 1J XJUI UIF SPCPU�T TFOTPST BOE BDUVBUPST�
ɨF ëSTU WFSTJPO PG UIF BQQ�CBTFE XFC JOUFSGBDF XBT BMTP JOUSPEVDFE JO 0OP W����

t ONO V2.2 – ɨJT WFSTJPO DPNQSJTFT UIF DIBOHFT BOE JNQSPWFNFOUT NBEF BIFBE
PG UIF XPSLTIPQ BU UIF )3* TVNNFS TDIPPM 	TFDUJPO �����
� ɨF NPTU JNQPSUBOU
DIBOHF JT UIF SFEFTJHOFE FMFDUSPOJDT CPBSE MFBEJOH UP CFUUFS SFMJBCJMJUZ OFX TFOTPS
JOQVUT BOE BO BVEJP TQFBLFS PVUQVU� 0O UIF NFDIBOJDBM TJEF UIJT WFSTJPO JODMVEFT
NJOPS UXFBLT UP UIF FZF EFTJHO NBLJOH UIF FZF NPEVMF NPSF EVSBCMF BOE FBTJFS
UP BTTFNCMF� " TFDPOE NFDIBOJDBM JNQSPWFNFOU JODMVEFT B SFEFTJHOFE CSBDLFU GPS
UIF SPCPU�T MPHJD QPXFS TVQQMZ BOE FUIFSOFU DPOOFDUPS� 'JOBMMZ UIF OFX GPBN QBSUT
IBWF QSFDVU TUJUDI IPMFT NBLJOH UIF GPBN TLJO BTTFNCMZ FBTJFS BOE RVJDLFS�

t ONO V2.3 – ɨF NBJO DIBOHFT JO UIJT WFSTJPO BSF TPGUXBSF JNQSPWFNFOUT� ɨJT
JODMVEFT DIBOHFT UP UIF DPSF TPGUXBSF BSDIJUFDUVSF BT XFMM BT UIF BEEJUJPO PG OFX
BQQT TVDI BT UIF 4PDJBM 4DSJQU BQQ� "EEJUJPOBMMZ DBQBDJUJWF UPVDI TFOTPST XFSF
JOUFHSBUFE JOUP UIF IBOET GFFU BOE IFBE PG UIF SPCPU�

3.4.1 SKELETON AND MODULE IMPROVEMENTS

'SPN HFOFSBUJPO UXP POXBSE B OFX NFDIBOJDBM JOUFSGBDF TUBOEBSE XBT DIPTFO UP DPOOFDU
UIF NPEVMFT UP UIF GSBNF PG UIF 0OP� 'JHVSF ���� TIPXT B DPNQBSJTPO CFUXFFO UIF PME
BOE OFX NPEVMF TUBOEBSET� ɨF ëSTU HFOFSBUJPO TZTUFN SFMJFT PO B TJOHMF MFWFS BSN UP MPDL
B NPEVMF JO QMBDF� 5P SFNPWF UIF NPEVMF UIJT MFWFS OFFET UP CF EFQSFTTFE CZ UIF VTFS�
)PXFWFS UIJT QSPWFE TVCPQUJNBM BT UIF MFWFST UFOE UP CF IBSE UP SFBDI PODF UIF NPEVMFT
BSF JOTUBMMFE JO UIF GSBNF� #FDBVTF POMZ B TJOHMF DBOUJMFWFS TOBQ JT SFTQPOTJCMF GPS IPMEJOH
UIF NPEVMF JO QMBDF UIF TZTUFN EPFT FYQFSJFODF TPNF QMBZ JO UIF WFSUJDBM EJSFDUJPO� ɨF
UIJSE QSPCMFN XJUI UIF PME NPEVMF JOUFSGBDF JT UIBU UIF HFPNFUSZ JT SFMBUJWFMZ MBSHF UBLJOH
VQ WBMVBCMF TQBDF JOTJEF UIF WPMVNF PG UIF SPCPU�

ɨF NPEVMF JOUFSGBDF PG HFOFSBUJPO UXP JT JOTQJSFE CZ UIF VQEBUFE TLFMFUPO TOBQT EF�
TDSJCFE JO TFDUJPO ��� BOE TIPXO JO ëHVSF ����� ɨF JOUFSGBDF DPOTJTUT PG UXP EPVCMF�TJEFE
DBOUJMFWFS TOBQT SFTVMUJOH JO B IJHIFS SFUFOUJPO GPSDF� ɨF MFWFS TZTUFN GSPN UIF ëSTU HFO�
FSBUJPO XBT FMJNJOBUFE� "EEJUJPOBMMZ UIF HFPNFUSZ PG UIF TOBQ JUTFMG XBT BEKVTUFE TP UIBU
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Fig. 3.31 Comparison of the first generation module interface (left) vs. second generation module
interface (right)

UIF DPOOFDUJPO DBO CF VOEPOF� ɨF NBUJOH HFPNFUSZ XBT TUBOEBSEJ[FE UP UXP QBSBMMFM
TMPUT PG � × �� NN TQBDFE �� NN BQBSU�

Fig. 3.32 Comparison of the first generation frame (left) vs. second generation frame (right)
construction

144



3. DESIGN ITERATIONS

ɨF VQEBUFE NPEVMF TUBOEBSET OFDFTTJUBUFE NPEJëDBUJPOT UP UIF EFTJHO PG UIF TLFMFUPO UP
NBLF UIF OFX NPEVMFT ëU� *OTUFBE PG POMZ VQEBUJOH UIF NPVOUJOH MPDBUJPOT XF DIPTF UP
VTF BT BO PQQPSUVOJUZ UP DPNQMFUFMZ VQHSBEF UIF EFTJHO PG UIF TLFMFUBM GSBNF� 'JHVSF ����
TIPXT B DPNQBSJTPO CFUXFFO UIF PME 	MFGU
 BOE UIF OFX 	SJHIU
 TLFMFUPO EFTJHOT� #PUI
GSBNFT BSF QBSUJBMMZ FYQMPEFE JO PSEFS UP IJHIMJHIU UIF EJêFSFODFT JO UIF EFTJHO BQQSPBDI�

*O UIF PME EFTJHO UIF TIBQF PG UIF SPCPU XBT TMJDFE WFSUJDBMMZ JO UXP PSUIPHPOBM EJSFDUJPOT
QBSBMMFM UP UIF GSPOU QMBOF BOE QBSBMMFM UP UIF TJEF QMBOF� *O FBDI TMJDF TMPUT BSF BEEFE UP
BMMPX UIF TMJDFT UP JOUFSTFDU� )PXFWFS CFDBVTF PG UIF TJ[F PG UIF TMJDFT BOE UIF MFOHUI PG
UIF TMPUT UIF MBTFS�DVU QBSUT MPTF B GBJS BNPVOU PG SJHJEJUZ�

&WFO UIPVHI UIF TBNF NBUFSJBM BOE UIF TBNF QSPEVDUJPO UFDIOJRVF BSF VTFE JO UIF SF�
EFTJHOFE GSBNF UIF OFX EFTJHO BQQSPBDI MFBET UP B TUSPOHFS NPSF SJHJE GSBNF� ɨF OFX
GSBNF JT DPNQPTFE PG TNBMMFS JOUFSMPDLJOH TVC�VOJUT� ɨFTF TVC�VOJUT ìFY MFTT CFDBVTF UIFZ
TOBQ UPHFUIFS MFBEJOH UP CFUUFS SJHJEJUZ� "EEJUJPOBMMZ UIF MBTFS�DVU QBSUT BSF TNBMMFS BOE
DBO CF OFTUFE NPSF FïDJFOUMZ MFBEJOH UP MFTT XBTUF BOE CFUUFS NBUFSJBM VTF� ɨJT XBZ UIF
BNPVOU PG TIFFU NBUFSJBM VTFE XBT SFEVDFE CZ B UIJSE�

pivot beam

arm

Fig. 3.33 Mechanism of the eye module. Old direct-drive mechanism (left) vs. new linkage-driven
mechanism (right).

ɨF UIJSE NBKPS DIBOHF JO UIF TFDPOE HFOFSBUJPO PG 0OP JT BO VQHSBEF PG UIF NFDIBOJTN
SFTQPOTJCMF GPS UIF NPUJPO PG UIF FZFCBMM TIPXO JO ëHVSF ����� ɨF ëSTU�HFOFSBUJPO PG
FZF NPEVMFT XFSF CVJMU VTJOH TPMFMZ MBTFS�DVU QBSUT BOE TUBOEBSE QBSUT� .PWFNFOU PG UIF
FZFCBMM XBT BDIJFWFE VTJOH B TJNQMF TFSJBM LJOFNBUJD DIBJO� UIF FZFCBMM JUTFMG JT BUUBDIFE UP
B ëSTU TFSWP XIJDI JT SFTQPOTJCMF GPS UIF IPSJ[POUBM 	QBO
 NPUJPO� ɨJT TFSWP JT JO UVSO
DPOOFDUFE WJB BO BSN UP B TFDPOE TFSWP SFTQPOTJCMF GPS UIF WFSUJDBM 	UJMU
 NPUJPO� ɨF
TNBMM DPNQPOFOUT JOTJEF UIF FZF TVDI BT UIPTF PG UIF DPOOFDUJOH BSN BSF OPU WFSZ XFMM
TVJUFE UP CF NBEF XJUI B MBTFS DVUUFS� 'VSUIFSNPSF UIF DFOUFST PG SPUBUJPO PG UIF UXP
%0'T EP OPU JOUFSTFDU NFBOJOH UIBU UIF NPWFNFOU JT OPU FOUJSFMZ DPODFOUSJD�

ɨF TFDPOE�HFOFSBUJPO FZF NPEVMF EFTJHO SFMJFT PO B EJêFSFOU QSJODJQMF NBEF QPTTJCMF
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CZ JODMVEJOH %*: �% QSJOUJOH BT UIF TFDPOE QSPEVDUJPO UFDIOJRVF� ɨF FZFCBMM JUTFMG
JT TVTQFOEFE JO B UXP�BYJT HJNCBM TZTUFN TVTQFOEFE CZ B TJOHMF �% QSJOUFE DPNQPOFOU
EVCCFE UIF QJWPU CFBN� ɨF FZFCBMM JT BDUVBUFE CZ UXP CBMM�KPJOU MJOLBHFT XJUI FBDI MJOLBHF
SFTQPOTJCMF GPS UIF NPUJPO PG POF QSJODJQBM BYJT PG SPUBUJPO� ɨF SFTVMUJOH TZTUFN JT NPSF
SPCVTU SPUBUFT DPODFOUSJDBMMZ BOE FYIJCJUT MFTT KJUUFS BOE CBDLMBTI�

3.4.2 WORKSHOP AT UNN

Fig. 3.34 Participants of the workshop posing around the robot they built in one day

ɨF EFTJHO PG UIF TFDPOE HFOFSBUJPO PG 0OP TUBSUFE JO UIF TVNNFS PG ���� XJUI UIF HPBM
PG VTJOH UIF OFX EFTJHO GPS PVS XPSLTIPQ BU UIF -PCBDIFWTLZ 4UBUF 6OJWFSTJUZ PG /J[IOZ
/PWHPSPE� ɨF XPSLTIPQ XBT QBSU PG B TVNNFS TDIPPM PSHBOJ[FE CZ 6//�T EFQBSUNFOU
PG TPDJBM TDJFODFT� $POTFRVFOUMZ UIF XPSLTIPQ TFSWFE BT UIF ëSTU FYQFSJNFOU PG PVS OFXMZ
SFEFTJHOFE SPCPU� %VSJOH UIJT POF�EBZ XPSLTIPQ �� QBSUJDJQBOUT XPSLFE UP BTTFNCMF
POF 0OP SPCPU GSPN QBSUT XF CSPVHIU� 1BSUJDJQBOUT XFSF VOJWFSTJUZ�MFWFM TUVEFOUT DPNJOH
GSPN WBSJPVT EJTDJQMJOFT XJUIJO TPDJBM TDJFODFT� ɨF QBSUJDJQBOUT IBE MJUUMF PS OP FYQFSJFODF
JO DPOTUSVDUJOH QIZTJDBM PCKFDUT�

"T QBSU PG UIF XPSLTIPQ QSFQBSBUJPOT XF CSPVHIU CBTJD UPPMT 	F�H� TDSFXESJWFST BOE QMJFST

DPNQPOFOUT CVOEMFE QFS TVCBTTFNCMZ BO BTTFNCMFE TFU PG FMFDUSPOJDT BOE B QSFBTTFNCMFE
SPCPU� ɨF QSFBTTFNCMFE SPCPU TFSWFE BT B SFGFSFODF EVSJOH UIF CVJME QSPDFTT� 1BSUJDJQBOUT
XFSF BMTP QSPWJEFE XJUI EFUBJMFE IBOEPVUT XJUI BTTFNCMZ OPUFT BOE ëHVSFT UIPVHI XF
GPVOE UIF NPTU FêFDUJWF UFDIOJRVF UP UFBDI UIF BTTFNCMZ QSPDFTT XBT UP MFU QBSUJDJQBOUT
DPQZ UIF SPCPU CBTFE PO UIF FYBNQMF� ɨF POF�EBZ XPSLTIPQ XBT EJWJEFE JOUP UIF GPMMPX�
JOH QIBTFT�

�� ɨF XPSLTIPQ TUBSUFE XJUI B TIPSU JOUSPEVDUPSZ QSFTFOUBUJPO UP HJWF BO PWFSWJFX
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PG UIF QMBOOJOH UP HJWF TPNF CBDLHSPVOE JOGPSNBUJPO PO UIF 0OP QSPKFDU BOE UP
QBTT BMPOH HFOFSBM QSBDUJDBM BTTFNCMZ UJQT�

�� *O UIF ëSTU QIBTF PG UIF XPSLTIPQ UIF ëWF SFRVJSFE NPEVMFT XFSF BTTFNCMFE� ɨF
QBSUJDJQBOUT PSHBOJ[FE UIFNTFMWFT JOUP TNBMMFS HSPVQT XJUI FBDI HSPVQ JO DIBSHF PG
POF QBSUJDVMBS NPEVMF� ɨJT JT QPTTJCMF CFDBVTF UIF NPEVMFT TFSWF BT JOEFQFOEFOU
TVCBTTFNCMJFT XIJDI DBO CF BTTFNCMFE TFQBSBUF GSPN UIF SFTU PG UIF SPCPU�

�� *O UIF TFDPOE QIBTF UIF TLFMFUBM GSBNF XBT BTTFNCMFE� ɨJT XBT EPOF CZ UIF QBSUJD�
JQBOUT UIBU BTTFNCMFE UIF iTJNQMFSw NPEVMFT� ɨF HSPVQT CVJMEJOH UIF FZF NPEVMFT
SFRVJSFE NPSF UJNF EVF UP UIF IJHIFS OVNCFS PG DPNQPOFOUT�

�� "GUFS ëOJTIJOH UIF NPEVMFT BOE UIF TLFMFUPO UIF NPEVMFT BOE FMFDUSPOJDT XFSF
NPVOUFE POUP UIF GSBNF� ɨJT TUFQ BMTP JODMVEFE TPNF MJHIU TPMEFSJOH XPSL JO
PSEFS UP BUUBDI UIF QPXFS TVQQMZ UP UIF QPXFS DPSE�

�� *O UIF ëOBM QIBTF UIF GPBN BOE UFYUJMF TLJO XBT BUUBDIFE UP UIF SPCPU� ɨF SPCPU
XBT UIFO TUBSUFE UIF TFSWPT XFSF DBMJCSBUFE BOE B EFNP TDSJQU XBT SVO UP UFTU UIF
DPNQMFUFE TZTUFN�

"T BO FYQMPSBUPSZ TUVEZ UIJT XPSLTIPQ ZJFMEFE B OVNCFS PG IFMQGVM JOTJHIUT� ɨF NPEVMBS
EFTJHO PG UIF SPCPU QSPWFE BEWBOUBHFPVT EVSJOH UIF XPSLTIPQ CFDBVTF JU TUJNVMBUFT QBSBM�
MFMJ[BUJPO� QBSUJDJQBOUT DPVME FBTJMZ PSHBOJ[F UIFNTFMWFT JOUP HSPVQT GPDVTFE PO CVJMEJOH
POF TQFDJëD TVC�BTTFNCMZ� /BUVSBMMZ UIFSF BSF MJNJUT UP UIJT BQQSPBDI� BU B DFSUBJO QPJOU
JO UJNF TVCBTTFNCMJFT OFFE UP CF KPJOFE UPHFUIFS BU XIJDI QPJOU UIF HSPVQT BSF GPSDFE UP
DPOWFSHF�

1BSUJDJQBOUT BMTP FYQSFTTFE B TFOTF PG GVMëMMNFOU BU UIF FOE PG UIF XPSLTIPQ� .PTU PG
UIFN IBE MJUUMF PS OP FYQFSJFODF JO NBLJOH UIJOHT BOE GPVOE UIBU EVSJOH UIF XPSLTIPQ
UIFZ XFSF FYQPTFE UP NBOZ EJêFSFOU UFDIOJRVFT GPS NBLJOH� 0OF QBSUJDJQBOU JO QBSUJDVMBS
EFTDSJCFE UIF XPSLTIPQ BT BO FZF�PQFOJOH JOUSPEVDUJPO JOUP .BLFS DVMUVSF BOE EFDJEFE
UP EP IJT NBTUFS�T UIFTJT PO %*: TPDJBM SPCPUT GPS UIFSBQZ�

ɨF XPSLTIPQ BMTP SFWFBMFE B OVNCFS PG NJOPS TIPSUDPNJOHT JO UIF EFTJHO PG UIF SPCPU�
(FOFSBMMZ TQFBLJOH UIFTF TIPSUDPNJOHT NBJOMZ SFMBUF UP QBSUT UIBU BSF UPP GSBHJMF PS UPP
EJïDVMU UP BTTFNCMF� 0OF QBSUJDJQBOU SFHSFUUFE UIBU UIF XPSLTIPQ XBT QSJNBSJMZ BCPVU BT�
TFNCMJOH UIF SPCPU BOE XPVME IBWF QSFGFSSFE UIBU B QPSUJPO PG UIF XPSLTIPQ CF EFEJDBUFE
UP TVNNBSJ[JOH UIF NBKPS BTQFDUT PG UIF TPGUXBSF PG UIF SPCPU�

"T B ëOBM SFNBSL XF BMTP GPVOE UIBU UIF QBSUJDJQBOUT o TUVEFOUT BOE GBDVMUZ NFNCFST o
XFSF WFSZ NVDI PQFO UP UIF JEFB PG CVJMEJOH�NPEJGZJOH UIFJS PXO UPPMT GPS VTF JO UIFSBQZ�
*O PVS FYQFSJFODF UIJT JT OPU BMXBZT UIF DBTF XJUI QSBDUJDJOH UIFSBQJTUT�

3.4.3 WORKSHOP AT HRI-SS

ɨF TFDPOE BTTFNCMZ XPSLTIPQ XBT PSHBOJ[FE EVSJOH UIF ���� TVNNFS TDIPPM PO IVNBO�
SPCPU JOUFSBDUJPO JO "MBOE 'JOMBOE� ɨJT XPSLTIPQ XBT MBSHFS JO TDPQF BOE TDBMF UIBO UIF
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XPSLTIPQ BU 6// BOE CVJMET VQPO JNQSPWFNFOUT QSPNQUFE CZ UIF QSFWJPVT XPSLTIPQ�
ɨF XPSLTIPQ UPPL QMBDF JO UISFF DPOTFDVUJWF BGUFSOPPO TFTTJPOT PG GPVS IPVST� 3PVHIMZ
�� )3* SFTFBSDIFST QBSUJDJQBUFE JO UIF XPSLTIPQ BOE UPHFUIFS UIFZ CVJMU TJY 0OP SPCPUT�
8F BTLFE QBSUJDJQBOUT UP DPNF POMZ JG UIFZ DPVME BUUFOE BMM UISFF TFTTJPOT BT FBDI TFTTJPO
CVJMET VQPO UIF QSFWJPVT POF� 4BEMZ TPNF QBSUJDJQBOUT DPVME POMZ BUUFOEFE POF PS UXP
TFTTJPOT EVF UP SFBTPOT TVDI BT USBWFM BSSBOHFNFOUT PS PWFSMBQQJOH XPSLTIPQT� ɨF UISFF
XPSLTIPQ TFTTJPOT XFSF PSHBOJ[FE BT GPMMPXT�

t 4FTTJPO � o *O UIF ëSTU TFTTJPO UIF NPEVMFT BOE UIF TLFMFUPO PG UIF SPCPU XFSF
BTTFNCMFE�

t 4FTTJPO � o *O UIF TFDPOE TFTTJPO UIF NPEVMFT BOE UIF FMFDUSPOJDT BSF DPOOFDUFE UP
UIF TLFMFUPO GSBNF FMFDUSJDBM XJSJOH JT EPOF BOE UIF TLJO JT BUUBDIFE�

t 4FTTJPO � o *O UIF MBTU TFTTJPO UIF TLJOOJOH JT DPNQMFUFE BOE TNBMM TDFOBSJPT BSF
QSPHSBNNFE VTJOH UIF "1*�

Fig. 3.35 Workshop participants assembling an Ono.

%PDVNFOUBUJPO GPS UIF XPSLTIPQ XBT QSPWJEFE UISPVHI B XJLJ XJUI TUFQ�CZ�TUFQ BTTFNCMZ
JOTUSVDUJPOT XJUI QIPUPT� 8F IBE JOUFOEFE UP HJWF QBSUJDJQBOUT EJSFDU BDDFTT UP UIF XJLJ TP
UIBU UIFZ DPVME FEJU BOE JNQSPWF JOTUSVDUJPOT JG OFDFTTBSZ� ɨJT BQQSPBDI XBT JOTQJSFE CZ
XPSL PG 4DIFMMZ FU BM� 	����
� 6OGPSUVOBUFMZ CFDBVTF PG UIF VOTUBCMF JOUFSOFU DPOOFDUJPO
BU UIF WFOVF XF XFSF GPSDFE UP GBMM CBDL PO QSJOUFE IBOEPVUT PG UIF XJLJ�
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3. DESIGN ITERATIONS

ɨJT XPSLTIPQ FYQBOET VQPO UIF TDPQF PG UIF QSFWJPVT XPSLTIPQ 	TFDUJPO �����
 CZ JO�
DMVEJOH QSPHSBNNJOH BOE TPMEFSJOH BDUJWJUJFT� 'PS UIF UIJSE TFTTJPO XF BMTP CSPVHIU FYUSB
TFOTPST BOE NBUFSJBMT JO PSEFS UP FOIBODF UIF QSPHSBNNFE SPCPU TDFOBSJPT XJUI DVTUPN
UBOHJCMF JOUFSGBDFT�

"U UIF FOE PG UIF XPSLTIPQ QBSUJDJQBOUT XFSF BTLFE UP ëMM JO B TVSWFZ� ɨF TVSWFZ DPOTJTUFE
PG UIF GPMMPXJOH RVFTUJPOT�

t (FOFSBM QFSTPOBMJB RVFTUJPOT� OBNF BHF HFOEFS�

t ��QPJOU -JLFSU TDBMF TUBUFNFOUT 	M4
 XJUI B WBMVF PG POF JOEJDBUJOH DPNQMFUF EJT�
BHSFFNFOU BOE TFWFO JOEJDBUJOH DPNQMFUF BHSFFNFOU�

o iɨF XPSLTIPQ IBT HJWFO NF NPSF JOTJHIUT JO UIF EFTJHO PG TPDJBM SPCPUT�w
o iɨF XPSLTIPQ IBT HJWFO NF NPSF JOTJHIUT JO UIF DPOTUSVDUJPO PG TPDJBM SPCPUT�w
o i* BN JOUFSFTUFE JO VTJOH UIF 0QTPSP TZTUFN UP EFWFMPQ NZ PXO SPCPU��w
o i* BN JOUFSFTUFE JO VTJOH UIF 0QTPSP TZTUFN UP DPOEVDU OFX )3* FYQFSJ�

NFOUT�w
o i* BN JOUFSFTUFE JO VTJOH 0QTPSP SPCPUT TVDI BT 0OP UP EFWFMPQ OFX TPGUXBSF

BQQMJDBUJPOT�w

t ɨF "UUSBL%Jê RVFTUJPOOBJSF 	M2
�

t 0QFO RVFTUJPOT 	M6
�

o i8IBU BTQFDUT EJE ZPV SFBMMZ MJLF EVSJOH UIF XPSLTIPQ w
o i8IBU XBT UIF NPTU BOOPZJOH BTQFDU PS XIFSF EJE ZPV FYQFSJFODF UIF NPTU

QSPCMFNT w
o i8IBU EJE ZPV MFBSO GSPN UIF XPSLTIPQ w
o i)PX DPVME XF NBLF UIF XPSLTIPQ CFUUFS JO UIF GVUVSF w
o i8IBU JT TUJMM NJTTJOH JO UIF 0QTPSP TZTUFN w
o i8IBU JT TUJMM NJTTJOH JO UIF 0OP SPCPU w

t ɨF 69 $VSWF 	M5
�

0WFSBMM UIF XPSLTIPQ XBT B TVDDFTT JO PVS PQJOJPO� "MM HSPVQT XFSF TVDDFTTGVM JO CVJMEJOH
UIF SPCPU BOE GFFECBDL GSPN QBSUJDJQBOUT TIPXT B HFOFSBMMZ QPTJUJWF USFOE� *O HFOFSBM QBS�
UJDJQBOUT OPUFE UIBU UIFZ MJLFE IPX UIF XPSLTIPQ UBVHIU B WBSJFUZ PG QSBDUJDBM TLJMMT TVDI
BT TPMEFSJOH JO B TIPSU BNPVOU PG UJNF BOE BQQMJFE UP B SFBMJTUJD QSPKFDU� "T XJUI QSFWJPVT
XPSLTIPQT NPTU QSPCMFNT SFQPSUFE CZ QBSUJDJQBOUT XFSF SFMBUFE UP UFDIOJDBM JTTVFT BOE
TPGUXBSF CVHT� 'PS JOTUBODF POF SPCPU EJE OPU XPSL CFDBVTF UIFSF XBT B QSPCMFN XJUI
POF PG UIF DVTUPN 1$#T� "OPUIFS QSPCMFN UIBU XBT GSFRVFOUMZ SFQPSUFE CZ QBSUJDJQBOUT
XBT UIF MBDL PG UPPMT� "T UIF XPSLTIPQ UPPL QMBDF PO BU B SFNPUF MPDBUJPO XF XFSF MJNJUFE
JO UIF BNPVOU PG UPPMT BOE NBUFSJBMT XF DPVME CSJOH� %VSJOH UIF XPSLTIPQ UIJT DBVTFE
B CPUUMFOFDL BT QFPQMF XFSF UBLJOH UVSOT VTJOH B TQFDJëD UPPM� 'JOBMMZ XF OPUF UIBU UIF
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3. DESIGN ITERATIONS

TPGUXBSF "1* JT TUJMM UPP DPNQMFY GPS DBTVBM VTF� .PTU HSPVQT VTFE UIFJS UJNF JO TFTTJPO
UISFF UP ëOJTI BTTFNCMJOH BOE DPOëHVSJOH UIFJS SPCPU� 0OMZ POF HSPVQ DSFBUFE B DVTUPN
TDFOBSJP BOE JOUFSGBDF VTJOH B .BLFZ .BLFZ CPBSE�

*O UPUBM �� QBSUJDJQBOUT DPNQMFUFE UIF TVSWFZ� ɨF BWFSBHF BHF PG SFTQPOEFOUT XBT ����
XJUI B TQSFBE PG σ = 2.65� "HFT SBOHFE GSPN �� UP ��� (FOEFS EJTUSJCVUJPO XBT SPVHIMZ
FRVBM XJUI FJHIU NBMF BOE TJY GFNBMF SFTQPOEFOUT� 3FTVMUT GSPN UIF "UUSBL%Jê RVFT�
UJPOOBJSF BSF TIPXO JO ëHVSF ����� ɨF PWFSBMM QSPEVDU BUUSBDUJWFOFTT 	"55 
 JT SBUFE BU
1.65� ɨF SFTVMUT QPTJUJPO UIF TZTUFN KVTU PVUTJEF UIF RVBESBOU PG EFTJSFE QSPEVDUT� ɨF
"UUSBL%Jê TDPSF DPVME CF JNQSPWFE JO QBSU CZ BEESFTTJOH UIF UFDIOJDBM JTTVFT XF FYQF�
SJFODFE� %PJOH TP XPVME JNQSPWF UIF TZTUFN�T QSBHNBUJD RVBMJUZ 	12
� ɨF XPSE QBJST
UFDIOJDBM o IVNBO BOE DIFBQ o QSFNJVN TDPSFE UIF MPXFTU JOEJDBUJOH UIBU UIFTF QSPEVDU
BTQFDUT TIPVME BMTP CF JNQSPWFE�
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Fig. 3.36 Results of the AttrakDiff questionnaire. The hatched area represents the confidence
rectangle. n = 14, PQ = 0.84± 0.29, HQ = 1.09± 0.32

3FTVMUT GSPN UIF -JLFSU TDBMF RVFTUJPOT TVNNBSJ[FE JO ëHVSF ���� TIPX B HFOFSBMMZ QPT�
JUJWF USFOE� ɨF SFTVMUT IJOU UIBU SFTQPOEFOUT XFSF NPSF JOUFSFTUFE JO UIF UFDIOJRVFT BOE
NFUIPET TIPXO JO UIF XPSLTIPQ SBUIFS UIBO UIF 0QTPSP TZTUFN JUTFMG� ɨJT TFOUJNFOU JT
NJSSPSFE JO UIF SFTQPOTFT UP UIF PQFO RVFTUJPOT� 8IFO BTLFE XIBU UIFZ MFBSOFE GSPN UIF
UIJT XPSLTIPQ POF SFTQPOEFOU BOTXFSFE� i* IBE NBOZ JOTJHIUT PO UFDIOPMPHJFT BWBJMBCMF UP
CVJME B TPDJBM SPCPU BOE * SFBMMZ BQQSFDJBUFE UIF IBOE XPSL QBSU�w "OPUIFS QBSUJDJQBOU TVN�
NBSJ[FE UIF MFBSOJOH FYQFSJFODFT BT� i$PODFQUT PG NPEVMBS SPCPUJDT� "TQFDUT PG SPCPU EFTJHO�
" MPU BCPVU BTTFNCMJOH MBTFS�DVU � �% QSJOUFE QBSUT�w

'JOBMMZ SFTVMUT PG UIF 69 DVSWF UPPM BSF TIPXO JO ëHVSF ����� "HBJO UIF DVSWFT TIPX BO
PWFSBMM QPTJUJWF USFOE� 4UJMM UIF UPPM SFWFBMFE TFWFSBM QPJOUT PG EJïDVMUZ PS GSVTUSBUJPO� 0OF
SFTQPOEFOU SFNBSLFE UIBU UJNF XBT TIPSU GPS UIF BNPVOU PG XPSL UIBU OFFEFE UP CF EPOF
BOE UIBU UJNF QSFTTVSF XBT B DBVTF PG TUSFTT OFBS UIF FOE PG FBDI TFTTJPO� 3JHIUGVMMZ UIFZ
SFNBSLFE UIBU JU XPVME IBWF CFFO CFUUFS UP DPOTUSVDU B MFTT DPNQMFY SPCPU 	J�F� MFTT %0'T
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3. DESIGN ITERATIONS

0%-25% 25% 50% 75% 100%

disagree agree

11 4 4 4
The workshop has given me more insight
in the design of social robots.

1 2 3 8The workshop has given me more insight
in the construction of social robots.

21 1 4 6I am interested in using the Opsoro
system to develop my own robot.

12 2 4 5I am interested in using the Opsoro
system to conduct new HRI experiments.

212 3 3 3I am interested in using Opsoro robots such
as Ono to develop new software applications.

Fig. 3.37 Results from the Likert scale questions. n = 14.

EVSJOH UIF XPSLTIPQ� "OPUIFS SFTQPOEFOU SFNBSLFE UIBU TFXJOH UIF GPBN UPHFUIFS JT B
EJïDVMU BOE UJNF�DPOTVNJOH QBSU PG UIF BTTFNCMZ QSPDFTT� 'JOBMMZ B SFTQPOEFOU SFNBSLFE
UIBU UIFZ TUBSUFE UIF XPSLTIPQ XJUI B OFVUSBM EJTQPTJUJPO BT UIFZ EJE OPU LOPX XIBU UP
FYQFDU� ɨFZ OPUF UIBU UIFJS FYDJUFNFOU HSFX BT UJNF QSPHSFTTFE BOE UIBU TFFJOH UIF SPCPU
XPSL GPS UIF ëSTU UJNF XBT B WFSZ TBUJTGZJOH NPNFOU�
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Fig. 3.38 UX curves drawn by the the participants of the workshop. n = 10.
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3. DESIGN ITERATIONS

3.4.4 USING ONO IN THERAPY�

"T B DPOUJOVBUJPO PG UIF XPSL EFTDSJCFE JO TFDUJPO ������� UIF OFXFTU WFSTJPO PG UIF 0OP
SPCPU XBT SF�FWBMVBUFE GPS VTF JO UIFSBQFVUJD BQQMJDBUJPOT� %VSJOH UIFTF UFTUT UXP TFQBSBUF
UIFSBQFVUJD DPOUFYUT XFSF FYQMPSFE�

t $POUFYU � o "O JOEFQFOEFOU QTZDIPUIFSBQJTU MPDBUFE JO ,PSUSJKL #FMHJVN� ɨF
FYQFSJNFOUT EPOF XJUIJO UIJT DPOUFYU JOWPMWFE POF TQFDJëD QBUJFOU� ɨF QBUJFOU JT
�� ZFBST PME BOE JT EJBHOPTFE XJUI BUUFOUJPO EFëDJU IZQFSBDUJWJUZ EJTPSEFS 	"%)%
�

t $POUFYU � o " UIFSBQZ BOE EBZ DBSF DFOUFS JO %FJO[F #FMHJVN� ɨF DFOUFS JT QSJ�
NBSJMZ GPDVTFE PO DIJMESFO BHFE ���� ZFBST PME XJUI MFTT TFWFSF GPSNT PG "4%�

*OJUJBM JOUFSWJFXT 	M7
 XJUI UIFSBQJTUT GSPN CPUI MPDBUJPOT BïSNFE UIF JNQPSUBODF PG
CFJOH BCMF UP DSFBUF DVTUPN TPDJBM TDFOBSJPT GPS UIFSBQFVUJD SPCPUT� ɨJT DPOUFYU JT BO�
PUIFS FYBNQMF PG B TJUVBUJPO XIFSF WPO )JQQFM�T JEFB PG TUJDLZ JOGPSNBUJPO DPNFT JOUP QMBZ
	)JQQFM BOE ,BU[ ����
� ɨF UIFSBQJTUT LOPX QFSGFDUMZ XFMM XIBU JT JNQPSUBOU GPS B TP�
DJBM TDFOBSJP BOE IPX B TDFOBSJP TIPVME CF TIBQFE GPS TQFDJëD QBUJFOUT� 3PCPUJDJTUT IBWF
POMZ MJNJUFE BDDFTT UP UIJT UBDJU LOPXMFEHF IFODF XIZ JU NBLFT TFOTF UP DSFBUF UPPMT GPS
UIFSBQJTUT JOTUFBE PG DSFBUJOH TDFOBSJPT EJSFDUMZ�

ɨF JOUFSWJFXT BT XFMM BT UFTUT XJUI DIJMESFO DPOëSNFE UIBU UIF TJ[F BOE TIBQF PG UIF
SPCPU XBT BQQSPQSJBUF GPS WBSJPVT UZQFT PG UIFSBQJFT� "EEJUJPOBMMZ UIF UIFSBQJTUT PG DPOUFYU
� SFWFBMFE BO VOFYQFDUFE CFOFëU PG UIF DVSSFOU FNCPEJNFOU EFTJHO PG UIF SPCPU� ɨF
SPCPU IBT B GBJSMZ HFOFSJD OPOEFTDSJQU TIBQF� )PXFWFS UIF WJTVBM DIBSBDUFS PG UIF SPCPU
DBO FBTJMZ CF DVTUPNJ[FE VTJOH PME DIJMESFO�T DMPUIFT BOE DPTUVNFT� ɨJT JT BO JNQPSUBOU
CFOFëU GPS VTF JO TPDJBM TDFOBSJPT� EJêFSFOU BSDIFUZQFT o TVDI BT IFSP PS WJMMBJO o DBO CF
DSFBUFE RVJDLMZ�

"T TVTQFDUFE UIF JOUFSWJFXT XJUI UIFSBQJTUT DPOëSNFE UIF JNQPSUBODF PG BMMPXJOH UIFSB�
QJTUT UP QSPHSBN DVTUPN TDFOBSJPT GPS UIF SPCPU� "T TVDI UIF DP�EFTJHO QSPDFTT EFTDSJCFE
JO UIJT TFDUJPO XBT QSJNBSJMZ GPDVTFE PO EFTJHOJOH B OFX TPGUXBSF JOUFSGBDF UP DSFBUF DVT�
UPN TDFOBSJPT GPS UIFSBQZ� "T B ëSTU TUFQ UIF FYJTUJOH #MPDLMZ�CBTFE WJTVBM QSPHSBNNJOH
JOUFSGBDF XBT FWBMVBUFE� ɨJT JT UIF TBNF QSPHSBNNJOH JOUFSGBDF UIBU XBT VTFE EVSJOH PVS
XPSLTIPQ BU UIF )3* TVNNFS TDIPPM 	TFDUJPO �����
�

5P FWBMVBUF UIF #MPDLMZ JOUFSGBDF B TNBMM TDFOBSJP XBT EFTJHOFE BOE QSPHSBNNFE GPS UIF
QBUJFOU PG DPOUFYU � JO DPOKVODUJPO XJUI IJT UIFSBQJTU� ɨF TDFOBSJP DPOTJTUT PG B TIPSU
JOUSPEVDUJPO PG UIF SPCPU DIBSBDUFS GPMMPXFE CZ B RVJ[ XJUI RVFTUJPOT PO NPSBM UPQJDT
TVDI BT CVMMZJOH BOE ESVH VTF� #FDBVTF 0OP DVSSFOUMZ EPFT OPU IBWF WPJDF SFDPHOJUJPO
TPGUXBSF B DVTUPN DPOUSPMMFS XBT DSFBUFE BT B RVJ[ JOUFSGBDF� ɨF RVJ[ DPOUSPMMFS TIPXO
JO ëHVSF ���� IBT UXP QIZTJDBM CVUUPOT UIBU BMMPX UIF VTFS UP BOTXFS RVFTUJPOT�

ɨF UFTU XJUI UIF QBUJFOU XBT WFSZ TVDDFTTGVM NPSF TP UIBO FYQFDUFE� *OJUJBMMZ XF GFBSFE

�ɨF XPSL EFTDSJCFE JO UIJT TFDUJPO XBT EPOF CZ .BSJF 7BO EFO #SPFDL BT QBSU PG IFS NBTUFS�T UIFTJT 	����
�
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3. DESIGN ITERATIONS

Fig. 3.39 Quiz control interface Fig. 3.40 Blockly API issues

UIBU UIF QBUJFOU XPVME OPU CF SFDFQUJWF UP UIF DPODFQU BOE UIF DIBSBDUFS PG UIF SPCPU CF�
DBVTF JUT BQQFBSBODF XBT EFTJHOFE GPS B EJêFSFOU VTFS HSPVQ 	TFF TFDUJPO �����
� *O DPOUSBTU
XJUI PVS FYQFDUBUJPOT UIF QBUJFOU JOEJDBUFE IF FOKPZFE UIF FYQFSJFODF BOE XBOUFE UP USZ
UIF TDFOBSJP NVMUJQMF UJNFT� ɨF SPCPU BMTP JOUSPEVDFE B SPMFQMBZJOH FMFNFOU JOUP UIF
TFTTJPO XIJDI GVODUJPOFE BT TUBSUJOH QPJOU GPS EFFQFS DPOWFSTBUJPOT�

ɨF UFDIOJDBM BTQFDU PG UIF FYQFSJNFOU XBT MFTT TVDDFTTGVM BT UIF UFTU SFWFBMFE UIBU UIF
#MPDLMZ "1* JT NVDI UPP DPNQMFY BOE WFSCPTF GPS DBTVBM VTF SFBïSNJOH POF PG UIF DPO�
DMVTJPOT PG TFDUJPO ������ ɨF TDFOBSJP XBT DPNQBSBUJWFMZ TJNQMF� UIF RVJ[ XBT DPNQSJTFE
PG POMZ ëWF RVFTUJPOT� )PXFWFS UIF DPSSFTQPOEJOH TDSJQU XBT WFSZ MBSHF BOE VOXJFMEZ
FODPNQBTTJOH NVMUJQMF TDSFFOT� 'PS UIJT VTBHF TDFOBSJP UIF EFTJHO PG UIF #MPDLMZ "1* JT
UPP WFSCPTF BOE MPX�MFWFM� ɨJT QSPCMFN JT JMMVTUSBUFE JO ëHVSF ���� TIPXJOH IPX FWFO
TJNQMF TDSJQUT SFRVJSF TVQFSìVPVT DPNNBOET UP GVODUJPO�

'VSUIFS JOUFSWJFXT BOE CSBJOTUPSNJOH TFTTJPOT XJUI UIF UIFSBQJTUT GSPN CPUI DPOUFYUT SF�
WFBMFE B OVNCFS PG JOTJHIUT� ɨF JOUFSWJFXT SFWFBMFE UIBU UIF UIFSBQZ BQQ TIPVME PêFS
B TJNQMF XBZ UP DSFBUF 8J[BSE�PG�0[ EJBMPHT� ɨF VTF PG BDUVBM QSPHSBNNJOH DPOTUSVDUT
	F�H� WBSJBCMFT GVODUJPOT
 JT OPU SFRVJSFE OPS EFTJSFE� ɨF TDFOBSJP JOUFSGBDF TIPVME CF FBTZ
UP MFBSO GBWPSJOH TJNQMJDJUZ PWFS GVODUJPOBMJUZ� ɨF ëOBM DPODFQU PG UIF BQQ JT FTTFOUJBMMZ
B SFNPUF DPOUSPM JOUFSGBDF UIBU BMMPXT UIFSBQJTUT UP QSFQBSF BOE QMBZ CBDL MJOFT PG EJBMPH�
&BDI MJOF PG EJBMPH JT DPNQSJTFE PG B GBDJBM FYQSFTTJPO DPNCJOFE XJUI B MJOF PG UFYU PS B
TPVOE ëMF� %JBMPHT DBO CF QSFQBSFE PO CFGPSFIBOE BOE TBWFE UP B ëMF BMMPXJOH UIFSBQJTUT
UP DSFBUF EJêFSFOU TFUT PG EJBMPH MJOFT GPS EJêFSFOU TDFOBSJPT PS EJêFSFOU QBUJFOUT�

"GUFS UIF DPODFQU SFRVJSFNFOUT XFSF ëOBMJ[FE JO EJBMPHVF XJUI UIF UIFSBQJTUT BO JOJUJBM
NPDLVQ PG UIF JOUFSGBDF XBT DSFBUFE� ɨF NPDLVQ JT NBEF VQ PG JNBHFT PG UIF NPTU
JNQPSUBOU JOUFSGBDF TDSFFOT 	ëH� ����
� " UBCMFU XBT DIPTFO BT UIF QSJNBSZ EFWJDF UP UFTU
UIF NPDLVQ CFDBVTF UBCMFUT BSF BMSFBEZ VTFE JO UIFSBQZ TFTTJPOT� ɨF NPDLVQ JNBHFT
XFSF CSPVHIU UP MJGF VTJOH *O7JTJPO BO BQQMJDBUJPO UIBU MFUT JOUFSGBDF EFTJHOFST RVJDLMZ
QSPUPUZQF OFX JOUFSGBDFT CZ BEEJOH CBTJD JOUFSBDUJWJUZ UP NPDLVQ JNBHFT�

ɨF *O7JTJPO NPDLVQT XFSF UFTUFE XJUI UIF UIFSBQJTUT XIJDI MFE VT UP EJTDPWFS UXP JN�
QPSUBOU TIPSUDPNJOHT� 'JSTU PG BMM UIF UIFSBQJTUT FNQIBTJ[FE UIF JNQPSUBODF PG ëMF NBO�
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3. DESIGN ITERATIONS

Fig. 3.41 Interface mockup Fig. 3.42 Social Script app in use

BHFNFOU UPPMT BT UIFZ IBWF UP EFBM XJUI NVMUJQMF QBUJFOUT BOE NBOZ EJêFSFOU TDFOBSJPT�
ɨF TFDPOE JOTJHIU JT UIBU UIFSF OFFET UP CF B EJSFDU NPEF� B XBZ UP DSFBUF BOE QMBZ B OFX
MJOF PG EJBMPH XIJMF B UIFSBQZ TFTTJPO JT JO QSPHSFTT� ɨJT JT JNQPSUBOU JO PSEFS UP SFQMZ UP
VOFYQFDUFE SFTQPOTFT GSPN UIF QBUJFOU� ɨFTF JNQSPWFNFOUT XFSF JODMVEFE JO UIF JNQMF�
NFOUBUJPO PG UIF 4PDJBM 4DSJQU BQQ TIPXO JO ëHVSF ����� "T B ëOBM SFNBSL XF OPUJDF B
QBSBMMFM CFUXFFO UIF EFTJHO PG UIJT TPGUXBSF JOUFSGBDF BOE UIF EFTJHO PG B NPEVMBS UPPMLJU�
"T JU UVSOT PVU B WFSZ ìFYJCMF JOUFSGBDF QBSBEJHN XBT OPU JEFBM BT JU JT NVDI IBSEFS UP
MFBSO UIBO UIF NPSF QSFTDSJQUJWF JOUFSGBDF PG UIF 4PDJBM 4DSJQU BQQ� " TJNJMBS EFTJHO EJNFO�
TJPO JT GPVOE JO UIF EFTJHO PG UIF IBSEXBSF NPEVMFT� "T BSHVFE JO TFDUJPO ����� B UPPMLJU
EFTJHOFS NVTU TUSJLF B CBMBODF CFUXFFO ìFYJCJMJUZ BOE FBTF PG VTF�

3.4.5 SUMMARY

ɨF TFDPOE WFSTJPO PG 0OP SFQSFTFOUT B DPNQMFUF SFEFTJHO CBTFE VQPO UIF MFTTPOT MFBSOFE
GSPN UIF ëSTU HFOFSBUJPO PG 0OP EFTJHOT� ɨF ëSTU QPJOU PG EJêFSFODF JT UIBU UIF OFX
WFSTJPO JODPSQPSBUFT B TFDPOE QSPEVDUJPO UFDIOJRVF� MPX�FOE '%. �% QSJOUJOH� ɨJT
DIBOHF BêFDUT UIF SFQSPEVDJCJMJUZ 	G1
 PG UIF TZTUFN BT UIF EFTJHO OPX SFRVJSFT FYUSB NB�
DIJOFT UP NBOVGBDUVSF� *O PVS PQJOJPO UIJT DIBOHF JT KVTUJëFE CFDBVTF JU NBLFT UIF EFTJHO
NVDI FBTJFS UP BTTFNCMF 	G2
 BOE UIF JODSFBTFE QFSGPSNBODF PG UIF NPEVMFT JNQSPWFT UIF
FNPUJPOBM FYQSFTTJWFOFTT PG UIF SPCPU 	G3 G4
� 'VSUIFSNPSF MPX�FOE �% QSJOUJOH JT
POF PG UIF TUBQMFT PG DPOUFNQPSBSZ %*: DVMUVSF BOE UIF UFDIOJRVF JT SFBEJMZ BWBJMBCMF JO
'BC-BCT UISPVHI POMJOF TFSWJDFT PS UISPVHI IPNFNBEF NBDIJOFT�

ɨF FYQFSJNFOUT EFTDSJCFE JO UIJT TFDUJPO EFMWFE NVDI EFFQFS JOUP UIF BTTFNCMZ QSPDFTT
FYQMPSJOH UIF EJïDVMUZ MFWFM 	G2
 BOE JOWFTUJHBUJOH QSPCMFNT UIBU IBNQFS UIF TUBUF PG ìPX
	G6
� ɨF TFDPOE WFSTJPO PG 0OP XBT BMTP UFTUFE JO B UIFSBQFVUJD DPOUFYU BïSNJOH UIF
BQQSPQSJBUFOFTT PG UIF 0OP DIBSBDUFS 	G5
 PVUTJEF PG UIF DPOUFYU PG "4% UIFSBQZ�

#VU UIF CJHHFTU DIBOHF JO UIJT HFOFSBUJPO JT UIF OFX FMFDUSPOJDT BSDIJUFDUVSF CBTFE VQPO
UIF PQFO 3BTQCFSSZ 1J QMBUGPSN UIBU NBEF UIF XFC�CBTFE VTFS JOUFSGBDF QPTTJCMF 	G10
�
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8IFSFBT UIF ëSTU WFSTJPO PG 0OP DPVME CF EFTDSJCFE BT BO BOJNBUSPOJD QVQQFU UIF SF�
EFTJHOFE WFSTJPO JT B GVMMZ GVODUJPOBM SPCPUJD TZTUFN DBQBCMF PG 	TFNJ�
BVUPOPNPVT CF�
IBWJPS� *O DPOUSBTU UP PUIFS TPDJBM SPCPUT UIF SPCPU OPX TFSWFT BT B XFC�QMBUGPSN PêFSJOH
EJêFSFOU BQQMJDBUJPOT UP UIF VTFST GSPN WFSZ FBTZ 4PDJBM 4DSJQUT 	�
 PWFS UP WJTVBM QSPHSBN�
NJOH XJUI #MPDLMZ 	�
 UP CBTJD TDSJQUJOH XJUI -VB 	�
 BOE UP GVMM QSPHSBNNJOH XJUI
1ZUIPO 	�
� "MSFBEZ XJUI UIFTF GPVS TUFQT B XJEF SBOHF PG QSPHSBNNJOH TLJMM�TFUT DBO CF
BEESFTTFE GSPN OPWJDFT UP SFBM TPGUXBSF EFWFMPQFST� ɨJT BQQSPBDI ëUT XJUI UIF DPODFQU
PG QPTJUJWF ìPX 	G6
 NBUDIJOH TLJMMT XJUI DIBMMFOHFT BOE ESBXT TJNJMBSJUJFT XJUI UIF %*:
IBSEXBSF BMUIPVHI UIF IBSEXBSF TUJMM MBDLT FBTZ DVTUPNJ[BCJMJUZ PG VTFS�T PXO DIBSBDUFS
EFTJHO� ɨJT JT GVSUIFS BEESFTTFE JO UIF OFYU TFDUJPO JO XIJDI UIF 0OP UFDIOPMPHZ JT USBOT�
GPSNFE JOUP UIF 0QTPSP QMBUGPSN GPDVTJOH PO UIF OFFE UP EFTJHO DVTUPN TPDJBM SPCPUT�

3.5 OPSORO PLATFORM

0OF PG UIF QSFNJTFT JO UIJT QSPKFDU JT UIBU %*: BEBQUBCJMJUZ DBO CF BEWBOUBHFPVT JO NBOZ
BQQMJDBUJPOT PG TPDJBM SPCPUJDT BOE UIF NFSJU PG UIJT JEFB XBT DPOëSNFE EVSJOH PVS FY�
QFSJNFOUT BOE EVSJOH JOUFSWJFXT XJUI UIFSBQJTUT� 'PMMPXJOH UIF FYQFSJNFOU BU 6// XF
EFDJEFE UP UBLF UIJT JEFB POF TUFQ GVSUIFS CZ SFQVSQPTJOH UIF DPNQPOFOUT PG 0OP BT DSBGU
NBUFSJBMT GPS UIF DPOTUSVDUJPO %*: TPDJBM SPCPUT�

ɨF XPSLTIPQ BU UIF 5&* DPOGFSFODF NBSLFE UIF ëSTU UJNF XF VTFE UIF 0OP NPEVMFT BT
QBSU PG B EFTJHO UPPMLJU UP CVJME OFX TPDJBM SPCPUT� #BTFE PO UIF TVDDFTT PG UIJT XPSLTIPQ
XF DIPTF UP GPDVT PVS FêPSUT PO FYQBOEJOH UIF GVODUJPOBMJUZ PG PVS UFDIOPMPHZ UP TVQQPSU
BOE GBDJMJUBUF UIF EFTJHO PG DVTUPN TPDJBM SPCPUT� 5P UIJT FOE XF DPJOFE UIF UFSN 0QTPSP o
0QFO 1MBUGPSN GPS 4PDJBM 3PCPUT o BT UIF OBNF GPS UIF VOEFSMZJOH UFDIOPMPHJFT VQPO XIJDI
0OP JT CVJMU� ɨF GPDVT PG UIF 0QTPSP QMBUGPSN JT UP FOBCMF OPO�FYQFSUT UP HP GSPN B
DIBSBDUFS DPODFQU UP B GVODUJPOBM TPDJBM SPCPU FNQIBTJ[JOH MPX�DPTU BOE %*: BTQFDUT BOE
BJNJOH QSJNBSJMZ BU DIBSBDUFST XJUI BOJNBUFE GBDJBM FYQSFTTJPOT BOE MJNJUFE CPEZ�MJNC
NPUJPO�

'PMMPXJOH UIF DPOGFSFODF XPSLTIPQ XF JNQMFNFOUFE UIF XPSLTIPQ�T DPODFQU BT B GVMM�
TFNFTUFS DPVSTF BTTJHONFOU XJUI JOEVTUSJBM EFTJHO TUVEFOUT GSPN PVS VOJWFSTJUZ� 8F IBWF
PSHBOJ[FE B DPVSTF BTTJHONFOU PO UIJT TVCKFDU XIJDI UPPL QMBDF JO TQSJOH ����� *OUFSOBMMZ
XF BEPQUFE UIF UFSN iǲF JMMVTJPO PG MJGFw BT BO VOPïDJBM NPOJLFS GPS UIF DPVSTF� ɨF
UJUMF SFGFSFODFT UIF TFNJOBM XPSL PO DBSUPPO BOJNBUJPO PG UIF TBNF OBNF XSJUUFO CZ UXP
%JTOFZ NBTUFS BOJNBUPST 	+PIOTUPO BOE ɨPNBT ����
� ɨF QIJMPTPQIZ PG UIF CPPL JT
B HPPE BOBMPHZ GPS UIF HPBMT PG PVS XPSL� 8F EP OPU BJN UP CVJME SPCPUT XF XJTI UP
DSFBUF QIZTJDBMMZ FNCPEJFE DIBSBDUFST� +VTU BT BOJNBUPST VTF QFO BOE QBQFS UP TVHHFTU
UIBU B ESBXJOH JT BMJWF XF BJN UP VTF SPCPUJD DPNQPOFOUT BT B DSFBUJWF NFEJVN UP EFTJHO
DIBSBDUFST�

3FTVMUT GSPN UIF XPSLTIPQT BOE JOUFSWJFXT XJUI QPUFOUJBM FOE VTFST QSPNQUFE VT UP GVS�
UIFS TJNQMJGZ UIF UPPMLJU� ɨJT TJNQMJëFE WFSTJPO JT EFTJHOFE XJUI B GPDVT PO BQQMJDBUJPOT
JO 45&". BT NBSLFU SFTFBSDI JOEJDBUFE UIBU UIJT UBSHFU BVEJFODF PêFST UIF CFTU PQQPS�
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UVOJUJFT GPS DPNNFSDJBMJ[BUJPO� $POTFRVFOUMZ PVS FêPSUT XFSF EJSFDUFE UPXBSE SFEVDJOH
DPTU BOE DPNQMFYJUZ PG UIF TZTUFN XIJMF TBGF�HVBSEJOH UIF %*: BOE IBDLBCMF OBUVSF PG UIF
QSFDFEJOH EFTJHOT� *O BEEJUJPO UP UIF TJNQMJëFE NPEVMFT UIJT WFSTJPO BMTP JODPSQPSBUFT B
OFX DPOOFDUJPO QSJODJQMF UP BUUBDI NPEVMFT UP UIF FNCPEJNFOU� 'JOBMMZ UIF SFEFTJHOFE
UPPMLJU XBT UFTUFE XJUI �� TFDPOEBSZ TDIPPM TUVEFOUT JO MBUF �����

t OPSORO V1.0 – ɨF JOJUJBM WFSTJPO PG UIF UPPMLJU� $PNQPOFOUT GSPN UIF UPPMLJU
XFSF FYUSBDUFE GSPN UIF EFTJHO PG UIF 0OP SPCPU BOE XFSF VTFE EVSJOH B POF�
EBZ XPSLTIPQ BU UIF 5&* DPOGFSFODF� $BSECPBSE BOE DSBGU NBUFSJBMT XFSF VTFE UP
DPOTUSVDU UIF FNCPEJNFOU�

t OPSORO V1.1 – ɨF WFSTJPO PG UIF UPPMLJU UIBU XBT VTFE EVSJOH UIF *MMVTJPO
PG -JGF DPVSTF BTTJHONFOU� *U JODPSQPSBUFT NPEVMF JNQSPWFNFOU GSPN 0OP W����
&NCPEJNFOUT XFSF DPOTUSVDUFE VTJOH EJHJUBM NBOVGBDUVSJOH UFDIOJRVFT TVDI BT
MBTFS DVUUJOH BOE $/$ NJMMJOH�

t OPSORO V1.2 – " TJNQMJëFE WFSTJPO PG UIF UPPMLJU BJNFE BU TFDPOEBSZ TDIPPM
45&. FEVDBUJPO� ɨJT WFSTJPO PG UIF UPPMLJU VTFT TJNQMJëFE NPEVMFT BOE JODPSQP�
SBUFT B OFX DPOOFDUJPO TZTUFN� UIF 0QTPSP (SJE�

3.5.1 DESIGN WORKSHOP AT TEI

Fig. 3.43 Participants working on the “Michael Jackson” robot.
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5P JOWFTUJHBUF UIF DPODFQU PG VTJOH 0OP DPNQPOFOUT BT UIF CBTJT GPS B UPPMLJU XF PSHBOJ[FE
B POF�EBZ XPSLTIPQ EVSJOH UIF ���� DPOGFSFODF PO 5BOHJCMF &NCPEJFE BOE FNCFEEFE
*OUFSBDUJPO 	5&*
 BU UIF E�TDIPPM JO 4UBOGPSE� %VSJOH UIJT XPSLTIPQ QBSUJDJQBOUT XFSF
JOWJUFE UP DSFBUF OFX BOJNBUSPOJD DSFBUVSFT VTJOH NPEVMFT GSPN 0OP JO DPOKVODUJPO XJUI
USBEJUJPOBM DSBGU NBUFSJBMT TVDI BT DBSECPBSE BOE GPBNDPSF�

ɨF NBJO BJN PG PVS XPSLTIPQ XBT UP JOUSPEVDF QBSUJDJQBOUT UP TPDJBM SPCPUJDT UISPVHI
B IBOET�PO BQQSPBDI� 8F CFMJFWF UIBU UIF BVEJFODF PG UIF 5&* DPOGFSFODF JT BQQSPQSJBUF
CFDBVTF UIFSF UIFSF JT B MBSHF PWFSMBQ CFUXFFO TPDJBM SPCPUJDT BOE UBOHJCMF JOUFSBDUJPO BOE
BT TVDI UIF UPQJDT DPWFSFE JO UIJT TUVEJP TIPVME CF PG JOUFSFTU UP UIF QBSUJDJQBOUT� 0O
UIF PUIFS IBOE UIF CBDLHSPVOE PG QBSUJDJQBOUT JT TVïDJFOUMZ EJTUJODU TP UIBU JU PêFST VT
OFX QFSTQFDUJWFT GSPN PVUTJEF UIF ëFME PG )3*� 'VSUIFSNPSF QBSUJDJQBOUT GSPN UIF 5&*
BVEJFODF BSF VTVBMMZ BMSFBEZ GBNJMJBS XJUI TPNF PG UIF UFDIOJRVFT BOE UFDIOPMPHJFT UIBU
XF VTF EVSJOH UIF XPSLTIPQ� ɨJT JT JNQPSUBOU EVF UP UIF UJNF DPOTUSBJOU JOIFSFOU UP UIF
XPSLTIPQ GPSNBU�

ɨF XPSLTIPQ�T HPBM JT UP BMMPX QBSUJDJQBOUT UP EFTJHO BOE QSPUPUZQF UIFJS PXO SPCPUJD
DSFBUVSF� 5P UIJT FOE XF QSPWJEFE B OVNCFS PG QSFBTTFNCMFE NPEVMFT B TUBOE�BMPOF
FMFDUSPOJDT VOJU BOE DSBGU NBUFSJBMT UP CVJME XJUI� 'PVS EJêFSFOU LJOET PG NPEVMFT XFSF
QSPWJEFE� NPVUIT FZFCSPXT FZFT BOE KPJOU NPEVMFT� $SBGU NBUFSJBMT JODMVEFE DBSECPBSE
HMVFT GBCSJDT BOE GPBN� 8F BMTP QSPWJEFE DVTUPN QMBTUJD DPOOFDUPST UP JOUFSGBDF UIF
NPEVMFT XJUI DBSECPBSE TUSVDUVSFT� 4JNQMF MPX�UISFTIPME QSPUPUZQJOH UFDIOJRVFT TVDI
BT DBSECPBSE QSPUPUZQJOH XFSF VTFE UISPVHIPVU UIF TFTTJPO� ɨJT DIPJDF XBT NBEF EVF
UP UJNF BOE JOGSBTUSVDUVSF DPOTUSBJOUT UIPVHI JU BMTP IFMQFE UP VOEFSMJOF UIF JEFB UIBU
BO JUFSBUJWF QSPDFTT JT JNQPSUBOU JO UIF EFTJHO PG JOUFSBDUJWF TZTUFNT� ɨF XPSLTIPQ XBT
EJWJEFE JOUP GPVS QIBTFT�

�� $PODFQU (FOFSBUJPO o ɨF XPSLTIPQ XBT TUBSUFE XJUI B CSJFG JOUSPEVDUJPO JOUP UIF
ëFME PG TPDJBM SPCPUJDT JODMVEJOH B TIPSU EJTDVTTJPO PO JUT IJTUPSZ BT XFMM BT JOTQJ�
SBUJPOBM FYBNQMFT PG )3*� ɨJT XBT GPMMPXFE CZ B EFNPOTUSBUJPO PG 0OP BOE FY�
QMBOBUJPO PG UIF EFTJHO QIJMPTPQIZ CFIJOE JU� 'JOBMMZ QBSUJDJQBOUT XFSF JOUSPEVDFE
UP PVS TPDJBM SPCPUJDT UPPMLJU HPJOH PWFS UIF QPTTJCJMJUJFT BOE MJNJUBUJPOT PG UIF LJU�
ɨF QIBTF FOEFE XJUI B CSBJOTUPSN� 1BSUJDJQBOUT XFSF HJWFO UJNF UP DPNF VQ XJUI
B DPODFQU BOE TDFOBSJP GPS B OFX TPDJBM SPCPU�

�� &NCPEJNFOU o *O UIF TFDPOE QIBTF QBSUJDJQBOUT XFSF HJWFO UIF UPPMT BOE NBUFSJBMT
UP UVSO UIFJS DIPTFO DPODFQU JOUP B XPSLJOH QSPUPUZQF� 8F QSPWJEFE UIF UPPMLJU
XIJDI DPOUBJOT NPEVMFT GPS FZFT FZFCSPXT NPVUI BOE KPJOUT BT XFMM BT DSBGU NB�
UFSJBMT UP DSFBUF UIF FNCPEJNFOU PG UIF SPCPU� ɨF DSBGU NBUFSJBMT XF DIPTF XFSF
TFMFDUFE CFDBVTF UIFZ BMMPX RVJDL EFTJHO JUFSBUJPOT XJUI NJOJNBM FêPSU�

�� $SFBUJOH *OUFSBDUJPO o "GUFS DPNQMFUJOH UIF FNCPEJNFOU PG UIF SPCPU BMM NPEVMFT
BSF DPOOFDUFE UP UIF FMFDUSPOJDT JO PSEFS UP CSJOH UIF DSFBUVSFT UP MJGF� ɨF FMFDUSPO�
JDT DPOTJTUT PG B 3BTQCFSSZ 1J XJUI B DVTUPN EBVHIUFSCPBSE UP DPOUSPM UIF TFSWPT�
ɨF FMFDUSPOJDT BOE UIF QPXFS TVQQMZ XFSF QSFBTTFNCMFE JOUP TUBOE�BMPOF VOJUT TP
UIBU QBSUJDJQBOUT EJE OPU IBWF UP EP BOZ FMFDUSPOJDT XPSL PVUTJEF PG QMVHHJOH JO UIF
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TFSWPT� *O BEEJUJPO UP UIF NPEVMFT XIJDI GVODUJPO BT PVUQVU EFWJDFT XF BMTP QSP�
WJEFE B OVNCFS PG .BLFZ .BLFZ CPBSET 	+� 4JMWFS FU BM� ����
� ɨFTF CPBSET DBO CF
VTFE UP UVSO BOZ DPOEVDUJWF TVSGBDF JOUP B UPVDI TFOTPS HJWJOH UIF SPCPU CBTJD TFOT�
JOH DBQBCJMJUJFT� ɨF SPCPUT DBO UIFO CF DPOUSPMMFE WJB B XFC JOUFSGBDF SVOOJOH PO
UIF 3BTQCFSSZ 1J� 8F DSFBUFE B WJTVBM QSPHSBNNJOH MBOHVBHF CBTFE PO #MPDLMZ�� UP
BMMPX QBSUJDJQBOUT UP QSPHSBN CFIBWJPST� 4JNQMF JOUFSBDUJWF TDFOBSJPT DBO CF DSFBUFE
VTJOH UIJT MBOHVBHF CZ ESBHHJOH BOE DPOOFDUJOH QV[[MF�TIBQFE CMPDLT�

�� %FNPT BOE 3FîFDUJPOT o "GUFS FWFSZ UFBN DPNQMFUFE UIFJS BOJNBUSPOJD QSPUPUZQF
UIF HSPVQT EFNPOTUSBUFE UIFJS SPCPU UP UIFJS QFFST� " TIPSU NPWJF PG FBDI IVNBO�
SPCPU JOUFSBDUJPO TDFOBSJP XBT SFDPSEFE� " TIPSU EJTDVTTJPO XBT DPOEVDUFE UP TFF
XIBU QBSUJDJQBOUT UIPVHIU PG EVSJOH UIF EFTJHO QSPDFTT BOE UP TFF JG UIJT MP�ë QSPUP�
UZQJOH BQQSPBDI DPVME CF VTFGVM JO PUIFS SFTFBSDIFST� XPSL� "GUFSXBSET QBSUJDJQBOUT
XFSF BMTP BTLFE UP ëMM JO B TIPSU TVSWFZ�

*O UPUBM � QFPQMF UPPL QBSU JO UIF XPSLTIPQ� 1BSUJDJQBOUT UFBNFE VQ JO UXP HSPVQT PG UISFF
CVJMEJOH UXP OFX SPCPUT� ɨF ëSTU XBT B QJSBUF DIBSBDUFS UIBU XPVME UISPX B UBOUSVN XIFO
IJT SVN CPUUMF JT UBLFO BXBZ� ɨF TFDPOE DIBSBDUFS TIPXO JO ëHVSF ���� XBT JOTQJSFE CZ
QFSTPOB PG .JDIBFM +BDLTPO� *U XPVME QFSGPSN B SFOEJUJPO PG i#JMMZ +FBOw XIJMTU NPWJOH JUT
GFEPSB IBU� 6OGPSUVOBUFMZ UXP QBSUJDJQBOUT IBE UP MFBWF IBMGXBZ UISPVHI UIF XPSLTIPQ
EVF UP BO PWFSMBQQJOH TFTTJPO� ɨJT QPTFE TPNF EJïDVMUZ BT UIFZ XFSF NFNCFST PG UIF
TBNF UFBN UIPVHI UIF TJUVBUJPO XBT BEESFTTFE UISPVHI IFMQ GSPN UIF PSHBOJTFST�

"U UIF FOE PG UIF EBZ UIF QBSUJDJQBOUT XFSF BTLFE UP ëMM JO B TIPSU RVFTUJPOOBJSF� ɨF
RVFTUJPOOBJSF DPOTJTUFE PG UIF GPMMPXJOH QBSUT�

t (FOFSBM QFSTPOBMJB RVFTUJPOT�

t " VTFS FYQFSJFODF DVSWF 	M5
�

t ɨF "UUSBL%Jê RVFTUJPOOBJSF 	M2
�

t 0QFO RVFTUJPOT 	M6
�

o i8IBU EJE ZPV MJLF BCPVU UIF XPSLTIPQ BOE UIF SPCPU QMBUGPSN w
o i8IBU EJE ZPV EJTMJLF BCPVU JU w
o i"SF UIFSF BOZ PUIFS TVHHFTUJPOT PS SFNBSLT 

'JHVSF ���� TIPXT BMM UIF 69 DVSWFT ESBXO CZ UIF QBSUJDJQBOUT BOE ëHVSF ���� TVNNBSJ[FT
UIF SFTVMUT PG UIF "UUSBL%Jê RVFTUJPOOBJSF� ɨF SFTQPOTFT UP UIF PQFO RVFTUJPOT BT XFMM BT
HFOFSBM JOGPSNBUJPO PO UIF CBDLHSPVOE PG UIF QBSUJDJQBOUT BSF TVNNBSJ[FE JO UBCMF ����

#PUI UFBNT XFSF TVDDFTTGVM JO EFTJHOJOH BOE CVJMEJOH B DVTUPN SPCPU UIPVHI UIF XPSL�
TIPQ IFMQFE JEFOUJGZ B OVNCFS PG XFBLOFTTFT JO UIF UPPMLJU� 'FFECBDL GSPN UIF RVFTUJPO�
OBJSF BT XFMM BT QFSTPOBM PCTFSWBUJPOT EVSJOH UIF XPSLTIPQ TIPX UIBU NPTU QSPCMFNT BSF

��#MPDLMZ o #//+.Γχχ� 1 '*+ -.Α"**"' Α�*(χ�'*�&'4χ
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Fig. 3.44 UX curves drawn by the the participants of the workshop. n = 5.
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Fig. 3.45 Results of the AttrakDiff questionnaire. The hatched area represents the confidence
rectangle. n = 5, PQ = 0.77± 0.60, HQ = 1.21± 0.54

SFMBUFE UP UIF WJTVBM QSPHSBNNJOH TPGUXBSF� .JOPS CVHT TPGUXBSF RVJSLT BOE VTBCJMJUZ
JTTVFT 	GPS JOTUBODF B TBWF CVUUPO IBE OPU ZFU CFFO JNQMFNFOUFE
 SFTVMUFE JO B GSVTUSBU�
JOH FYQFSJFODF BU UJNFT� ɨJT JT SFìFDUFE JO UIF MPXFS TDPSF GPS QSBHNBUJD RVBMJUZ PG UIF
"UUSBL%Jê RVFTUJPOOBJSF�

ɨF WJTVBM QSPHSBNNJOH TPGUXBSF XBT JNQMFNFOUFE TP UIBU UIF TDSJQU�T MPHJD JT FYFDVUFE
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JO UIF CSPXTFS XIJDI UIFO QFSJPEJDBMMZ TFOET NPWFNFOU DPNNBOET UP UIF SPCPU� ɨJT
QSPWFE USPVCMFTPNF EVF UP JTTVFT XJUI DPOOFDUJPO TUBCJMJUZ BOE MBUFODZ� 4JODF UIFO UIF
TPGUXBSF XBT SFXSJUUFO TP UIBU TDSJQUT BSF DPNQJMFE BOE FYFDVUFE EJSFDUMZ PO UIF SPCPU
MFBEJOH UP CFUUFS SFTQPOTJWFOFTT BOE TUBCJMJUZ�

ɨSPVHI UIF FYQFSJNFOU XF JEFOUJëFE B OVNCFS PG QSPCMFNT XJUI UIF BSDIJUFDUVSF PG
UIF #MPDLMZ "1*� ɨF "1* DPNNBOET JNQMFNFOUFE BT #MPDLMZ CMPDLT XFSF UPP WFSCPTF
MFBEJOH UP MBSHF BNPVOUT PG SFQFUJUJWF CPJMFSQMBUF DPEF� *O GVUVSF WFSTJPOT MPX�MFWFM CMPDLT
TIPVME CF HSPVQFE JOUP DPOTUSVDUT XJUI B IJHIFS MFWFM PG BCTUSBDUJPO� ɨJT XPVME NBLF GPS
B TJNQMFS BOE NPSF FYQSFTTJWF MBOHVBHF�

0O UIF NFDIBOJDBM TJEF PG UIF UPPMLJU XF GPVOE UIBU IJHI�UPSRVF NPUJPO TVDI BT NPWJOH
MJNCT QSPWFE IBSE UP SFBMJ[F VTJOH PVS TZTUFN� ɨJT JT UP CF FYQFDUFE EVF UP UIF JOIFS�
FOU MPX UPSRVF PG UIF 3$ TFSWPT BT XFMM BT EVF UP UIF MJNJUFE IPMEJOH GPSDF PG UIF TOBQ
DPOOFDUPST� ɨJT QSPWFE UP CF BO JTTVF GPS UIF QJSBUF SPCPU XIJDI JODMVEFE BO BDUVBUFE
BSN UIPVHI UIF QSPCMFN XBT NJUJHBUFE VTJOH B MJCFSBM BNPVOU PG IPU�NFMU BEIFTJWF� 4UJMM
UIF JTTVFT XJUI BDUVBUFE MJNCT XFSF FYQFDUFE� ɨF JTTVFT DPVME CF TPMWFE CZ VTJOH CFUUFS
BDUVBUPST� )PXFWFS UIF VTF PG IJHI�FOE BDUVBUPST XPVME MFBE UP B ESBNBUJD DPTU JODSFBTF
BOE DPOìJDUT XJUI UIF HPBM PG DSFBUJOH BO BDDFTTJCMF %*:�GSJFOEMZ QMBUGPSN�

*O HFOFSBM XF UIJOL UIF XPSLTIPQ XBT TVDDFTTGVM� *O UIF FOE BMM QBSUJDJQBOUT TVDDFFEFE
JO CVJMEJOH B GVODUJPOBM BOJNBUSPOJD DSFBUVSF JO B WFSZ TIPSU BNPVOU PG UJNF� 1BSUJDJQBOUT
QSBJTFE UIF GPSNBU PG UIF XPSLTIPQ JO UIFJS DPNNFOUT QBSUJDVMBSMZ UIF PQFO�FOEFEOFTT PG
UIF BTTJHONFOU BT XFMM BT UIF RVJDL BOE JOTUJODUJWF QSPUPUZQJOH BQQSPBDI� 0OF QBSUJDJQBOU
JO QBSUJDVMBS SFQPSUFE UIBU UIFZ GFMU UIBU iGBJMVSF JT PLw BO JNQPSUBOU QSFSFRVJTJUF UP UIF
DPODFQU PG B TBOECPY DVMUVSF BT QPQVMBSJ[FE CZ .*5 .FEJB -BC� /PSNBO 	����
 TIPXT
UIBU SFNPWJOH UIF TUSFTT BTTPDJBUFE XJUI GBJMVSF DBO IBWF B USFNFOEPVT JNQBDU PO DSFBUJWJUZ�
*U DBVTFT UIF CSBJO UP TXJUDI UP B EJêFSFOU DPHOJUJWF TUBUF DBVTJOH UIF UIPVHIU QSPDFTT UP
CSPBEFO�

ɨF SFTVMUT PG UIF XPSLTIPQ TIPX UIBU UIF UPPMLJU XPSLT XFMM BT B RVJDL MPX�ëEFMJUZ
NFUIPE GPS QSPUPUZQJOH OFX TPDJBM SPCPUT� *O QSFWJPVT XPSL PVS GPDVT XBT NBJOMZ EJ�
SFDUFE UPXBSE IJHIFS�FOE UJNF�JOUFOTJWF QSPUPUZQJOH JOWPMWJOH $"% NPEFMJOH BOE MBTFS�
DVU FNCPEJNFOU QBSUT� 'SPN UIJT B OFX DIBMMFOHF BSJTFT� EFTJHOJOH B QSPUPUZQJOH NFUIPE
UIBU ëUT JO�CFUXFFO UIFTF UXP FYUSFNFT� ɨJT iNFEJVN�ëw QSPUPUZQJOH BQQSPBDI TIPVME
QSFTFSWF UIF TQPOUBOFJUZ PG DBSECPBSE BT B QSPUPUZQJOH NBUFSJBM ZFU PêFS B XBZ UP DSFBUF
SPCPUT UIBU BSF NPSF EVSBCMF BOE BFTUIFUJDBMMZ NPSF BUUSBDUJWF�

3.5.2 THE ILLUSION OF LIFE

&YQBOEJOH VQPO SFTVMUT PG UIF POF�EBZ XPSLTIPQ BU 5&* 	TFDUJPO �����
 XF PSHBOJ[FE B
TFNFTUFS�MPOH DPVSTF BTTJHONFOU CBTFE VQPO UIF TBNF JEFB� 5XFOUZ �OE�ZFBS *OEVTUSJBM
%FTJHO TUVEFOUT XFSF UBTLFE XJUI UIF EFTJHO PG OFX TPDJBM SPCPUT VTJOH UIF 0QTPSP TZTUFN�
ɨJT UPPL QMBDF PWFS UIF DPVSTF PG B ���XFFL TFNFTUFS BT QBSU PG POF PG UIFJS %FTJHO 4UVEJP
DPVSTFT� 4UVEFOUT XFSF HSPVQFE JOUP QBJST SFTVMUJOH JO B UPUBM PG UFO EJêFSFOU SPCPUT� ɨF
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3. DESIGN ITERATIONS

MPOHFS UJNF TQBO BêPSEFE VT UIF DIBODF UP EFWPUF NPSF UJNF UP UIF DPODFQU UIF DIBSBDUFS
EFTJHO BOE UIF NBUFSJBMJ[BUJPO PG UIF FNCPEJNFOU� ɨJT XBT OPU QPTTJCMF JO B POF�EBZ
XPSLTIPQ�

8IJMF UIFTF TUVEFOUT BSF OPU DPOTJEFSFE EFTJHO OPWJDFT JU TIPVME BMTP CF OPUFE UIBU UIFTF
TUVEFOUT IBWF OP FYQFSUJTF JO UIF EFTJHO PG SPCPUT� ɨF *OEVTUSJBM %FTJHO QSPHSBN JT
PSJFOUFE UPXBSE HFOFSBM EFTJHO BOE FOHJOFFSJOH� ɨFSF JT OP TQFDJBM GPDVT PO IVNBO�
DPNQVUFS JOUFSBDUJPO PS NFDIBUSPOJDT EFTJHO� $POTJEFSJOH UIF TUVEFOUT� CBDLHSPVOE BT
XFMM BT QSBDUJDBM DPOTUSBJOUT XF EFDJEFE UP MJNJU UIF TDPQF PG PVS FYQFSJNFOU UP UIF QIZTJDBM
EFTJHO PG TPDJBM SPCPUT� #FIBWJPS QSPHSBNNJOH XBT OPU QBSU PG UIF DPVSTF BMUIPVHI UIJT
JT TPNFUIJOH XF XBOU UP JODMVEF JO GVUVSF FYQFSJNFOUT�

5P BJE UIF TUVEFOUT JO UIFJS EFTJHO QSPDFTT XF JNQPTFE B ëYFE QMBOOJOH UIBU DPSSFTQPOET
UP UIF EJêFSFOU TUFQT JO PVS QMBUGPSN�T NFUIPEPMPHZ� *O UIF ëSTU QBSU PG UIF DPVSTF 	XFFL
���
 BMM TUVEFOUT XPSLFE JOEJWJEVBMMZ� %VSJOH UIJT UJNF TUVEFOUT XPSLFE UPXBSET B UPQ�
UISFF PG SPCPU DPODFQUT UIBU DPVME CF DSFBUFE XJUI UIF QMBUGPSN� "U UIJT QPJOU XF TFMFDUFE
UIF CFTU DPODFQU QFS TUVEFOU BOE HSPVQFE UIF TUVEFOUT JOUP QBJST XJUI FBDI QBJS IBWJOH
TJNJMBS PS DPNQMFNFOUBSZ DPODFQUT� 'SPN XFFL � PO TUVEFOUT XPSLFE JO UFBNT UP SFBMJ[F
UIFJS DPODFQU VTJOH UIF QMBUGPSN� 5P FODPVSBHF DPMMBCPSBUJPO CFUXFFO UFBNT EVSJOH UIF
BTTJHONFOU TUVEFOUT XFSF FYQMJDJUMZ UPME UIBU UIFZ XFSF BMMPXFE UP TIBSF UIFJS PXO NPEVMF
EFTJHOT XJUI PUIFS UFBNT� ɨJT TFSWFE UXP QVSQPTFT� 	�
 JU SFEVDFT TUVEFOU XPSLMPBE 	�

JU FODPVSBHFT UIF TUVEFOUT UP NBLF UIFJS DVTUPN NPEVMFT NPSF ìFYJCMF 	J�F� i)PX DBO *
EFTJHO NZ NPEVMF TP UIBU JU JT OPU POMZ VTFGVM GPS NF CVU GPS PUIFS QFPQMF BT XFMM w
� ɨF
TFDUJPOT CFMPX EFTDSJCF UIF QMBOOJOH VTFE EVSJOH UIF BTTJHONFOU� 'JHVSF ���� TIPXT POF
UFBN�T QSPDFTT JO WBSJPVT TUFQT BMPOH UIJT QSPDFTT�

t 8FFL ���� *OUSPEVDUJPO � JOTQJSBUJPO o 4UVEFOUT BSF HJWFO CBDLHSPVOE JOGPSNBUJPO
PO UIF )3* ëFME BMPOH XJUI FYBNQMFT PG FYJTUJOH TPDJBM SPCPUT� %VSJOH UIF JO�
USPEVDUJPO MFTTPO TUVEFOUT XFSF BMTP HJWFO B QSFTFOUBUJPO PO UIF EFTJHO QSPDFTT PG
1SPCP BOE 0OP�

t 8FFL ���� $PODFQU HFOFSBUJPO o %VSJOH UIJT QIBTF TUVEFOUT XPSLFE JOEJWJEVBMMZ
UPXBSE B DPODFQU GPS B TPDJBM SPCPU� ɨJT QSPDFTT FOUBJMT UIF EFTJHO PG BO JEFOUJUZ
BOE QFSTPOBMJUZ UIBU JT MJOLFE UP UIF GVODUJPOBMJUZ BOE BQQFBSBODF PG UIF SPCPU� "GUFS
TFMFDUJPO PG UIF DPODFQUT UIF TUVEFOUT DPOUJOVFE UP XPSL JO UFBNT PG UXP�

t 8FFL �� 2VJDL � EJSUZ NPDLVQT o 4UBSUJOH GSPN TLFUDIFT TUVEFOUT DSFBUFE SPVHI ���
TDBMF GPBN NPEFMT GPS UIF BQQFBSBODF PG UIF SPCPU� ɨFTF GPBN NPDLVQT TFSWFE B
OVNCFS PG QVSQPTFT� UIFZ BMMPXFE UIF TUVEFOUT UP RVJDLMZ ëOF�UVOF UIF BQQFBSBODF
UIFZ QSPWJEF BO JOEJDBUJPO PG UIF TUBCJMJUZ BOE UIF TIBQF UIFZ DBO CF VTFE UP UFTU�ëU
UIF NPEVMFT BOE UIFZ DBO CF VTFE BT B CBTJT GPS UIF TLFMFUPO EFTJHO BOE TLJOOJOH
PG UIF SPCPU�

t 8FFL ���� .PEVMFT BOE TLFMFUPO EFTJHO o 0ODF UIF HFOFSBM BQQFBSBODF PG UIF SPCPU JT
FTUBCMJTIFE B SJHJE GSBNF OFFET UP CF EFTJHOFE UP BïY UIF NPEVMFT FMFDUSPOJDT BOE
TLJO UP� 5P DSFBUF UIF EFTJHO PG UIF TLFMFUPO TUVEFOUT XFSF ëSTU JOTUSVDUFE UP DSFBUF
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B EJHJUBM �% NPEFM PG UIFJS QIZTJDBM NPDLVQ� 8F SFDPNNFOEFE UIF VTF PG TDVMQU�
JOH TPGUXBSF 	F�H� .FTI.JYFS��
 UIPVHI TPNF TUVEFOUT DSFBUFE UIFJS NPEFM XJUI
/63#4 TVSGBDF NPEFMJOH UPPMT� 'PS UIF ëSTU EFTJHO JUFSBUJPO PG UIF GSBNF UIF �%
NPEFM XBT DPOWFSUFE JOUP TMJDFT VTJOH "VUPEFTL�T ���% .BLF�� BOE UIFO DVU PVU
PG � NN DBSECPBSE VTJOH B MBTFS DVUUFS� "GUFS UFTU ëUUJOH UIF DPNQPOFOUT UIF TMJDFT
XFSF USBOTGFSSFE UP B EFEJDBUFE NFDIBOJDBM $"% TPGUXBSF QBDLBHF XIJDI XBT VTFE
UP GVSUIFS EFUBJM UIF TLFMFUPO� ɨJT EFUBJMJOH JODMVEFT BEEJOH TOBQ DPOOFDUPST GPS
JOUFSDPOOFDUJOH UIF EJêFSFOU QBSUT PG UIF TLFMFUPO BOE GPS DPOOFDUJOH UIF NPEVMFT
UP UIF TLFMFUPO BEEJOH PQFOJOHT GPS DBCMF SPVUJOH BOE BEEJOH SFJOGPSDFNFOU QBSUT�
ɨJT TFDPOE JUFSBUJPO XBT UIFO BHBJO DVU GSPN � NN DBSECPBSE BTTFNCMFE BOE
UFTUFE CZ UIF TUVEFOUT� $BSECPBSE XBT DIPTFO GPS UIF ëSTU UXP JUFSBUJPOT CFDBVTF JU
JT JOFYQFOTJWF 	CPUI JO UFSNT PG NBUFSJBM DPTU BOE NBDIJOF UJNF
 BOE CFDBVTF UIF
DVU QJFDFT DBO CF FBTJMZ NPEJëFE BGUFSXBSET VTJOH TJNQMF IBOE UPPMT 	F�H� TDJTTPST
LOJWFT HMVF UBQF
� 0ODF UIF GSBNF EFTJHOT XFSF ëOBMJ[FE UIF EFTJHOT XFSF DVU GSPN
� NN "#4 QMBTUJD� /FBSMZ BMM TLFMFUPOT DPVME CF DVU GSPN UISFF TIFFUT TJ[FE ���Y���
NN XIJDI XBT UIF OVNCFS PG TIFFUT XF QSPWJEFE QFS UFBN� "OZ BEEJUJPOBM TIFFUT
IBE UP CF QSPWJEFE CZ UIF TUVEFOUT UIFNTFMWFT� ɨJT FODPVSBHFE TUVEFOUT UP EFTJHO
UIFJS GSBNFT XJUI FïDJFOU NBUFSJBM VTF JO NJOE� %VSJOH UIJT QIBTF TUVEFOUT BMTP
TUBSUFE XPSL PO BOZ DVTUPN NPEVMFT UIFZ NJHIU SFRVJSF GPS UIFJS SPCPU� .PTU DVT�
UPN NPEVMFT XFSF TJNQMF NPEJëDBUJPOT PG FYJTUJOH NPEVMFT UIPVHI TPNF HSPVQT
BMTP EFTJHOFE NPEVMFT GSPN TDSBUDI� "T NFOUJPOFE FBSMJFS UFBNT XFSF FYQMJDJUMZ
QFSNJUUFE UP TIBSF UIFJS NPEVMFT XJUI FBDI PUIFS� ɨJT SFTVMUFE JO BO JOUFSFTUJOH
EZOBNJD XIFSF NPEVMFT XFSF USBEFE CFUXFFO HSPVQT 	F�H� i8F XJMM EFTJHO NPEVMF
" JG ZPV EFTJHO NPEVMF # UIFO XF CPUI DBO VTF UIF NPEVMFT JO PVS SPCPU�w
�

t 8FFL ���� 4LJOOJOH BOE GBDJBM GFBUVSFT o 0ODF UIF GSBNF BOE NPEVMFT PG FBDI SPCPU
BSF ëOBMJ[FE BO PVUFS BFTUIFUJD MBZFS OFFET UP CF DSFBUFE� 5FDIOJRVFT VTFE CZ UIF
TUVEFOUT EVSJOH UIJT QIBTF WBSJFE HSFBUMZ� 0OF NFUIPE XF TVHHFTUFE XBT UP NBLF
B TPGU QBEEJOH MBZFS VTJOH TIFFUT PG TPGU 16 GPBN BOE UP UIFO DPWFS UIJT QBEEJOH
MBZFS XJUI BO PVUFS WJTJCMF MBZFS NBEF GSPN TUSFUDIBCMF GBCSJD TVDI BT -ZDSB� ɨJT
BQQSPBDI XBT BMTP VTFE JO UIF EFTJHO PG 0OP BOE XPSLT XFMM GPS TPGU SPCPUT UIBU BSF
DSFBUFE UP JOUFSBDU XJUI DIJMESFO� )PXFWFS TFFJOH UIBU UIF TUVEFOUT� DPODFQUT BSF
RVJUF EJWFSTF NPTU UFBNT EFWJBUFE GSPN UIJT BQQSPBDI RVJUF TJHOJëDBOUMZ� 8IJMF
NPTU UFBNT DPOUJOVFE UP SFMZ PO GBCSJDT BOE UFYUJMFT TPNF FYQFSJNFOUFE XJUI SBEJ�
DBMMZ EJêFSFOU UFDIOJRVFT XIJDI XBT FTQFDJBMMZ JOUFSFTUJOH UP VT� %VSJOH UIJT QIBTF
UIF GPBN NPDLVQT BHBJO QSPWFE UP CF WFSZ VTFGVM BT UIFZ BMMPXFE UIF TUVEFOUT UIBU
VTFE GBCSJDT UP FBTJMZ DSFBUF QBUUFSOT GPS UIF UFYUJMF CZ QJOOJOH DVU QJFDFT PG QBQFS
POUP UIF GPBN NPDLVQ� ɨFTF QBQFS QBUUFSOT DPVME UIFO CF USBOTGFSSFE UP UIF UFYUJMF
UP DVU PVU�

t 8FFL ������ 4LJOOJOH NPEVMF JOUFHSBUJPO íOBM BEKVTUNFOUT o %VSJOH UIF MBTU XFFLT
PG UIF DPVSTF TUVEFOUT XFSF NPTUMZ XPSLJOH PO ëOJTIJOH UIFJS EFTJHOT� .PTU TUJMM
SFRVJSFE TPNF UJNF UP JOUFHSBUF UIF NPEVMFT JOUP UIF TLJO PG UIFJS SPCPU�

��"VUPEFTL .FTI.JYFS o #//+Γχχ222Α( .#($3 -Α�*(
��"VUPEFTL ���% .BLF o #//+Γχχ222ΑͮͯͰ��++Α�*(χ(�& 
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3. DESIGN ITERATIONS

t 8FFL ��� %FBEMJOF o 4UVEFOUT QSFTFOUFE UIFJS XPSL JO UIF ëSTU XFFL BGUFS UIF FOE
PG UIF DPVSTF� %FMJWFSBCMFT JODMVEFE 	�
 B QSFTFOUBUJPO TIPXJOH UIF DPODFQU EF�
TJHO QSPDFTT BOE JOUFOEFE JOUFSBDUJPO TDFOBSJP 	�
 �% EFTJHO ëMFT BOE 	�
 B TFU PG
QJDUVSFT PG UIF SPCPU EFQJDUJOH FBDI PG &LNBO�T CBTJD FNPUJPOT 	����
�

*O BEEJUJPO UP UIF EFMJWFSBCMFT TUVEFOUT XFSF SFRVJSFE UP IBOE JO UIFJS SPCPUT BU UIF FOE PG
UIF DPVSTF 	XIJDI XBT VMUJNBUFMZ VTFE UP HSBEF UIF TUVEFOUT
� 8F BMTP BTLFE UIF TUVEFOUT UP
ëMM JO B RVFTUJPOOBJSF UP FWBMVBUF UIF QSPDFTT PG UIF DPVSTF BTTJHONFOU� ɨJT RVFTUJPOOBJSF
DPNQSJTFE RVFTUJPOT SFHBSEJOH UIF VTF PG NPEVMFT BOE TLJOOJOH UFDIOJRVFT 	�
 RVFTUJPOT
DPODFSOJOH UIF EJïDVMUZ PG FBDI QIBTF BOE 	�
 RVFTUJPOT SFHBSEJOH TVCKFDUJWF BQQSFDJBUJPO
PG UIF QMBUGPSN� "GUFS UIF ëOBM QSFTFOUBUJPO BMM TUVEFOUT DPNQMFUFE UIF RVFTUJPOOBJSF
SFTVMUJOH JO UXP SFTQPOTFT QFS SPCPU� ɨF RVFTUJPOOBJSF XBT OPU BOPOZNJ[FE TP UIBU EBUB
PG UFBN NFNCFST DPVME BMTP CF DPNQBSFE UP FBDI PUIFS� ɨF RVFTUJPOOBJSF XBT UBLFO JO
%VUDI BOE UIF SFTVMUT XFSF USBOTMBUFE UP &OHMJTI CZ UIF BVUIPST�

A B C

D E F

Fig. 3.46 Design process overview of one robot. (A) Concept sketches, (B) foam mockup, (C)
Module test fitting, (D) 1st and 3rd skeleton iterations, (E) skinning – foam padding, (F) skinning –
outer textile layer.
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A B C D E

F G H I J

Fig. 3.47 The ten robots designed during the student course.

3.5.2.1 RESULTS

ɨF SFTVMUT PG UIF DPVSTF BTTJHONFOU BSF TIPXO JO ëHVSF ���� TIPXJOH UIF UFO SPCPU
FNCPEJNFOUT EFTJHOFE CZ UIF TUVEFOU UFBNT� 5BCMF ��� HJWFT B TVNNBSZ PG UIF JOUFOEFE
GVODUJPOBMJUZ PG FBDI SPCPU UIF NPEVMFT UIFZ VTFE BOE UIF NBUFSJBMT VTFE UP NBLF UIF
PVUFS TLJO�

*O HFOFSBM OFBSMZ BMM NPEVMF NPEJëDBUJPOT IBE POF HPBM JO DPNNPO� UIFZ BJNFE UP NBLF
UIF NPEVMF TNBMMFS JO PSEFS UP CF BCMF UP JOUFHSBUF UIBU TQFDJëD GBDJBM GFBUVSF JOUP UIFJS
SPCPU� ɨJT UFOET UP CF B USBEF�Pê CFUXFFO TJ[F BOE GVODUJPOBMJUZ� ɨF TUBOEBSE NPEVMFT
BSF VTVBMMZ CJHHFS UIBO UIFJS NPEJëFE DPVOUFSQBSUT CVU PêFS NPSF %0'T� )PXFWFS UIFTF
FYUSB %0'T BSF OPU BMXBZT SFRVJSFE UP FOBCMF UIF JOUFOEFE JOUFSBDUJPOT�

.BOZ HSPVQT NPEJëFE UIF MFOHUI PG UIF MFWFST PO UIF FZFCSPX BOE NPVUI NPEVMFT UP
BDDPNNPEBUF UIF PVUFS TIBQF PG UIFJS SPCPU� ɨJT JT B WFSZ NJOJNBM NPEJëDBUJPO BOE
JT UIFSFGPSF OPU JODMVEFE JO UBCMF ��� VOEFS iNPEJëFE NPEVMFTw� (SPVQT # ( BOE )
VTFE B NPEJëFE FZFCSPX NPEVMF BT B NPVUI EVF UP TQBDF SFTUSJDUJPOT JO UIFJS EFTJHO�
ɨFTF NPEVMFT POMZ IBWF UXP %0'T� $POTFRVFOUMZ UIFZ EP OPU BMMPX UIF NPVUI UP PQFO
BOE DMPTF� (SPVQT " % BOE ( BMM VTF UXP FZF�FZFCSPX NPEVMFT� ɨJT NPEVMF JT BO
BNBMHBNBUJPO PG UIF TUBOEBSE FZF BOE FZFCSPX NPEVMFT BOE JT NVDI NPSF DPNQBDU UIBO
UIF UXP TFQBSBUF NPEVMFT UPHFUIFS� ɨF FZF�FZFCSPX NPEVMF IBT � %0'T BT PQQPTFE UP
UIF ��� %0'T PG UIF TUBOEBSE NPEVMFT� ɨF FZFCBMM JT TUBUJD� POMZ UIF FZFCSPX BOE FZFMJE
BSF BDUVBUFE� (SPVQ + VTFE UXP NPEJëFE FZFCSPX NPEVMFT o FBDI XJUI POF TFSWP SFNPWFE
o UP BDUVBUF UIF CVOOZ FBST�
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3. DESIGN ITERATIONS

*O BEEJUJPO UP UIF NPEVMF NPEJëDBUJPOT TPNF HSPVQT BMTP EFTJHOFE DVTUPN NPEVMFT UP
CF VTFE JO UIFJS SPCPUT� (SPVQT " BOE % DSFBUFE B OFDL NPEVMF UP UJMU UIF IFBE PG UIFJS
SPCPUT� ɨF NPEVMF JT CBTFE PO B UXP %0' OFDL QSPUPUZQF UIBU XBT EFTJHOFE BT QBSU PG
B NBTUFS UIFTJT 	EJTDVTTFE JO TFDUJPO �������
� ɨF QBO NFDIBOJTN XBT FMJNJOBUFE BOE
UIF PWFSBMM EFTJHO XBT SFëOFE UP DPSSFTQPOE UP UIF SFTU PG UIF TZTUFN� ɨF NFDIBOJTN
VTFT UIF TBNF UZQF PG TFSWP BT UIF SFTU PG UIF QMBUGPSN CVU SFMJFT PO B �%�QSJOUFE MFBE
TDSFX GPS NFDIBOJDBM BEWBOUBHF� (SPVQ ' DSFBUFE B UVSOUBCMF NPEVMF UP CF BCMF UP UVSO
UIFJS SPCPU IPSJ[POUBMMZ� ɨJT POF %0' NPEVMF JT DPNQBSBCMF UP UIF OFDL NPEVMF FYDFQU
UIBU JU FOBCMFT QBOOJOH JOTUFBE PG UJMUJOH� ɨF NPEVMF JT CBTFE PO B -B[Z 4V[BO CFBSJOH
XJUI UIF TFSWP USBOTNJUUJOH NPUJPO WJB BO JOUFSOBM HFBS� ɨF DPVSTF BTTJHONFOU ZJFMEFE B
OVNCFS PG DBTFT XIFSF FYJTUJOH NPEVMFT GFMM TIPSU BOE UIVT IBE UP CF NPEJëFE PS SFQMBDFE�
ɨF XPSL EPOF CZ TUVEFOUT PO UIF NPEVMFT JT B WBMVBCMF TPVSDF PG JOTQJSBUJPO GPS GVUVSF
FMFNFOUT PG UIF QMBUGPSN BOE QSPWFT UIF FBTZ BEBQUBCJMJUZ PG UIF QMBUGPSN�

"T NFOUJPOFE FBSMJFS TUVEFOUT FYQFSJNFOUFE XJUI DPNQMFUFMZ OFX UFDIOJRVFT BOE NBUFSJ�
BMT UP DSFBUF B TLJO GPS UIFJS SPCPU FNCPEJNFOU� %VSJOH UIF PSJFOUBUJPO QSFTFOUBUJPOT XF
QSPQPTFE B TLJOOJOH NFUIPE UP UIF TUVEFOUT XIJDI JOWPMWFT DPWFSJOH UIF TLFMFUPO XJUI B
TPGU GPBN�QBEEJOH MBZFS XIJDI JT UIFO DPWFSFE XJUI BO PVUFS MBZFS NBEF PG TUSFUDIBCMF GBC�
SJD� )PXFWFS CJH EJêFSFODFT JO UIF JOUFOEFE NPEFT PG JOUFSBDUJPO PG UIF TUVEFOUT� SPCPUT
MFBE UP EJêFSFOU QSJPSJUJFT GPS UIF TLJO EFTJHO� 5P FMBCPSBUF� 0OP XBT PSJHJOBMMZ JOUFOEFE
BT B IVHHBCMF SPCPU GPS DIJMESFO NVDI MJLF 1SPCP� " TPGU IVHHBCMF FNCPEJNFOU XBT
UIFSFGPSF FTTFOUJBM� 0O UIF PQQPTJUF TJEF PG UIF TQFDUSVN BSF SPCPUT TVDI BT %SJWF.F 	ëH�
���� '
� ɨFZ BSF OPU JOUFOEFE UP CF UPVDIFE TP B IBSE QMBTUJD FYUFSJPS JT B WBMJE TPMVUJPO�
" UIJSE FYBNQMF JT 1SPGFTTPS ,OPXBMM 	ëH� ���� #
 XIJDI GBMMT TPNFXIFSF JO CFUXFFO UIF
UXP� ɨF SPCPU JT JOUFOEFE GPS JOUFSBDUJPO XJUI ZPVOH DIJMESFO UIVT B DPME IBSE FYUFSJPS
XPVME OPU CF BQQSPQSJBUF� 0O UIF PUIFS IBOE UIF SPCPU EPFT CPSSPX UIF DPOOPUBUJPO PG
B QSPGFTTPS UP DSFBUF B TFOTF PG EJTUBODF CFUXFFO UIF DIJME BOE UIF SPCPU TP B TPGU GPBN
FYUFSJPS XPVME BMTP OPU IBWF CFFO BO BQQSPQSJBUF DIPJDF�

8JUIJO UIF DMBTT HSPVQ UFBN ) QJPOFFSFE UIF VTF PG &UIZMFOF�7JOZM "DFUBUF 	&7"
 GPBN�
ɨJT UIFSNPQMBTUJD GPBN DBO CF GPSNFE JOUP UISFF�EJNFOTJPOBM TIBQFT UISPVHI UIFSNP�
GPSNJOH B UFDIOJRVF XIFSF UIFSNPQMBTUJD TIFFU NBUFSJBM JT IFBUFE BOE QVMMFE PWFS B NPME
XJUI UIF BJE PG B WBDVVN� ɨJT SFTVMUT JO TFNJ�ìFYJCMF UIJO QBSUT UIBU BSF TPGU UP UIF UPVDI�
" OVNCFS PG HSPVQT BMTP UIFSNPGPSNFE 14 TIFFUT NPTU PG UIFTF HSPVQT DPNCJOFE UIF
SJHJE 14 QBSUT XJUI BO PVUFS MBZFS PG &7" GPBN� 0OF OPUBCMF FYDFQUJPO JT HSPVQ ( XIJDI
SFMJFE TPMFMZ PO UIFSNPGPSNFE 14 GPS UIF NBKPSJUZ PG UIF FYUFSJPS� (SPVQ * FYQFSJNFOUFE
XJUI UIF VTF PG GFMU� ɨJT NBUFSJBM DBO CF GPSNFE JOUP UISFF�EJNFOTJPOBM TIBQFT XJUI UIF
BJE PG TUFBN CVU IBT B UFOEFODZ UP GSBZ SFTVMUJOH JO B NFTTZ MPPL�

ɨF HPBM PG PVS RVFTUJPOOBJSF XBT UP HBJO JOTJHIU BT UP IPX UIF QMBUGPSN BOE UIF EFTJHO
QSPDFTT XFSF QFSDFJWFE CZ UIF TUVEFOUT� 8IFSFBT EBUB PO UIF NPEVMFT BOE TLJOOJOH UFDI�
OJRVFT BSF SFQSFTFOUFE JO UIF SPCPUT UIFNTFMWFT JU EPFT OPU BMMPX VT UP HBVHF UIF QPUFOUJBM
EJïDVMUJFT JO UIF QSPDFTT� ɨF ëSTU QBSU PG UIJT RVFTUJPOOBJSF BUUFNQUT UP NFBTVSF UIF
HFOFSBM TFOUJNFOU PG UIF TUVEFOUT UPXBSE UIF QMBUGPSN� ɨJT QBSU DPNQSJTFT GPVS ��QPJOU
-JLFSU TDBMF TUBUFNFOU RVFTUJPOT 	M4
�
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3. DESIGN ITERATIONS

t wɨF NPEVMFT BDDFMFSBUF UIF EFTJHO PG OFX TPDJBM SPCPUT���w EJTBHSFF � BHSFF�

t wɨF NPEVMFT BSF���w OPU VTFGVM BU BMM � FYUSFNFMZ VTFGVM�

t ɨF NPEVMF TZTUFN JT���w OPU BEBQUBCMF � WFSZ BEBQUBCMF�

t wɨF TOBQ DPOOFDUPST BSF���w IBSE UP VTF � FBTZ UP VTF�

3FTVMUT PG UIFTF RVFTUJPOT BSF TIPX JO ëHVSF ����� ɨF OBUVSF PG UIF FYQFSJNFOU BOE PG
UIF QMBUGPSN JUTFMG NBLFT JU EJïDVMU UP DPNQBSF EBUB UP BOZ CBTFMJOF� )PXFWFS JO PVS
PQJOJPO UIF EBUB EPFT TIPX B HFOFSBMMZ QPTJUJWF USFOE XJUI UIF BWFSBHFT PG FBDI RVFTUJPO
CFJOH JO UIF EFTJSBCMF FOE PG FBDI TDBMF� 'PS UIF TFDPOE QBSU PG UIF RVFTUJPOOBJSF XF
BTLFE TUVEFOUT UP SBUF UIF MFWFM PG EJïDVMUZ PG FBDI QIBTF PG UIF EFTJHO QSPDFTT� ��QPJOU
-JLFSU TDBMFT XFSF VTFE 	M4
 XJUI B SBUJOH PG � JOEJDBUJOH UIBU UIF QIBTF XBT FBTZ BOE
B � JOEJDBUJOH UIBU UIF QIBTF XBT IBSE� 3FTVMUT BSF TIPXO JO ëHVSF ����� "T FYQFDUFE
UIF TUVEFOUT QFSDFJWF MBUFS QIBTFT BT NPSF EJïDVMU UIBO UIF QIBTFT JO UIF CFHJOOJOH PG
UIF EFTJHO QSPDFTT� ɨFSF JT B UXPGPME FYQMBOBUJPO GPS UIJT QIFOPNFOPO� 'JSTUMZ BT QBSU
PG UIFJS PUIFS DPVSTFT TUVEFOUT BSF JOUJNBUFMZ GBNJMJBS XJUI HFOFSBM EFTJHO QIBTFT TVDI
BT DPODFQU HFOFSBUJPO GPBN NPEFMJOH BOE DBSECPBSE QSPUPUZQJOH� 0O UIF PUIFS IBOE
MBUFS QIBTFT PG UIF EFTJHO QSPDFTT TJNQMZ QFSUBJO NPSF FOHJOFFSJOH XPSL BOE JOWPMWF NPSF
TQFDJëD LOPXMFEHF�

0%-25%-50% 25% 50% 75% 100%

disagree agree
21 5 9 3Q1 The modules accelerate the

design of new social robots...

not useful at all extremely useful
21 7 7 3Q2 The modules are...

not adaptable very adaptable
741 5 3Q3 The module system is...

hard to use easy to use
12 2 6 9Q4 The snap connectors are...

Fig. 3.48 Results from the Likert scale questions. n = 20.

3.5.2.2 DISCUSSION

0OF PG UIF NPTU OPUJDFBCMF TIPSUDPNJOHT PG PVS QMBUGPSN JO UIJT FYQFSJNFOU JT UIF BEBQU�
BCJMJUZ PG UIF NPEVMFT UIFNTFMWFT� 8IFSFBT UIF SFTVMUT JOEJDBUF UIBU UIF QMBUGPSN JT ìFYJCMF
PO B UPPMLJU�MFWFM UIJT ìFYJCJMJUZ EPFT OPU USBOTMBUF UP UIF NPEVMF�MFWFM� ɨJT PCTFSWBUJPO JT
BMTP TVQQPSUFE CZ UIF SFTVMU PG 2� PG UIF RVFTUJPOOBJSF 	ëH� ����
� 8F OPUF B USFOE JO UIF
NPEJëDBUJPOT UIBU UIF TUVEFOUT NBEF UP UIF NPEVMFT� UZQJDBMMZ UIFTF NPEJëDBUJPOT XFSF
NBEF UP NBLF UIF NPEVMFT NPSF DPNQBDU BU UIF FYQFOTF PG SFEVDFE GVODUJPOBMJUZ 	F�H�
FZF�FZFCSPX NPEVMF FZFCSPX NPEVMF BT NPVUI
� $POTFRVFOUMZ GVUVSF WFSTJPOT PG UIF
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3. DESIGN ITERATIONS

1 2 3 4 5 6 7

easy hard

3.05P1 – concept

2.55P2 – quick & dirty mockup

3.40P3 – cardboard skeleton

4.25P4 – ABS skeleton

4.60P5 – skinning

4.15P6 – module design

Fig. 3.49 Relative difficulty of each phase. n = 20.

QMBUGPSN TIPVME JODMVEF NVMUJQMF BMUFSOBUJWFT GPS UIF TBNF GBDJBM GFBUVSF� 4UVEFOUT BMTP GSF�
RVFOUMZ DIBOHFE UIF MFOHUI PG UIF MFWFST PG UIF NPVUI BOE FZFCSPX NPEVMFT� *U JT FWJEFOU
XIZ UIJT NPEJëDBUJPO JT TP DPNNPO� UIF HFPNFUSZ PG UIF SPCPU�T GBDF EJSFDUMZ JOìVFODFT
IPX GBS UIF MFWFST OFFE UP SFBDI� 8JUIJO UIJT TUVEZ UIF MFWFS EFTJHO ëMFT XFSF NPEJëFE
NBOVBMMZ� )PXFWFS GVUVSF WFSTJPOT PG UIF QMBUGPSN TIPVME BOUJDJQBUF UIJT DIBOHF� *O HFO�
FSBM GVUVSF NPEVMF WFSTJPOT TIPVME CF MFTT QSFTDSJQUJWF JO UIFJS JOUFOEFE VTF BOE TIPVME
CF FBTJFS UP NPEJGZ BOE IBDL�

5XP HSPVQT 	ëH� ���� ' � *
 JODPSQPSBUFE -&%T JO UIF EFTJHO PG UIFJS SPCPU� *O QSFWJ�
PVT FYQFSJNFOUT XF XPSLFE XJUI DIJMESFO XJUI "4%� *O UIJT DPOUFYU EJTQMBZT BOE -&%T
BSF B IJOESBODF UP TPDJBM JOUFSBDUJPO IFODF XIZ UIFZ XFSF BWPJEFE JO UIF EFTJHO PG UIF
QMBUGPSN� )PXFWFS UIF UXP TUVEFOU EFTJHOT EJE TIPX UIF NFSJUT PG VTJOH -&%T UP JO�
DSFBTF UIF FYQSFTTJWF SBOHF PG SPCPUT JO UIFJS SFTQFDUJWF DPOUFYUT� $POTFRVFOUMZ TVQQPSU
GPS BEESFTTBCMF 3(# -&%T 	J�F� /FP1JYFMT
 IBT CFFO BEEFE UP UIF MBUFTU JUFSBUJPO PG UIF
QMBUGPSN�T FMFDUSPOJDT�

ɨF BDUVBUJPO PG WFSZ MBSHF PS WFSZ TUSPOH NFDIBOJTNT 	F�H� BSN OFDL
 QSPWFE UP CF B UIJSE
QPJOU PG GSJDUJPO EVSJOH UIF FYQFSJNFOU� "T EJTDVTTFE JO TFDUJPO ** UIF 0QTPSP QMBUGPSN
JT CVJMU BSPVOE MPX�DPTU IPCCZ 3$ TFSWPT� 8IJMF UIFTF TFSWPT BSF NPSF UIBO TVïDJFOU GPS
UIF BDUVBUJPO PG GBDJBM GFBUVSFT UIFZ BSF NVDI MFTT TVJUBCMF GPS MBSHF PS TUSPOH NPWFNFOUT�
4UVEFOUT VTFE NVMUJQMF TUSBUFHJFT UP XPSL BSPVOE UIJT QSPCMFN� 4PNF HSPVQT 	ëH� ����
" % &
 FNQMPZFE B �% QSJOUFE TDSFX NFDIBOJTN UP HBJO FOPVHI NFDIBOJDBM BEWBOUBHF
UP NPWF UIFJS OFDL� 0UIFST 	ëH� ���� $ ) *
 BUUBDIFE MJHIUXFJHIU ìFYJCMF BSNT UP UIF
FOE PG KPJOU NPEVMFT� ɨJT XBZ JG B VTFS QVTIFT EPXO PO BO BSN UIF BSN JUTFMG CFOET
BOE UIF TFSWP JT QSPUFDUFE GSPN FYDFTTJWF UPSRVF� " ëOBM DBTF PG OPUF JT 1JMMP 	ëH� ����
(
� 0SJHJOBMMZ UIF SPCPU XBT JOUFOEFE UP IBWF BSNT TP JU DPVME FNCSBDF UIF VTFS� *O UIF
FOE UIF BSNT QSPWFE UP CF UPP USPVCMFTPNF TP JOTUFBE UIF UFBN PQUFE UP FMJNJOBUF BSNT
BOE JOTUFBE GPDVT PO BEBQUJOH UIF TIBQF PG UIF UPSTP JO PSEFS UP JOTJOVBUF BOE TUJNVMBUF
IVHHJOH CFIBWJPS�

ɨF FYQFSJNFOU BMTP SFWFBMFE B OVNCFS PG OPUFXPSUIZ BTQFDUT DPODFSOJOH UIF NFUIPEPMPHZ
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3. DESIGN ITERATIONS

VTFE JO DMBTT� 'JSTU PG BMM VTJOH B MJNJUFE OVNCFS PG TIBSFE NPEVMFT ZJFMEFE JOUFSFTUJOH
FêFDUT CPUI QPTJUJWF BOE OFHBUJWF� 0O UIF QMVT TJEF CZ MJNJUJOH UIF BWBJMBCMF NPEVMFT UP
UXP iGVMMw UPPMLJUT XF GPSDFE UIF EJêFSFOU TUVEFOU HSPVQT UP DPMMBCPSBUF� ɨF SFTVMU PG UIJT
BQQSPBDI XBT UIBU UIF TUVEFOUT� NPEVMF EFTJHOT UFOE UP CF HFOFSJD BOE NVDI MFTT CPVOE
UP B TJOHMF TQFDJëD SPCPU� .PTU PG UIFTF OFX NPEVMFT XFSF VTFE GPS NVMUJQMF SPCPUT� "
TFDPOE BEWBOUBHF JT UIBU TUVEFOUT IBE UP UBLF UIF 	EJT
BTTFNCMZ JOUP BDDPVOU TFFJOH UIBU
UIFZ XPVME IBWF UP BEE�SFNPWF UIF NPEVMFT NBOZ UJNFT PWFS UIF EVSBUJPO PG UIF DPVSTF�
ɨF NBJO EPXOTJEF PG UIJT BQQSPBDI JT UIBU UIF MJNJUFE OVNCFS PG NPEVMFT FOEFE VQ CFJOH
B CPUUMFOFDL JO UIF EFTJHO QSPDFTT TFFJOH UIBU NVDI UJNF XBT MPTU CZ EJTBTTFNCMJOH BOE
SFBTTFNCMJOH SPCPUT� " CFUUFS CBMBODF OFFET UP CF GPVOE CFUXFFO UIF OVNCFS PG HSPVQT
BOE UIF OVNCFS PG BWBJMBCMF TFUT PG NPEVMFT� UXP DPNQMFUF TFUT GPS UFO HSPVQT JT TJNQMZ
UPP MJUUMF�

8F BMTP OPUJDFE UIBU PVS BQQSPBDI UP BMUFSOBUF CFUXFFO MPX�ë 	GPBN BOE DBSECPBSE NPDL�
VQT
 BOE IJHI�ë 	MBTFS DVUUJOH
 QSPUPUZQJOH XPSLFE PVU XFMM� 0VS JNQSFTTJPO JT UIBU UIJT
FODPVSBHFT TUVEFOUT UP GBJM FBSMZ BOE PGUFO� 1PUFOUJBMMZ GBUBM QSPCMFNT BSF UIVT DBVHIU
NVDI TPPOFS JO UIF EFTJHO QSPDFTT� ɨF XBZ TUVEFOUT VTFE UIFJS GPBN NPDLVQT UP UFTU UIF
TJ[F BOE QPTJUJPO PG NPEVMFT JT BO FYBNQMF PG UIJT� 8IJMF UIF CFOFëUT PG JUFSBUJWF EFTJHO
BSF XFMM LOPXO XJUIJO )$* UIF DPNQMFYJUZ PG SPCPUJDT EFTJHO NBLFT JU UFNQUJOH UP VTF B
XBUFSGBMM EFTJHO BQQSPBDI XIFSF B SPCPU JT EFTJHOFE CVJMU BOE UFTUFE JO B TJOHMF JUFSBUJPO
NFBOJOH UIBU NJTUBLFT BSF POMZ EJTDPWFSFE BU UIF FOE� 8F IBWF PCTFSWFE UIBU PVS NFUIPE
BWPJET UIJT QJUGBMM�

ɨJSEMZ UIF RVFTUJPOOBJSF SFTVMUT JOEJDBUF UIBU UIF "#4 TLFMFUPO QIBTF UIF TLJOOJOH QIBTF
BOE UIF NPEVMF EFTJHO QIBTF BSF FYQFSJFODFE BT UIF NPTU EJïDVMU QBSUT PG UIF EFTJHO
QSPDFTT 	ëH� ����
� "T NFOUJPOFE FBSMJFS UIF TUVEFOUT� EFTJHOT QPJOUFE PVU B OVNCFS
PG TIPSUDPNJOHT JO UIF DVSSFOU TFMFDUJPO PG NPEVMFT JO UIF QMBUGPSN� 8F IPQF UIBU BO
FYQBOEFE TFU PG NPEVMFT XJMM FMJNJOBUF UIF OFFE GPS DVTUPN EFTJHOFE NPEVMFT JO NPTU
DBTFT� 8JUI SFTQFDU UP QIBTFT � BOE � XF CFMJFWF UIBU B TPGUXBSF UPPM JO UIF GPSN PG B
TQFDJBMJ[FE $"% QSPHSBN PS QMVHJO DPVME TJNQMJGZ UIFTF QIBTFT TJHOJëDBOUMZ� ɨF EFTJHO
PG B TLFMFUBM GSBNF JOWPMWFT B MBSHF BNPVOU PG XPSL UP ESBX VQ JO $"% CVU NVDI PG UIJT
XPSL JT DPNQMFUFMZ GPSNVMBJD JO OBUVSF SFRVJSJOH WFSZ MJUUMF DSFBUJWJUZ BOE XPVME CF BO
JEFBM DBOEJEBUF GPS BVUPNBUJPO� 8F FOWJTJPO UIJT TPGUXBSF BT B NPSF BEWBODFE WFSTJPO PG
���% .BLF XIFSF UIF VTFS DPVME MPBE B �% NPEFM PG UIF PVUFS TIBQF BOE UIFO JOQVU
UIF QPTJUJPO PG FBDI SFRVJSFE NPEVMF� ɨF TPGUXBSF DPVME UIFO HFOFSBUF B TLFMFUPO GPS
UIBU TQFDJëD FNCPEJNFOU BVUPNBUJDBMMZ BEEJOH GFBUVSFT TVDI BT TOBQ DPOOFDUPST QBSU
OVNCFSJOH BOE NPEVMF NPVOUJOH MPDBUJPOT� 'JOBMMZ EJWJEJOH BOE ìBUUFOJOH UIF PVUFS
TIFMM TJNJMBS UP 67 NBQQJOH VTFE JO DPNQVUFS HSBQIJDT DPVME FBTJMZ HFOFSBUF TLJO BOE
GPBN QBUUFSOT�

3.5.3 CLASSROOM OF THE FUTURE

ɨF FYQFSJNFOU EFTDSJCFE JO UIJT TFDUJPO UPPL QMBDF EVSJOH UIF i$MBTTSPPN PG UIF 'VUVSFw
FWFOU BU UIF ���� 'SBOLGVSU #PPL 'BJSF� ɨF QVSQPTF PG UIF FYQFSJNFOU XBT UP FWBMV�
BUF B TJNQMJëFE WFSTJPO PG UIF 0QTPSP TZTUFN XJUI TFDPOEBSZ TDIPPM TUVEFOUT� 0WFS UIF
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DPVSTF PG B UXP�IPVS XPSLTIPQ TUVEFOUT DSFBUFE BOE QSPHSBNNFE DVTUPN SPCPUT VTJOH
DBSECPBSE DSBGU NBUFSJBMT BOE 0QTPSP NPEVMFT BT EFQJDUFE JO ëHVSF �����

Fig. 3.50 Participants building custom robots using the Opsoro modules and craft materials.

*O UIF FYQFSJNFOU B EJêFSFOU DPOOFDUJPO TZTUFN GPS UIF NPEVMFT XBT VTFE� ɨJT TZTUFN o
EVCCFE UIF 0QTPSP (SJE 	ëH� ����
 o EPFT OPU SFMZ VQPO TOBQ DPOOFDUPST VOMJLF QSFWJPVT
WFSTJPOT� *OTUFBE NPEVMFT DBO CF DPOOFDUFE UP B HSJE QMBUF VTJOH B TJOHMF TDSFX� ɨF
IPMFT PG UIF HSJE QMBUFT BSF TQBDFE � NN BQBSU NBLJOH UIF TZTUFN DPNQBUJCMF XJUI -&(0
5FDIOJD CSJDLT� ɨF NPEVMFT DPOUBJO UXP MPDBUJOH QJOT JO BEEJUJPO UP B TJOHMF UISFBEFE
IPMF� ɨF MPDBUJOH QJOT BSF VTFE UP QPTJUJPO UIF NPEVMF PO UIF HSJE QSFWFOUJOH SPUBUJPO�
" TDSFX JT UIFO VTFE UP GBTUFO UIF NPEVMF UP UIF HSJE MPDLJOH UIF DPOOFDUJPO� ɨF TJOHMF�
TDSFX DPOOFDUJPO CFBST SFTFNCMBODF UP UIF IZCSJE DPOOFDUPS TZTUFN PG UIF 3PCPU #MPDLT
FYQFSJNFOU 	TFDUJPO �������
 BMUIPVHI UIJT DPOOFDUJPO TZTUFN JT EFTJHOFE GPS B EJêFSFOU
UZQF PG BQQMJDBUJPO BOE VTFT B EJêFSFOU GBCSJDBUJPO QSPDFTT�

%VSJOH UIF FYQFSJNFOU QBSUJDJQBOUT XPSLFE UPHFUIFS JO TNBMM HSPVQT 	��� QFSTPO UFBNT

UP EFTJHO BOE QSPHSBN UIFJS SPCPUT� 5P UIJT FOE XF QSPWJEFE GPVS LJUT TP UIBU GPVS HSPVQT
DPVME XPSL JO QBSBMMFM� ɨF FYQFSJNFOU SBO PWFS UIF DPVSTF PG B EBZ XJUI FBDI UFBN UBLJOH
BQQSPYJNBUFMZ � IPVST UP DPNQMFUF B SPCPU� ɨF LJU DPOTJTUT PG B TFU PG FMFDUSPOJDT ëWF
NPEVMFT BOE B MBSHF HSJE QMBUF� ,FFQJOH JO MJOF XJUI UIF FêPSUT UP TJNQMJGZ BOE SFEVDF
DPTUT PG UIF 0QTPSP TZTUFN XF DIPTF UP VTF TNBMMFS TJNQMJëFE NPEVMFT BT JOGPSNFE CZ UIF
SFTVMUT PG QSFWJPVT FYQFSJNFOUT� ɨF NPEVMFT VTFE EVSJOH UIJT FYQFSJNFOU XFSF TNBMMFS
IBE MFTT %0'T BOE XFSF CVJMU VTJOH NJDSP�TJ[FE TFSWPT 	BT PQQPTFE UP TUBOEBSE�TJ[FE
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Fig. 3.51 Grid connection system used in the Frankfurt experiment

TFSWPT
�

5P EFTJHO SPCPUT QBSUJDJQBOUT ëSTU QPTJUJPOFE BOE BïYFE UIF NPEVMFT PO UIF HSJE QMBUF�
ɨFO UIFZ DSFBUFE DBSECPBSE iTLJOTw UP HP PWFS UIF NPEVMFT BOE CBDLQMBUF� ɨF HSJE
TZTUFN BêPSEFE QBSUJDJQBOUT UIF BCJMJUZ UP QPTJUJPO NPEVMFT XIFSFWFS UIFZ XBOUFE� ɨF
MFTT QSFTDSJQUJWF EFTJHO PG UIF NPEVMFT JO DPNCJOBUJPO XJUI UIF MPX XFJHIU PG UIF NBUF�
SJBMT FOBCMFE GVODUJPOBMJUZ TVDI BT NPWJOH BSNT BOE FBST� 'JHVSF ���� TIPXT TPNF PG UIF
FNCPEJNFOUT UIBU XFSF DSFBUFE EVSJOH UIF FYQFSJNFOU�

ɨF SPCPUT XFSF QSPHSBNNFE VTJOH UIF #MPDLMZ�CBTFE 7JTVBM 1SPHSBNNJOH BQQ� ɨF
0QTPSP #MPDLMZ "1* XBT VQEBUFE UP BEESFTT TPNF PG UIF QSPCMFNT UIBU XF FODPVOUFSFE
JO QSFWJPVT FYQFSJNFOUT� "EEJUJPOBMMZ BO FBSMZ WFSTJPO PG UIF POMJOF DPNNVOJUZ QMBUGPSN
XBT UFTUFE� ɨF POMJOF QMBUGPSN JT TJNJMBS UP UIF SPCPU�T XFC JOUFSGBDF BOE BMMPXT TDSJQUT
UP CF DSFBUFE BOE UFTUFE JO UIF CSPXTFS VTJOH B WJSUVBM SPCPU TJNVMBUPS�

"T QBSU PG UIF FWBMVBUJPO QBSUJDJQBOUT XFSF BTLFE UP ëMM JO B TVSWFZ� ɨF MBSHF OVNCFS PG
QBSUJDJQBOUT UIF MJNJUFE BNPVOU PG UJNF BT XFMM BT UIF MBOHVBHF CBSSJFS NFBOU UIBU B QBQFS
TVSWFZ XBT UIF CFTU FWBMVBUJPO UPPM GPS UIF FYQFSJNFOU� ɨF RVFTUJPOOBJSF USBOTMBUFE JO
(FSNBO DPOTJTUFE PG UIF GPMMPXJOH RVFTUJPOT�

t (FOFSBM QFSTPOBMJB RVFTUJPOT� OBNF BHF HFOEFS�

t ��QPJOU -JLFSU TDBMF TUBUFNFOUT 	M4
 XJUI B WBMVF PG POF JOEJDBUJOH DPNQMFUF EJT�
BHSFFNFOU BOE TFWFO JOEJDBUJOH DPNQMFUF BHSFFNFOU�

o i* DPVME CVJME XIBU * XBOUFE UP CVJME�w
o iɨF DPOOFDUJPO TZTUFN JT FBTZ UP VTF�w
o iɨF NPEVMFT BSF BEBQUBCMF�w
o i* MJLF UIF BFTUIFUJDT PG UIF 0QTPSP TZTUFN�w
o i* MJLF UIF GVODUJPOBMJUZ PG UIF 0QTPSP TZTUFN�w
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Fig. 3.52 Cardboard embodiments designed by the participants.

o i* MJLF UIF OPWFMUZ PG UIF 0QTPSP TZTUFN�w

t ɨF "UUSBL%Jê�4IPSU RVFTUJPOOBJSF 	M2
� ɨJT WBSJBOU PG UIF "UUSBL%Jê RVFTUJPO�
OBJSF DPOTJTUT PG POMZ UFO BOUPOZN�QBJST BT PQQPTFE UP �� BOUPOZN�QBJST JO UIF
GVMM "UUSBL%Jê RVFTUJPOOBJSF�

t 0QFO RVFTUJPOT 	M6
�

o i8IJDI XPSLTIPQ BTQFDUT EJE ZPV MJLF w
o i8IBU XBT UIF NPTU BOOPZJOH BTQFDU PS XIFSF EJE ZPV FYQFSJFODF UIF NPTU

QSPCMFNT w
o i8IBU EJE ZPV MFBSO GSPN UIF XPSLTIPQ w

*O UPUBM �� XPSLTIPQ QBSUJDJQBOUT ëMMFE JO UIF TVSWFZ� ɨF BWFSBHF BHF PG SFTQPOEFOUT
XBT ����� XJUI B TQSFBE PG σ = 1.86� ɨF ZPVOHFTU SFTQPOEFOU XBT �� UIF PMEFTU ���
3FTQPOEFOUT XFSF QSFEPNJOBOUMZ GFNBMF 	66�
 XJUI �� HJSMT WFSTVT �� CPZT� 'JHVSF ����
TIPXT UIF SFTVMU PG UIF "UUSBL%Jê�4IPSU TVSWFZ� 5XP JODPNQMFUF TVSWFZT XFSF EJTDBSEFE
SFTVMUJOH JO B TBNQMF TJ[F PG n = 46� ɨF MBUFTU JUFSBUJPO PG UIF 0QTPSP TZTUFN JT TJUV�
BUFE ëSNMZ JO UIF DBUFHPSZ PG EFTJSBCMF QSPEVDUT B OPUBCMF JNQSPWFNFOU PWFS QSFWJPVT
FYQFSJNFOUT� 8JUI B WBMVF PG 1.84 UIF PWFSBMM BUUSBDUJWFOFTT PG UIF TZTUFN 	"55 
 XBT BMTP
SBUFE GBJSMZ IJHIMZ� ɨF MBSHF OVNCFS PG QBSUJDJQBOUT SFTVMUFE JO B OBSSPXFS NPSF QSFDJTF
DPOëEFODF JOUFSWBM BT JOEJDBUFE CZ UIF IBUDIFE BSFB� 'JHVSF ���� TIPXT UIF SFTVMUT PG UIF
TJY -JLFSU TDBMF RVFTUJPOT�

ɨF SFTVMUT PG UIF "UUSBL%Jê�4IPSU RVFTUJPOOBJSF QPTJUJPO UIF 0QTPSP (SJE TZTUFN ëSNMZ
XJUIJO UIF RVBESBOU PG EFTJSBCMF QSPEVDUT B EJSFDU JNQSPWFNFOU PWFS QSFWJPVT FYQFSJNFOUT
XIFSF UIF "UUSBL%Jê UPPM XBT VTFE 	F�H� TFDUJPO ��� ����� BOE �����
� ɨF SFTVMUT PG UIJT
FYQFSJNFOU BMTP TIPX B UJHIUFS DPOëEFODF SFDUBOHMF UIBO QSFWJPVT FYQFSJNFOUT PXJOH UP
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Fig. 3.53 Results of the AttrakDiff-Short questionnaire. The hatched area represents the confi-
dence rectangle. n = 46, PQ = 1.52± 0.26, HQ = 1.64± 0.24

0%-25% 25% 50% 75% 100%

disagree agree

1 4 12 31I could build what I wanted to build.

21 6 9 28The connection system is easy to use.

411 15 10 14The modules are adaptable.

113 5 15 11I like the aesthetics of the Opsoro system.

52 6 18 17I like the functionality of the Opsoro system.

82 6 14 16I like the novelty of the Opsoro system.

Fig. 3.54 Results from the Likert scale questions. n = 48.

UIF MBSHFS OVNCFS PG QBSUJDJQBOUT� 4UJMM POF TIPVME CF DBSFGVM XJUI EJSFDU DPNQBSJTPOT
UP QSFWJPVT UFTU SFTVMUT� 1SFWJPVT UFTUT IBE EJêFSFOU XPSLTIPQ PCKFDUJWFT EJêFSFOU VTFS
HSPVQT BOE EJêFSFOU EVSBUJPOT� "OPUIFS QPJOU PG OVBODF JT UIBU SFTQPOEFOUT POMZ IBE B
MJNJUFE UJNFTQBO UP JOUFSBDU XJUI UIF TZTUFN BOE OPWFMUZ BOE MJNJUFE TDPQF PG UIF FYQFSJ�
NFOU NBZ IBWF CFFO GBDUPST JO UIF GBWPSBCMF SFTVMUT PG UIF UFTU�

*O UIF GFFECBDL GSPN UIF PQFO RVFTUJPOT XF OPUJDFE UIBU iDSFBUJWJUZw JT GSFRVFOUMZ NFO�
UJPOFE BT B QPTJUJWF BTQFDU PG UIF 0QTPSP TZTUFN� 0G UIF �� SFTQPOEFOUT UIBU ëMMFE JO
UIF PQFO RVFTUJPOT �� NFOUJPOFE iDSFBUJWJUZw JO UIFJS SFTQPOTFT 	48.8�
 �� NFOUJPOFE
GVO 	24.4�
 BOE � NFOUJPOFE UFDIOPMPHZ 	17.1�
� .VMUJQMF SFTQPOEFOUT BMTP TBJE UIBU
CVJMEJOH SPCPUT JT OPU BT IBSE BT JU BQQFBST BOE UIBU JU JT GVO UP DPNCJOF UFDIOPMPHZ XJUI
DSFBUJWJUZ� "T FYQFDUFE OFHBUJWF GFFECBDL XBT NPTUMZ SFMBUFE UP UFDIOJDBM QSPCMFNT TVDI
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BT EFGFDUJWF TFSWPT BOE QSPCMFNT XJUI UIF BVEJP RVBMJUZ BOE UIF WPMVNF PG UIF TQFBLFS�
$PNNFOUT GSPN UIF PQFO RVFTUJPOT BMTP IJOU BU UIF QPUFOUJBM PG 0QTPSP GPS 45&. FEVDB�
UJPO BT JOEJDBUFE CZ SFNBSLT TVDI BT i5FDIOPMPHZ EPFT OPU IBWF UP CF CPSJOHw BOE i:PV DBO
EP NBOZ DPPM UIJOHT XJUI UFDIOPMPHZw� 8JUI UIF QSFEPNJOBOUMZ GFNBMF TBNQMF XF UIJOL
UIF SFQPSUFE QPTJUJWF FYQFSJFODFT BMTP IJOU BU PQQPSUVOJUJFT UP JOTQJSF HJSMT UP FOHBHF XJUI
UFDIOPMPHZ BOE 45&. FEVDBUJPO�

0WFSBMM SFTVMUT GSPN UIF -JLFSU TDBMF RVFTUJPOT 	����
 XFSF BMTP HFOFSBMMZ QPTJUJWF� ɨF
BEBQUBCJMJUZ PG UIF NPEVMFT JT SBUFE SFNBSLBCMZ IJHIFS UIBO JO UIF QSFWJPVT FYQFSJNFOU
	ëH� ����
� 3FTVMUT BMTP IJOU UIBU UIF HSJE TZTUFN JT QSFGFSSFE PWFS UIF TOBQ DPOOFDUPS
TZTUFN� 'SPN QFSTPOBM FYQFSJFODF XF GPVOE UIBU UIF HSJE TZTUFN JT NVDI NPSF SJHJE
BOE TFDVSF UIBO UIF TOBQ DPOOFDUPST� 0OF QPJOU PG JNQSPWFNFOU JT UIF BFTUIFUJDT PG UIF
TZTUFN XIJDI JT SBOLFE UIF MPXFTU JO UIF -JLFSU TDBMF RVFTUJPOT� $BSECPBSE JT B SFMBUJWFMZ
MPX�ëEFMJUZ QSPUPUZQJOH NBUFSJBM� &WFO UIPVHI UIF NBUFSJBM DBO CF NBOJQVMBUFE FBTJMZ BOE
RVJDLMZ JU JT EJïDVMU UP DSFBUF EFUBJMFE IJHI�RVBMJUZ FNCPEJNFOUT� "MUFSOBUJWFT TIPVME
CF FYQMPSFE JO UIF GVUVSF QFSIBQT XJUI QSF�NBEF MBTFS�DVU TIBQFT PS XJUI UIFSNPGPSNFE
QMBTUJD TIFMMT�

3.5.4 SUMMARY

ɨF 0QTPSP UPPMLJU JOUFHSBUFT JOTJHIUT GSPN QSFWJPVT JUFSBUJPOT JOUP B SFBM QMBUGPSN UIBU
QSPWJEFT %*: UPPMT BOE B EFTJHO NFUIPE 	G1
 FOBCMJOH VTFST UP DSFBUF DVTUPN TPDJBM SPCPUT�
*O BEEJUJPO UP UIF QIZTJDBM BOE WJSUVBM UPPMT UIF EFTJHO ìPX GPS UIF VTFST JT BMTP FWBMVBUFE�
ɨF SFTVMUT TIPX UIBU FBTZ�UP�VTF CVJMEJOH CMPDLT DBO GPTUFS DSFBUJWJUZ CZ BEESFTTJOH UIF
SJHIU TLJMMT BOE CZ NBUDIJOH UIFN UP UIF SJHIU DIBMMFOHFT� 8F IBWF JOWFTUJHBUFE MPX�ë QSP�
UPUZQJOH UFDIOJRVFT UIBU EFMJWFS GBTU SFTVMUT 	TFDUJPO �����
 BT XFMM BT IJHI�ë QSPUPUZQJOH
UFDIOJRVFT UIBU MFBE UP CFUUFS NPSF EVSBCMF DSFBUJPOT 	TFDUJPO �����
� ɨF MBTU JUFSBUJPO
	TFDUJPO �����
 TIPXT HSFBU QPUFOUJBM XJUI SFTQFDU UP iNFEJVN�ëw QSPUPUZQJOH NBYJNJ[�
JOH DSFBUJWJUZ XJUI UFDIOPMPHJDBM CVJMEJOH CMPDLT UIBU DBO CSJOH DVTUPN TPDJBM DIBSBDUFST
UP MJGF�

8JUI UIFTF JUFSBUJPOT XF HBJOFE OFX JOTJHIUT JOUP ëOEJOH UIF QFSGFDU CBMBODF CFUXFFO UIF
FBTF PG VTF 	G2
 PG UIF TZTUFN BOE UIF QPUFOUJBM GPS DSFBUJOH FNPUJPOBMMZ FYQSFTTJWF 	G3

DIBSBDUFST 	G5
 XJUI GBDJBM GFBUVSFT 	G4
� ɨF CVJMEJOH CMPDLT BSF OPU QSFTDSJQUJWF BOE
PêFS UIF QPUFOUJBM GPS DVTUPN DSFBUJWF JOUFSQSFUBUJPOT 	G7
 XIJMF NBJOUBJOJOH B QPTJUJWF
ìPX FYQFSJFODF 	G6
 CZ NBUDIJOH EJêFSFOU TLJMMT BOE DIBMMFOHFT� 8JUIJO UIF MBTU JUFSBUJPO
BO FBSMZ WFSTJPO PG UIF POMJOF QMBUGPSN 	G10
 XBT BMTP UFTUFE� 1SFMJNJOBSZ UFTUT XJUI UIF
POMJOF QMBUGPSN TIPX QSPNJTF BMMPXJOH TDSJQUT UP CF UFTUFE WJSUVBMMZ CFGPSF SVOOJOH UIFN
PO SPCPU IBSEXBSF� 'VSUIFSNPSF UIF MBTU JUFSBUJPO JO QBSUJDVMBS 	TFDUJPO �����
 IBT TIPXO
UIBU UIF DSFBUJPO PG TPDJBM DIBSBDUFST XBT EFTDSJCFE BT B QPTJUJWF FYQFSJFODF CZ HJSMT FOBCMJOH
CFUUFS HFOEFS CBMBODF JO GVUVSF 45&". XPSLTIPQT 	G8
�
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3.6 CONCLUSION

*O UIJT DIBQUFS XF EJTDVTTFE UIF JUFSBUJWF EFTJHO QSPDFTT UIBU VMUJNBUFMZ MFE UP UIF 0QTPSP
QMBUGPSN� 8F IBWF TVCTUBOUJBUFE PVS EFTJHO EFDJTJPOT XJUI SFTVMUT GSPN FYQFSJNFOUT BT XFMM
BT SFGFSFODFT UP MJUFSBUVSF� ɨJT DIBQUFS IBT EFTDSJCFE ëWF EJTUJODU ZFU JOUFSSFMBUFE EFTJHO
USBDLT JMMVTUSBUJOH UIF OPO�MJOFBS OBUVSF PG B IVNBO�DFOUFSFE EFTJHO QSPDFTT� 5BCMF ����
HJWFT BO PWFSWJFX UIF JUFSBUJWF EFTJHO QSPDFTT� 8F OPUF UIBU B WFSZ MBSHF WBSJFUZ PG EFTJHOT
DBO CF DSFBUFE XJUI B TNBMM TFU PG NBLFS�DFOUSJD UPPMT BOE UFDIOJRVFT� &BDI PG UIF EFTJHOT
EFTDSJCFE JO UIJT DIBQUFS DPVME CF CVJMU BU BOZ SFBTPOBCMZ FRVJQQFE 'BC-BC�

8F BMTP OPUF UIBU JO FBDI PG PVS FYQFSJNFOUT UIF QBSUJDJQBOUT TVDDFFEFE JO CVJMEJOH SPCPUT
GSPN TDSBUDI EFTQJUF B MBDL PG LOPXMFEHF BOE FYQFSJFODF� " SFDVSSJOH UIFNF JT UIBU UIFZ
BDIJFWFE UIFTF HPBMT EFTQJUF JOJUJBM SFTFSWBUJPOT� 'JOBMMZ XF BMTP GPVOE UIBU UIF QBSUJDJQBOUT
RVJDLMZ EFWFMPQFE B CPOE XJUI UIFJS DSFBUJPO TJNJMBS UP UIF *,&" FêFDU 	/PSUPO FU BM�
����
� ɨJT QIFOPNFOPO PDDVSSFE XIFO QBSUJDJQBOUT CVJMU B iTUBOEBSEw 0OP CVU JUT
QSFTFODF XBT FWFO TUSPOHFS XIFO UIFZ EFTJHOFE UIFJS PXO FNCPEJNFOUT GSPN TDSBUDI�
ɨJT DIBQUFS IBT GPDVTTFE PO EJTDVTTJOH UIF JUFSBUJWF EFTJHO QSPDFTT NFOUJPOJOH UFDIOJDBM
BTQFDUT PG UIF TZTUFN JO QBTTJOH� ɨF OFYU DIBQUFS DPOUJOVFT XJUI BO JO�EFQUI EFTDSJQUJPO
PG UIF UFDIOJDBM JNQMFNFOUBUJPO PG UIF 0QTPSP QMBUGPSN�

%FTJHO HPBM )FYBQPET
3PCPU
#MPDLT

0OP
HFO� �

0OP
HFO� �

0QTPSP

G1 0QFO
G2 &BTZ UP CVJME

G3 &NPUJPOBM FYQSFTTJWFOFTT
G4 'BDJBM GFBUVSFT
G5 $IBSBDUFS
G7 $SFBUJWJUZ
G6 'MPX
G8 %JWFSTF LOPXMFEHF EPNBJOT
G9 -PX DPTU
G10 $PNNVOJUZ�GSJFOEMZ

Table 3.10 Overview of the iterative design process
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Chapter 4

OPSORO: OPEN PLATFORM
FOR SOCIAL ROBOTICS

ɨF QSFWJPVT DIBQUFS IBT TIPXO IPX UIF 0QTPSP TZTUFN NBLFT JU QPTTJCMF UP CVJME B XJEF
WBSJFUZ PG TPDJBM SPCPU FNCPEJNFOUT CZ DPNCJOJOH TUBOEBSEJ[FE NPEVMFT XJUI B DVTUPN
TLFMFUPO BOE BQQFBSBODF� %JHJUBM NBOVGBDUVSJOH UFDIOPMPHJFT BSF VTFE UP GBDJMJUBUF UIJT
QSPDFTT CZ QSPWJEJOH B GBTU BDDFTTJCMF NFUIPE GPS QSPEVDJOH B IJHI�ëEFMJUZ TLFMFUPO� *O
BEEJUJPO CFDBVTF UIF NPEVMFT BSF CVJMU VTJOH UIF TBNF UFDIOJRVFT VTFST BSF GSFF UP NBLF
UIFJS PXO NPEJëDBUJPOT UP UIF NPEVMFT BT UIFZ TFF ëU�

5ZQJDBMMZ NPEVMBS SPCPUT BSF DPNQSJTFE PG TUBDLBCMF UJMBCMF PS PUIFSXJTF SFQFBUBCMF VOJUT�
&YBNQMFT JODMVEF UIF %JTUSJCVUFE 'MJHIU "SSBZ 	0VOH BOE %�"OESFB ����
 BOE SP#MPDL�
T�$VCFMFUT 	4DIXFJLBSEU ����
� *O UIF 0QTPSP TZTUFN NPEVMBSJUZ JT BQQSPBDIFE JO B
EJêFSFOU XBZ� ɨF DPNQMFY TVCTZTUFNT PG B TPDJBM SPCPU BSF FODBQTVMBUFE JO SFVTBCMF NPE�
VMFT� ɨFTF NPEVMFT BSF OPU BUUBDIFE EJSFDUMZ UP POF�BOPUIFS� *OTUFBE UIFZ SFMZ VQPO B
DVTUPN GSBNF BOE TLJO JO PSEFS UP GPSN B GVODUJPOBM XIPMF� ɨJT XBZ UIF ìFYJCJMJUZ PG
DVTUPN EFTJHOT JT DPNCJOFE XJUI UIF UJNF�TBWJOH CFOFëUT PG TUBOEBSEJ[FE NPEVMFT� 0OF
DBO ESBX B DPNQBSJTPO CFUXFFO PVS BQQSPBDI UPXBSE NPEVMBSJUZ BOE UIF SFBMJUZ PG UIF
OBUVSBM XPSME� "OJNBMT 	BOE IVNBOT
 DBO IBWF XJMEMZ WBSZJOH BQQFBSBODFT UIPVHI DFS�
UBJO GBDJBM TUSVDUVSFT MPPL WFSZ TJNJMBS BDSPTT NBOZ TQFDJFT� 'PS FYBNQMF UIF TJ[F QPTJUJPO
BOE PSJFOUBUJPO PG FZFT WBSJFT BDSPTT TQFDJFT UIPVHI UIF CBTJD TQIFSJDBM TIBQF UIF JSJT BOE
UIF FZFMJE SFNBJOT TJNJMBS�

0VS BQQSPBDI UPXBSE NPEVMBSJUZ BMTP JODPSQPSBUFT BTQFDUT PG BO iVOUPPMLJUw 	EFUBJMFE JO
TFDUJPO �����
� %� "� .FMMJT +BDPCZ FU BM� 	����
 QPTJU UIBU UIF EFTJHO PG USBEJUJPOBM
UPPMLJUT PGUFO IBT B USFNFOEPVT JNQBDU PO UIF GPSN BOE BFTUIFUJDT PG BSUJGBDUT� *OTUFBE
PG QBDLBHJOH BMM GVODUJPOBMJUJFT JO IJHI�MFWFM CVJMEJOH CMPDLT VOUPPMLJUT QSPWJEF UPPMT BOE
UFDIOJRVFT MFWFSBHF FYJTUJOH DPNQPOFOUT JO OFX XBZT� 8IJMF PVS BQQSPBDI VTFT IJHI�MFWFM
NPEVMFT UIFZ BSF DPNCJOFE UPHFUIFS UISPVHI B EFTJHO NFUIPE UIBU SFMJFT VQPO EJHJUBM
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NBOVGBDUVSJOH UFDIOJRVFT� *O UIJT TFOTF UIF 0QTPSP UPPMLJU JT NPSF UIBO B TFU PG CMPDLT
JU BMTP JODPSQPSBUFT UFDIOJRVFT UP MFWFSBHF UIFTF CMPDLT JO OPWFM XBZT�

ɨJT DIBQUFS HJWFT BO JO�EFQUI PWFSWJFX PG UIF QMBUGPSN�T UFDIOJDBM JNQMFNFOUBUJPO� JO�
DMVEJOH UIF NFDIBOJDBM IBSEXBSF EFTJHO UIF FMFDUSPOJDT JNQMFNFOUBUJPO BOE UIF TPGUXBSF
BSDIJUFDUVSF� ɨF DIBQUFS JT TUSVDUVSFE BT GPMMPXT�

t SECTION 4.1 EFUBJMT UIF NFDIBOJDBM BTQFDUT PG UIF QMBUGPSN JODMVEJOH UIF EFTJHO
PG UIF NPEVMFT BOE B EFTDSJQUJPO PG UIF FNCPEJNFOU EFTJHO NFUIPEPMPHZ�

t SECTION 4.2 EJTDVTTFT UIF BSDIJUFDUVSF PG UIF 0QTPSP FMFDUSPOJDT� ɨF TFDUJPO
FMBCPSBUFT VQPO UIF EJêFSFOU JUFSBUJPOT PG UIF SPCPU DPOUSPMMFS CPBSE EJTDVTTJOH
UIF SFBTPOJOH CFIJOE UIF UFDIOJDBM EFDJTJPOT� ɨJT TFDUJPO BMTP IBT CBDLHSPVOE
JOGPSNBUJPO PO UIF VTF PG TFOTJOH IVNBO UPVDI�

t SECTION 4.3 UBMLT BCPVU UIF TPGUXBSF JNQMFNFOUBUJPO PG UIF 0QTPSP QMBUGPSN�
ɨJT JODMVEFT UIF NPEFM BOE BMHPSJUINT VTFE GPS TZOUIFTJ[JOH GBDJBM FYQSFTTJPOT XFC
BQQMJDBUJPO EFTJHO BOE UIF BQQ FDPTZTUFN�

4.1 HARDWARE

ɨF GBDJBM FYQSFTTJPOT PG UIF IVNBO GBDF BSF UIF SFTVMU PG B DPNQMFY JOUFSBDUJPO CFUXFFO
WBSJPVT NVTDMFT CPOF TUSVDUVSFT BOE EJêFSFOU MBZFST PG TPGU UJTTVF� ɨF 'BDJBM "DUJPO
$PEJOH 4ZTUFN 	'"$4
 	&LNBO FU BM� ����
 EFëOFT PWFS �� EJêFSFOU "DUJPO 6OJUT 	"6T

JO UIF GBDF� *O UIF '"$4 TZTUFN FBDI "6 SFQSFTFOUT B GVOEBNFOUBM BDUJPO PG B NVTDMF PS
HSPVQ PG NVTDMFT� 3FQMJDBUJOH BMM UIF QPTTJCMF NPUJPOT PG UIF IVNBO GBDF JO B SPCPUJD BHFOU
JT B EBVOUJOH UBTL NBEF EJïDVMU CZ UIF TIFFS OVNCFS PG BDUVBUPST JO B TNBMM BSFB BT XFMM BT
UIF DIBMMFOHF PG TJNVMBUJOH IVNBO UJTTVF XJUI TZOUIFUJD NBUFSJBMT� ɨF XPSL PG *TIJHVSP
	/JTIJP FU BM� ����� 0HBXB FU BM� ����
 SFQSFTFOUT POF PG UIF NPTU DPNQSFIFOTJWF FêPSUT
UPXBSE UIF HPBM PG SFQMJDBUJOH IVNBO GBDJBM FYQSFTTJPOT� 4UJMM FWFO JO UIFTF SPCPUT UIFSF
BSF GFXFS GBDJBM iNVTDMFTw DPNQBSFE UP UIF IVNBO DPVOUFSQBSU� *O UIJT XPSL B EJêFSFOU
BQQSPBDI JT VTFE� *OTUFBE PG BJNJOH UP SFQMJDBUF IVNBO�MJLF GBDJBM FYQSFTTJPOT XF PQU GPS
BO BCTUSBDU JDPOJD BQQSPBDI JOTQJSFE CZ UIF XPSLT PG ëDUJPO GSPN DPNQBOJFT TVDI BT 1JYBS
BOE %JTOFZ 	+PIOTUPO BOE ɨPNBT ����
�

*O FTTFODF UIF TZTUFN OFFET UP TUSJLF B HPPE CBMBODF CFUXFFO UIF MFWFM PG TPDJBM FYQSFT�
TJWFOFTT 	G3
 BOE UIF DPTU 	G9
 BOE DPNQMFYJUZ 	G2
 PG UIF NFDIBOJTNT FOBCMJOH UIBU
FYQSFTTJWFOFTT� 8F PQUFE UP GPSFHP FYBDU JNJUBUJPO PG IVNBO FYQSFTTJWFOFTT GPS UXP SFB�
TPOT� 'JSTU PG BMM TVDI DPNQMFYJUZ IBT B QSPIJCJUJWFMZ FYQFOTJWF DPTU BTTPDJBUFE XJUI JU
DPVOUFSBDUJOH UIF HPBM PG NBLJOH TPDJBM SPCPUJDT SFTFBSDI BOE BQQMJDBUJPOT NPSF BDDFTTJCMF
	G1
� 4FDPOEMZ TVDI BO FOEFBWPS IBT B IJHI SJTL PG FOEJOH VQ JO UIF 6ODBOOZ 7BMMFZ
	.PSJ ����
 VMUJNBUFMZ JNQFEJOH UIF JOUFSBDUJPO CFUXFFO IVNBOT BOE SPCPUJD BHFOUT�
*OTUFBE XF GPDVT PO JDPOJD SBUIFS UIBO SFBMJTUJD SFQSFTFOUBUJPO PG FNPUJPO�
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4.1.1 MODULES

*O UIF TZTUFN UIF WBSJPVT DPNQPOFOUT BSF HSPVQFE JOUP TVCVOJUT PG SFMBUFE BDUVBUPST BOE
NFDIBOJTNT DBMMFE NPEVMFT� %PJOH TP IBT B OVNCFS PG JNQPSUBOU BEWBOUBHFT� 5P CFHJO
UIJT BQQSPBDI TJNQMJëFT BTTFNCMZ� NPEVMFT DBO CF QVU UPHFUIFS PVUTJEF PG UIF CPEZ PG
UIF SPCPU XIFSF UIFSF JT NPSF SPPN UP NBOJQVMBUF DPNQPOFOUT BOE QFSGPSN BTTFNCMZ
TUFQT� 4FDPOEMZ JO DBTF PG EBNBHF NPEVMFT DBO CF SFNPWFE BOE SFQMBDFE PS SFQBJSFE
RVJDLMZ� ɨJSEMZ UIF NPEVMBS BSDIJUFDUVSF NBLFT UIF TZTUFN JEFBMMZ TVJUFE GPS BDDFMFSBUJOH
UIF EFTJHO PG OFX SPCPUT BT DPNQMFY GVODUJPOBMJUZ JT QBDLBHFE JO FBTZ�UP�VTF CVJMEJOH
CMPDLT� "OE ëOBMMZ UIF NPEVMFT BMMPX GPS VQHSBEFT BOE DVTUPNJ[BUJPO FOIBODJOH UIF
MJGFTQBO BOE QPUFOUJBM VTFGVMOFTT PG SPCPUT CVJMU VTJOH UIF TZTUFN�

ɨF NPEVMFT PG UIF 0QTPSP TZTUFN VTF TOBQ DPOOFDUPST BT B DPNNPO JOUFSGBDF� &BDI
NPEVMF FODBQTVMBUFT UIF GVODUJPOBMJUZ PG POF TQFDJëD GBDJBM�CPEZ GFBUVSF TVDI BT BO FZF
PS B NPVUI� "T PG ZFU UIF NPEVMFT GPDVT PO BDUVBUJPO POMZ UIPVHI JU JT BMTP QPTTJCMF UP
JODPSQPSBUF TFOTPST� ɨF OFYU TFDUJPOT HJWF BO PWFSWJFX PG UIF NPEVMFT UIBU BSF DVSSFOUMZ
BWBJMBCMF XJUIJO UIF TZTUFN�

4.1.1.1 MOUTH MODULE

ɨF NPVUI NPEVMF JNQMFNFOUT NPVUI NPUJPO XJUI UISFF EFHSFFT PG GSFFEPN� ɨF TUSVD�
UVSF PG UIF NPEVMF JT GPSNFE PVU PG B MBTFS�DVU "#4 CPY GSBNF� ɨF CPY GSBNF IBT UXP
�� NN TOBQ DPOOFDUPST UP JOUFSGBDF XJUI UIF GSBNF PG B SPCPU BT JT TUBOEBSE GPS BMM 0Q�
TPSP NPEVMFT� .PUJPO JT QSPWJEFE CZ UISFF TUBOEBSE�TJ[F 3$ TFSWPT� 5XP TFSWPT BSF VTFE
GPS UIF MFGU BOE SJHIU NPVUI DPSOFST� ɨF UIJSE TFSWP BDUVBUFT UIF NJEEMF PG UIF CPUUPN
MJQ� ɨF NJEEMF PG UIF VQQFS MJQ JT ëYFE UIPVHI CPUI VQQFS BOE MPXFS MJQ DBO CF TIBQFE
UISPVHI UIF SFMBUJWF NPUJPO PG UIF UISFF TFSWPT�

Fig. 4.1 CAD model of the mouth module Fig. 4.2 Mouth module prototype

ɨF MFWFST BUUBDIFE UP UIF TFSWPT BSF DPOOFDUFE UP UIF TLJO PG UIF SPCPU UISPVHI SFNPWBCMF
TOBQ DPOOFDUPST TIPXO JO ZFMMPX JO ëHVSF ��� BOE ëHVSF ���� 'PVS TOBQ DPOOFDUPST BSF
TFXO PO UIF JOTJEF PG UIF TLJO BU UIF BQQSPQSJBUF QPJOUT� UIF UXP NPVUI DPSOFST UIF
NJEEMF PG UIF VQQFS MJQ BOE UIF NJEEMF PG UIF MPXFS MJQ� ɨF MFOHUI BOE UIF SBOHF PG
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Fig. 4.3 Exploded view of the module

NPUJPO PG UIF MFWFST JT EFQFOEFOU PO UIF FNCPEJNFOU EFTJHO PG UIF SPCPU� ɨF MFOHUI
NBZ CF DVTUPNJ[FE CZ HFOFSBUJOH B OFX MFWFS EFTJHO VTJOH UIF QBSBNFUSJD $"% NPEFM�
ɨF SBOHF PG NPUJPO DBO CF DVTUPNJ[FE JO TPGUXBSF CZ NPEJGZJOH UIF %0' DPOëHVSBUJPO
BT FYQMBJOFE JO TFDUJPO ��������

4.1.1.2 EYEBROW MODULE

ɨF FZFCSPX NPEVMF QSPWJEFT B GVODUJPOBM FZFCSPX XJUI UXP EFHSFFT PG GSFFEPN� .PUJPO
JT BDIJFWFE UISPVHI UXP TUBOEBSE TJ[F 3$ TFSWPT DPOOFDUFE UP UIF JOOFS BOE UIF PVUFS
FOEQPJOU PG UIF FZFCSPX� ɨF TFSWPT BSF BUUBDIFE UP B MBTFS�DVU "#4 GSBNF XJUI UXP �� NN
TOBQ DPOOFDUPST UIBU NBUF XJUI UIF SPCPU�T GSBNF� "T XJUI UIF .PVUI NPEVMF UIF NPEVMF
JT DPOOFDUFE UP UIF BDUVBM FZFCSPX UISPVHI B SFNPWBCMF TOBQ DPOOFDUPS XIJDI JT TFXO POUP
UIF FZFCSPX�

ɨF UXP TUBOEBSE�TJ[FE BSF TUBDLFE PO UPQ PG FBDI PUIFS XJUI UIF PVUQVU TIBGUT QPJOUJOH BU
PQQPTJUF EJSFDUJPOT� 4FSWP MFWFST XJUI B CFOU TIBQF BSF VTFE TP UIBU UIF MFWFST BSF IPSJ[POUBM
BOE BU UIF TBNF QPTJUJPO XIFO UIF TFSWPT BSF JO OFVUSBM QPTJUJPO� ɨJT TPMVUJPO XBT DIPTFO
JO PSEFS UP DSFBUF B DPNQBDU QPXFSGVM NPEVMF EFTJHO XJUI B DPSSFDU EJTUBODF CFUXFFO UIF
PVUQVU MFWFST� "T XJUI UIF .PVUI NPEVMF PVUQVU MFWFS MFOHUI BOE SBOHF PG NPUJPO DBO
CF DVTUPNJ[FE UP TVJU UIF OFFET PG B TQFDJëD SPCPU FNCPEJNFOU EFTJHO� " UZQJDBM SPCPU
XPVME VTF UXP FZFCSPX NPEVMFT� ɨF NPEVMF IBT UXP WBSJBOUT B TUBOEBSE 	SJHIU
 WFSTJPO
BOE B NJSSPSFE 	MFGU
 WFSTJPO� ɨJT JT EPOF UP BDDPNNPEBUF GBDJBM TZNNFUSZ� #PUI WBSJBOUT
VTF UIF TBNF DPNQPOFOUT CVU BTTFNCMZ JT NJSSPSFE�
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Fig. 4.4 CAD model of the eyebrow module Fig. 4.5 Eyebrow module prototype

4.1.1.3 EYE MODULE

ɨF FZF NPEVMF TIPXO JO ëHVSF ��� JNQMFNFOUT B UXP %0' FZFCBMM XJUI B POF %0'
FZFMJE JO B TJOHMF NPEVMF� "DIJFWJOH SFBMJTUJD FZF NPWFNFOU SFRVJSFT NBOZ EJêFSFOU NPW�
JOH NFDIBOJTNT JO B DPNQBDU BOE MJNJUFE TQBDF� %JïDVMUZ JT DPNQPVOEFE CZ UIF GBDU
UIBU UIF FZFCBMM JUTFMG OFFET UP SPUBUF JO UXP EJêFSFOU EJSFDUJPOT BSPVOE UIF TBNF QPJOU�
ɨFTF SFBTPOT NBLF UIF &ZF NPEVMF UIF NPTU DPNQMFY NPEVMF PG UIF 0QTPSP QMBUGPSN�
"T XJUI PUIFS NPEVMFT NBOZ PG UIF TUSVDUVSBM QBSUT BSF MBTFS�DVU GSPN "#4 TIFFU NBUFSJBM
UIPVHI CFDBVTF PG UIF JOUSJDBDZ PG UIF SFRVJSFE NFDIBOJTNT UIF NPEVMF BMTP JODPSQPSBUFT
B MBSHF OVNCFS PG '%. �% QSJOUFE QBSUT�

Fig. 4.6 Eye module prototype

ɨF ëSTU NBKPS DIBMMFOHF XBT UIF JNQMFNFOUBUJPO PG UIF FZFCBMM UIBU SPUBUFT CPUI IPSJ�
[POUBMMZ 	MFGU�SJHIU
 BOE WFSUJDBMMZ 	VQ�EPXO
 PWFS B TVïDJFOUMZ MBSHF SBOHF� ɨFTF UXP
NPUJPOT OFFE UP CF DPOUSPMMBCMF JOEFQFOEFOUMZ GSPN POF BOPUIFS� &BSMZ WFSTJPOT PG UIF
NPEVMF BDIJFWFE UIJT UISPVHI B LJOFNBUJD DIBJO PG UXP NJDSP�TJ[F TFSWPT DPOOFDUFE JO TF�
SJFT� #FDBVTF PG TQBDF DPOTUSBJOUT UIF DFOUFST PG SPUBUJPO PG UIF UXP TFSWPT XFSF OPU FYBDUMZ
UIF TBNF� ɨPVHI NJOJNBM UIJT SFTVMUFE JO B OPO�OFHMJHJCMF BNPVOU PG USBOTMBUJPO PG UIF
FZFCBMM XIFO JU XBT NBEF UP SPUBUF� "EEJUJPOBMMZ UIF DPNQPOFOU MJOLJOH CPUI TFSWPT UP�
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HFUIFS QSPWFE UP CF B XFBL�QPJOU BOE UIF SFTVMUJOH TZTUFN IBE B DPOTJEFSBCMF BNPVOU PG
TMPQ�

ɨF TFDPOE JUFSBUJPO PG UIF FZFCBMM NPWFNFOU SFMJFE VQPO B EJêFSFOU NFDIBOJTN BT TIPXO
JO ëHVSF ���� )FSF UXP MJOLBHFT BSF VTFE UP SPUBUF UIF FZFCBMM JOEJSFDUMZ� ɨPVHI NPSF
DPNQMFY UIF NFDIBOJTN SFTVMUT JO B IJHIFS SFTPMVUJPO BOE UIF DFOUFST PG SPUBUJPO DPJODJEF�
ɨF DPSF DPNQPOFOU PG UIF NFDIBOJTN o UIF QJWPU CFBN o IBT UXP SPUBUJPOBM BYFT BSPVOE
XIJDI UIF FZFCBMM IJOHFT� ɨF ëSTU BYJT XIJDI FOBCMFT UIF FZFCBMM UP SPUBUF VQ BOE EPXO
JT DPOUSPMMFE CZ B MJOLBHF DPOOFDUJOH UIF QJWPU CFBN UP B NJDSP�TJ[F TFSWP UPXBSE UIF CBDL
PG UIF NPEVMF� ɨF TFDPOE BYJT PG SPUBUJPO BMMPXT UIF FZFCBMM TIFMM UP SPUBUF IPSJ[POUBMMZ
XJUI SFTQFDU UP UIF QJWPU CFBN BOE JT DPOUSPMMFE CZ B MJOLBHF DPOOFDUJOH UIF FZF TIFMM UP
B TFDPOE NJDSP TFSWP�

Fig. 4.7 Ball joint linkages

pivot beam

vertical
linkage

module
frame

eyeball
shell

vertical
linkage

Fig. 4.8 Eyeball pivot mechanism

ɨF MJOLBHFT DPOTJTU PG UXP 3$�HSBEF CBMM KPJOUT UIBU BSF DPOOFDUFE UPHFUIFS WJB B �%�
QSJOUFE CFBN� ɨF CBMM KPJOUT BSF OFFEFE JO PSEFS UP BWPJE CJOEJOH DBVTFE CZ KPJOU NJT�
BMJHONFOU BT B TJEF FêFDU PG FZFCBMM NPWFNFOU� 'JHVSF ��� TIPXT FYBNQMFT PG UIFTF MJOL�
BHFT� ɨF MFGU MJOLBHF TIPXT IPX UIF CBMM KPJOUT BSF JOUFOEFE UP CF VTFE JO 3$ DSBGU VTJOH
B QJFDF PG UISFBEFE SPE UP DPOOFDU UIF UXP UPHFUIFS� ɨF NJEEMF BOE SJHIU MJOLBHFT TIPX
IPX UIFZ BSF VTFE JO UIF FZF NPEVMF� #Z VTJOH B �%�QSJOUFE DPOOFDUPS QJFDF DVSWFT
DBO CF JODPSQPSBUFE JOUP UIF EFTJHO PG UIF MJOLBHF XIJDI JT JNQPSUBOU JO UIF EFTJHO PG
UIF NPEVMF GPS BWPJEJOH DPMMJTJPOT BOE LFFQJOH UIF TJ[F PG UIF NPEVMF DPNQBDU� *O BEEJ�
UJPO UIJT BQQSPBDI IBT UIF CFOFëU PG DPOTUSBJOJOH UIF EJTUBODF CFUXFFO CBMM KPJOU DFOUFST
JNQSPWJOH BTTFNCMZ SFQFBUBCJMJUZ�

*O BEEJUJPO UP UIF UXP %0'T PG UIF FZFCBMM UIF NPEVMF BMTP IBT BO BDUVBUFE FZFMJE� ɨJT
UIJSE EFHSFF PG GSFFEPN JT QPXFSFE CZ B TUBOEBSE TJ[F 3$ TFSWP� ɨF NFDIBOJTN PG UIF
FZFMJE SFRVJSFT NPSF UPSRVF UIBO UIF FZFCBMM NFDIBOJTN CFDBVTF UIF FZFMJE OFFET UP CF
BCMF UP TUSFUDI BOE EFGPSN UIF GPBN BOE UFYUJMF PG UIF SPCPU�T TLJO� 'PS TJNQMJDJUZ�T TBLF
POMZ UIF VQQFS FZFMJE JT JNQMFNFOUFE FWFO UIPVHI JO IVNBO BOBUPNZ CPUI UIF VQQFS
BOE MPXFS FZFMJE NPWF� ɨF NPEVMF�T FZFMJE JT JNQMFNFOUFE BT B SJHJE BSD�MJLF DPNQPOFOU
BT TIPXO PO UIF SJHIU�IBOE TJEF PG ëHVSF ���� ɨJT CFBN JT DPOOFDUFE UP BO FZFMJE ìBQ JO
UIF UFYUJMF TLJO PG UIF SPCPU SFTVMUJOH JO B DPNQMFUFE FZFMJE UIBU DPWFST UIF FZFCBMM XIFO
DMPTFE� ɨF FZFMJE BSDI JT NBEF UP CF SFNPWBCMF VTJOH TOBQ DPOOFDUPST� ɨJT XBZ UIF BSDI
NBZ ëSTU CF BUUBDIFE UP UIF TLJO BOE UIFO DPOOFDUFE UP UIF FZF NPEVMF PODF UIF TLJO JT
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Fig. 4.9 Exploded view of the module

JO QMBDF�

ɨF BYJT PG SPUBUJPO PG UIF FZFMJE EPFT OPU DPJODJEF XJUI UIF WFSUJDBM BYJT PG SPUBUJPO PG UIF
FZFCBMM� ɨF FZFMJE�T BYJT PG SPUBUJPO JT TIJGUFE NPSF UPXBSE UIF CBDL PG UIF NPEVMF TP BT
OPU UP JOUFSGFSF XJUI UIF IPSJ[POUBM FZFCBMM SPUBUJPO� ɨF FZFMJE BSDI JT TVQQPSUFE PO CPUI
TJEFT PG UIF NPEVMF CZ B ìBOHFE NJOJBUVSF CBMM CFBSJOH� 0OF TJEF PG UIF BSDI JT BDUVBUFE
CZ UIF TFSWP UIF PQQPTJUF TJEF JT BO JEMFS�

" POF�UP�POF HFBS USBOTNJTTJPO JT VTFE GPS UIF FZFMJE BT TIPXO JO UIF CPUUPN MFGU PG ëHVSF
���� "HBJO UIF HFBS USBJO JT OFFEFE UP BWPJE DPMMJTJPOT BOE UP LFFQ UIF NPEVMF DPNQBDU�
ɨF ESJWF HFBS PG UIF FZFMJE NFDIBOJTN JT NBEF VTJOH UIF MBTFS DVUUFS� ɨF NBJO DIBMMFOHF
IFSF JT JOUFSGBDJOH UIF MBTFS�DVU HFBS XJUI UIF TFSWP�T UPPUIFE TQMJOF� %VF UP UIF TQMJOF�T
TNBMM BOE EFUBJMFE UPPUI QSPëMF POF DBOOPU TJNQMZ DVU PVU UIF TIBQF PG UIF TQMJOF� *OTUFBE
B SBEJBM QBUUFSO PG MJOFT XBT VTFE UP DSFBUF B TVSGBDF UIBU NFTIFT XFMM XJUI UIF QSPëMF PG UIF
TQMJOF BT TIPXO JO ëHVSF ����� ɨF MBTFS CFBN IBT UIF FêFDU PG NFMUJOH UIF "#4 QMBTUJD
BOE BT B SFTVMU UIF MJOFT PG UIF �% ESBXJOH UVSO JOUP USJBOHVMBS JODJTJPOT JO UIF JOOFS
TVSGBDF PG UIF IPMF� ɨF HFBS DBO UIFO CF QSFTT�ëU POUP UIF TFSWP TQMJOF BOE UIF FMBTUJDJUZ
PG UIF "#4 QMBTUJD DPNQFOTBUFT GPS UIF OFHBUJWF DMFBSBODF�

ɨF ESJWFO HFBS PG UIF NFDIBOJTN JT �%�QSJOUFE� ɨF QBSU JT B HFBS TFHNFOU BT POMZ ��¡
PG NPUJPO JT OFFEFE GPS UIF GVODUJPOBMJUZ PG UIF FZFMJE� ɨF ESJWFO HFBS JT TVQQPSUFE CZ B
NJOJBUVSF ìBOHF CBMM CFBSJOH XIJDI JT QSFTT�ëU JOUP UIF QBSU� ɨF QBSU IBT B SFDUBOHVMBS TMPU
XIJDI NBUFT XJUI UIF TOBQ DPOOFDUPS PG UIF FZFMJE BMMPXJOH UIF FZFMJE BSD UP CF BUUBDIFE
PS EFUBDIFE FBTJMZ�
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Fig. 4.10 Connection between servo spline and laser-cut gear.

4.1.1.4 JOINT MODULE

ɨF KPJOU NPEVMF QBDLBHFT B TUBOEBSE�TJ[F TFSWP JOUP B POF�%0' NPEVMF UP GBDJMJUBUF UIF
VTF PG 3$ TFSWPT XJUI UIF SFTU PG UIF TZTUFN� ɨJT NPEVMF JT DVSSFOUMZ OPU VTFE JO UIF 0OP
SPCPU CVU XBT DSFBUFE UP TVQQPSU DSFBUJWF VTBHF TDFOBSJPT JO XPSLTIPQT BOE DPVSTFT� ɨF
"#4�QMBTUJD GSBNF PG UIF NPEVMF IBT UXP �� NN TOBQ DPOOFDUPST DPOGPSNJOH XJUI UIF
SFTU PG UIF TZTUFN� ɨF FOE FêFDUPS PG UIF NPEVMF DPOUBJOT UIF DPSSFTQPOEJOH NPEVMF
NPVOUJOH QBUUFSO BMMPXJOH PUIFS NPEVMFT PS BUUSJCVUFT UP CF BUUBDIFE� ɨF NPVOUJOH
QBUUFSO JT EFTJHOFE TP UIBU PCKFDUT DBO CF BUUBDIFE FJUIFS OPSNBMMZ PS BU B ��¡ BOHMF JN�
QSPWJOH UIF WFSTBUJMJUZ PG UIF NPEVMF� ɨF NPEVMF IBT B NBMF DPOOFDUPS PO POF FOE BOE B
GFNBMF DPOOFDUPS PO UIF PUIFS FOE DPOTFRVFOUMZ NVMUJQMF KPJOUT DBO CF DIBJOFE UPHFUIFS
UP GPSN B MBSHFS TUSVDUVSF�

Fig. 4.11 CAD model of the joint module Fig. 4.12 Joint module prototype

ɨF FOE FêFDUPS PG UIF NPEVMF JT TVQQPSUFE BU CPUI FOET� " DPNNPO QSPCMFN XJUI 3$
TFSWPT JO TNBMM�TDBMF SPCPUJDT BQQMJDBUJPOT JT UIF UPSRVF MPBE QFSQFOEJDVMBS UP UIF TFSWP�T
BYJT PG SPUBUJPO iQFFMJOHw UIF IPSO BXBZ GSPN UIF TQMJOFE TIBGU PG UIF TFSWP� ɨJT QSPCMFN
XBT QBSUJDVMBSMZ OPUJDFBCMF JO UIF 4UJHNFSHJD "OU 	TFDUJPO ���
 XIFSF UIF MBSHF GPSDFT SF�
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RVJSFE UP NPWF UIF SPCPU SFTVMUFE JO NJTBMJHONFOU WJCSBUJPOT BOE FYDFTTJWF TFSWP UPSRVF
MPBET� ɨF KPJOUT PG UIF BOU XFSF TVQQPSUFE TPMFMZ CZ UIF TFSWP IPSO UIFSF XBT OP JEMFS PO
UIF PQQPTJUF FOE UP JNQSPWF TUJêOFTT PG UIF KPJOUT� $POTFRVFOUMZ B TJHOJëDBOU QPSUJPO PG
UPSRVF XBT MPTU CFDBVTF PG MBDL PG SJHJEJUZ�

Fig. 4.13 Exploded view of the module

ɨJT QSPCMFN XBT BWPJEFE CZ JODPSQPSBUJOH BO JEMFS JO UIF EFTJHO PG UIF KPJOU NPEVMF� ɨF
JEMFS JT TIPXO PO UIF SJHIU�IBOE TJEF PG ëHVSF ����� ɨF JNQMFNFOUBUJPO PG UIF JEMFS VTFT
B �% QSJOUFE CBMM CFBSJOH IJOHF XIJDI JT TVQQPSUFE CZ B CSBDLFU UIBU JT NPVOUFE PWFS UIF
FOE DBQ PG UIF TFSWP SFTVMUJOH JO B SPUBUJPOBM KPJOU UIBU JT JO MJOF XJUI UIF BYJT PG SPUBUJPO
PG UIF TFSWP� 4PNF Pê�UIF�TIFMG TFSWPT IBWF B UISFBEFE IPMF JO UIF FOE DBQ JOUFOEFE GPS
UIJT QVSQPTF UIPVHI UIFTF BSF IBSE UP ëOE BT UIJT GFBUVSF JT PGUFO OPU BEWFSUJTFE� 'PS UIJT
SFBTPO XF PQUFE UP VTF BO FYUSB QBSU UP TVQQPSU UIF JEMFS�

4.1.1.5 NECK MODULE

ɨF ëOBM NPEVMF PG UIF TZTUFN JT BO FYQFSJNFOUBM OFDL NPEVMF� "T JNQMJFE CZ UIF OBNF
UIF QVSQPTF PG UIJT NPEVMF JT UP BDUVBUF UIF IFBE PG B TPDJBM SPCPU� 5XP EJêFSFOU JUFSBUJPOT
PG UIF NPEVMF XFSF DSFBUFE JO UIF DPOUFYU PG TUVEFOUT BTTJHONFOUT CBTFE VQPO PVS JOQVU�
ɨF EFTJHO PG B MPX�DPTU OFDL NFDIBOJTN JT DIBMMFOHJOH EVF UP UIF NFDIBOJTN DPNQMFYJUZ
BOE UIF GPSDFT OFFEFE UP TVQQPSU B IFBE� $POTFRVFOUMZ UIF NPEVMF JT DPOTJEFSFE UP CF
FYQFSJNFOUBM�

ɨF ëSTU WFSTJPO PG UIF OFDL NPEVMF TIPXO JO ëHVSF ���� XBT DSFBUFE CZ 1JFUFSKBO .PMMÏ
BT QBSU PG IJT NBTUFS�T UIFTJT� ɨF NPEVMF DPOTJTUT PG DPOTJTUT PG UXP EFHSFFT PG GSFFEPN
FOBCMJOH QBO 	IPSJ[POUBM
 BOE UJMU 	WFSUJDBM
 NPUJPO PG UIF IFBE� #PUI %0'T BSF SFBMJ[FE
VTJOH 3$ TFSWPT GBDJMJUBUJOH UIF QSPDFTT PG JOUFSGBDJOH UIF NPEVMF XJUI UIF QMBUGPSN�T
FMFDUSPOJDT� " DPNCJOBUJPO PG MBTFS DVUUJOH BOE �% QSJOUJOH JT VTFE GPS UIF NBOVGBDUVSF
PG UIF NPEVMF�T DPNQPOFOUT� ɨF NPEVMF JT BUUBDIFE UP UIF GSBNF PG UIF SPCPU VTJOH
TDSFXT� XF PQUFE UP GPSFHP TOBQ DPOOFDUPST JO UIJT JOTUBODF CFDBVTF UIF MBSHF GPSDFT XPVME
PWFSDPNF UIF UFOTJPO PG UIF TOBQ DPOOFDUPST�
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ɨF MBSHF MPBET DBVTFE CZ UIF XFJHIU PG UIF IFBE OFDFTTJUBUF UIF VTF PG NFUBM CFBSJOHT BOE
SFEVDUJPO HFBSJOH PO CPUI BYFT� ɨF UJMU KPJOU JT TVQQPSUFE CZ BO .� UISFBEFE SPE XJUI
B CBMM CFBSJOH BU FBDI FOE� 5JMU BDUVBUJPO JT BDDPNQMJTIFE UISPVHI B �% QSJOUFE TDSFX
NFDIBOJTN� " GPVS�TUBSU MBSHF QJUDI USBQF[PJEBM TDSFX JT BUUBDIFE UP UIF IPSO PG UIF UJMU
TFSWP� ɨF TDSFX JT DPOOFDUFE UP UIF UJMU NFDIBOJTN UISPVHI B �% QSJOUFE OVU UIBU NBUFT
XJUI UIF UISFBET PG UIF TDSFX� ɨF TFSWP NPVOU BOE UIF OVU BSF CPUI TVQQPSUFE CZ B
SFWPMVUF KPJOU TP BT OPU UP PWFSDPOTUSBJO UIF NFDIBOJTN� ɨF EJNFOTJPOT PG UIF TDSFX BSF
DBSFGVMMZ DIPTFO TP UIBU UIF GVMM SBOHF PG NPUJPO PG UIF TFSWP 	���¡
 SFTVMUT JO ±��¡ PG UJMU�

Fig. 4.14 CAD model of 1st neck module Fig. 4.15 Prototype of 1st neck module

ɨF QBOOJOH NPUJPO PG UIJT QSPUPUZQF JT BDIJFWFE CZ SPUBUJOH UIF FOUJSF UJMU NFDIBOJTN�
"O .� UISFBEFE SPE SVOT BMPOH UIF MFOHUI PG UIF UJMU NFDIBOJTN GSBNF BOE JT TVQQPSUFE
BU UIF PQQPTJUF FOE CZ UXP CBMM CFBSJOHT UIBU BSF BUUBDIFE UP UIF MPXFS FOE PG UIF GSBNF
PG UIF SPCPU� 1BO NPUJPO JT BDDPNQMJTIFE UISPVHI B UPPUIFE CFMU USBOTNJTTJPO XIJDI
DPOOFDUT B �% QSJOUFE QVMMFZ PO UIF TIBGU PG UIF TFSWP UP B QVMMFZ PO UIF UISFBEFE SPE�

ɨF TFDPOE WFSTJPO PG UIF OFDL NFDIBOJTN XBT EFTJHOFE CZ �OE ZFBS TUVEFOUT EVSJOH
UIF *MMVTJPO PG -JGF DPVSTF BTTJHONFOU BT EFTDSJCFE JO TFDUJPO ������ %VSJOH UIF DPVSTF
BTTJHONFOU UXP HSPVQT SFRVJSFE B NPWJOH IFBE BT QBSU PG UIFJS SPCPU DPODFQUT� 7FSTJPO
� PG UIF OFDL NPEVMF XBT VTFE BT B CBTJT UIPVHI UIF NPEVMF XBT SFEFTJHOFE EVF UP B
OVNCFS PG TIPSUDPNJOHT� 'PS UIF TUVEFOUT UIF NBJO QSPCMFN XJUI UIF ëSTU OFDL NPEVMF
XBT JUT MBSHF TJ[F NBLJOH JU IBSE UP JOUFHSBUF UIF NPEVMF JOUP UIFJS FNCPEJNFOU EFTJHO�
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ɨF SFEFTJHO FMJNJOBUFT UIF QBOOJOH NPUJPO BOE GPDVTFT TPMFMZ PO UJMUJOH UIF IFBE� ɨF
TUVEFOUT IBE EFDJEFE UIBU UIJT TJOHMF EFHSFF PG GSFFEPN XPVME PêFS TVïDJFOU TPDJBM FYQSFT�
TJWFOFTT GPS UIFJS SPCPU DPODFQUT XIJMF TJNVMUBOFPVTMZ SFEVDJOH TJ[F BOE DPNQMFYJUZ PG UIF
NPEVMF ESBNBUJDBMMZ� ɨF TDSFX NFDIBOJTN XBT LFQU UIPVHI UIF TVSSPVOEJOH TUSVDUVSFT
XFSF NPEJëFE UP JODSFBTF SJHJEJUZ SFEVDF UIF WPMVNF BOE OVNCFS PG �% QSJOUFE QBSUT
BOE UP SFEVDF UIF UPUBM TJ[F PG UIF NPEVMF�

Fig. 4.16 Prototype of 2nd neck module

4PNF JNQPSUBOU JTTVFT SFNBJO VOTPMWFE XJUI UIJT WFSTJPO PG UIF OFDL NPEVMF� ɨF CJHHFTU
QSPCMFN JT UIF EJSFDU SFTVMU PG UIF XBZ 3$ TFSWPT XPSL� ɨF GFFECBDL NFDIBOJTN JT FO�
UJSFMZ DPOUBJOFE XJUIJO UIF IPVTJOH PG UIF TFSWP� 1PTJUJPO EBUB JT VOJEJSFDUJPOBM BOE JT
USBOTGFSSFE GSPN UIF TFSWP DPOUSPMMFS UP UIF TFSWP CVU OPU UIF PUIFS XBZ BSPVOE� .PSF
EFUBJM PO UIF JOOFS XPSLJOHT PG 3$ TFSWPT DBO CF GPVOE JO TFDUJPO ������

ɨJT DPOUSPM TDIFNF XPSLT XFMM GPS TJNQMF BQQMJDBUJPOT TVDI BT UIPTF GPVOE JO UIF 3$
IPCCZ� *O PVS TJUVBUJPO QSPCMFNT BSJTF XIFO UIF TFSWP JT ëSTU QPXFSFE PO� "U TUBSUVQ
UIF DPOUSPMMFS IBT OP LOPXMFEHF PG UIF DVSSFOU QPTJUJPO PG UIF OFDL POMZ UIF TFSWP JUTFMG
DBO NFBTVSF UIJT QPTJUJPO� 8IFO UIF DPOUSPMMFS TJHOBMT UIF TFSWP UP SPUBUF UIF OFDL UIF
TFSWP o IBWJOH OP LOPXMFEHF PG UIF NFDIBOJTN JU JT BUUBDIFE UP o BUUFNQUT UP NPWF UP
UIJT QPTJUJPO BT GBTU BT QPTTJCMF� ɨJT SFTVMUT JO MBSHF DVSSFOU TQJLFT TIPDLJOH NPUJPO BOE
DBO QPUFOUJBMMZ DBVTF UIF SPCPU UP GBMM PWFS EVF UP BOHVMBS NPNFOUVN�

1PUFOUJBM TPMVUJPOT UP UIJT QSPCMFN XPVME SFRVJSF UIF BDUVBUPS UP CF NPEJëFE PS SFQMBDFE�
'PS FYBNQMF B TUBOEBSE TFSWP DBO CF NPEJëFE UP JODMVEF B GPVSUI XJSF DPOOFDUFE EJSFDUMZ
UP UIF XJQFS PG UIF GFFECBDL QPUFOUJPNFUFS� ɨJT XPVME BMMPX UIF DPOUSPMMFS UP NFBTVSF
UIF TFSWP�T QPTJUJPO BOE UIVT MJNJU BDDFMFSBUJPO BDDPSEJOHMZ� "MUFSOBUJWFMZ POF DPVME SF�
QMBDF UIF TFSWP XJUI B %$ NPUPS DPVQMFE UP B SPUBSZ FODPEFS� ɨJT BQQSPBDI SFRVJSFT
BEEJUJPOBM DJSDVJUSZ CVU XPVME BMMPX BEWBODFE GFBUVSFT TVDI BT 1*% DPOUSPM BOE USBQF�
[PJEBM TQFFE DPOUSPM� .PSF DPNQMJDBUFE DPOUSPM TDIFNFT BSF BMTP QPTTJCMF TVDI BT TFSJFT
FMBTUJD BDUVBUJPO UIPVHI POF XPVME IBWF UP XPOEFS XIFUIFS UIJT JT XPSUI UIF BEEFE DPTU
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BOE DPNQMFYJUZ�

4.1.2 WORKSHOP BASE

ɨF XPSLTIPQ CBTF JT OPU B DPSF QBSU PG UIF TZTUFN QFS TF� "T JNQMJFE CZ UIF OBNF JU JT
EFTJHOFE BT B CBTF VOJU GPS TJUVBUJPOT TVDI BT XPSLTIPQT DPVSTFT BOE DP�DSFBUJPO TFTTJPOT
XIFSF JU JT JNQPSUBOU UP HFU VQ�BOE�SVOOJOH RVJDLMZ� ɨF XPSLTIPQ CBTF QBDLBHFT OFBSMZ
BMM FMFDUSJD BOE FMFDUSPOJD QBSUT UIBU BSF SFRVJSFE GPS B SPCPU JOUP POF VOJU� ɨJT JODMVEFT
UXP "$�%$ QPXFS TVQQMJFT BO "$ QMVH B 3BTQCFSSZ 1J XJUI DVTUPN EBVHIUFSCPBSE BOE
B 8J'J EPOHMF� ɨF VOJU MFUT UIF VTFS GPDVT PO UIF QIZTJDBM FNCPEJNFOU EFTJHO� ɨF POMZ
XJSFT UIBU OFFE UP CF DPOOFDUFE BSF UIF MFBET PG UIF TFSWP NPUPST�

5XP WFSTJPOT PG UIF XPSLTIPQ CBTF XFSF EFTJHOFE� ɨF JOJUJBM WFSTJPO TIPXO JO ëHVSF ����
XBT DSFBUFE GPS VTF EVSJOH PVS XPSLTIPQ BU UIF 5&* DPOGFSFODF 	TFDUJPO �����
 BOE XBT
BMTP VTFE EVSJOH UIF ëSTU *MMVTJPO PG -JGF DPVSTF 	TFDUJPO �����
� ɨF IPVTJOH JT DPNQSJTFE
PG B TJOHMF QMBUF PG "#4 QMBTUJD POUP XIJDI BMM DPNQPOFOUT BSF NPVOUFE� ɨF DPNQPOFOUT
BSF QSPUFDUFE CZ BO BDSZMJD DPWFS QMBUF NPVOUFE PO UPQ PG UIFN VTJOH UISFBEFE IFYBHPOBM
TUBOEPêT�

ɨF EFTJHO XPSLFE XFMM UIPVHI UIF FMPOHBUFE TIBQF NBEF UIF VOJU IBSE UP JOUFHSBUF JO
TPNF SPCPU FNCPEJNFOUT� " TFDPOE WFSTJPO TIPXO JO ���� XBT DSFBUFE GPS UIF TFDPOE
*MMVTJPO PG -JGF DPVSTF� ɨF MBZPVU PG UIF VOJU XBT DIBOHFE UP GPSN B NPSF EFOTF DVCPJE
TIBQF� *O BEEJUJPO B � 8 TQFBLFS XBT BMTP JOUFHSBUFE JOUP UIF VOJU�

Fig. 4.17 1st workshop base Fig. 4.18 2nd workshop base

4.1.3 EMBODIMENT

ɨJT TFDUJPO EFTDSJCFT UIF QSPDFTT UISPVHI XIJDI UIF TUBOEBSE DPNQPOFOUT PG UIF QMBU�
GPSN BSF DPNCJOFE XJUI B DVTUPN TLFMFUBM GSBNF BOE TLJO JO PSEFS UP GPSN B GVODUJPOBM
TPDJBM SPCPU� "T BSHVFE FBSMJFS PVS EFTJHO BQQSPBDI TIBSFT TJNJMBSJUJFT XJUI UIF DPODFQU
PG iVOUPPMLJUTw 	%� "� .FMMJT +BDPCZ FU BM� ����
 JO UIF TFOTF UIBU PVS UPPMLJU JT OPU KVTU
B DPMMFDUJPO PG NPEVMFT CVU UIBU XF TFF UIF TUFQ PG DSFBUJOH B DVTUPN FNCPEJNFOU BT BO
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JOUSJOTJD QBSU PG UIF LJU� ɨVT EJHJUBM NBOVGBDUVSJOH UFDIOJRVFT TVDI BT MBTFS�DVUUJOH DBO
CF TFFO BT JOUBOHJCMF DPNQPOFOUT PG UIF 0QTPSP UPPMLJU� " MBSHF EFHSFF PG EFTJHO GSFFEPN
JT BêPSEFE UISPVHI UIJT BQQSPBDI BT UIF EFTJHO PG UIF NPEVMFT EPFT OPU IBWF B MBSHF JOìV�
FODF PO UIF BFTUIFUJDT BOE EFTJHO PG UIF SPCPUJD DIBSBDUFS 	G5
� 0O UIF PUIFS IBOE UIF
TUFQ�CZ�TUFQ NFUIPEPMPHZ PêFST HVJEFMJOFT GPS OPWJDFT TUJNVMBUJOH UIFN UP CF DSFBUJWF
	G7


ɨF UFDIOJDBM TJEF PG UIJT QSPDFTT SFMJFT VQPO MBTFS DVUUJOH� ɨF EFTJHO NFUIPE FODPN�
QBTTFT CPUI EJHJUBM BOE BOBMPH CPUI IJHI�ëEFMJUZ BOE MPX�ëEFMJUZ UFDIOJRVFT� ɨF OFYU
UXP TFDUJPOT EFUBJM UIF UFDIOJDBM QSPDFTT PG USBOTMBUJOH BO FNCPEJNFOU DPODFQU JOUP NBO�
VGBDUVSBCMF EFTJHOT TUBSUJOH GSPN B �% NPEFM PG UIF FNCPEJNFOU BOE GPDVTJOH PO UIF
EFTJHO PG UIF TLFMFUBM GSBNF BOE UIF EFTJHO PG UIF TLJO� ɨFTF UXP TFDUJPOT EFTDSJCF UIF
TUBOEBSE QSPDFTT XIJDI XBT BQQMJFE GPS UIF JNQMFNFOUBUJPO PG UIF 0OP SPCPU� ɨF UIJSE
TFDUJPO EFTDSJCFT B OVNCFS PG XBZT UIJT TUBOEBSE QSPDFTT DBO CF UXFBLFE PS FYUFOEFE TVDI
BT UIPTF VTFE GPS UIF *MMVTJPO PG -JGF DPVSTF BTTJHONFOU 	EFUBJMFE EFTDSJQUJPO JO TFDUJPO
�����
�

4.1.3.1 FRAME

ɨF GSBNFT BSF EFTJHOFE UP CF NBEF GSPN "#4 QMBTUJD UISPVHI VTF PG B MBTFS DVUUFS� ɨF ìBU
MBTFS�DVU QJFDFT JOUFSMPDL UP GPSN B SJHJE UISFF�EJNFOTJPOBM TUSVDUVSF� ɨF EFTJHO PG UIF
MBTFS�DVU QBSUT JODPSQPSBUFT WBSJPVT UZQFT PG GVODUJPOBMJUZ UISPVHI DMFWFS NBOJQVMBUJPO PG
UIF TIBQF PG UIF QBSUT� 'PS JOTUBODF UIF QBSUT BSF EFTJHOFE TP UIBU UIFZ DBO CF DPOOFDUFE
UPHFUIFS XJUIPVU SFMZJOH PO BEIFTJWFT GBTUFOFST PS PUIFS FYUFSOBM DPNQPOFOUT�

ɨF QBSUT UIBU NBLF VQ UIF TLFMFUBM GSBNF BSF DPOOFDUFE VTJOH TOBQ DPOOFDUPST BT TIPXO
JO ëHVSF ����� ɨF NBMF QBSU PG UIF DPOOFDUJPO DPOTJTUT PG UXP DBOUJMFWFSFE IPPLT UIBU
SFMZ PO UIF FMBTUJDJUZ PG UIF NBUFSJBM UP SFTUSBJO UIF NBUJOH QBSU� $VUPVUT JO UIF CPEZ PG UIF
DPOOFDUPS FYUFOE UIF FêFDUJWF MFOHUI PG UIF DBOUJMFWFS BMMPXJOH UIF TOBQ GPSDF UP CF ëOF�
UVOFE� ɨF GFNBMF QBSU PG UIF DPOOFDUJPO 	ëH� ���� SJHIU
 DPOTJTUT PG B TJNQMF SFDUBOHVMBS
DVUPVU�

� NN UIJDL "#4 QMBTUJD TIFFU JT VTFE GPS UIF TLFMFUBM GSBNFT� ɨF BEWBOUBHFT PG UIJT NB�
UFSJBM BSF JUT UPVHIOFTT JNQBDU SFTJTUBODF BOE SFMBUJWF JOFYQFOTJWFOFTT� *O BEEJUJPO JU
DVUT WFSZ XFMM PO B MBTFS DVUUFS XJUI OP CVSST BOE WFSZ MJUUMF EJTDPMPSBUJPO� 6OMJLF BDSZMJD
XIJDI JT DPNNPOMZ VTFE GPS MBTFS DVUUJOH UIF NBUFSJBM JT OPU CSJUUMF BMMPXJOH UIF TOBQ
DPOOFDUPST UP GVODUJPO XJUIPVU CSFBLJOH� %FMSJO QMBTUJD XPVME CF BOPUIFS HPPE DBOEJEBUF
NBUFSJBM GPS UIF GSBNFT EVF UP JUT FYDFMMFOU UPVHIOFTT BOE XFBS DIBSBDUFSJTUJDT� )PXFWFS
BU BQQSPYJNBUFMZ ëWF UJNFT UIF QSJDF UIF NBUFSJBM JT NVDI NPSF FYQFOTJWF UIBO "#4�

ɨF QSPDFTT TUBSUT XJUI B �% $"% NPEFM PG UIF PVUFS TIBQF PG UIF SPCPU� ɨF BQQSPBDI
XPSLT GPS CPUI QPMZHPOBM �% NPEFMT BT XFMM BT �% TVSGBDF NPEFMT DPNQPTFE PVU PG
/63#4 PCKFDUT� )PXFWFS XF IBWF BMXBZT VTFE TVSGBDF NPEFMT CFDBVTF UIFZ PêFS B IJHIFS
QSFDJTJPO BOE CFDBVTF UIFZ JOUFSBDU XFMM XJUI NPEFSO NFDIBOJDBM $"% TPGUXBSF XIJDI
VTFT /63#4 TVSGBDFT GPS UIF CPVOEBSZ SFQSFTFOUBUJPO 	#�3FQ
 PG TPMJE PCKFDUT�
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Fig. 4.19 Example of the snap connectors used in the frame design

ɨF ëSTU TUFQ JT UP PêTFU UIF TVSGBDF PG UIF �% NPEFM UP UIF JOTJEF� ɨF EJTUBODF JT EFQFO�
EFOU PO UIF UIJDLOFTT PG UIF GPBN UIBU XJMM CF VTFE UP DPWFS UIF TLFMFUBM GSBNF BU B MBUFS
TUBHF� �� NN JT B UZQJDBM WBMVF GPS UIJT� ɨJT OFX TVSGBDF JO JNQPSUFE JOUP B NFDIBOJDBM
$"% QBDLBHF BT B SFGFSFODF PCKFDU� ɨFO UIF WBSJPVT NPEVMFT BSF JNQPSUFE BOE QPTJ�
UJPOFE XJUIJO UIF �% NPEFM� "U UIJT QPJOU UIF MPDBUJPO PG UIF WBSJPVT iTMJDFTw JT DIPTFO�
4FDUJPO QMBOFT BSF UIFO EFëOFE BOE JOUFSTFDUJPO DVSWFT BSF DBMDVMBUFE XIJDI TFSWF BT B
CBTJT GPS UIF DPOUPVST PG UIF WBSJPVT QBSUT PG UIF TLFMFUPO�

ɨF TUSVDUVSF PG UIF GSBNF JT EJWJEFE JOUP B OVNCFS PG TVC�VOJUT UIBU DBO CF TUBDLFE PO UPQ
PG POF BOPUIFS 	ëH� ����
� &BDI TVC�VOJU DPOTJTUT PG B IPSJ[POUBM QMBUF POUP XIJDI B HSJE
PG JOUFSMPDLJOH WFSUJDBM QMBUFT BSF BUUBDIFE� ɨF JOUFSTFDUJPO DVSWFT BSF VTFE BT B TUBSUJOH
QPJOU UP ESBX UIF JOEJWJEVBM QBSUT UIBU NBLF VQ B TVC�VOJU� ɨF TOBQ DPOOFDUPST TUPSFE
JO B SFVTBCMF TLFUDI MJCSBSZ BSF BEEFE BU UIJT QPJOU� ɨF XJEUI PG UIF TOBQ DPOOFDUPST
DBO CF DIBOHFE� ɨJT DBO CF VTFE UP JOUSPEVDF BTZNNFUSZ JOUP UIF QBSUT PG UIF TLFMFUPO
TJNQMJGZJOH BTTFNCMZ CZ FOTVSJOH QBSUT ëU JO POMZ POF TQFDJëD PSJFOUBUJPO�

0ODF UIF CBTJT PG UIF TLFMFUBM GSBNF JT DPNQMFUFE ëOBM EFUBJMT DBO CF BEEFE� 'JSTU UIF
GFNBMF DPOOFDUPST GPS UIF NPEVMFT BSF BEEFE� ɨFO BDDPNNPEBUJPOT GPS UIF FMFDUSJDBM
TZTUFNT BSF BEEFE JODMVEJOH IPMFT GPS DBCMF SPVUJOH [JQ�UJF BODIPST GPS TFDVSJOH XJSFT
BOE NPVOUJOH IPMFT GPS UIF 3BTQCFSSZ 1J BOE UIF QPXFS TVQQMJFT� 'JOBMMZ B QBSU OVNCFS
BOOPUBUJPO JT BEEFE UP FBDI QBSU XIJDI XJMM CF FUDIFE JOUP UIF QBSU EVSJOH MBTFS DVUUJOH�
ɨJT TFSWFT UP MFU VTFST UP JEFOUJGZ FBDI VOJRVF QBSU EVSJOH BTTFNCMZ�

ɨF QSPDFTT PG EFTJHOJOH B DVTUPN TLFMFUPO JOWPMWFT B MBSHF BNPVOU PG $"% ESBXJOH XPSL�
)PXFWFS UIF XPSL JT OPU EJïDVMU BOE DPOTJTUT PG GFX TUFQT UIBU BSF SFQFBUFE UISPVHIPVU
UIF EFTJHO� 'PS UIJT SFBTPO XF UIJOL UIBU UIFTF TUFQT BSF BO JEFBM DBOEJEBUF UP CF BVUPNBUFE
UISPVHI B TQFDJBMJ[FE $"% TZTUFN QMVHJO�
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Fig. 4.20 Architecture of the frame of Ono, showing four sub-units

4.1.3.2 SKIN

ɨF SPCPU�T TLJO JT UZQJDBMMZ NBEF VQ PG UXP MBZFST� UIF JOOFS MBZFS JT B MBZFS PG TPGU GPBN
QBEEJOH UIF PVUFS MBZFS JT B UFYUJMF MBZFS UIBU HJWFT UIF SPCPU JUT WJTVBM BQQFBSBODF� 1SPEVD�
JOH UIFTF UXP MBZFST JO B SFQFBUBCMF GBTIJPO DBO CF DIBMMFOHJOH FTQFDJBMMZ TJODF USBEJUJPOBM
UFDIOJRVFT UFOE UP JOWPMWF B MPU PG NBOVBM MBCPVS� 8IJMF PVS BQQSPBDI JT OPU B SBEJDBM
EFQBSUVSF GSPN FTUBCMJTIFE UFDIOJRVFT XF IBWF JODPSQPSBUFE B OVNCFS PG DIBOHFT UP TJN�
QMJGZ UIF QSPDFTT�

8F GPVOE UIF FTUBCMJTIFE UFDIOJRVF GPS UIF QSPEVDUJPO PG UISFF�EJNFOTJPOBM TPGU GPBN
TIBQFT TVDI BT UIPTF SFRVJSFE GPS UIF GPBN QBEEJOH MBZFS UP CF B WFSZ EJïDVMU BOE JOWPMWFE
QSPDFTT� 6TVBMMZ UIFTF UZQFT PG QBSUT BSF DSFBUFE WJB NPMEJOH BOE SFTJO DBTUJOH FTQFDJBMMZ
XIFO UIF HFPNFUSZ PG UIF QBSU JT DPNQMFY� ɨF NPMEJOH BOE DBTUJOH QSPDFTT JT B DSBGU
SFRVJSJOH TLJMM UJNF BOE TPNFUJNFT TQFDJBM FRVJQNFOU TVDI BT B WBDVVN DIBNCFS� ɨFTF
BTQFDUT BSF XPSTFOFE CZ UIF QSPQFSUJFT PG TPGU 16 GPBN SFTJOT BT UIFZ DVSF SBQJEMZ BOE
BSF IJHIMZ TFOTJUJWF UP UFNQFSBUVSF BOE BJS IVNJEJUZ� $BTUJOH DBO BMTP CF RVJUF DPTUMZ GPS
POF�PêT BT POF OFFET UP JOWFTU NBUFSJBMT TVDI BT TJMJDPOF UP CVJME B NPME� $BTUJOH SFTJOT
BMTP OFFE UP CF CPVHIU JO MBSHF WPMVNFT BOE UFOE UP IBWF B MJNJUFE TIFMG MJGF 	B DPVQMF PG
NPOUIT
�
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0VS TPMVUJPO UP UIJT QSPCMFN XBT UP NBLF UIF IPMMPX �% GPBN TIBQF GPS UIF QBEEJOH
MBZFS PVU PG B QBUDIXPSL PG �% QJFDFT PG GPBN� "T XJUI UIF EFTJHO PG UIF TLFMFUBM GSBNF
TPGUXBSF UPPMT BSF VTFE UP GBDJMJUBUF UIJT QSPDFTT PG USBOTMBUJOH UIF �% NPEFM UP B QBUUFSO
PG �% TIBQFT� ɨF �% TIBQFT BSF UIFO DVU PVU PG B QJFDF PG ìBU GPBN TIFFU XJUI UIF BJE PG
B MBTFS DVUUFS� 'JOBMMZ UIF �% QJFDFT BSF TFXO UPHFUIFS UP GPSN B UISFF�EJNFOTJPOBM PCKFDU
UIBU BQQSPYJNBUFT UIF TIBQF PG UIF PSJHJOBM �% NPEFM�

Fig. 4.21 Developable surface (left) vs. doubly curved surface (right)

ɨF CJHHFTU UFDIOJDBM IVSEMF JT USBOTGPSNJOH UIF EPVCMZ DVSWFE QBSUT PG UIF NPEFM JOUP
ìBU TIBQFT� %PVCMZ DVSWFE TVSGBDFT BSF TVSGBDFT UIBU BSF DVSWFE JO UXP EJTUJODU EJSFDUJPOT
TVDI BT UIF GBDF PG B TQIFSF� "T B SFTVMU PG UIJT QSPQFSUZ UIFTF TVSGBDFT DBOOPU CF ìBUUFOFE
XJUIPVU EJTUPSUJPO� ɨJT JT JO DPOUSBTU XJUI EFWFMPQBCMF TVSGBDFT TVDI BT UIF GBDF PG B
DZMJOEFS XIJDI DBO CF ìBUUFOFE XJUIPVU EJTUPSUJPO� 0SHBOJD TIBQFT TVDI BT UIPTF GPVOE
JO DIBSBDUFS EFTJHOT IBWF B MPU PG [POFT UIBU BSF EPVCMZ DVSWFE�

5P HFOFSBUF UIF ìBU QBUUFSOT GPS UIF GPBN UIF NPEFM JT ëSTU NBOVBMMZ EJWJEFE JOUP TFQBSBUF
SFHJPOT� ɨF EFTJHOFS TIPVME DIPPTF UIFTF SFHJPOT TP UIBU UIFZ BSF MBSHF FOPVHI UP MJNJU UIF
UPUBM OVNCFS PG QJFDFT ZFU TNBMM FOPVHI TP UIBU UIF �% TIBQF JT XJUIJO UIF MJNJUT PG UIF
GPBN�T FMBTUJDJUZ� ɨFTF SFHJPOT BSF UIFO ìBUUFOFE VTJOH UIF TRVJTI DPNNBOE JO 3IJOP�%��
ɨJT DPNNBOE ìBUUFOT UIF EPVCMZ DVSWFE SFHJPOT XIJMF NJOJNJ[JOH UIF UPUBM BNPVOU PG
EFGPSNBUJPO�

%FQFOEJOH PO UIF NBUFSJBM UIJT QSPDFTT NBZ CF ëOF�UVOFE� ɨF DPNNBOE DBO CF HJWFO
B CJBT UP QSFGFS TUSFUDIJOH PS DPNQSFTTJOH UIF NBUFSJBM� ɨF DFOUFSMJOF PG UIF EFGPSNBUJPO
NBZ CF NPEJëFE CZ PêTFUUJOH UIF TVSGBDF� 8F GPVOE UIBU VTJOH UIF DFOUFSMJOF TVSGBDF 	J�F�
�� NN PêTFU GPS �� NN GPBN
 BOE B QSFGFSFODF GPS DPNQSFTTJPO HJWFT UIF CFTU SFTVMUT GPS
UIF GPBN NBUFSJBM XF VTFE� 5P ëOBMJ[F UIF QBUUFSOT BSUJGBDUT PO �% DPOUPVST BSF SFNPWFE
BOE B QBSU OVNCFS JT BEEFE� ɨFO B QBUUFSO PG FRVJEJTUBOU IPMFT JT ESBXO BMPOH UIF FEHF
PG UIF QBSUT� ɨJT TUJUDIJOH QBUUFSO NBLFT JU FBTJFS UP NBOVBMMZ TFX UIF GPBN BSPVOE UIF
SPCPU BU B MBUFS TUBHF�

ɨF EFTJHO QSPDFTT GPS UIF GBCSJD TLJO MBZFS JT WFSZ TJNJMBS UP UIBU PG UIF GPBN QBEEJOH MBZFS�
ɨF TBNF TRVJTI UPPM JT VTFE UIPVHI UIF TVSGBDFT BSF OPU PêTFU BOE UIF UPPM�T CJBT JT TFU

�3IJOPDFSPT �% JT B $"% BQQMJDBUJPO GPDVTFE PO /63#4 NPEFMJOH� o
#//+Γχχ222Α-#$)*Ͱ�Α�*(
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4. OPSORO: OPEN PLATFORM FOR SOCIAL ROBOTICS

Fig. 4.22 Foam flattening process. The colored dots indicate material deformation. Note the
artifacts at the top corner of the generated contour.

UP QSFGFS TUSFUDI EFGPSNBUJPO PWFS DPNQSFTTJPO� 8F VTFE -ZDSB GBCSJD GPS UIF TLJO PG UIF
0OP SPCPU� ɨF IJHI FMBTUJDJUZ PG UIF GBCSJD JT QBSUJDVMBSMZ VTFGVM CFDBVTF JU TNPPUIT PVU
BOZ JSSFHVMBSJUJFT PG UIF GPBN MBZFS VOEFSOFBUI�

4.1.3.3 VARIANTS

ɨF QBSBHSBQIT BCPWF EFTDSJCF JO CSPBE TUSPLFT UIF FNCPEJNFOU EFTJHO QSPDFTT BT XF IBE
PSJHJOBMMZ FOWJTJPOFE JU� 0OF BEWBOUBHF PG UIF BQQSPBDI MJFT JO JUT ìFYJCJMJUZ� ɨF TUFQT PG
UIF QSPDFTT DBO CF DIBOHFE XIFOFWFS DIBOHFT BSF OFFEFE PS EFTJSFE� "EBQUBUJPOT DBO CF
NBEF UP BDDPNNPEBUF GPS EJêFSFOU TLJMM MFWFMT 	G6
 MPOHFS PS TIPSUFS UJNFTDBMFT BWBJMBCMF
SFTPVSDFT BOE JOGSBTUSVDUVSF FUD� #FMPX BSF TPNF FYBNQMFT XF IBWF FODPVOUFSFE PWFS UIF
DPVSTF PG UIJT SFTFBSDI QSPKFDU�

193



4. OPSORO: OPEN PLATFORM FOR SOCIAL ROBOTICS

t %VSJOH PVS XPSLTIPQ PO %*: BOJNBUSPOJD DSFBUVSFT BU UIF 5&* DPOGFSFODF 	TFDUJPO
�����
 XF IBE B WFSZ MJNJUFE UJNFGSBNF UP CVJME OFX SPCPUT XJUI QBSUJDJQBOUT� ɨF
EVSBUJPO XPSLTIPQ XBT MJNJUFE UP SPVHIMZ TJY IPVST EVSJOH XIJDI QBSUJDJQBOUT
XPVME HP GSPN B SPVHI DPODFQU UP B XPSLJOH BOJNBUSPOJD DSFBUVSF� $POTFRVFOUMZ
XF FTDIFXFE UIF VTF PG DPNQVUFS�CBTFE EFTJHO UPPMT JO GBWPS PG NBOVBM IBOET�PO
UFDIOJRVFT� 8F QSPWJEFE QSF�BTTFNCMFE NPEVMFT XIJDI XFSF CSPVHIU UP MJGF VTJOH
UIF DVTUPN DBSECPBSE FNCPEJNFOUT UIBU UIF QBSUJDJQBOUT CVJMU� 1MBTUJD DPOOFDUPS
QMBUFT 	ëH� ����
 XFSF VTFE UP JOUFSGBDF UIF NPEVMFT XJUI UIF DBSECPBSE� ɨFTF XFSF
HMVFE UP UIF DBSECPBSE BMMPXJOH UIF NPEVMFT UP TOBQ JO QMBDF BGUFSXBSET�

t 'PS UIF *MMVTJPO PG -JGF DPVSTF BTTJHONFOU 	TFDUJPO �����
 XF SFDPNNFOEFE UIF
TUVEFOUT UP VTF "VUPEFTL�T NBLFS�GSJFOEMZ BQQT GPS UIF GSBNF EFTJHO PG UIFJS SPCPUT�
ɨFTF UPPMT BSF FBTJFS UP VTF BOE QSPEVDF SFTVMUT NPSF RVJDLMZ UIBO USBEJUJPOBM $"%�
.PSF TQFDJëDBMMZ UIFZ VTFE .FTI.JYFS� UP EJHJUBMMZ TDVMQU UIF PVUFS TIBQF PG UIF
FNCPEJNFOU� ɨF SFTVMUJOH USJBOHMF NFTI XBT UIFO JNQPSUFE JOUP ���% .BLF�
XIJDI XBT VTFE UP TMJDF UIF NPEFM JOUP JOUFSMPDLJOH MBTFS�DVU QJFDFT� ɨF SFTVMUJOH
TLFMFUPO XBT VTFE BT UIF ëSTU EFTJHO JUFSBUJPO BGUFS XIJDI UIF ëMFT XFSF JNQPSUFE
JOUP B iSFBMw $"% QBDLBHF UP NBLF BOZ NPEJëDBUJPO SFRVJSFE GPS UIF ëOBM EFTJHO�

t *O UIF TBNF DPVSTF BTTJHONFOU TUVEFOUT FYQFSJNFOUFE XJUI WFSZ EJêFSFOU NBUFSJBMT
BOE UFDIOJRVFT UP DSFBUF B TLJO GPS UIFJS SPCPUT� 0SJHJOBMMZ XF IBE GPDVTFE PO
DSFBUJOH TPGU IVHHBCMF SPCPUT UIBU DIJMESFO DPVME TBGFMZ UPVDI SFTVMUJOH JO B NFUIPE
UIBU SFMJFT PO UFYUJMFT GPBNT BOE PUIFS TPGU NBUFSJBMT� )PXFWFS EVSJOH UIF DPVSTF
NBOZ EJêFSFOU NPEFT PG JOUFSBDUJPO XFSF DPODFQUVBMJ[FE� 'PS JOTUBODF JO POF
DPODFQU UIF SPCPU TFSWFT BT B UVUPS GPS DIJMESFO� $POTFRVFOUMZ B NPSF EJTUBOU NPEF
PG JOUFSBDUJPO JT BQQSPQSJBUF CFDBVTF UIF SPCPU BOE UIF DIJME BSF OPU TPDJBM QFFST
BOE UIJT IBT DPOTFRVFODFT GPS UIF EFTJHO MBOHVBHF PG UIF FNCPEJNFOU� &YBNQMFT
PG OPWFM TLJOOJOH UFDIOJRVFT JODMVEF IBSE�TIFMM DPWFST NBEF GSPN UIFSNPGPSNFE
14 BOE TFNJ�SJHJE GPBN TLJOT NBEF GSPN UIFSNPGPSNFE &7" GPBN HJWJOH XBZ UP
EJêFSFOU TFOTPSZ FYQFSJFODFT�

4.2 ELECTRONICS

,FFQJOH JO MJOF XJUI UIF PWFSBSDIJOH QIJMPTPQIZ PG UIJT XPSL UIF FMFDUSPOJDT VTFE EVSJOH
UIJT QSPKFDU JOJUJBMMZ SFMJFE IFBWJMZ PO Pê�UIF�TIFMG NPEVMFT BOE CPBSET� "T UIF QMBUGPSN
NBUVSFE BOE BT PVS WJFXT PO XIBU GVODUJPOBMJUZ XF EFFNFE FTTFOUJBM FWPMWFE TP EJE PVS
JNQMFNFOUBUJPO PG UIF QMBUGPSN�T FMFDUSPOJDT� "T UJNF QSPHSFTTFE XF IBWF HPOF GSPN
CSFBECPBSE DJSDVJUT UP DVTUPN FUDIFE 1$#T DBSSZJOH Pê�UIF�TIFMG NPEVMFT UP GVMMZ JOUF�
HSBUFE CPBSET� 4UJMM UISPVHIPVU UIJT QSPDFTT XF IBWF NBEF B DPOTDJPVT FêPSU UP CVJME
VQPO FYJTUJOH QMBUGPSNT NBJOUBJOJOH B DMPTF MJOL XJUI DPOUFNQPSBSZ %*: IBDLJOH BOE
NBLJOH QBSBEJHNT 	G10
� "T TVDI UIF MBUFTU JODBSOBUJPO PG UIF FMFDUSPOJDT JT DPODFJWFE BT

�"VUPEFTL .FTI.JYFS o #//+Γχχ222Α( .#($3 -Α�*(
�"VUPEFTL ���% .BLF o #//+Γχχ222ΑͮͯͰ��++Α�*(χ(�& 
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4. OPSORO: OPEN PLATFORM FOR SOCIAL ROBOTICS

Fig. 4.23 Laser-cut snap sockets. These consumables were glued into cardboard skeletons to
provide module mounting locations.

B EBVHIUFS CPBSE GPS UIF 3BTQCFSSZ 1J 4#$ DPOUBJOJOH 	BNPOH PUIFST
 B NJDSPDPOUSPMMFS
UIBU DBO CF QSPHSBNNFE VTJOH UPPMT GSPN UIF "SEVJOP FDPTZTUFN�

4.2.1 FIRST GENERATION – MICROCONTROLLER-BASED

ɨF ëSTU HFOFSBUJPO PG FMFDUSPOJDT XBT PSJHJOBMMZ EFTJHOFE UP CF VTFE BT B UFTU�CFE GPS
UIF QMBUGPSN�T NPEVMFT� 'PS UIBU SFBTPO GVODUJPOBMJUZ XBT NPTUMZ MJNJUFE UP QSPWJEJOH
TVïDJFOU 18. PVUQVUT JO PSEFS UP BMMPX GPS FOPVHI TFSWP BDUVBUPST UP BOJNBUF B GVMM GBDF�
ɨF TZTUFN�T POMZ JOQVU JT B KPZTUJDL JOUFSGBDF UIF Y�Z QPTJUJPO PG XIJDI JT EJSFDUMZ NBQQFE
UP WBMFODF BOE BSPVTBM QBSBNFUFST� ɨFTF UXP QBSBNFUFST BSF UIFO VTFE UP EFUFSNJOF UIF
QPTJUJPO PG FBDI EFHSFF PG GSFFEPN�

$POTJEFSJOH UIF TUSBJHIUGPSXBSEOFTT PG UIFTF SFRVJSFNFOUT UIF ëSTU HFOFSBUJPO PG FMFD�
USPOJDT XBT JNQMFNFOUFE EJSFDUMZ VTJOH B NJDSPDPOUSPMMFS� ɨF GBDJBM FYQSFTTJPO BMHPSJUIN
JUTFMG JT OPU WFSZ UBYJOH GPS UIF QSPDFTTPS UIF POMZ DIBMMFOHJOH GBDFU JT HFOFSBUJOH B 18.
TJHOBM GPS FBDI %FHSFF PG 'SFFEPN �� JO UPUBM� "T TVDI UIF KPZTUJDL JOQVU QSPDFTTJOH BOE
UIF GBDJBM FYQSFTTJPO BMHPSJUIN XFSF JNQMFNFOUFE PO BO "SEVJOP 6OP XJUI UIF 18.
TJHOBM HFOFSBUJPO CFJOH IBOEMFE CZ BO FYUFSOBM NPEVMF�

ɨF ëSTU JUFSBUJPO VTFE B 44$��� CPBSE� UP ESJWF UIF TFSWPT XIJDI XBT JOUFHSBUFE JOUP UIF
CPEZ PG UIF SPCPU� ɨF QPXFS TVQQMZ UIF NJDSPDPOUSPMMFS CPBSE BOE UIF KPZTUJDL JOUFSGBDF
XFSF IPVTFE JO B TFQBSBUF UFUIFSFE DPOUSPM CPY� " QJDUVSF PG UIF DPOUSPM CPY JT TIPXO JO
ëHVSF �����

�-ZOYNPUJPO � 44$��� 4FSWP $POUSPMMFS o
#//+Γχχ222Α'4)3(*/$*)Α�*(χ+ΧͰͶͲΧ..�ΧͰͯΧ. -1*Χ�*)/-*'' -Α�.+3
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'SPN UIF TFDPOE WFSTJPO POXBSE B EFEJDBUFE *OUFHSBUFE $JSDVJU 	*$
 XBT VTFE JOTUFBE PG
UIF 44$��� UP HFOFSBUF UIF 18. TJHOBMT� ɨF *$ o B 1$"���� o JT JOUFOEFE UP CF VTFE
BT B -&% ESJWFS CZ UIF NBOVGBDUVSFS� )PXFWFS UIF DIJQ�T ���CJU 18. SFTPMVUJPO BOE
QSPHSBNNBCMF GSFRVFODZ NFBO UIBU UIF *$ DBO CF SFQVSQPTFE UP HFOFSBUF TFSWP DPOUSPM
TJHOBMT� 5FDIOJDBM EFUBJMT PO UIF JNQMFNFOUBUJPO PG UIJT JEFB DBO CF GPVOE JO TVCTFDUJPO
������

Fig. 4.24 Picture of the Arduino shield

ɨJT JUFSBUJPO TIPXO JO ëH� ���� XBT DPODFJWFE BT B TIJFME 	EBVHIUFSCPBSE GPS "SEVJOP
CPBSET
 XJUI CPUI "SEVJOP BOE TIJFME JOUFOEFE UP CF JOUFHSBUFE JOUP UIF CPEZ PG UIF SPCPU�
ɨF SBUJPOBMF PG UIJT BQQSPBDI JT UXPGPME� 'JSTU PG BMM "SEVJOP CPBSET BSF SFBEJMZ BWBJMBCMF
XPSMEXJEF JU NBLFT MJUUMF TFOTF UP EVQMJDBUF UIJT GVODUJPOBMJUZ JO B OFX CPBSE� 4FDPOEMZ
UIF TVDDFTT PG "SEVJOP FDPTZTUFN NFBOU UIBU UIF CPBSE�T QJOPVU IBT CFDPNF B QTFVEP�
TUBOEBSE� NBOZ EJêFSFOU NJDSPDPOUSPMMFS BOE NJDSPDPNQVUFS CPBSET XJUI BO "SEVJOP�
DPNQBUJCMF QJOPVU BSF BWBJMBCMF� 8JUI UIJT JO NJOE XF FOWJTJPOFE B TZTUFN XIFSF B
VTFS DPVME DIPPTF UIF MPHJD CPBSE UIBU JT CFTU TVJUFE GPS UIFJS BQQMJDBUJPO� #Z BUUBDIJOH
UIF TIJFME UIF MPHJD CPBSE XPVME CF DBQBCMF PG DPOUSPMMJOH UIF SPCPU� 'PS JOTUBODF GPS
NPTU CBTJD BQQMJDBUJPOT B MPX�DPTU "SEVJOP 6OP CPBSE XPVME TVïDF� )PXFWFS NPSF
EFNBOEJOH VTFST DPVME TXJUDI UP "SEVJOP�DPNQBUJCMF NJDSPDPNQVUFS CPBSET TVDI BT UIF
"SEVJOP :VO PS UIF *OUFM &EJTPO�

4.2.2 SECOND GENERATION – MICROCOMPUTER-BASED

*O SFUSPTQFDU UIF BQQSPBDI EFTDSJCFE JO TFDUJPO ����� TIPXFE B OVNCFS PG TIPSUDPNJOHT�
'JSTU PG BMM EJêFSFOU QSPDFTTPS BSDIJUFDUVSFT FOTVFT UIBU EVQMJDBUF WFSTJPOT PG UIF TBNF
TPGUXBSF OFFE UP CF XSJUUFO BT FBDI QMBUGPSN IBT JUT PXO "1*T BOE JUT PXO NFUIPET PG
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TPMWJOH QSPCMFNT� "U UIJT TUBHF PG UIF QSPKFDU UIF TJ[F PG UIF TPGUXBSF DPEFCBTF XBT TUJMM
MJNJUFE� )PXFWFS UIJT BQQSPBDI JT OPU TVTUBJOBCMF BT UIF TDPQF BOE GVODUJPOBMJUZ PG UIF
TPGUXBSF HSPXT� "T B TFDPOE GBDUPS XF GPVOE UIBU UIF UIJOHT XF XBOUFE UP BEE OFBSMZ BM�
XBZT SFRVJSFE GVODUJPOBMJUZ UIBU FYDFFET UIF DBQBCJMJUJFT PG NPTU TJNQMF NJDSPDPOUSPMMFST
GPS FYBNQMF BVEJP QMBZCBDL PS DPNNVOJDBUJPO PWFS 8J�'J� "T TVDI VTJOH B 4#$ TUBSUFE
UP NBLF NVDI NPSF TFOTF� "OPUIFS BMUFSOBUJWF JT UP VTF BO Pê�UIF�TIFMG TNBSUQIPOF BT UIF
CSBJOT PG B SPCPU� 4NBSUQIPOFT IBWF BO BCVOEBODF PG DPNQVUJOH QPXFS BOE BMSFBEZ PêFS
NBOZ GFBUVSFT UIBU BSF VTFGVM GPS TPDJBM SPCPUT JODMVEJOH DBNFSB NJDSPQIPOF TQFBLFS
BOE XJSFMFTT DPNNVOJDBUJPO� *OEFFE NVMUJQMF TPDJBM SPCPUT JODMVEJOH 5FHB 	8FTUMVOE
FU BM� ����
 BOE 5SBWJT 	)PêNBO ����
 VTF UIJT BQQSPBDI� )PXFWFS XF EFDJEFE BHBJO
TNBSUQIPOFT JO GBWPS PG VTJOH B 3BTQCFSSZ 1J 4#$ GPS B OVNCFS PG SFBTPOT� 	�
 CZ JOUFHSBU�
JOH B TNBSUQIPOF JOTJEF B SPCPU UIF EFWJDF MPTFT NPTU PG JUT BêPSEBODFT BT B VTFS JOUFSGBDF
	�
 GBDUPSJOH JO UIF SFRVJSFE BEEJUJPOBM QPXFS BDUVBUPS BOE TFOTPS DJSDVJUSZ CPUI TPMV�
UJPOT IBWF B WFSZ TJNJMBS DPTU BOE 	�
 UIFSF JT B MBSHF EFHSFF PG WBSJBUJPO JO TNBSUQIPOFT
EVF UP EJêFSFOU NPEFMT EJêFSFOU 04T BOE EJêFSFOU TPGUXBSF WFSTJPOT�

4.2.2.1 HAT REV. 0 & 1 – DIRECT I2C

*O MJHIU PG BCPWF�NFOUJPOFE GBDUPST XF PQUFE UP NPWF GPSXBSE XJUI UIF 3BTQCFSSZ 1J BT
VOEFSMZJOH FMFDUSPOJDT QMBUGPSN� 'PS VT UIF 3BTQCFSSZ 1J PêFSFE B OVNCFS PG BEWBOUBHFT
PWFS BMUFSOBUJWF 4#$T XJUI UIF #FBHMF#POF JO QBSUJDVMBS� "U UIF QPJOU JO UJNF XIFSF XF
TUBSUFE EFWFMPQJOH UIJT HFOFSBUJPO PG FMFDUSPOJDT UIFSF XBT B TJHOJëDBOU QSJDF EJêFSFODF
CFUXFFO UIF QMBUGPSNT XJUI UIF PSJHJOBM #FBHMF#POF DPTUJOH OFBSMZ UXJDF BT NVDI BT UIF
3BTQCFSSZ 1J NPEFM #� "T SFEVDJOH UIF NPOFUBSZ DPTU PG TPDJBM SPCPUJDT JT POF PG UIF NBJO
EFTJHO DIBMMFOHFT PG UIJT QSPKFDU 	G9
 UIJT JOìVFODFE PVS EFDJTJPO�

" TFDPOE CFOFëU PG UIF 3BTQCFSSZ 1J FDPTZTUFN JT UIF BWBJMBCJMJUZ PG B EFEJDBUFE $BNFSB
4FSJBM *OUFSGBDF 	$4*
 QPSU� 8JUI UIJT QPSU B DBNFSB DBO CF BEEFE UP UIF TZTUFN GPS
FYBNQMF GPS DPNQVUFS WJTJPO PS GPS SFNPUF NPOJUPSJOH QVSQPTFT� 8IJMF POF DPVME BMTP
VTF B 64# XFCDBN B QFSGPSNBODF QFOBMUZ XPVME CF JODVSSFE� *O UIF DBTF PG UIF 3BTQCFSSZ
1J UIF QSPDFTTPS�T POMZ 64# CVT JT DPOOFDUFE WJB BO JOUFSOBM 64# IVC�FUIFSOFU DPOUSPMMFS
UP UIF FUIFSOFU DPOOFDUPS BOE UIF GPVS 64# DPOOFDUPST� *O QSBDUJDF UIF TVN PG EBUB
UISPVHI UIFTF DPOOFDUPST JT MJNJUFE UP UIF CBOEXJEUI PG B TJOHMF 64# CVT XJUI UIF 64#
DBNFSB UBLJOH VQ B TJHOJëDBOU QPSUJPO PG BWBJMBCMF CBOEXJEUI� *O DPNQBSJTPO XJUI UIF
3BTQCFSSZ 1J UIF #FBHMF#POF POMZ PêFST B TJOHMF 64# IPTU QPSU BOE XIJMF POF DPVME VTF
BO FYUFSOBM IVC UP DPOOFDU NPSF EFWJDFT UIJT BQQSPBDI XPVME TVêFS GSPN TJNJMBS QSPCMFNT
UP UIF 3BTQCFSSZ 1J�T�

" EBVHIUFSCPBSE GPS UIF 3BTQCFSSZ 1J DBMMFE B )BSEXBSF "UUBDIFE PO 5PQ 	)"5
 CPBSE
JO 1J KBSHPO XBT EFTJHOFE� ɨF CPBSE DPOUBJOFE DJSDVJUSZ UP TVQQPSU �� TFSWP DIBOOFMT
BOE �� DBQBDJUJWF UPVDI DIBOOFMT BMPOH XJUI UIF OFDFTTBSZ QPXFS SFHVMBUJPO� ɨF CPBSE
TIPXO JO ���� XBT EFTJHOFE BT B TJOHMF MBZFS QIPUP�FUDIFE 1$# POUP XIJDI Pê�UIF�TIFMG
NPEVMFT BSF TPMEFSFE� ɨF 18. DPOUSPMMFS GPS UIF TFSWPT BOE UIF DBQBDJUJWF UPVDI DPO�
USPMMFS DPNNVOJDBUF XJUI UIF 3BTQCFSSZ 1J PWFS UIF *OUFS�*OUFHSBUFE $JSDVJU 	*�$
 CVT�
ɨJT MPX�MFWFM CVT BMMPXT VQ UP ��� EJTUJODU EFWJDFT UP TIBSF UIF TBNF CVT XJUI FBDI EF�
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Fig. 4.25 Picture of HAT rev. 0

WJDF IBWJOH B VOJRVF ��CJU BEESFTT� ɨF CBOEXJEUI PêFSFE CZ UIF *�$ CVT JT GBJSMZ MPX
UZQJDBMMZ BSPVOE ��� LCJU�T JO GBTU�NPEF UIPVHI TUJMM NPSF UIBO BEFRVBUF GPS UIJT BQQMJ�
DBUJPO� ɨF NBJO BEWBOUBHF PG UIJT BQQSPBDI JT UIBU UJNJOH�DSJUJDBM UBTLT 	F�H� HFOFSBUJOH
BDDVSBUF 18. TJHOBMT
 BSF FYFDVUFE CZ UIF *�$ EFWJDFT BOE OPU CZ UIF NBJO QSPDFTTPS�
ɨF #SPBEDPN 4ZTUFN�PO�$IJQ 	4P$
 PO UIF 3BTQCFSSZ 1J SVOT B GVMM MJOVY 04 BOE JT
DPOTFRVFOUMZ OPU TVJUBCMF GPS SFBM�UJNF UBTLT�

ɨF TZTUFN JT QPXFSFE CZ UXP JOEFQFOEFOU QPXFS TVQQMJFT POF GPS MPHJD BOE BOPUIFS
POF GPS UIF BDUVBUPST� ɨF QPXFS UP UIF BDUVBUPST DBO CF TXJUDIFE PO�Pê VTJOH BO /�
DIBOOFM .04'&5� )JHI�DVSSFOU JOEVDUJWF MPBET DBO DBVTF NBOZ QSPCMFNT JO EJHJUBM
TZTUFNT� ɨF TVEEFO DVSSFOU ESBX UIBU PDDVST XIFO UIF TFSWPT BSF UVSOFE PO DBO DBVTF
UIF QPXFS TVQQMZ�T WPMUBHF UP NPNFOUBSJMZ ESPQ CFMPX UIF QSPDFTTPS�T NJOJNVN PQFSBUJOH
WPMUBHF DBVTJOH JU UP SFTFU� ɨJT DPOEJUJPO JT DBMMFE B CSPXOPVU SFTFU� *O DPOUSBTU XIFO
TFSWPT BSF EJTBCMFE IJHI�WPMUBHF USBOTJFOUT PDDVS UIBU DBO EBNBHF TFOTJUJWF EFWJDFT TVDI
BT 'JFME�&êFDU 5SBOTJTUPST 	'&5T
� " UIJSE QSPCMFN JT UIBU NPUPST BOE PUIFS IJHI�DVSSFOU
EFWJDFT DBVTF FMFDUSJDBM OPJTF XIJDI DBO CF FTQFDJBMMZ QSPCMFNBUJD GPS BOBMPH DJSDVJUSZ�
ɨFTF QSPCMFNT DBO CF NJUJHBUFE UISPVHI BEFRVBUF ëMUFSJOH F�H� VTJOH B 4DIPUULZ EJPEF
DPNCJOFE XJUI MBSHF FMFDUSPMZUJD BOE DFSBNJD DBQBDJUPST� )PXFWFS UIF TJNQMFTU TPMVUJPO
UP BMM UIFTF JTTVFT JT UP VTF TFQBSBUF QPXFS TVQQMJFT GPS MPHJD BOE NPUPST XIJDI JT IPX UIF
TZTUFN JT JNQMFNFOUFE JO UIF 0QTPSP QMBUGPSN� "T BO BTJEF UIF DPTU PG CPUI TPMVUJPOT JT
BQQSPYJNBUFMZ UIF TBNF UIPVHI UIF ëMUFS TPMVUJPO JOWPMWFT NPSF BTTFNCMZ TUFQT�
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Fig. 4.26 Picture of HAT rev. 1
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Fig. 4.27 System diagram of HAT rev. 1
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ɨF TFDPOE WFSTJPO PG UIF QMBUGPSN XBT EFTJHOFE BT B QSPQFS JOUFHSBUFE 1$#� " CMPDL
EJBHSBN PG UIF TZTUFN JT HJWFO JO ëH� ����� -JUUMF DIBOHFE JO XBZ PG GVODUJPOBMJUZ JO
UIJT SFWJTJPO IPXFWFS UIF GPSN GBDUPS XBT DPNQMFUFMZ SFEFTJHOFE JO PSEFS UP DPOGPSN
UP UIF UIFO OFXMZ�SFMFBTFE )"5 TQFDJëDBUJPO XIJDI DPJODJEFE XJUI UIF SFMFBTF PG UIF
3BTQCFSSZ 1J #�� ɨF NBJO EJêFSFODF JT UIBU UIJT WFSTJPO XBT EFTJHOFE GPS 4VSGBDF�.PVOU
5FDIOPMPHZ 	4.5
 JOTUFBE PG SFMZJOH PO UISPVHI�IPMF DPNQPOFOUT DPNCJOFE XJUI Pê�UIF�
TIFMG NPEVMFT� ɨF SFTVMUJOH CPBSE JT NVDI NPSF DPNQBDU BOE DPVME CF NBOVGBDUVSFE
VTJOH BVUPNBUFE QJDL�BOE�QMBDF NBDIJOFT� "OPUIFS QPJOU PG EJêFSFODF JT UIF QSPUFDUJPO
DJSDVJUSZ� UIJT CPBSE XBT NBEF NPSF SVHHFE CZ BEEJOH GFBUVSFT TVDI BT 5SBOTJFOU 7PMUBHF
4VQQSFTTJPO 	574
 EJPEFT TFSJFT HBUF SFTJTUPST BOE SFWFSTF�QPMBSJUZ QSPUFDUJPO VTJOH '&5T�

8IJMF SFWJTJPO � PG UIF )"5 XPSLFE XFMM BU ëSTU DPOUJOVPVT VTF SFWFBMFE B QSPCMFN XIFSF
UIF *�$ CVT XPVME FWFOUVBMMZ IBOH� ɨJT QSPCMFN XBT FSSBUJD BOE QSPWFE IBSE UP USBDL
EPXO� "T JU UVSOT PVU UIF QSPCMFN JT DBVTFE CZ UIF JNQMFNFOUBUJPO PG UIF *�$ QSPUPDPM
JO UIF 3BTQCFSSZ 1J�T #SPBEDPN 4P$� *�$ TUBOEBSET EJDUBUF UIBU B TMBWF EFWJDF NBZ IPME
EPXO UIF CVT�T DMPDL MJOF JG JU OFFET NPSF UJNF UP QSPDFTT B SFRVFTU� ɨJT BDUJPO JT DBMMFE
DMPDL TUSFUDIJOH� %VF UP UIF 4P$�T JNQMFNFOUBUJPO B WFSZ TIPSU DMPDL QVMTF DBO PDDVS
JNNFEJBUFMZ BGUFS DMPDL TUSFUDIJOH XIJDI NBZ CF UPP TIPSU UP CF EFUFDUFE CZ UIF TMBWF
EFWJDF� *O UVSO UIJT DBVTFT B CJU PSEFS NJTNBUDI CFUXFFO NBTUFS BOE TMBWF DBVTJOH UIF
CVT UP IBOH� *U TIPVME CF OPUFE UIBU UIJT CVH JT DBVTFE CZ UIF 4P$�T TJMJDPO EFTJHO JU
JT VOGPSUVOBUFMZ OPU B TPGUXBSF QSPCMFN� 8IJMF UIFSF BSF TPGUXBSF XPSLBSPVOET GPS UIJT
QSPCMFN TVDI BT MPXFSJOH UIF CVT DMPDL TQFFE PS QFSJPEJDBMMZ SFTFUUJOH UIF CVT OPOF PG
UIFN XFSF EFFNFE UP CF TVJUBCMF TPMVUJPOT GPS MPOH�UFSN VTF�

4.2.2.2 HAT REV. 2 – SPI COMMUNICATION

" TFDPOE SFWJTJPO PG UIF )"5 XBT DSFBUFE JO PSEFS UP TPMWF UIJT QSPCMFN� 0VS BQQSPBDI
JOWPMWFE TXJUDIJOH UIF DPNNVOJDBUJPO CFUXFFO UIF 3BTQCFSSZ 1J BOE UIF )"5 GSPN UIF
*�$ CVT UP UIF 4FSJBM 1FSJQIFSBM *OUFSGBDF 	41*
 CVT� ɨJT CVT VTFT B TFQBSBUF TJHOBM GPS
DMPDL 	$-,
 $IJQ 4FMFDU 	$4
 	VTFE GPS BEESFTTJOH
 .BTUFS�0VU 4MBWF�*O 	.04*
 EBUB
BOE .BTUFS�*O 4MBWF�0VU 	.*40
 EBUB� $POTFRVFOUMZ UIF 41* CVT PêFST B NVDI IJHIFS
QPUFOUJBM UISPVHIQVU UIBO *�$� .PSF JNQPSUBOUMZ JU VTFT B EJêFSFOU EFWJDF BEESFTTJOH
TDIFNF BOE EPFT OPU TVêFS GSPN UIF TBNF QSPCMFNT BT UIF *�$ CVT�

ɨF *$T UIBU QSPWJEF 18. BOE DBQBDJUJWF UPVDI GVODUJPOBMJUZ DBO POMZ CF JOUFSGBDFE VTJOH
*�$ XJUI OP JNNFEJBUF SFQMBDFNFOU EFWJDFT UIBU PêFS UIF TBNF GVODUJPOBMJUZ UISPVHI B
41* JOUFSGBDF� 8F DIPTF UP TPMWF UIJT JTTVF CZ VTJOH B NJDSPDPOUSPMMFS 	BO "5NFHB����
UIF NJDSPDPOUSPMMFS VTFE JO UIF "SEVJOP 6OP
 UP DPOUSPM QFSJQIFSBM EFWJDFT� "O VQEBUFE
TZTUFN EJBHSBN JT HJWFO JO ëH� ���� 	OPUF UIF EJêFSFODFT UP ëH� ����
� ɨF ìFYJCJMJUZ PG
UIJT BQQSPBDI NFBOT UIBU OFX GVODUJPOBMJUZ DBO CF JNQMFNFOUFE XIJDI EPFT OPU FYJTU BT
Pê�UIF�TIFMG 41* PS *�$ EFWJDFT F�H� ESJWJOH BEESFTTBCMF 3(# -&%T� 0O UIF PUIFS IBOE
UIJT BQQSPBDI JT OPU XJUIPVU EPXOTJEFT� ɨF NJDSPDPOUSPMMFS JUTFMG JT BO BEEFE DPTU BOE
UBLFT VQ WBMVBCMF CPBSE TQBDF PO UIF 1$#� ɨJT EFWJDF BMTP OFFET UP CF QSPHSBNNFE XJUI
B ëSNXBSF BEEJOH BO FYUSB TUFQ BOE JODSFBTJOH TZTUFN DPNQMFYJUZ�
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Fig. 4.28 Picture of HAT rev. 2
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Fig. 4.29 System diagram of HAT rev. 2
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'PS UIF JNQMFNFOUBUJPO PG UIJT TZTUFN B QSPUPDPM IBE UP CF EFTJHOFE PO UPQ PG 41* UP
USBOTGFS DPNNBOET BOE EBUB CFUXFFO NBTUFS BOE TMBWF� ɨF #SPBEDPN 4P$ JT DBQBCMF PG
41* DMPDL TQFFET VQ UP ��� .)[ TFWFSBM PSEFST PG NBHOJUVEF GBTUFS UIBO XIBU UIF ��CJU
NJDSPDPOUSPMMFS XPVME CF BCMF UP IBOEMF� *OTUFBE UIF CVT DMPDL TQFFE XBT TFU UP B NPSF
NBOBHFBCMF GSFRVFODZ PG ��� L)[� " UZQJDBM USBOTBDUJPO CFUXFFO NBTUFS BOE TMBWF IBQ�
QFOT JO UXP QIBTFT� ɨF ëSTU TUFQ 	ëH� ����
 JT UP USBOTGFS B DPNNBOE QMVT JUT QBSBNFUFST
JG BOZ UP UIF TMBWF� 8IFOFWFS UIF $4 QJO JT QVMMFE MPX CZ UIF NBTUFS UIF TMBWF XJMM JOUFSQSFU
UIF OFYU .04* CZUF BT B DPNNBOE CZUF XJUI FBDI DPOTFDVUJWF CZUF TUPSFE JO CVêFS BT
QBSBNFUFS EBUB� 8IFO UIF $4 QJO JT ESJWFO UP B MPHJD IJHI UIF NJDSPDPOUSPMMFS QSPDFTTFT
BOE FYFDVUFT UIF DPNNBOE EVSJOH XIJDI UIF NBTUFS XBJUT� 3FTVMUT PG DPNNBOET JG BOZ
BSF TUPSFE JO BO PVUHPJOH CVêFS� ɨF TFDPOE TUFQ 	ëH� ����
 JT UP SFBE UIF PVUQVU PG UIF
DPNNBOE� ɨJT TUFQ JT PQUJPOBM BOE POMZ PDDVST JG UIF NBTUFS JT FYQFDUJOH SFUVSO EBUB�
ɨF $4 QJO JT QVMMFE UP MPHJD MPX BOE B TQFDJBM ���ν���� CZUF JT USBOTGFSSFE UP UIF TMBWF�
&BDI TVCTFRVFOU CZUF TFOU CZ UIF NBTUFS DBVTFT UIF TMBWF UP SFUVSO UIF OFYU CZUF PG UIF
PVUHPJOH CVêFS�

CLK

CS

MOSI cmd in 1 in 2 in 3 ... in n

MISO

Fig. 4.30 SPI write protocol

CLK

CS

MOSI read

MISO out 1 out 2 out 3 ... out n

Fig. 4.31 SPI read protocol

ɨF QSPUPDPM JT JNQMFNFOUFE JO ëSNXBSF VTJOH UXP *OUFSSVQU 4FSWJDF 3PVUJOFT 	*43T

POF UP IBOEMF JODPNJOH 41* EBUB BOE TFDPOE POF UP IBOEMF TUBUF DIBOHFT PG UIF $4 TJHOBM�
8IFO UIF $4 QJO HPFT MPX 	NFBOJOH UIBU UIF TMBWF JT CFJOH BDUJWBUFE
 UIF QJO�DIBOHF *43
TFUT B $.�(� ìBH JOEJDBUJOH UIBU UIF OFYU 41* CZUF XJMM CF B DPNNBOE CZUF� $POWFSTFMZ
XIFO $4 HPFT IJHI B +-*� ..�(� ìBH JT TFU JOEJDBUJOH UIBU EBUB USBOTGFS JT ëOJTIFE BOE
UIBU DPNNBOE QSPDFTTJOH DBO CFHJO� ɨF NBJO MPPQ DPOUJOVPVTMZ QPMMT UIF +-*� ..�(�
ìBH BOE FYFDVUFT UIF DPNNBOET� ɨF 41* *43 GVODUJPOT UP NPWF QBSBNFUFS EBUB UP BO
JODPNJOH CVêFS BOE UP NPWF SFTVMU EBUB GSPN BO PVUHPJOH CVêFS UP UIF CVT�

*O BEEJUJPO UP UIF TZTUFN BSDIJUFDUVSF DIBOHF SFWJTJPO � PG UIF )"5 BMTP PêFST B OVNCFS
PG OFX GFBUVSFT� ɨF ëSTU PG XIJDI JT UIF SFEFTJHOFE BVEJP TVCTZTUFN� 4PVOE BOE TQFFDI
JT BO JNQPSUBOU BTQFDU JO NBOZ TPDJBM JOUFSBDUJPO DPOUFYUT� "T TVDI UIJT GVODUJPOBMJUZ XBT
HJWFO FYUSB BUUFOUJPO� 'SPN BO JNQMFNFOUBUJPO QFSTQFDUJWF TPVOE PVUQVU UZQJDBMMZ IBT
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UXP EJTUJODU TUFQT� "T B ëSTU TUFQ TPVOE JT NBOJQVMBUFE EJHJUBMMZ 	F�H� EFDPEJOH BO .1�
ëMF PS TZOUIFTJ[JOH TQFFDI
 BOE JT PVUQVU BT BO BOBMPH TJHOBM UISPVHI B %JHJUBM UP "OBMPH
$POWFSUFS 	%"$
 DJSDVJU� *O B TFDPOE TUFQ UIJT TJHOBM JT TVïDJFOUMZ BNQMJëFE TP UIBU JU
DBO CF VTFE ESJWF B TQFBLFS�

#Z EFGBVMU UIF 3BTQCFSSZ 1J PVUQVUT TPVOE UISPVHI B 18. PVUQVU UIBU JT ëMUFSFE UISPVHI
B SFTJTUPS�DBQBDJUPS OFUXPSL� ɨJT PVUQVU JT DPOOFDUFE UP B ���NN IFBEQIPOF DPOOFDUPS�
8IJMF UIJT TJHOBM XIJDI DPNFT EJSFDUMZ GSPN UIF 4P$ JT TVïDJFOUMZ QPXFSGVM UP ESJWF
IFBEQIPOFT JU DBOOPU CF VTFE EJSFDUMZ UP QPXFS B MBSHFS TQFBLFS� *O QSJPS SFWJTJPOT PG
UIF QMBUGPSN UIF IFBEQIPOF TJHOBM JT BNQMJëFE UISPVHI B TNBMM DMBTT�% BVEJP BNQMJëFS
CSFBLPVU CPBSE XIJDI JO UVSO JT DPOOFDUFE UP B TQFBLFS� ɨJT BQQSPBDI IBT B OVNCFS PG
MJNJUBUJPOT� ɨF 18.�CBTFE %"$ DJSDVJU o XIJMF TJNQMF BOE JOFYQFOTJWF o JOUSPEVDFT
B DPOTJEFSBCMF BNPVOU PG IBSNPOJD EJTUPSUJPO JOUP UIF BVEJP TJHOBM� ɨJT SFTVMUT JO OPJTF
FWFO XIFO UIF TZTUFN JT OPU QMBZJOH BOZ TPVOE� ɨF BVEJP PVUQVU JT BMTP POMZ BWBJMBCMF
UISPVHI UIF ���NN DPOOFDUPS BOE OPU UISPVHI UIF ���QJO )"5 DPOOFDUPS� ɨVT B TFQB�
SBUF DBCMF OFFET UP CF VTFE B CVMLZ BOE NPSF FYQFOTJWF TPMVUJPO� 'JOBMMZ UIF DPNNFSDJBM
BNQMJëFS CPBSE XF VTFE XBT MJNJUFE JO QPXFS PVUQVU SFTVMUJOH JO B MPXFS WPMVNF UIBO
EFTJSFE�

0VS TPMVUJPO XBT UP JODMVEF B IJHI�RVBMJUZ *OUFS�*$ 4PVOE 	*�4
 %"$ BMPOH XJUI B CFUUFS�
TVJUFE DMBTT�% BNQMJëFS JO UIF )"5 CPBSE EFTJHO� ɨF *�4 CVT JT B EJHJUBM CVT EFTJHOFE UP
USBOTGFS TPVOE EBUB CFUXFFO *$T� ɨF TJHOBMT PG UIJT CVT BSF BWBJMBCMF PO UIF 3BTQCFSSZ 1J�T
���QJO DPOOFDUPS UIVT FMJNJOBUJOH UIF OFFE GPS BO FYUFSOBM DBCMF CFUXFFO UIF UXP 1$#T�
*O BEEJUJPO UP UIJT UIF FYUFSOBM %"$ o B 1$.����" o IBT B WFSZ MPX UPUBM IBSNPOJD
EJTUPSUJPO SFTVMUJOH JO BO BVEJP TJHOBM PG NVDI IJHIFS RVBMJUZ UIBO UIF 3BTQCFSSZ 1J�T
POCPBSE BVEJP DJSDVJUSZ� 'JOBMMZ UIJT DVTUPN TPMVUJPO BMMPXFE VT UP DIPPTF B DMBTT�%
BNQMJëFS TVJUFE UP ESJWF UIF TQFBLFS BU PQUJNBM MFWFMT JODSFBTJOH NBYJNVN QPXFS PVUQVU
GSPN �.� 8 UP � 8� 5P BDIJFWF UIJT B CPPTU DPOWFSUFS XBT OFFEFE UP TUFQ UIF � 7 TZTUFN
WPMUBHF VQ UP � 7 XIJDI JT GFE JOUP UIF BNQMJëFS�

'JOBMMZ UIF OFDFTTJUZ UP JODMVEF B NJDSPDPOUSPMMFS JOUP UIF EFTJHO JO PSEFS UP XPSL BSPVOE
UIF *�$ JTTVFT BêPSEFE BO PQQPSUVOJUZ UP PêFS BEEJUJPOBM CPBSE GVODUJPOBMJUZ XJUIPVU
BEEJOH TJHOJëDBOU DPNQPOFOU DPTUT� ɨF NJDSPDPOUSPMMFS IBT GPVS VOVTFE ���CJU BOBMPH
JOQVU QJOT� ɨFTF QJOT o BMPOH XJUI UXP QPXFS QJOT o XFSF CSPLFO PVU UP B DPOOFDUPS
BMMPXJOH VTFST UP FBTJMZ JOUFSGBDF XJUI BOBMPH TFOTPST TVDI BT 'PSDF�4FOTJUJWF 3FTJTUPST
	'43T
 ìFY TFOTPST PS QPUFOUJPNFUFST� "OPUIFS GFBUVSF XIJDI XBT JNQMFNFOUFE UIJT
XBZ JT UIF BCJMJUZ UP ESJWF /FP1JYFMT EJSFDUMZ GSPN UIF )"5� /FP1JYFMT BSF B CSBOE PG
BEESFTTBCMF 3(# -&%T BWBJMBCMF JO B OVNCFS PG EJêFSFOU GPSN GBDUPST TVDI BT SJOHT
NBUSJDFT TUSJQT BOE TJOHMF -&%T� ɨFZ SFRVJSF POMZ B TJOHMF EBUB QJO UP USBOTGFS 3(#
EBUB BOE UIF -&%T DBO CF EBJTZ�DIBJOFE UPHFUIFS UP BMMPX GPS B MBSHF OVNCFS PG -&%T
UP CF ESJWFO GSPN B TJOHMF QJO� )PXFWFS UIF TFSJBM QSPUPDPM�T TUSJDU UJNJOH SFRVJSFNFOUT
DBO QPTF B QSPCMFN GPS FNCFEEFE MJOVY TZTUFNT� ɨF IBSEXBSF SFRVJSFE UP JNQMFNFOU
UIJT GFBUVSF JT GBJSMZ NJOJNBM DPNQSJTJOH B DPOOFDUPS BOE B USBOTJTUPS�CBTFE MFWFM�TIJGUJOH
DJSDVJU UP TUFQ UIF EBUB TJHOBM VQ UP B MPHJD MFWFM PG � 7�
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4.2.3 SENSING TOUCH

ɨF EFTJHO PG UIF )"5 1$# JODMVEFT TVQQPSU GPS DBQBDJUJWF UPVDI TFOTJOH FOBCMJOH VTFST
UP EFTJHO SPCPUT UIBU SFTQPOE UP IVNBO UPVDI� ɨF UFDIOPMPHZ JT CBTFE BSPVOE UIF JEFB
UIBU IVNBO UJTTVF JT TMJHIUMZ FMFDUSJDBMMZ DPOEVDUJWF� 8IFO B IBOE DPNFT OFBS BO FMFDUSJDBM
DPOEVDUPS UIF UXP GPSN B WFSZ TNBMM DBQBDJUPS� ɨF DBQBDJUBODF PG UIJT TZTUFN EFQFOET
	BNPOH PUIFS GBDUPST
 PO UIF EJTUBODF CFUXFFO UIF IBOE BOE UIF FMFDUSPEF� $POTFRVFOUMZ
B DJSDVJU DBO EFUFDU IVNBO UPVDI CZ NFBTVSJOH UIF DIBOHF JO DBQBDJUBODF PG UIF FMFDUSPEF�

ɨF DBQBDJUJWF UPVDI TFOTPS GVODUJPOBMJUZ PêFST B TJNQMF BOE MPX�DPTU NFUIPE GPS BEEJOH
CBTJD TFOTJOH UP B SPCPU� ɨF DPNQMFUF TZTUFN JT NBEF VQ PVU PG UXP QBSUT� UIF DBQBD�
JUBODF NFBTVSFNFOU DJSDVJUSZ XIJDI JT JODPSQPSBUFE JOUP UIF )"5 BOE UIF FMFDUSPEFT
DPOEVDUJWF BSFBT UIBU BSF QPTJUJPOFE VOEFS UIF TLJO� ɨF DJSDVJUSZ DPTUT MFTT UIBO �� ǎ BOE
TVQQPSUT VQ UP UXFMWF FMFDUSPEFT� *O DPOUSBTU '43 UPVDI TFOTPST DPTU BQQSPYJNBUFMZ � ǎ
FBDI BOE 5BLL5JMF TFOTPST 	5FO[FS FU BM� ����
 DPTU ���� FBDI�

ɨF FMFDUSPEFT DPOTJTU PG OPUIJOH NPSF UIBO B DPOOFDUPS B TIJFMEFE DBCMF BOE B DPO�
EVDUJWF QBE� 8F IBWF TVDDFTTGVMMZ CVJMU TFOTPST VTJOH NBOZ EJêFSFOU NBUFSJBMT JODMVEJOH
BMVNJOJVN GPJM DPQQFS�DMBE MBNJOBUFT DPQQFS GPJM UBQF DPOEVDUJWF JOL BOE DPOEVDUJWF
UFYUJMFT� ɨF CJHHFTU DIBMMFOHF JT VTVBMMZ BUUBDIJOH B DBCMF UP UIF DPOEVDUJWF QBE� 4PMEFSJOH
DBO CF VTFE GPS DPQQFS�CBTFE NBUFSJBMT� 0UIFS NBUFSJBMT BSF VTVBMMZ BUUBDIFE NFDIBOJDBMMZ�
VTJOH TUBQMFT DMBNQT DSJNQT PS TFXJOH�

#FDBVTF TFOTPST BSF TP FBTZ UP DPOTUSVDU UIF UFDIOPMPHZ JT XFMM�TVJUFE GPS %*: TFOTPS EF�
TJHO BMMPXJOH DVTUPNJ[FE TFOTPST GPS FBDI SPCPU� ɨF UFDIOPMPHZ IBT QSFWJPVTMZ BMSFBEZ
CFFO VTFE BT BO FYQSFTTJWF NFEJVN JO UIF EPNBJO PG IVNBO�DPNQVUFS JOUFSBDUJPO UPPMLJUT�
0OF PG UIF NPTU QSPNJOFOU FYBNQMFT JT UIF .BLFZ .BLFZ 	+� 4JMWFS FU BM� ����
 B 64#
EFWJDF UIBU MFUT VTFST BUUBDI DPOEVDUJWF PCKFDUT UP UIFJS DPNQVUFS UP BDU BT LFZCPBSE LFZT
PQFOJOH UIF EPPS UP OFX JOUFSGBDFT TVDI BT UIF CBOBOB QJBOP BOE UIF 1MBZ�%PI 1BD.BO
DPOUSPMMFS� "OPUIFS FYBNQMF JT HJWFO CZ %� "� .FMMJT +BDPCZ FU BM� 	����
� )FSF QBQFS
DPOEVDUJWF JOLT BOE JOFYQFOTJWF DPNQPOFOUT BSF DPNCJOFE UP GPSN BO VOUPPMLJU GPS QB�
QFSDSBGU DJSDVJUT� 0OF PG UIF EFGBVMU ëSNXBSFT PG UIFJS UPPM VTFT DBQBDJUJWF UPVDI TFOTJOH
UP DPOUSPM -&%T� 'JOBMMZ 5PVDIÏ 	4BUP FU BM� ����
 VTFT B TXFQU GSFRVFODZ NFBTVSFNFOU
UFDIOJRVF UP EFUFDU HFTUVSFT BOE HSBTQT BMMPXJOH PCKFDUT SFTQPOE EJêFSFOUMZ EFQFOEJOH
PO UIF XBZ UIFZ BSF UPVDIFE�

0OF PG UIF DIBMMFOHFT PG MFUUJOH UIF UPPMLJU VTFST EFTJHO UIFJS PXO FMFDUSPEFT JT UIBU NJOJ�
NVN BOE NBYJNVN DBQBDJUBODF SBOHF DBO WBSZ HSFBUMZ EFQFOEJOH PO EFTJHO QBSBNFUFST
TVDI BT UIF TIBQF TJ[F BOE NBUFSJBM PG UIF FMFDUSPEF� &RVBUJPO ��� TIPXT UIF GPSNVMB
GPS UIF DBQBDJUBODF C PG B QBSBMMFM QMBUF DBQBDJUPS XIJDI BQQSPYJNBUFT UIF CFIBWJPS PG
DBQBDJUJWF UPVDI FMFDUSPEFT� ɨF GPSNVMB TIPXT UIBU UIF DBQBDJUBODF PG BO FMFDUSPEF JT QSP�
QPSUJPOBUF UP JUT BSFBA BOE JOWFSTFMZ SFMBUFE UP UIF EJTUBODF d CFUXFFO FMFDUSPEF BOE IBOE�
$POTFRVFOUMZ MBSHFS FMFDUSPEFT OFFE B MBSHFS NFBTVSFNFOU SBOHF BOE FMFDUSPEFT UIBU BSF
FNCFEEFE VOEFS EJêFSFOU NBUFSJBMT OFFE B TNBMMFS NPSF QSFDJTF NFBTVSFNFOU SBOHF�
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C = ε
A

d
	���


ɨF DBQBDJUJWF UPVDI *$ UIBU XBT DIPTFO GPS UIF EFTJHO PG UIF )"5 UIF .13��� IBOEMFT
UIJT JTTVF CZ PêFSJOH B QFS�DIBOOFM QSPHSBNNBCMF DIBSHF DVSSFOU UP BDDPVOU GPS CPUI
TNBMM BOE MBSHF FMFDUSPEFT� ɨF *$ BMTP PêFST BO BVUP�DPOëHVSBUJPO NPEF UP BVUPNBUJDBMMZ
EFUFSNJOF UIF BQQSPQSJBUF DIBSHF DVSSFOU BOE DIBSHF UJNF GPS FBDI FMFDUSPEF� ɨJT QSPDFTT
JT USBOTQBSFOU UP UIF VTFST PG UIF QMBUGPSN� "U UIF TUBSU PG BO BQQ UIBU VTFT UPVDI TFOTJOH
UIF *$ TQFOET B GSBDUJPO PG B TFDPOE JO BVUP�DBMJCSBUJPO NPEF BGUFS XIJDI BMM FMFDUSPEFT
DBO CF VTFE XJUIPVU GVSUIFS DPOëHVSBUJPO CZ UIF VTFS�

A

B C

D

Fig. 4.32 Capacitive touch sensor data. The signal shows (A) proximity, (B) soft touching, (C)
hitting, and (D) squeezing.

*O NBOZ BQQMJDBUJPOT PG DBQBDJUJWF UPVDI TFOTJOH o GPS JOTUBODF UIF JOUFSGBDF PG B LJUDIFO
BQQMJBODF o FMFDUSPEFT BSF VTFE BT TJNQMF PO�Pê CVUUPOT� )PXFWFS JO SFBMJUZ UIF TZTUFN JT
DBQBCMF PG NVDI NPSF HSBOVMBS NFBTVSFNFOUT� 'PS JOTUBODF XJUI UIF TFOTPST JOUFHSBUFE
JOUP UIF TLJO PG 0OP XF DBO EJTDFSO UIF EJêFSFODF CFUXFFO OP UPVDI QSPYJNJUZ 	B DPVQMF
PG DFOUJNFUSFT
 TPGU UPVDI BOE EJêFSFOU HSBEBUJPOT JO QSFTTVSF� "O FYBNQMF PG TFOTPS EBUB
JT HJWFO JO ëH� ����� .PSF TP CZ JODPSQPSBUJOH UJNF BOE CZ DPNCJOJOH EBUB GSPN NVMUJQMF
TFOTPST JU TIPVME CF QPTTJCMF UP QFSGPSN FWFO NPSF BEWBODFE TFOTJOH UFDIOJRVFT BMMPXJOH
UIF SPCPU UP EFUFDU EJêFSFOU HSBTQT BOE CF BCMF UP EJTUJOHVJTI CFUXFFO QFUUJOH BOE IJUUJOH�
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4.2.4 CONTROLLING SERVOS

"T HMBODFE BU JO FBSMJFS TFDUJPOT BMM CVU UIF FBSMJFTU JUFSBUJPO PG UIF QMBUGPSN FMFDUSPOJDT VTF
UIF TBNF NFUIPE GPS HFOFSBUJOH UIF DPOUSPM TJHOBMT GPS IPCCZ TFSWPT� "T UIFTF TFSWPT BSF B
LFZ DPNQPOFOU JO UIF EFTJHO PG UIF QMBUGPSN UIJT BTQFDU EFTFSWFT TPNF FMBCPSBUJPO�

ɨF TFSWPT VTFE UISPVHIPVU UIJT XPSL BSF Pê�UIF�TIFMG TFSWPT PSJHJOBMMZ EFTJHOFE GPS VTF JO
3$ NPEFMT� ɨFZ DPOUBJO B %$ NPUPS B HFBSCPY B GFFECBDL QPUFOUJPNFUFS BUUBDIFE UP
UIF HFBSCPY PVUQVU BOE B DPOUSPM 1$# JO B TNBMM TFMG�DPOUBJOFE QBDLBHF� *O UIJT TDIFNF
UIF DPOUSPM 1$# XJMM ESJWF UIF %$ NPUPS TP UIBU JU NPWFT UPXBSE UIF EFTJSFE QPTJUJPO
VTJOH UIF QPUFOUJPNFUFS UP EFUFSNJOF UIF DVSSFOU QPTJUJPO� (FOFSBMMZ UIFTF TFSWPT BSF
MJNJUFE UP ���¡ SBOHF PG NPUJPO�

±�� NT

��� �T

���� �T

���� �T

m
in.

po
s.

ne
ut

ra
l

m
ax

.p
os

.

Fig. 4.33 Servo PWM timing

)PCCZ TFSWPT BSF DPOOFDUFE VTJOH B UISFF�XJSF DBCMF� 5XP QJOT QSPWJEF QPXFS UZQJDBMMZ
BU � 7 UIPVHI TFSWPT XJUI B IJHIFS PQFSBUJOH WPMUBHF FYJTU� ɨF UIJSE QJO JT B DPOUSPM
TJHOBM UP TFU UIF TFSWP�T QPTJUJPO� 18. JT VTFE UP FODPEF UIF EFTJSFE TIBGU QPTJUJPO� ɨF
XJEUI PG UIF QVMTF EFUFSNJOFT UIF PVUQVU QPTJUJPO BT TIPXO JO ëH� ����� 1VMTF XJEUIT
WBSZ CFUXFFO ��� �T BOE ���� �T XJUI B WBMVF PG ���� �T SFQSFTFOUJOH UIF TFSWP�T OFVUSBM
	NJEEMF
 QPTJUJPO� ɨFTF QVMTFT OFFE UP CF TFOU BU BO VQEBUF SBUF PG SPVHIMZ �� )[ XIJDI
DPSSFTQPOET UP B QFSJPE PG �� NT� )PXFWFS VOMJLF UIF QVMTF XJEUI UIF TJHOBM�T GSFRVFODZ
JT OPU DSJUJDBM� ɨF TJHOBM�T QFSJPE DBO CF BT TIPSU BT �� NT 	��� )[
 PS BT MPOH BT �� NT
	��.� )[
 XJUI MJUUMF CFBSJOH PO UIF GVODUJPOJOH PG UIF TFSWP�

5P DPOUSPM B SPCPU NBOZ PG TVDI 18. TJHOBMT BSF OFDFTTBSZ POF GPS FBDI %0'� (FOFS�
BMMZ NJDSPDPOUSPMMFST EP OPU IBWF FOPVHI 18.�DBQBCMF QJOT UP ESJWF B GVMM SPCPU� "T B
TPMVUJPO XF DIPTF UP VTF B 1$"���� *$ B ���DIBOOFM ���CJU 18. -&% ESJWFS� 8IJMF
UIJT EFWJDF JT OPU EFTJHOFE GPS UIF QVSQPTF PG DPOUSPMMJOH IPCCZ TFSWP�T JU QPTTFTTFT B OVN�
CFS PG DIBSBDUFSJTUJDT XIJDI NBLF JU TVJUBCMF GPS UIJT QVSQPTF� 'JSTU PG UIF *$�T GSFRVFODZ
DBO CF QSPHSBNNFE GSPN �� )[ UP ���� )[� 4FDPOEMZ UIF ���CJU 18. SFTPMVUJPO PêFST
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FOPVHI JOUFSNFEJBUF TUFQT CFUXFFO QVMTF XJEUIT PG ��� �T BOE ���� �T� " ëOBM CFOFëU JT
UIBU UIF EFWJDF JT GSFF�SVOOJOH NFBOJOH UIBU PODF JU JT DPOëHVSFE UIF NJDSPDPOUSPMMFS JT
GSFF UP EP PUIFS UIJOHT�

ɨF 1$"�����T ���CJU 18. SFTPMVUJPO SFTVMUT JO ���� EJTUJODU QVMTF XJEUI QPTJUJPOT�
)PXFWFS UIJT QFSUBJOT UP UIF DPNQMFUF MFOHUI PG UIF QFSJPE� 4VQQPTF UIF EFWJDF�T GSF�
RVFODZ JT TFU UP �� )[� ɨF DPSSFTQPOEJOH QFSJPE XPVME CF ���� NT/�� )[ = �� NT�
:FU BT XF BSF HFOFSBUJOH TFSWP TJHOBMT XF POMZ DBSF BCPVU QVMTF XJEUIT CFUXFFO ��� �T =
�.� NT BOE ���� �T = �.� NT� ɨF NJOJNVN TFSWP QPTJUJPO SFTVMUT JO �.� NT

�� NT · 4096 =
102.4 ≈ 102 UIF NBYJNVN QPTJUJPO SFTVMUT JO �.� NT

�� NT · 4096 = 512� ɨJT SFTVMUT JO ���
WBMJE TFSWP QPTJUJPOT NVDI MFTT UIBO UIF EFWJDF�T ���CJU 18. SFTPMVUJPO�

'PS UIF BDUVBM JNQMFNFOUBUJPO UIF 1$"�����T GSFRVFODZ JT DIPTFO NPSF EFMJCFSBUF UIBO
EFTDSJCFE BCPWF� ɨF GSFRVFODZ PG UIF EFWJDF JT TFU VTJOH B DMPDL QSFTDBMFS XIJDI MJNJUT UIF
GSFRVFODZ UP EJTDSFUF TUFQT� ɨF GPSNVMB GPS DBMDVMBUJOH UIF QSFTDBMF WBMVF P GPS B HJWFO
GSFRVFODZ f JT HJWFO JO FRVBUJPO �����

P = SPVOE
(

�� .)[
4096 · f

)
− 1 	���


5P TJNQMJGZ TPGUXBSF DPNQVUBUJPO XF DIPPTF � 18. TUFQ UP SFQSFTFOU � �T� $POWFOJFOUMZ
UIF JOUFOEFE SBOHF PG NPUJPO JT ���� �T − ��� �T = ���� �T XIJDI JT EJWJTJCMF CZ �� "
CFOFëU PG UIJT JT UIBU UIF QVMTF XJEUI UP 18. DBMDVMBUJPO DBO CF JNQMFNFOUFE VTJOH B CJU
TIJGU PQFSBUJPO JOTUFBE PG EJWJTJPO 	XIJDI JT B TMPXFS PQFSBUJPO
� 8PSLJOH CBDLXBSE GSPN
UIJT TUFQ TJ[F HJWFT VT B GSFRVFODZ PG ��.�� )[ BT TIPXO JO FRVBUJPO ���� ɨJT GSFRVFODZ
JT XFMM XJUIJO UIF SBOHF PG BDDFQUBCMF VQEBUF SBUFT GPS TFSWPT BT EFTDSJCFE FBSMJFS�

f =
1

T
=

1

4096 · � �T
≈ ��.�� )[ 	���


&OUFSJOH UIJT WBMVF JOUP FRVBUJPO ��� SFTVMUT JO B QSFTDBMFS WBMVF PG ��� 8JUI B SFTPMVUJPO
PG � �T QFS TUFQ B UIFPSFUJDBM BOHVMBS SFTPMVUJPO PG � �T

���� �T · ���¡ = �.��¡ DBO CF BDIJFWFE
XIJDI JT TVïDJFOU GPS UIJT BQQMJDBUJPO� "T BO BTJEF UIF TZTUFN�T UPUBM BDDVSBDZ JT JOìVFODFE
CZ NBOZ PUIFS FMFDUSJDBM BOE NFDIBOJDBM GBDUPST JODMVEJOH TJHOBM OPJTF UZQF PG TFSWP
	EJHJUBM TFSWPT UFOE UP CF NPSF BDDVSBUF UIBO UIF BOBMPH UZQF
 TFSWP SBOHF BOE HFBSCPY
CBDLMBTI� *O DPODMVTJPO UIF TFSWP QPTJUJPOJOH XJMM CF MFTT BDDVSBUF UIBO UIJT UIFPSFUJDBM
QSFEJDUJPO BOE JT UIF SFTVMU PG NBOZ EJêFSFOU FOWJSPONFOUBM QBSBNFUFST�

�1$"����� ���DIBOOFM ���CJU 18. 'N� *�$�CVT -&% DPOUSPMMFS� o
#//+Γχχ���# Α)3+Α�*(χ�*�0( )/.χ��/�ν.#  /χ���Ͷͳ͵ͲΑ+�!
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4.3 SOFTWARE

4.3.1 FACIAL EXPRESSION ALGORITHM

0OF PG UIF SFRVJSFNFOU GPS B GBDJBM FYQSFTTJPO BMHPSJUIN JT B XBZ UP SFQSFTFOU FNPUJPO
	G3
 JO B XBZ UIBU DPNQVUFST DBO EFBM XJUI 	J�F� OVNCFST
� .BOZ NPEFMT PG BêFDU ëOE
UIFJS PSJHJO JO UIF ëFME PG QTZDIPMPHZ� 0G DPVSTF QTZDIPMPHJTUT BOE SPCPUJDJTUT IBWF EJG�
GFSFOU HPBMT JO NJOE GPS BêFDUJWF NPEFMT� *O QTZDIPMPHZ B NPEFM JT DIPTFO UP BUUFNQU UP
VOEFSTUBOE BOE FYQMBJO IVNBO CFIBWJPS� *O TPDJBM SPCPUJDT BêFDUJWF NPEFMT BSF VTFE JO
UIF SFWFSTF EJSFDUJPO� UIFZ BSF VTFE UP TZOUIFTJ[F SBUIFS UIBO BOBMZ[F FNPUJPO�

'POH FU BM� 	����
 EJTDFSO UISFF NBJO HSPVQT PG BêFDUJWF NPEFMT� ɨF ëSTU HSPVQ EFTDSJCFT
FNPUJPO JO UFSNT PG EJTDSFUF DBUFHPSJFT� ɨF XPSL PG &LNBO 	����� ����
 XIJDI EJTDFSOT
IBQQJOFTT TBEOFTT BOHFS GFBS TVSQSJTF BOE EJTHVTU BT CBTJD FNPUJPOT GBMMT XJUIJO UIJT HSPVQ�

Fig. 4.34 Circumplex model of affect. Adopted from Russel (1980).

ɨF TFDPOE HSPVQ EFTDSJCFT FNPUJPO BT UIF SFTVMU PG B OVNCFS PG DPOUJOVPVT EJNFOTJPOT�
3VTTFM�T DJSDVNQMFY NPEFM PG BêFDU 	3VTTFM ���� TIPXO JO ëH� ����
 EJTDFSOT UXP EJNFO�
TJPOT JO FNPUJPO UFSNFE WBMFODF BOE BSPVTBM� ɨF WBMFODF BYJT DPSSFTQPOET UP QMFBTBOU
WFSTVT VOQMFBTBOU FNPUJPOT� 5P JMMVTUSBUF IBQQJOFTT XPVME IBWF B IJHI WBMVF GPS WBMFODF
XIFSFBT TBEOFTT XPVME IBWF B MPX WBMVF� ɨF TFDPOE EJNFOTJPO BSPVTBM DPSSFMBUFT XJUI
UIF MFWFM PG BDUJWBUJPO PG UIF FNPUJPO� 'PS FYBNQMF TVSQSJTF XPVME TDPSF IJHI PO UIJT BYJT
XIFSFBT UJSFEOFTT XPVME TDPSF MPX� 0UIFS NPEFMT TVDI BT UIF 1"% NPEFM 	.FISBCJBO
����
 PS UIF BSPVTBM�WBMFODF�TUBODF NPEFM VTFE JO UIF SPCPU ,JTNFU 	#SFB[FBM ����C

FYQBOE VQPO UIJT NPEFM CZ BEEJOH B UIJSE EJNFOTJPO� *O .FISBCJBO�T 1"% NPEFM UIJT
UIJSE EJNFOTJPO o UIF EPNJOBODF BYJT o JOEJDBUFT B NFBTVSF PG DPOUSPM 	PS MBDL UIFSFPG 
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PWFS PUIFST PS TJUVBUJPOT� ɨF TUBODF EJNFOTJPO JT VTFE CZ #SFB[FBM UP JOEJDBUF XJMMJOHOFTT
UP JOUFSBDU GSPN XJUIESBXO 	MPX TUBODF
 UP BQQSPBDIJOH 	IJHI TUBODF
�

'JOBMMZ UIF UIJSE HSPVQ PG NPEFMT VTFT B IZCSJE BQQSPBDI FNQMPZJOH CPUI EJTDSFUF DBUF�
HPSJFT BOE DPOUJOVPVT EJNFOTJPOT UP EFTDSJCF FNPUJPO� 'PS FYBNQMF 1MVUDIJL�T XIFFM PG
FNPUJPOT 	����
 EJWJEFT FNPUJPO JOUP FJHIU QSJNBSZ CJQPMBS FNPUJPOT BOBMPHPVT UP B
DPMPS XIFFM�

ɨF BMHPSJUIN UIBU UIF 0QTPSP TZTUFN VTFT UP HFOFSBUF GBDJBM FYQSFTTJPOT JT CBTFE PO UIF
DJSDVNQMFY NPEFM PG BêFDU 	3VTTFM ����
� #FJOH B UXP�EJNFOTJPOBM NPEFM JU JT FBTZ UP
NBOJQVMBUF BOE JOUFSBDU XJUI JO TPGUXBSF� 4FDPOEMZ BT BO BEWBOUBHF PG VTJOH DPOUJOVPVT
EJNFOTJPOT BO FNPUJPO o BOE UIVT B GBDJBM FYQSFTTJPO o JT EFëOFE GPS FWFSZ �% DPPSEJOBUF
XJUIJO UIF VOJU DJSDMF GBDJMJUBUJOH TNPPUI USBOTJUJPOT CFUXFFO EJêFSFOU GBDJBM FYQSFTTJPOT�
'JOBMMZ UIJT BQQSPBDI CVJMET VQPO FYQFSJFODF GSPN XJUIJO PVS SFTFBSDI HSPVQ TVDI BT UIF
XPSL EPOF PO UIF BêFDUJWF TZTUFN PG 1SPCP 	4BMEJFO ����� 4BMEJFO FU BM� ����
�

4.3.1.1 BASIC ALGORITHM

0VS BMHPSJUIN JT CBTFE PO 3VTTFM�T DJSDVNQMFY NPEFM 	����
� *U JT BEWBODFE FOPVHI UP
BDDVSBUFMZ QPSUSBZ B XJEF SBOHF PG FNPUJPOT UIPVHI TJNQMF FOPVHI UP CF FBTJMZ JNQMF�
NFOUFE JO BO TPGUXBSF� *O BEEJUJPO JU PêFST B DPOUJOVPVT TQFDUSVN PG FNPUJPO FOBCMJOH
TNPPUI USBOTJUJPOT GSPN POF FNPUJPOBM TUBUF UP BOPUIFS� *O FTTFODF PVS BMHPSJUIN UBLFT B
OVNCFS PG QSF�EFëOFE LFZ GSBNF GBDJBM FYQSFTTJPOT BOE NJYFT UIFN UPHFUIFS VTJOH B UXP�
TUFQ MJOFBS JOUFSQPMBUJPO QSPDFTT� ɨJT XBZ B GBDJBM FYQSFTTJPO DBO CF HFOFSBUFE GPS FWFSZ
QPJOU DPOUBJOFE XJUIJO UIF VOJU DJSDMF�

r
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Fig. 4.35 Two-step interpolation of the circumplex model

ɨF BMHPSJUIN UBLFT UXP JOQVU QBSBNFUFST OVNFSJDBM WBMVFT GPS WBMFODF BOE BSPVTBM SBOH�
JOH GSPN −1.0 UP +1.0 BOE PVUQVUT B TFSWP QVMTF XJEUI WBMVF GPS POF %0'� ɨJT QSPDFTT
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JT SFQFBUFE GPS FBDI %0' JO UIF TZTUFN XJUI EJêFSFOU NBQQJOH EBUB GPS FWFSZ BDUVBUPS
MFBEJOH UP B GVMMZ QPTFE GBDF� *O QSBDUJDF UIF QSPDFTT JOWPMWFT B OVNCFS PG TUFQT� 5P TUBSU
UIF JOQVU QBSBNFUFST BSF USBOTMBUFE GSPN DBSUFTJBO DPPSEJOBUFT x FRVBM UP WBMFODF BOE y
FRVBM UP BSPVTBM UP QPMBS DPPSEJOBUFT r =

√
x2 + y2 φ = BUBO�(y, x)� ɨFTF QPMBS DP�

PSEJOBUFT DBO CF JOUVJUJWFMZ JOUFSQSFUFE BT GPMMPXT� φ JT B NFBTVSF GPS UIF UZQF PG FNPUJPO
BOE r SFQSFTFOUT UIF FNPUJPO�T JOUFOTJUZ GSPN OFVUSBM 	0.0
 UP NBYJNVN JOUFOTJUZ 	1.0
�

*O UIF OFYU QIBTF UIF BMHPSJUIN VTFT B UXP�TUFQ JOUFSQPMBUJPO UP EFUFSNJOF UIF %0'
QPTJUJPO WBMVF PG FBDI %0'� ɨF %0' QPTJUJPO WBMVF SBOHFT GSPN −1.0 	NJOJNVN QP�
TJUJPO PG UIF BDUVBUPS
 UP +1.0 	NBYJNVN QPTJUJPO PG UIF BDUVBUPS
� 5P EP UIJT FBDI
%0' IBT B %0' NBQ BTTPDJBUFE XJUI JU� ɨJT NBQ DPOUBJOT B OFVUSBM %0' QPTJUJPO 	F�H�
pn = −0.2
 QMVT B OVNCFS PG %0' WBMVFT BU UIF FEHF PG UIF VOJU DJSDMF 	F�H� p30° = 0.6
p45° = 0.8 y
�

'PS B HJWFO WBMVF PG φx UIF BMHPSJUIN MPPLT VQ UIF UXP DMPTFTU φ WBMVFT JO UIF %0' NBQ
o XJUI φa < φx BOE φb > φx o UP DBMDVMBUF pc� *O UIF ëSTU JOUFSQPMBUJPO TUFQ B WBMVF pc
JT DBMDVMBUFE VTJOH FRVBUJPO ����

pc = pa + (pb − pa) ·
φx − φa

φb − φa
	���


0ODF B WBMVF IBT CFFO DBMDVMBUFE GPS pc r JT VTFE BT B TDBMJOH GBDUPS JO PSEFS UP QFSGPSN B
TFDPOE JOUFSQPMBUJPO TUFQ CFUXFFO pn BOE pc� "T r JT BMSFBEZ B WBMVF SBOHJOH GSPN 0.0 UP
1.0 JU DBO CF VTFE EJSFDUMZ� &RVBUJPO ��� TIPXT IPX UIF ëOBM WBMVF PG px JT EFUFSNJOFE�

px = pn + (pc − pn) · r 	���


*U TIPVME CF OPUFE UIBU UIJT UXP�TUFQ JOUFSQPMBUJPO QSPDFTT JT QFSGPSNFE GPS FWFSZ %0' PG
UIF SPCPU SFTVMUJOH JO BT NBOZ %0' QPTJUJPOT� 'JHVSF ���� TIPXT UIF NBJO TUFQT PG UIF
GBDJBM FYQSFTTJPO BMHPSJUIN BQQMJFE UP B TJNQMJëFE FYBNQMF� ɨF FYBNQMF TIPXT UIF UXP
%0'T PG BO FZFCSPX NPEVMF� ɨF MFGU�IBOE TJEF TIPXT UIF BMHPSJUIN�T JOQVU OBNFMZ B
WFDUPS SFQSFTFOUJOH UIF EFTJSFE FNPUJPO� *O UIF NJEEMF PG UIF ëHVSF B HSBQIJDBM SFQSF�
TFOUBUJPO PG UIF %0' NBQT JT HJWFO� &BDI %0' PG UIF TZTUFN IBT POF TQFDJëD NBQQJOH
GVODUJPO BTTPDJBUFE XJUI JU� *O UIJT DBTF UIF SFE MJOF JT BTTPDJBUFE XJUI UIF JOOFS FZFCSPX
TFSWP BOE UIF CMVF MJOF JT BTTPDJBUFE XJUI UIF PVUFS FZFCSPX TFSWP� ɨF JOQVU FNPUJPO WFD�
UPS JT DPOWFSUFE UP QPMBS DPPSEJOBUFT BOE UIF φ WBMVF JT VTFE UP MPPL VQ UIF %0' QPTJUJPOT
JO UIF %0' NBQT� ɨFTF WBMVFT BSF UIFO VTFE UP ESJWF UIF QPTJUJPO FBDI TFSWP�

ɨF ëOBM QIBTF PG UIF BMHPSJUIN UBLFT UIF %0' QPTJUJPO WBMVF PG FBDI %0' BOE NBQT JU
UP B QVMTF XJEUI WBMVF XIJDI JT UIFO TFOU UP UIF 18. DPOUSPMMFS� #FDBVTF UIF OFVUSBM
QPTJUJPO GPS FWFSZ TFSWP JT TMJHIUMZ EJêFSFOU BOE CFDBVTF OPU FWFSZ TFSWP PS NFDIBOJTN
TVQQPSUT UIF TBNF SBOHF PG NPUJPO UISFF DPOëHVSBUJPO WBMVFT BSF VTFE QFS %0' JOEJDBU�
JOH QVMTF XJEUIT DPSSFTQPOEJOH UP UIF OFVUSBM QPTJUJPO UIF NBYJNVN SBOHF PG NPUJPO
BOE UIF NJOJNVN SBOHF PG NPUJPO� ɨFTF UISFF WBMVFT BSF VTFE JO UIF ëOBM USBOTMBUJPO
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Fig. 4.36 Example of the algorithm applied to a 2-DOF eyebrow module

TUFQ GSPN %0' QPTJUJPO p UP QVMTF XJEUI w� &RVBUJPO ��� TIPXT IPX UIJT JT EPOF� 'JHVSF
���� TIPXT B HSBQIJDBM SFQSFTFOUBUJPO PG UIF FRVBUJPO�

w(p) =

{
wOFVUSBM + p · wNBY SBOHF JG p ≥ 0.0

wOFVUSBM − p · wNJO SBOHF JG p < 0.0
	���


−1.0 +1.0
DOF position

pu
lse

 w
id

th

w
N

JO
SB

OH
F

w
N

BY
SB

OH
F

w
OF

VU
SB

M

w(p)

p

Fig. 4.37 Mapping DOF positions to pulse widths

/PUF UIBU UIF WBMVFT GPS wNBY SBOHF BOE wNJO SBOHF EP OPU OFDFTTBSJMZ IBWF UP CF QPTJUJWF� #Z
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EFëOJOH wNBY SBOHF < 0 BOE wNJO SBOHF > 0 POF DBO NBLF JU TP UIBU UIF NJOJNVN %0'
QPTJUJPO DPSSFTQPOET UP B MPOHFS QVMTF XJEUI UIBO UIF NBYJNVN %0' QPTJUJPO� ɨJT JT
VTFGVM JG POF XBOUT UP SFWFSTF UIF EJSFDUJPO PG SPUBUJPO PG B TFSWP JO TPGUXBSF�

4.3.1.2 C++ IMPLEMENTATION

ɨF ëSTU JUFSBUJPO PG UIF BMHPSJUIN o JOUFOEFE UP CF SVO PO B NJDSPDPOUSPMMFS BT FYQMBJOFE
JO TFDUJPO ����� o XBT JNQMFNFOUFE JO $��� %VF UP UIF DPOTUSBJOUT PG UIF FNCFEEFE FO�
WJSPONFOU UIF %0' NBQT BSF TUPSFE BU ëYFE TUFQT PG ��¡ SFTVMUJOH JO �� DJSDVNGFSFODF
%0' QPTJUJPOT QMVT POF OFVUSBM QPTJUJPO� "MM %0' NBQT BSF TUPSFE JO B ëYFE�TJ[F �%
BSSBZ� ɨF BMHPSJUIN XBT SVO PO BO FBSMZ WFSTJPO PG 0OP XIJDI DPOUBJOT �� TFSWPT� $PO�
TFRVFOUMZ UIF %0' NBQT BSF TUPSFE JO B 21 × 13 BSSBZ� %0' QPTJUJPOT BSF BMTP TDBMFE
GSPN [−1.0,+1.0] UP [−100,+100]� " TBNQMF PG UIJT �% BSSBZ JT HJWFO JO TOJQQFU ����

Snippet 4.1 2D array containing DOF maps
� �*)./ $)/ ��� .σͯͮτσͮͰτ ҅ υ
� χχ ν����ν����� ν����ν
���� �ν����ν����� ΑΑΑ
� χϋ ͭΓ ) 0/-�' ϋχ υͭΒ ͭΒ ͭΒ χϋ ΑΑΑ ϋχφΒ
� χϋ ͮΓ 1�' )� ϋχ υͭΒ ͯͲΒ ͭΒ χϋ ΑΑΑ ϋχφΒ
� χϋ ͯΓ #�++4 ϋχ υͭΒ ͲͭΒ ͭΒ χϋ ΑΑΑ ϋχφΒ
� χϋ ΑΑΑ ΑΑΑ ΑΑΑ ΑΑΑ ΑΑΑ ϋχ
� χϋ ͮ͵Γ - '�3 � ϋχ υͭΒ ͯͲΒ ͭΒ χϋ ΑΑΑ ϋχφΒ
� χϋ ͮͶΓ . - ) ϋχ υͯͲΒ ͯͲΒ ͯͲΒ χϋ ΑΑΑ ϋχφΒ
� χϋ ͯͭΓ �*)/ )/ � ϋχ υͯͲΒ ͲͭΒ ͯͲΒ χϋ ΑΑΑ ϋχφ

�� φΔ

5P JOUFSGBDF UIF %0' NBQT XJUI UIFJS SFTQFDUJWF TFSWPT B IFMQFS DMBTT o BQQSPQSJBUFMZ
OBNFE ��� o XBT DSFBUFE� 0CKFDUT PG UIJT DMBTT TUPSF UIF QJO OVNCFS BOE NJOJNVN�NBYJ�
NVN�OFVUSBM QVMTF XJEUI QPTJUJPOT� ɨF ��� DMBTT IBT B ���ΓΓ� )��*.ρςNFUIPE XIJDI
DBO CF DBMMFE JO PSEFS UP DPOWFSU %0' QPTJUJPOT UP QVMTF XJEUI WBMVFT BOE UP TFOE UIFTF
WBMVFT UP UIF DPSSFDU TFSWP� %VSJOH UIF QSPHSBN JOJUJBMJ[BUJPO BO BSSBZ PG ��� PCKFDUT JT
DSFBUFE BO JOJUJBMJ[FE XJUI TFSWP EBUB BT TIPXO JO TOJQQFU ���� /PUF UIBU UIF JOEJDFT PG
UIF %0' PCKFDU BSSBZ DPSSFTQPOE UP UIF JOEJDFT PG UIF BSSBZ DPOUBJOJOH UIF %0' NBQT�

Snippet 4.2 DOF object array
� ��� ���.σͮͰτ ҅ υ
� χχ �
� �
� �
� ���
� ���ρͭΒ ͮ͵ͭͭΒ ͮͲͭͭΒ ͮͯͭͭςΒ χχ ν����ν�����
� ���ρͮΒ ͮͰͭͭΒ ͮͳͭͭΒ ͮͶͭͭςΒ χχ ν����ν
����
� ���ρͰΒ ͮͯͭͭΒ ͮͲͭͭΒ ͮ͵ͭͭςΒ χχ �ν����ν�����
� ���ρͱΒ ͮ͵ͭͭΒ ͮͲͭͭΒ ͮͯͭͭςΒ χχ �ν����ν
����
� ���ρͳΒ ͮ͵ͭͭΒ ͮͲͭͭΒ ͮͯͭͭςΒ χχ ν���ν
�
� ���ρʹΒ ͮͮͲͭΒ ͮͲͭͭΒ ͮʹͲͭςΒ χχ ν���ν	��
� ���ρ͵Β ͮͶͭͭΒ ͮͳͭͭΒ ͮͰͭͭςΒ χχ ν���ν���

�� ���ρͶΒ ͮͯͭͭΒ ͮͲͭͭΒ ͮ͵ͭͭςΒ χχ �ν���ν
�
�� ���ρͮͭΒ ͮͯͲͭΒ ͮͲͭͭΒ ͮ͵ͲͭςΒ χχ �ν���ν	��
�� ���ρͮͮΒ ͮͰͭͭΒ ͮͳͭͭΒ ͮͶͭͭςΒ χχ �ν���ν���
�� ���ρͮͯΒ ͯͮͭͭΒ ͮͲͭͭΒ ͶͭͭςΒ χχ ����	ν
�� ���ρͮͰΒ ͶͭͭΒ ͮͲͭͭΒ ͯͮͭͭςΒ χχ ����	ν�
�� ���ρͮͱΒ ͮ͵ͭͭΒ ͮͲͭͭΒ ͮͮͭͭς χχ ����	ν�
�
�� φΔ
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"U SFHVMBS JOUFSWBMT UIF QSPHSBN XJMM EFUFSNJOF UIF JOEFY BTTPDJBUFE XJUI UIF DVSSFOU WBMVF
PG φ TP UIBU FRVBUJPO ��� JT TBUJTëFE�

(idx− 1/2) · 360°
20 < φ < (idx+ 1/2) · 360°

20 	���


ɨF QSPHSBN XJMM UIFO QFSGPSN UIF UXP�TUFQ JOUFSQPMBUJPO BMHPSJUIN o BT EFTDSJCFE FBSMJFS
o CZ ëSTU JOUFSQPMBUJOH CFUXFFO ��� .σ$�3Ҁͮτστ BOE ��� .σ$�3Ҁͯτστ VTJOH

(
φ
/

360°
20

)

NPE 1.0 BT JOUFSQPMBUJPO GBDUPS� ɨF TFDPOE TUFQ JOUFSQPMBUFT CFUXFFO UIF QSFWJPVT SFTVMU
BOE ��� .σͭτστ 	UIF OFVUSBM GBDJBM FYQSFTTJPO
 VTJOH r BT UIF JOUFSQPMBUJPO GBDUPS JO PSEFS
UP DBMDVMBUF UIF ëOBM %0' QPTJUJPO GPS UIBU %0'� 'JOBMMZ ���ΓΓ� )��*.ρς JT DBMMFE JO
PSEFS UP BDUVBMMZ DPNNBOE UIF TFSWP UP NPWF� /BUVSBMMZ BCPWF TUFQT BSF FYFDVUFE GPS FBDI
PG UIF �� %0'T�

4.3.1.3 PYTHON IMPLEMENTATION

ɨF TFDPOE JUFSBUJPO PG UIF GBDJBM FYQSFTTJPO BMHPSJUIN o EFTJHOFE UP SVO PO UIF 3BTQCFSSZ
1J o XBT JNQMFNFOUFE JO 1ZUIPO B IJHI�MFWFM EZOBNJD QSPHSBNNJOH MBOHVBHF� ɨJT
MBOHVBHF IBT B OVNCFS PG BEWBOUBHFT GSPN B QSPHSBNNJOH QFSTQFDUJWF o TVDI BT EZOBNJD
UZQJOH BOE BVUPNBUJD NFNPSZ NBOBHFNFOU o CVU SFRVJSFT NPSF QSPDFTTJOH QPXFS UIBO
MPX�MFWFM MBOHVBHFT TVDI BT $��� )FODF XIZ B NJDSPDPNQVUFS SVOOJOH B GVMM 04 JT OFFEFE
BOE B NJDSPDPOUSPMMFS JT OP MPOHFS BEFRVBUF�

4XJUDIJOH UP B NPSF QPXFSGVM QMBUGPSN BêPSEFE VT UIF PQQPSUVOJUZ UP NBLF B OVNCFS
PG JNQSPWFNFOUT UP UIF JNQMFNFOUBUJPO� 0OF PG UIF OPUBCMF DIBOHFT JT UIF XBZ %0'
NBQT BSF EFëOFE BOE TUPSFE JO NFNPSZ� 1SFWJPVTMZ %0' NBQT XFSF SFTUSJDUFE UP �� ëYFE
QPJOUT o POF OFVUSBM WBMVF QMVT �� WBMVFT FWFOMZ TQBDFE PO UIF VOJU DJSDMF o EVF UP UIF VTF PG
ëYFE�TJ[F BSSBZT� %ZOBNJD NFNPSZ BMMPDBUJPO BOE UIVT WBSJBCMZ TJ[FE BSSBZT JT QPTTJCMF JO
$��� )PXFWFS UIJT JT JOBEWJTBCMF CFDBVTF PG UIF TFWFSF NFNPSZ SFTUSJDUJPOT PG FNCFEEFE
QMBUGPSNT QPUFOUJBMMZ SFTVMUJOH JO VOTUBCMF CFIBWJPS PG XIJDI UIF DBVTF DBO CF WFSZ IBSE
UP USBDL EPXO� *O 1ZUIPO IPXFWFS UIF CBTJD BSSBZ EBUB UZQF B $./ SFTJ[FT BVUPNBUJDBMMZ
UP BDDPNNPEBUF NPSF JUFNT� $POTFRVFOUMZ UIF NBYJNVN OVNCFS PG QPJOUT EFëOJOH B
%0' NBQ JT OP MPOHFS ëYFE BMMPXJOH NPSF PS MFTT EBUB QPJOUT UP CF BEEFE BT OFFEFE� ɨF
TJ[F PG EJêFSFOU %0' NBQT JT BMTP OP MPOHFS SFRVJSFE UP CF FRVBM UP POF BOPUIFS� " TJNQMF
%0' NBZ SFRVJSF B %0' NBQ XJUI POMZ GFX EBUB QPJOUT XIFSFBT B NPSF DPNQMFY %0'
JO UIF TBNF SPCPU DBO IBWF NBOZ NPSF QPJOUT�

ɨF 1ZUIPO JNQMFNFOUBUJPO PG UIF BMHPSJUIN SFMJFT VQPO UIF /VN1Z BOE 4DJ1Z NPEVMFT
XIJDI QSPWJEF FïDJFOU OVNFSJDBM BMHPSJUINT GPS UBTLT TVDI BT JOUFSQPMBUJPO� "NPOH PUIFS
UIJOHT 4DJ1Z PêFST UIF $)/ -+*'�/ Α$)/ -+ͮ�ρς GVODUJPO FOBCMJOH FïDJFOU MJOFBS JO�
UFSQPMBUJPO VTJOH UXP TPSUFE BSSBZT 	J�F� POF GPS x EBUB BOPUIFS GPS y EBUB
� ɨJT GVODUJPO
UIPVHI WFSZ VTFGVM BOE FïDJFOU SFRVJSFT UIF %0' NBQ EBUB UP CF QSF�QSPDFTTFE UIPVHI
UIJT IBQQFOT EVSJOH QSPHSBN JOJUJBMJ[BUJPO BOE EPFT OPU JNQBDU SVOUJNF FïDJFODZ� ɨF
ëSTU TUFQ JT UP DPOTUSBJO BMM x DPPSEJOBUFT UP [−180°,+180°] UIJT JT EPOF CZ UBLJOH UIF
NPEVMP PG FBDI QIJ WBMVF BOE TVCUSBDUJOH ���¡ GSPN UIF SFTVMU JG UIF SFTVMU JT MBSHFS UIBO
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Fig. 4.38 Interpolation using the NumPy module

���¡� 5P HP GSPN QFSJPEJD EBUB 	ëH� ���� MFGU
 UP B OPO�QFSJPEJD JOUFSQPMBUJPO GVODUJPO
	ëH� ���� SJHIU
 UXP HIPTU QPJOUT OFFE UP CF BEEFE KVTU PVUTJEF PG UIF [−180°,+180°]�
ɨF ëSTU HIPTU QPJOU MBCFMFE φ8′ JO ëH� ���� JT B EVQMJDBUF PG UIF QPJOU XJUI UIF MBSHFTU φ
WBMVF� *U JT QPTJUJPOFE BU φa− 360°� ɨF TFDPOE HIPTU QPJOU 	φ1′ JO ëH� ����
 DPOWFSTFMZ
JT B EVQMJDBUF PG UIF MPXFTU φ WBMVF QPJOU QPTJUJPOFE BU φb+360°� ɨF OFU SFTVMU JT UIBU UIF
JOUFSQPMBUJPO GVODUJPO FêFDUJWFMZ XSBQT BSPVOE PWFS UIF [−180°,+180°] SBOHF� ɨFO BMM
φ DPPSEJOBUFT BSF DPOWFSUFE UP SBEJBOT TP BT UP GBDJMJUBUF NBOJQVMBUJPO PG FNPUJPO VTJOH
DPNQMFY OVNCFST� 'JOBMMZ BMM QPJOUT BSF TPSUFE VTJOH φ BT B LFZ BOE UIF SFTVMUT BSF GFE
JOUP $)/ -+*'�/ Α$)/ -+ͮ�ρς�

" TFDPOE QPJOU PG DIBOHF JT UIF BEEJUJPO PG PWFSMBZ GVODUJPOT� ɨFTF GVODUJPOT BSF PQUJPOBM
DBMMCBDL GVODUJPOT UIBU DBO CF BUUBDIFE UP POF PS NPSF %0'T� ɨFZ UBLF B DBMDVMBUFE %0'
QPTJUJPO BOE UIF BTTPDJBUFE %0' PCKFDU BT BSHVNFOUT BOE DBO DIPPTF UP SFUVSO B NPEJëFE
%0' QPTJUJPO� &YDFSQU ��� TIPXT BO FYBNQMF PWFSMBZ GVODUJPO UIBU QFSJPEJDBMMZ NPEJëFT
UIF FZFMJE QPTJUJPO JO PSEFS UP FOBCMF CMJOLJOH� ɨJT BQQSPBDI QSFTFSWFT UIF DJSDVNQMFY
NPEFM BMHPSJUIN BT B CBTJT GPS UIF BOJNBUJPO PG GBDJBM FYQSFTTJPOT CVU FOBCMFT UIF PQUJPO
UP NPWF CFZPOE UIBU TIPVME B DFSUBJO BQQMJDBUJPO SFRVJSF JU�

Snippet 4.3 Example overlay function
� � ! �'$)&ν*1 -'�4ρ�*!ν+*.Β �*!ςΓ
� Ϩ �1 -2-$/  4 '$� +*.$/$*) /*  )��' �'$)&$)"
� $! �'$)&ν�)$(ρς ҈ ͭ /# )
� - /0-) ΧͭΑ͵
�  '. Γ
� - /0-) �*!ν+*.
�
� �3+- ..$*)Α�*!.σΝν�ν
�ΝτΑ���ν*1 -'�4ρ�'$)&ν*1 -'�4ς
� �3+- ..$*)Α�*!.σΝ�ν�ν
�ΝτΑ���ν*1 -'�4ρ�'$)&ν*1 -'�4ς

'JOBMMZ B NJOPS QPJOU PG DIBOHF SPCPU�TQFDJëD EBUB 	F�H� TFSWP QJOT SBOHF PG NPUJPO
%0' NBQT
 JT TUPSFE JO TFQBSBUF DPOëHVSBUJPO ëMFT JOTUFBE PG CFJOH JODMVEFE EVSJOH QSP�
HSBN DPNQJMBUJPO� :".- JT VTFE GPS UIFTF DPOëHVSBUJPO ëMFT� ɨJT XBT DIPTFO BT B ëMF
GPSNBU CFDBVTF JU JT MJHIU�XFJHIU QMBJO�UFYU BOE IVNBO�SFBEBCMF� "T PG SJHIU OPX SPCPU
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DPOëHVSBUJPO JT TQMJU PWFS UISFF TFQBSBUF ëMFT� ɨF ëSTU iQJONBQ�ZBNMw DPOUBJOT BO BT�
TPDJBUJWF BSSBZ MJOLJOH %0' OBNFT UP QJO OVNCFST PO UIF TFSWP DPOUSPMMFS� ɨF TFDPOE
DPOëHVSBUJPO ëMF iMJNJUT�ZBNMw DPOUBJOT UIF QVMTF XJEUI EBUB EFTDSJCJOH UIF SBOHF PG
NPUJPO PG FBDI %0'� 'JOBMMZ iGVODUJPOT�ZBNMw DPOUBJOT UIF %0' NBQT PG FBDI %0'�
0QUJPOBMMZ UIJT ëMF DBO BMTP DPOUBJO BSCJUSBSZ BEEJUJPOBM EBUB XIJDI JT MPBEFE JOUP UIF
%0' DMBTT PCKFDUT� ɨJT EBUB JT BMTP BDDFTTJCMF GSPN XJUIJO PWFSMBZ GVODUJPOT XIJDI DPVME
CF VTFE UP TQFDJGZ PWFSMBZ QBSBNFUFST�

4.3.2 USER INTERFACE PRECURSORS

ɨF ëSTU WFSTJPOT PG UIF QMBUGPSN�T VTFS JOUFSGBDF XFSF EFTJHOFE XJUI UIF TPMF HPBM PG BMMPX�
JOH UIF IBSEXBSF TJEF PG UIF QMBUGPSN UP CF UFTUFE BT NFOUJPOFE FBSMJFS JO TFDUJPO ������
$POTFRVFOUMZ ɨFTF JOUFSGBDFT DBO CF TFFO BT SVEJNFOUBSZ BU CFTU� /FWFSUIFMFTT GPS TBLF
PG DPNQSFIFOTJWFOFTT B CSJFG EFTDSJQUJPO JT JODMVEFE JO UIJT TFDUJPO�

5XP WFSTJPOT PG UIJT SVEJNFOUBSZ JOUFSGBDF XFSF NBEF DPSSFTQPOEJOH UP UIF ëSTU HFOFSB�
UJPO PG FMFDUSPOJDT 	TFDUJPO �����
 BOE UIF ëSTU JUFSBUJPO PG UIF TFDPOE HFOFSBUJPO 	TFDUJPO
�������
 SFTQFDUJWFMZ� ɨFZ XFSF CBTFE BSPVOE UIF DPODFQU PG EJSFDU NBOJQVMBUJPO PG UIF
FNPUJPO WFDUPS 	WBMFODF�BSPVTBM DPPSEJOBUFT
 CZ UIF VTFS BMMPXJOH UIFN UP TFMFDU BO FNP�
UJPO XIJDI UIF SPCPU UIFO DPOWFZT UISPVHI GBDJBM FYQSFTTJPOT� ɨJT VTFS JOUFSGBDF JT WFSZ
QSJNJUJWF BOE PêFST MJUUMF JOUFMMJHFODF PS JOUFSBDUJWJUZ UIPVHI JU TVïDFT GPS UFTUJOH QVS�
QPTFT�

Fig. 4.39 Hardware interface Fig. 4.40 Web interface

ɨF ëSTU WFSTJPO TIPXO JO ëH� ���� GFBUVSFT B QIZTJDBM JOUFSGBDF CVJMU BSPVOE B KPZ�
TUJDL� ɨF KPZTUJDL JT QPTJUJPOFE JO UIF DFOUFS PG B EJBHSBN SFQSFTFOUJOH 3VTTFM�T DJSDVN�
QMFY NPEFM 	3VTTFM ����
� ɨF QPTJUJPOT PG &LNBO�T TJY CBTJD FNPUJPOT 	&LNBO ����

BSF BMTP JOEJDBUFE PO UIF EJBHSBN�

ɨF TFDPOE WFSTJPO TIPXO JO ëH� ���� JT B TPGUXBSF JNQMFNFOUBUJPO PG UIF TBNF JOUFSGBDF�
ɨJT WFSTJPO TFSWFE BT B QSPPG�PG�DPODFQU GPS UIF TPGUXBSF BSDIJUFDUVSF PG UIF 4#$�CBTFE
FMFDUSPOJDT� ɨF JOUFSGBDF JT JNQMFNFOUFE BT B XFC QBHF BOE JT TFSWFE EJSFDUMZ GSPN UIF
3BTQCFSSZ 1J PWFS B MPDBM 8J'J OFUXPSL� ɨF DMJFOU TJEF 	J�F� UIF XFC QBHF SVOOJOH PO
B VTFS�T DPNQVUFS
 DPNNVOJDBUFT XJUI UIF TFSWFS TJEF 	J�F� UIF 1ZUIPO�CBTFE XFC TFSWFS
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SVOOJOH PO UIF 3BTQCFSSZ 1J
 VTJOH "TZODISPOPVT +BWBTDSJQU BOE 9.- 	"+"9
 DBMMT� ɨJT
NFUIPE BMMPXT GPS DPNNVOJDBUJPO CFUXFFO UIF UXP TJEFT XJUIPVU SFMPBEJOH UIF XFC QBHF
FWFSZ UJNF EBUB JT USBOTNJUUFE� ɨF BSDIJUFDUVSF PG UIF 4#$�CBTFE TPGUXBSF JT EFTDSJCFE JO
NPSF EFUBJM JO TFDUJPO ������� BOE POXBSET�

4.3.3 APP-BASED WEB INTERFACE

ɨF GPMMPXJOH TFDUJPOT EFTDSJCF UIF ëOBM JUFSBUJPO PG UIF TPGUXBSF QMBUGPSN� *OìVFODFE CZ
QSJPS FYQFSJFODFT XF IBWF NBEF BO FêPSU UP DSFBUF BO FOWJSPONFOU UIBU JT SPCVTU FBTZ
UP VTF 	FTQFDJBMMZ CZ OPO�FYQFSUT
 TVJUBCMF GPS NBOZ LJOET PG TPDJBM SPCPUT BOE FBTJMZ
FYUFOTJCMF UP BMMPX GPS OFX GVODUJPOBMJUZ 	G1 G10
�

4.3.3.1 DESIGN PHILOSOPHY

ɨF JOJUJBM 0OP QSPUPUZQFT XFSF WFSZ TJNQMF UP PQFSBUF XIJDI QSPWFE CFOFëDJBM GPS EFNPO�
TUSBUJPOT BOE FYIJCJUJPOT UIPVHI JU EJE OPU PêFS BEFRVBUF GVODUJPOBMJUZ GPS QSBDUJDBM VTF
JO FYQFSJNFOUT� 'PS UIJT SFBTPO BO FYUFOTJCMF TPGUXBSF GSBNFXPSL XBT DSFBUFE UP BDDPN�
NPEBUF UIF WBSJPVT SFBM�XPSME VTF DBTFT� 1SFWJPVT FYQFSJFODF IBT NBEF VT LFFOMZ BXBSF PG
UIF JNQPSUBODF PG UIF VTBCJMJUZ PG UIF SPCPU�T TPGUXBSF� 7FSZ PGUFO UIF SPCPUT XJMM OFFE UP
CF PQFSBUFE CZ VTFST XJUIPVU B UFDIOJDBM CBDLHSPVOE TVDI BT B UIFSBQJTU PS BO FEVDBUPS�
6TFST OFFE UP CF BCMF UP UVSO PO BOE VTF UIF SPCPU BOE UIF TPGUXBSF TIPVME iKVTU XPSLw�
8JUI 1SPCP UFDIOJDBM TVQQPSU TUBê XBT PGUFO SFRVJSFE EVSJOH VTF B TJUVBUJPO XF XBOUFE
UP BWPJE�

'PS UIJT SFBTPO XF DSFBUFE B DVTUPN XFC�CBTFE JOUFSGBDF SVOOJOH MPDBMMZ PO B 3BTQCFSSZ
1J JOTJEF UIF SPCPU� ɨF PQFSBUJOH TZTUFN JT DPOëHVSFE TP UIBU B 8J'J BDDFTT QPJOU JT
DSFBUFE XIFO UIF SPCPU JT UVSOFE PO� 6TFST DBO DPOOFDU UP UIF XFC JOUFSGBDF UISPVHI UIJT
OFUXPSL UP DPOUSPM UIF SPCPU� *O BEEJUJPO UP MBQUPQT UIF SPCPU DBO BMTP CF DPOUSPMMFE
VTJOH UBCMFUT BOE TNBSU QIPOFT� 6TFST EP OPU OFFE UP JOTUBMM TPGUXBSF PO UIFJS TZTUFN
BWPJEJOH QPUFOUJBM QSBDUJDBM QSPCMFNT�

Fig. 4.41 Main page of the Opsoro interface,
showing all apps

Fig. 4.42 Example showing the interface of the
“Social Script” app
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*O SFDFOU ZFBST NPEFSO XFC TUBOEBSET IBWF BEWBODFE UP B TUBUF XIFSF UIFZ TVQQPSU UIF
DSFBUJPO PG SJDI VTFS JOUFSGBDFT� $POUFNQPSBSZ XFC�CBTFE BQQMJDBUJPOT UIBU SJWBM UIF GVOD�
UJPOBMJUZ PG PðJOF QSPHSBNT TVDI BT (PPHMF %PDT JT QSPPG PG UIJT� 0VS XFC�CBTFE JOUFS�
GBDF CPSSPXT UIF iBQQw NFUBQIPS PG UBCMFU BOE TNBSU QIPOF JOUFSGBDFT� 0QFOJOH UIF NBJO
QBHF PG UIF JOUFSGBDF VTFST BSF QSFTFOUFE XJUI B HSJE PG BQQT 	TFF ëHVSF ����
 XIFSF FBDI
BQQ JT SFMBUFE UP QFSGPSNJOH POF TQFDJëD UBTL PS TDFOBSJP 	TFF ëHVSF ����
�

/FX BQQT DBO CF DSFBUFE UISPVHI B 1ZUIPO�CBTFE "1*� 0VS SFBTPOJOH GPS UIJT JT UXPGPME�
'JSTUMZ XF DBOOPU IPQF UP BOUJDJQBUF BMM QPUFOUJBM VTFT PG UIF QMBUGPSN� .BOZ QPUFOUJBM
BQQMJDBUJPOT GPS TPDJBM SPCPUT BSF TJUVBUFE ëSNMZ JO OJDIF BSFBT� ɨFTF OJDIF BSFBT BSF BMTP
DIBSBDUFSJ[FE CZ NBSHF BNPVOUT PG UBDJU LOPXMFEHF� ,OPXMFEHF UIBU JT EJïDVMU UP USBOTGFS
GSPN SPCPU VTFS UP SPCPU EFTJHOFS� )JQQFM 	����
 DPJOFE UIF UFSN iTUJDLZ JOGPSNBUJPOw UP
EFTDSJCF UIJT QSPCMFN BOE QSPQPTFT UIF EFTJHO PG UPPMLJUT BT POF TPMVUJPO� *O UIJT DPOUFYU
UIF TPGUXBSF "1* JT QBSU PG PVS UPPMLJU GPS TPDJBM SPCPUT�

ɨF TFDPOE SFBTPO JT SFMBUFE UP UIF ëSTU� 1PUFOUJBM BQQMJDBUJPOT BSF WFSZ EJWFSTF BOE SBOHFT
GSPN UIFSBQZ UP FOUFSUBJONFOU UP FEVDBUJPO BOE NPSF� 4JNQMZ QVU XF EP OPU IBWF
UIF SFTPVSDFT UP GVMMZ TVQQPSU BMM UIFTF UBSHFU HSPVQT� 8F DIPTF UIF BQQ�CBTFE TPGUXBSF
BSDIJUFDUVSF BT B XPSLBSPVOE GPS UIJT QSPCMFN BMMPXJOH VTFST UP FBTJMZ NPEJGZ BOE FYUFOE
UIF QMBUGPSN BT UIFZ TFF ëU 	G1
� ɨF BQQ�CBTFE TZTUFN BMMPXT FOE�VTFST UP FOIBODF UIF
GVODUJPOBMJUZ PG UIFJS SPCPU TJNQMZ CZ EPXOMPBEJOH B ëMF� #FDBVTF GBDJBM FYQSFTTJPOT BSF
HFOFSBUFE GSPN WBMFODF BOE BSPVTBM QBSBNFUFST JOTUFBE PG CFJOH IBSE�DPEFE BQQT BSF JOEF�
QFOEFOU GSPN UIF SPCPU�T FNCPEJNFOU� $POTFRVFOUMZ UIF TBNF TPGUXBSF UIF TBNF BQQT
BOE UIF TBNF DPOUFOU DBO CF VTFE GPS NBOZ EJêFSFOU LJOET PG SPCPUT GBDJMJUBUJOH TIBSJOH
BOE SFVTF 	G10
�

'JHVSF ���� TIPXT BO PWFSWJFX PG UIF QMBUGPSN TPGUXBSF BSDIJUFDUVSF� ɨF GPMMPXJOH TFD�
UJPOT EFTDSJCF FBDI PG UIF FMFNFOUT JO EFUBJM TUBSUJOH GSPN UIF 04 MFWFM BOE CVJMEJOH VQ
GSPN UIFSF�

4.3.3.2 OS CONFIGURATION

0O UIF NPTU CBTJD MFWFM UIF TPGUXBSF BSDIJUFDUVSF SFMJFT VQPO UIF -JOVY PQFSBUJOH TZTUFN�
ɨF 04 IBOEMFT GVODUJPOBMJUZ TVDI BT UBTL TDIFEVMJOH ëMF NBOBHFNFOU OFUXPSLJOH BOE
QFSJQIFSBM DPOUSPM� 3BTQCJBO JT VTFE XIJDI JT UIF TUBOEBSE -JOVY EJTUSJCVUJPO GPS UIF
3BTQCFSSZ 1J� 5XP DIBOHFT IBWF CFFO NBEF GSPN UIF EFGBVMU 04 DPOëHVSBUJPO�

ɨF OFUXPSL DPOëHVSBUJPO IBT CFFO DIBOHFE TP UIBU UIF 8J'J EPOHMF TUBSUT JO BDDFTT QPJOU
NPEF DSFBUJOH B MPDBM OFUXPSL PWFS XIJDI UIF VTFS DBO PQFSBUF UIF SPCPU� "EEJUJPOBMMZ
BO N%/4 TFSWJDF JT DPOëHVSFE TP UIBU UIF 3BTQCFSSZ 1J DBO CF BDDFTTFE UISPVHI UIF
iPOP�MPDBMw 63- JOTUFBE PG SFRVJSJOH UIF FOE VTFS UP FOUFS UIF EFWJDF�T *1 BEESFTT NBOVBMMZ�
"T B SFTVMU PG UIJT DPOëHVSBUJPO UIF 3BTQCFSSZ 1J DBO GVODUJPO IFBEMFTTMZ BOE DBO CF
DPOUSPMMFE XJUIPVU LFZCPBSE BOE TDSFFO BUUBDIFE�

ɨF TFDPOE TFU PG NPEJëDBUJPOT SFMBUF UP UIF LFSOFM NPEVMF DPOëHVSBUJPO� .PEVMFT BSF
MPBEFE UIBU FOBCMF BMM UIF GVODUJPOBMJUZ PG UIF 3BTQCFSSZ 1J�T ���QJO FYQBOTJPO IFBEFS

217



4. OPSORO: OPEN PLATFORM FOR SOCIAL ROBOTICS

apps
Active app determines control logic of the robot.

Only one app is activated at a time.

Opsoro API
e.g. facial expressions,

animation, text-to-speech,
hardware interface.

web server
Handles communication
between apps and the

user’s browser.

python + flask

linux OS
Handles hardware communication, audio and WiFi.

firmware
Realtime tasks such as

sensor and motor control.

web browser
HTTP

WebSocket

SPI

I2S

Raspberry Pi

RPi HAT

Robot Electronics

User’s computer

Fig. 4.43 High-level overview of the Opsoro software architecture

BMMPXJOH BDDFTT UP UIF *�$ *�4 BOE 41* CVTFT BT XFMM BT (1*0 QJOT� ɨF *�4 CVT JT VTFE
UP DPNNVOJDBUF XJUI UIF BVEJP DJSDVJUSZ PO UIF EBVHIUFS CPBSE� ɨF 41* *�$ BOE (1*0
NPEVMFT BSF VTFE UP DPNNVOJDBUF XJUI UIF EBVHIUFS CPBSE�T NJDSPDPOUSPMMFS� ɨF 41* CVT
JT UIF NBJO DIBOOFM UISPVHI XIJDI CPBSE GVODUJPOBMJUZ JT DPOUSPMMFE JODMVEJOH TFSWP BOE
TFOTPS DPOUSPM�

4.3.3.3 WEB SERVER

ɨF CVML PG UIF TPGUXBSF JT XSJUUFO JO 1ZUIPO B IJHI�MFWFM JOUFSQSFUFE QSPHSBNNJOH MBO�
HVBHF� ɨF NBJO TDSJQU JT DPOëHVSFE BT B -JOVY EBFNPO B TFSWJDF UIBU SVOT BVUPNBUJDBMMZ
BU TUBSUVQ� ɨJT NBLFT UIF JOUFSGBDF BDDFTTJCMF XIFOFWFS UIF SPCPU JT UVSOFE PO� ɨF XFC
TFSWFS SFTQPOTJCMF GPS HFOFSBUJOH BOE USBOTNJUUJOH UIF JOUFSGBDF�T )ZQFSUFYU .BSLVQ -BO�
HVBHF 	)5.-
 QBHFT UP UIF VTFS�T EFWJDF JT BMTP QBSU PG UIF 1ZUIPO BQQMJDBUJPO� ɨF 'MBTL
XFC GSBNFXPSL� JT VTFE BMPOH XJUI UIF 5PSOBEP OFUXPSLJOH MJCSBSZ� UP IBOEMF UIF VO�
EFSMZJOH DPNNVOJDBUJPO� 5PSOBEP JT VTFE JOTUFBE PG 'MBTL�T CVJMU�JO TFSWFS JO PSEFS UP
TVQQPSU 8FC4PDLFUT JO BEEJUJPO UP )551� 8FC4PDLFUT BSF VTFE UP QSPWJEF B MPX�MBUFODZ
DPNNVOJDBUJPO DIBOOFM CFUXFFO DMJFOU BOE TFSWFS� ɨJT JT OFFEFE GPS DBTFT XIFSF UIF
SPCPU TIPVME JNNFEJBUFMZ SFTQPOE UP JOUFSGBDF JOQVU PS XIFSF TFOTPS EBUB OFFET UP CF
DPOUJOVPVTMZ TUSFBNFE GSPN UIF SPCPU UP UIF VTFS�T EFWJDF� )551 JT VTFE NBJOMZ GPS UIF
USBOTNJTTJPO PG CVML EBUB TVDI BT UIF JOUFSGBDF�T )5.- QBHFT BOE BTTFUT�

�'MBTL 	" 1ZUIPO .JDSPGSBNFXPSL
 o #//+Γχχ!'�.&Α+*�**Α*-"
�5PSOBEP 8FC 4FSWFS o #//+Γχχ222Α/*-)��*2 �Α*-"
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4. OPSORO: OPEN PLATFORM FOR SOCIAL ROBOTICS

4.3.3.4 USER AUTHENTICATION

5P TJNQMJGZ UIF MPHJD PG UIF BQQMJDBUJPO BT XFMM BT UP SFEVDF UIF TUSBJO PO UIF MJNJUFE
SFTPVSDFT PG UIF 3BTQCFSSZ 1J UIF 0QTPSP JOUFSGBDF JT MJNJUFE UP POF BDUJWF VTFS BU B UJNF�
)BWJOH NVMUJQMF VTFST DPOOFDUFE UP UIF JOUFSGBDF BU UIF TBNF UJNF DPVME SFTVMU JO TJUVBUJPOT
XIFSF UIFZ TFOE DPOìJDUJOH DPNNBOET UP UIF SPCPU MFBEJOH UP VOFYQFDUFE CFIBWJPS� ɨF
QSPHSBNNJOH PWFSIFBE UP EFBM XJUI JTTVFT TVDI BT UIF BSCJUSBUJPO PG DPOìJDUJOH DPNNBOET
BOE JOUFSGBDF TUBUF NJSSPSJOH CFUXFFO DPOOFDUFE DMJFOUT XBT EFFNFE UP HSFBU FTQFDJBMMZ
DPOTJEFSJOH UIBU XF IBWF OFWFS GFMU UIF OFFE UP DPOUSPM UIF SPCPU GSPN NVMUJQMF EFWJDFT JO
QSFWJPVT FYQFSJNFOUT�

password

authentication token

request login

generate auth. token
save auth. token

authentication token

web page

save auth. token
request webpage

verify auth. token

authentication token

websocket token

request websocket token

verify auth. token
generate websocket token

websocket token

connection established

save websocket token
start websocket connection

verify websocket token
set verified flag

command parameters

command return data

send API command

check verified flag
execute command

…

HTTP connection

AJAX connection

WebSocket connection

H
T
T
P
co
ok

ie
s H

T
T
P
co
ok

ie
s

Py
th
on

va
ri
ab
le
s

Ja
va
sc
ri
pt

va
ri
ab
le
s

client
(user’s browser)

server
(Raspberry Pi)

Fig. 4.44 Authentication scheme

$POTFRVFOUMZ BO BVUIFOUJDBUJPO TDIFNF 	ëH� ����
 XBT EFWJTFE UP FOGPSDF TJOHMF�VTFS
VTF� 8IFO B VTFS ëSTU DPOOFDUT UP UIF JOUFSGBDF XFC TFSWFS UIFZ BSF SFEJSFDUFE UP B MPHJO
QBHF� 6QPO TVDDFTTGVM MPHJO UIF TFSWFS HFOFSBUFT B TUSJOH PG �� SBOEPN CZUFT UIBU TFSWFT BT
BVUIFOUJDBUJPO UPLFO� ɨJT UPLFO JT LFQU JO NFNPSZ PO UIF XFC TFSWFS CVU JT BMTP TUPSFE
PO UIF DMJFOU TJEF BT B TFTTJPO DPPLJF� &WFSZ UJNF B )551 SFRVFTU JT JTTVFE CZ UIF DMJFOU
UIF TFSWFS DPNQBSFT UIF DMJFOU�T TFTTJPO DPPLJF UP UIF UPLFO JO NFNPSZ� *G UIFZ EP OPU
NBUDI UIF VTFS�T TFTTJPO JT EFTUSPZFE BOE UIF SFRVFTU JT SFEJSFDUFE UP UIF MPHJO QBHF� *O
QSBDUJDF UIJT NFBOT UIBU UIF NPTU SFDFOUMZ MPHHFE JO VTFS BMXBZT IBT QSJPSJUZ BT UIF WBMVF
PG UIF UPLFO PO UIF TFSWFS�TJEF JT PWFSXSJUUFO FBDI UJNF B MPHJO PDDVST JOWBMJEBUJOH BOZ
QSFWJPVTMZ DPOOFDUFE DMJFOUT�
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ɨF BMHPSJUIN UP BVUIFOUJDBUF 8FC4PDLFU DPOOFDUJPOT CVJMET PO UPQ PG UIJT� ɨF TFTTJPO
DPPLJF UPLFO BQQSPBDI DBOOPU CF VTFE EJSFDUMZ CFDBVTF TFTTJPO DPPLJFT BSF OPU BWBJMBCMF
GSPN XJUIJO UIF 8FC4PDLFU DPOUFYU� $POTFRVFOUMZ B XPSL�BSPVOE NFUIPE XBT EFWJTFE�
'JSTU UIF DMJFOU SFRVFTUT B 8FC4PDLFU BVUIFOUJDBUJPO UPLFO GSPN UIF TFSWFS VTJOH BO BTZO�
DISPOPVT )551 SFRVFTU� ɨF TFSWFS VTFT UIF TFTTJPO DPPLJF UPLFO UP WBMJEBUF UIF BVUIFO�
UJDJUZ PG UIF SFRVFTU BOE HFOFSBUFT BOE SFUVSOT B OFX UPLFO GPS 8FC4PDLFU BVUIFOUJDBUJPO�
*O UIF TFDPOE QIBTF UIF DMJFOU PQFOT B 8FC4PDLFU DPOOFDUJPO UP UIF TFSWFS BOE USBOTNJUT
UIF UPLFO JU SFDFJWFE JO UIF )551 SFRVFTU BU XIJDI QPJOU UIF 8FC4PDLFU DPOOFDUJPO JT
BVUIFOUJDBUFE�

*U TIPVME CF OPUFE UIBU UIF BVUIFOUJDBUJPO NFUIPET EFTDSJCFE JO UIF BCPWF QBSBHSBQIT
BSF OPU XBUFSQSPPG CZ BOZ TUSFUDI PG UIF JNBHJOBUJPO� ɨFZ TFSWF QSJNBSJMZ UP EFBM XJUI
TJUVBUJPOT XIFSF NVMUJQMF VTFST BSF TJNVMUBOFPVTMZ DPOOFDUFE CZ BDDJEFOU� " TVïDJFOUMZ
NPUJWBUFE NBMJDJPVT VTFS DPVME QSPCBCMZ ëOE FYQMPJUT JO UIFTF TZTUFNT UIPVHI JO PVS
DPOUFYU UIJT TDFOBSJP TFFNT VOMJLFMZ BOE UIF JNQBDU PG TVDI B IBDL XPVME SFNBJO MJNJUFE
UP UIF SPCPU�

4.3.3.5 APP MANAGER

'PS TJNJMBS SFBTPOT BT UP XIZ POMZ POF VTFS DBO DPOUSPM UIF SPCPU XF DIPTF UP NBLF JU
TP POMZ POF BQQ DBO CF BDUJWBUFE BU B UJNF� )BWJOH NVMUJQMF BQQT BDUJWF TJNVMUBOFPVTMZ
XPVME SFRVJSF BMM BQQT CF QSPHSBNNFE JO TVDI B XBZ UIBU UIFZ OFHPUJBUF GPS DPOUSPM PG
UIF IBSEXBSF BNPOH UIFNTFMWFT� 4FFJOH UIBU XF XBOU UIF TPGUXBSF UP CF FYUFOTJCMF VTJOH
UIJSE�QBSUZ BQQT XF DBOOPU QSFEJDU BMM JOUFS�BQQ JOUFSBDUJPOT� $POTFRVFOUMZ UIF TPGUXBSF
JNQPTFT B DPOTUSBJOU UIBU POMZ POF BQQ DBO CF BDUJWBUFE BU B UJNF�

ɨF BQQ NBOBHFS PG UIF TPGUXBSF QFSGPSNT B OVNCFS PG EJêFSFOU UBTLT� 'JSTUMZ JU IBO�
EMFT UIF EJTDPWFSZ PG JOTUBMMFE BQQT� "QQT BSF TFMG�DPOUBJOFE XJUIJO UIFJS PXO GPMEFS BOE
DPOUBJOJOH POF PS NPSF 1ZUIPO TDSJQUT QMVT BMM DMJFOU�TJEF ëMFT SFRVJSFE GPS UIF BQQ�T VTFS
JOUFSGBDF TVDI BT )5.- UFNQMBUFT $44 ëMFT JNBHFT BOE +BWBTDSJQU ëMFT� ɨFTF GPMEFST
BSF BVUPNBUJDBMMZ MPBEFE BT NPEVMFT CZ UIF BQQ NBOBHFS BOE SFMFWBOU JOGPSNBUJPO TVDI
BT UIF BQQ�T OBNF BOE JDPO JT FYUSBDUFE BVUPNBUJDBMMZ GPS VTF JO UIF JOUFSGBDF�

4FDPOEMZ UIF BQQ NBOBHFS MFUT BQQT EFëOF XFC QBHFT XJUIJO UIFJS PXO χ�++.χ҇�++)�( ҈χ
63- QBUI� ɨF BQQ NBOBHFS BVUPNBUJDBMMZ JOKFDUT UIF HMVF MPHJD SFRVJSFE UP DIFDL UIF
VTFS�T BVUIFOUJDBUJPO BOE UP SFEJSFDU UIF VTFS UP UIF NBJO QBHF JG UIF XFC QBHF CFMPOHT UP
BO JOBDUJWF BQQ�

ɨF ëOBM GVODUJPO PG UIF BQQ NBOBHFS JT UP IBOEMF BDUJWBUJPO BOE EFBDUJWBUJPO PG FBDI BQQ
FOTVSJOH UIBU UIF BQQ�T ./�-/ρς BOE ./*+ρςNFUIPET BSF DBMMFE BU BQQSPQSJBUF UJNFT� "QQ
BVUIPST DBO DIPPTF UP PWFSXSJUF UIFTF NFUIPET UP IBOEMF XIBUFWFS BDUJWBUJPO�EFBDUJWBUJPO
MPHJD UIFZ SFRVJSF TVDI BT UVSOJOH TFSWPT PO�Pê PS TUBSUJOH�TUPQQJOH B TFQBSBUF QSPHSBN
UISFBE�

'JHVSFT ���� ���� BOE ���� JMMVTUSBUF UIF GVODUJPOBMJUZ PG UIF BQQ NBOBHFS JO WBSJPVT
TJUVBUJPOT� 'JHVSF ���� TIPXT UIF JOJUJBMJ[BUJPO PG UIF TZTUFN� %VSJOH UIJT QIBTF UIF BQQ
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web server

App Manager Web pages
WebSockets

app 1 app 2 app 3

Opsoro API

. /0+ρς . /0+ρς . /0+ρς

on system start

Fig. 4.45 App manager – setup

web server

App Manager Web pages
WebSockets

app 1 app 2
app 3

Opsoro API

./*+ρς ./�-/ρς

user activates app

Fig. 4.46 App manager – activation

web server

App Manager Web pages
WebSockets

active app

Opsoro API

*)ν+�" ρς �"ν/#- ��ρς

user interacts with app

Fig. 4.47 App manager – interaction

NBOBHFS BVUP�EFUFDUT UIF JOTUBMMFE BQQT BOE TFRVFOUJBMMZ SVOT UIFJS . /0+ρς GVODUJPOT
BMMPXJOH UIF BQQT UP SFHJTUFS XFCQBHFT SFHJTUFS 8FC4PDLFU IBOEMFST BOE QFSGPSN BOZ
OFDFTTBSZ JOJUJBMJ[BUJPO TUFQT� 'JHVSF ���� TIPXT IPX BQQ TXJUDIJOH JT IBOEMFE� 'JSTU
UIF DVSSFOUMZ SVOOJOH BQQ�T ./*+ρς NFUIPE JT DBMMFE BMMPXJOH JU UP SFMFBTF DPOUSPM UP UIF
IBSEXBSF� ɨFO UIF OFX BQQ�T ./�-/ρς NFUIPE JT DBMMFE TJHOBMJOH UIF TUBSU PG UIBU BQQ�
'JOBMMZ ëHVSF ���� TIPXT UIF HFOFSBM XPSLìPX PG BO BDUJWF BQQ� )FSF UIF BQQ NBOBHFS
JT SFTQPOTJCMF GPS SFEJSFDUJOH XFC FWFOUT UP UIF BQQSPQSJBUF IBOEMFS JOTJEF UIF BDUJWF BQQ�
*O BEEJUJPO UP HFOFSBUJOH B XFC QBHF UIJT IBOEMFS DBO BMTP JOUFSBDU XJUI UIF "1* GPS
JOTUBODF UP DIBOHF UIF GBDJBM FYQSFTTJPO PG UIF SPCPU� ɨF ëHVSF BMTP TIPXT BO PQUJPOBM
CBDLHSPVOE UISFBE� ɨJT UISFBE DBO CF VTFE GPS CFIBWJPST UIBU BSF OPU UIF EJSFDU SFTVMU PG
PQFSBUPS JOQVU GPS FYBNQMF FZF CMJOLJOH PS SFTQPOEJOH UP UPVDI TFOTPS FWFOUT�
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4.3.3.6 HARDWARE AND EXPRESSION

ɨF TPGUXBSF BMTP QSPWJEFT B OVNCFS PG NPEVMFT UIBU BSF JOUFOEFE UP CF VTFE CZ BQQT� ɨF
NPTU JNQPSUBOU POFT BSF UIF )BSEXBSF NPEVMF BOE UIF &YQSFTTJPO NPEVMF� ɨFTF NPE�
VMFT QSPWJEF TJNQMJëFE BDDFTT UP SBX IBSEXBSF DPOUSPM BOE UIF GBDJBM FYQSFTTJPO BMHPSJUIN
SFTQFDUJWFMZ�

ɨF )BSEXBSF NPEVMF QSPWJEFT BDDFTT UP UIF TFSWPT 	F�H� UVSO PO UVSO Pê TFU QPTJUJPO

UP UIF DBQBDJUJWF UPVDI TFOTPST 	F�H� JOJUJBMJ[F DIBOOFMT HFU SBX�ëMUFSFE EBUB EFUFDU UPVDI

BOE UP WBSJPVT VUJMJUJFT 	F�H� SFTFU NJDSPDPOUSPMMFS HFU CPBSE WFSTJPO UVSO -&% PO
� ɨJT
BMM IBQQFOT PWFS UIF 41* CVT VTJOH UIF QSPUPDPM EFTDSJCFE JO TFDUJPO ������� XIJDI JT BMTP
JNQMFNFOUFE CZ UIF NPEVMF�

ɨF &YQSFTTJPO NPEVMF FODBQTVMBUFT UIF GBDJBM FYQSFTTJPO BMHPSJUIN EFTDSJCFE JO TFDUJPO
������ *U IBOEMFT UIF MPBEJOH PG SPCPU�TQFDJëD %0' BOE %0'�NBQ EBUB GSPN DPOëHVSB�
UJPO ëMFT BOE VTFT UIF )BSEXBSF NPEVMF UP PVUQVU GBDJBM FYQSFTTJPOT CBTFE VQPO JOQVU
GSPN BQQT� "QQT DBO DPOUSPM GBDJBM FYQSFTTJPOT VTJOH FJUIFS WBMFODF BOE BSPVTBM DPPSEJ�
OBUFT PS r BOE φ DPPSEJOBUFT� "QQT DBO BMTP DIPPTF UP PWFSXSJUF DFSUBJO %0'T VTJOH
PWFSMBZ GVODUJPOT�

4.3.3.7 UTILITY MODULES

*O BEEJUJPO UP UIF )BSEXBSF BOE &YQSFTTJPO NPEVMFT UIF TPGUXBSF BMTP QSPWJEFT B OVN�
CFS PG VUJMJUZ NPEVMFT GPS BQQT UP VTF� ɨF 4PVOE NPEVMF QSPWJEFT TJNQMJëFE BDDFTT UP
BVEJP ëMF QMBZCBDL TQFFDI TZOUIFTJT BOE WPMVNF DPOUSPM� ɨF $POTPMF .FTTBHF NPEVMF
QSPWJEFT WBSJPVT NFUIPET GPS PVUQVUUJOH EFCVH NFTTBHFT� ɨF "OJNBUF NPEVMF QSPWJEFT
IFMQFS DMBTTFT UP TJNQMJGZ QSPHSBNNJOH BOJNBUJPOT� ɨF DMBTTFT QSPWJEF UJNF�CBTFE MJOFBS
JOUFSQPMBUJPO PG TDBMBS WBMVFT CBTFE PO LFZGSBNFT UIPVHI JU JT MFGU VQ UP UIF BQQ BVUIPS UP
MJOL UIF BOJNBUJPO UP BO PVUQVU TVDI BT B %0' QPTJUJPO� 'JOBMMZ UIF 4UPQQBCMF ɨSFBE
NPEVMF QSPWJEFT B XBZ UP MFU B GVODUJPO SVO JOEFëOJUFMZ JO B UISFBE JOEFQFOEFOU GSPN
UIF XFC TFSWFS UIPVHI UIF UISFBE DBO CF TUPQQFE BU SFRVFTU GSPN UIF NBJO BQQMJDBUJPO�
ɨJT JT VTFGVM GPS NBLJOH DFSUBJO BDUJPOT IBQQFO DPOUJOVPVTMZ BOE JOEFQFOEFOUMZ GSPN
VTFS JOQVU GPS JOTUBODF B QFSJPEJD FZF CMJOL BOJNBUJPO�

4.3.3.8 OVERVIEW OF APPS

0WFS UIF DPVSTF PG TPGUXBSF EFWFMPQNFOU B OVNCFS PG ëSTU�QBSUZ BQQT XFSF DSFBUFE� ɨJT
JODMVEFT CPUI BQQT UIBU BSF NPSF UFTUJOH�PSJFOUFE BT XFMM BT BQQT UIBU BSF EFTJHOFE GPS VTFS
JOUFSBDUJPO� ɨJT TFDUJPO BJNT UP HJWF BO PWFSWJFX PG BMM DVSSFOUMZ FYJTUJOH BQQT BOE UIFJS
GVODUJPOBMJUZ�
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Fig. 4.48 Circumplex Interface App

ɨF $JSDVNQMFY *OUFSGBDF BQQ 	ëH� ����
 BMMPXT UIF VTFS UP NBOVBMMZ DPOUSPM UIF GBDJBM FY�
QSFTTJPO PG UIF SPCPU VTJOH BO JOUFSBDUJWF DJSDVNQMFY NPEFM ëHVSF BT EFTDSJCFE JO TFDUJPO
������ 7BMFODF BSPVTBM r BOE φ WBMVFT BSF TIPXO TP UIBU UIFZ DBO CF DPQJFE GPS VTF JO
PUIFS BQQT PS TDSJQUT� #BTJD BOJNBUJPO JT VTFE TP UIBU GBDJBM FYQSFTTJPOT USBOTJUJPO TNPPUIMZ
GSPN POF FNPUJPO UP UIF OFYU�

Fig. 4.49 Sounds App

ɨF 4PVOET BQQ 	ëH� ����
 DBO CF VTFE UP NBOBHF BOE UFTU UIF BVEJP�SFMBUFE GFBUVSFT PG UIF
SPCPU� 5FYU DBO CF FOUFSFE EJSFDUMZ UP UFTU UIF UFYU�UP�TQFFDI GVODUJPOBMJUZ PG UIF TPGUXBSF�
ɨF VTFS DBO BMTP VQMPBE BOE QMBZ CBDL BVEJP ëMFT GSPN UIF JOUFSGBDF� "VEJP ëMFT VQMPBEFE
JO UIJT BQQ BSF NBEF BWBJMBCMF UP PUIFS BQQT TVDI BT UIF 7JTVBM 1SPHSBNNJOH BQQ BOE UIF
4PDJBM 4DSJQU BQQ�
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Fig. 4.50 Config Editor App

ɨF $POëH &EJUPS BQQ 	ëH� ����
 BMMPXT UIF VTFS UP FEJU UIF TZTUFN DPOëHVSBUJPO :".-
ëMFT EJSFDUMZ GSPN UIFJS CSPXTFS� ɨFTF ëMFT JODMVEF UIF QJO NBQQJOH XIJDI DPSSFMBUFT
%0' OBNFT UP UIF QIZTJDBM *�0 QJOT GPS TFSWPT UIF TFSWP MJNJUT XIJDI EFëOF UIF SBOHF
PG NPUJPO GPS FBDI %0' BOE UIF %0' NBQQJOH XIJDI EFëOFT IPX WBMFODF BOE BSPVTBM
QBSBNFUFST BSF USBOTGPSNFE JOUP %0' QPTJUJPOT� ɨJT BQQ XBT VTFE GPS UFTUJOH� 4FFJOH
UIBU UIF UFYU�CBTFE DPOëHVSBUJPO MBOHVBHF JT OPU QBSUJDVMBSMZ VTFS�GSJFOEMZ B (6*�CBTFE
WFSTJPO XJMM OFFE UP CF EFWFMPQFE JO UIF GVUVSF�

Fig. 4.51 Touch Graph App

ɨF 5PVDI (SBQI BQQ 	ëH� ����
 JT VTFE UP UFTU BOE EFCVH WBSJPVT FMFDUSPEF DPOëHVSBUJPOT
PG UIF DBQBDJUJWF UPVDI TFOTPS *$� ɨF BQQ DPOUJOVPVTMZ QMPUT UIF TFOTPS WBMVFT PG � UP ��
FMFDUSPEFT BMMPXJOH VTFST UP JUFSBUJWFMZ UFTU UIF SPCVTUOFTT BOE TFOTJUJWJUZ PG IPNF�NBEF
DBQBDJUJWF UPVDI QBET� " TUPQQBCMF UISFBE JT VTFE UP SFBE TFOTPS EBUB BU B GSFRVFODZ PG
�� )[� 4FOTPS EBUB JT TUSFBNFE GSPN UIF SPCPU UP UIF CSPXTFS VTJOH B 8FC4PDLFU�
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Fig. 4.52 Sliders App

ɨF 4MJEFST BQQ 	ëH� ����
 MFUT VTFST NBOVBMMZ DPOUSPM TFSWPT VTJOH B TFU PG TMJEFST� ɨF
TMJEFST ESJWF UIF %0' QPTJUJPO PG FBDI TFSWP SBOHJOH GSPN −1.0 UP +1.0 BOE BSF DPOTF�
RVFOUMZ SFTUSJDUFE UP TUBZ XJUIJO B TBGF SBOHF� ɨJT BQQ JT VTFGVM GPS EFCVHHJOH QSPCMFNT
XJUI TFSWPT BT XFMM BT GPS ëOF�UVOJOH UIF OFVUSBM QPTJUJPO GPS FBDI TFSWP� *OJUJBMMZ "+"9
SFRVFTUT XFSF VTFE UP USBOTGFS %0' QPTJUJPO GSPN UIF CSPXTFS UP UIF TFSWFS UIPVHI UIJT
BQQSPBDI TVêFSFE GSPN QSPCMFNT BT NFTTBHFT DPVME CF SFDFJWFE CZ UIF TFSWFS JO B EJêFSFOU
PSEFS� ɨF JTTVF XBT TPMWFE CZ DIBOHJOH UIF DPNNVOJDBUJPO NFUIPE UP B 8FC4PDLFU
XIJDI HVBSBOUFFT UIBU NFTTBHFT XJMM CF SFDFJWFE JO UIF DPSSFDU PSEFS�

Fig. 4.53 Lua Scripting App

ɨF -VB 4DSJQUJOH BQQ 	ëH� ����
 BMMPXT VTFST UP XSJUF BOE FYFDVUF TDSJQUT GSPN XJUIJO
UIFJS CSPXTFS� ɨF JOUFSGBDF PêFST B UFYU FEJUPS ëFME XJUI TZOUBY IJHIMJHIUJOH BT XFMM
BT CVUUPOT UP TBWF MPBE BOE SVO ëMFT� ɨF TDSJQUJOH FOWJSPONFOU JUTFMG VTFT UIF -VB
QSPHSBNNJOH MBOHVBHF BOE DPEF JT FYFDVUFE JO B TBOECPY FOWJSPONFOU JO PSEFS UP QSPUFDU
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UIF NBJO BQQMJDBUJPO GSPN TDSJQU CVHT� ɨF TUSVDUVSF PG TDSJQUT JT TJNQMFS UIBO UIBU PG B GVMM
BQQ SFRVJSJOH POMZ B . /0+ρς B ,0$/ρς BOE B '**+ρς GVODUJPO XIFSF VTFST DBO JOTFSU
JOJUJBMJ[BUJPO DPNNBOET EFJOJUJBMJ[BUJPO DPNNBOET BOE NBJO QSPHSBN DPEF SFTQFDUJWFMZ�
4DSJQUT IBWF GVMM BDDFTT UP UIF )BSEXBSF BOE &YQSFTTJPO NPEVMFT BT XFMM BT B TFQBSBUF 6*
NPEVMF UIBU MFUT TDSJQU BVUIPST BEE CVUUPOT UP UIF TDSJQU JOUFSGBDF XIJDI DBO UIFO CF
MJOLFE UP UIF TDSJQU DPEF�

Fig. 4.54 Visual Programming App

ɨF 7JTVBM 1SPHSBNNJOH BQQ 	ëH� ����
 MFUT VTFST BVUIPS DVTUPN TDSJQUT CZ ESBHHJOH
BOE DPOOFDUJOH WJTVBM CMPDLT UIBU SFQSFTFOU WBSJPVT DPNNBOET� ɨF HPBM PG UIJT BQQ XBT
UP PêFS B XBZ GPS OPO�QSPHSBNNFST UP DSFBUF DPNQMFY DVTUPN TDFOBSJPT� ɨF WJTVBM QSP�
HSBNNJOH MBOHVBHF SFMJFT VQPO #MPDLMZ B KBWBTDSJQU MJCSBSZ PêFSJOH B WJTVBM QSPHSBNNJOH
FOWJSPONFOU EFSJWFE GSPN 4DSBUDI 	3FTOJDL FU BM� ����
� #MPDLMZ PêFST B TUBOEBSE TFU PG
QSPHSBNNJOH CMPDLT TVDI BT BO $! CMPDL BOE B +-$)/ρς CMPDL� ɨJT TFU PG CMPDLT XBT
FYUFOEFE UP JODMVEF 0QTPSP�TQFDJëD CMPDLT TVDI BT B . /ν (*/$*)ρς CMPDL BOE B .�4νΧ
//.ρς CMPDL� ɨF FOWJSPONFOU USBOTMBUFT CMPDL�CBTFE QSPHSBNT UP -VB DPEF XIJDI JT
UIFO USBOTNJUUFE GSPN UIF CSPXTFS UP UIF SPCPU BOE JT FYFDVUFE VTJOH UIF TDSJQU IPTU PG
UIF -VB 4DSJQUJOH BQQ�
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Fig. 4.55 Social Script App

ɨF 4PDJBM 4DSJQU BQQ 	ëH� ����
 BMMPXT GPS BO FWFO TJNQMFS XBZ PG QSFQBSJOH EJBMPHT BOE
JT JOUFOEFE UP CF VTFE JO 8J[BSE PG 0[ JOUFSBDUJPO TDFOBSJPT� *O BVUIPSJOH NPEF B VTFS
DBO TQFDJGZ B OVNCFS PG WPJDF MJOFT� &BDI WPJDF MJOF DPOTJTUT PG B GBDJBM FYQSFTTJPO DPVQMFE
UP FJUIFS B TPVOE ëMF PS B MJOF PG UFYU JOUFOEFE GPS UFYU UP TQFFDI� *O QMBZ NPEF FBDI PG
UIFTF MJOFT CFDPNFT BWBJMBCMF BT B DMJDLBCMF CVUUPO UIBU NBLFT UIF SPCPU DIBOHF JUT GBDJBM
FYQSFTTJPO BOE TBZ UIF BQQSPQSJBUF MJOF PG UFYU�

4.3.3.9 IMPLEMENTATION OF SCRIPTING ENVIRONMENTS IN APPS

#FDBVTF VTFS FYUFOTJCJMJUZ 	G1 G10
 JT POF PG UIF DPSF JEFBT CFIJOE UIF 0QTPSP QMBUGPSN
XF IBWF DSFBUFE B OVNCFS PG BQQT UIBU GPDVT PO FOBCMJOH OPWJDFT UP DSFBUF DPNQMFY CFIBW�
JPST VTJOH WBSJPVT TDSJQUJOH JOUFSGBDFT� ɨF EJêFSFOU JODBSOBUJPOT PG UIF WBSJPVT iTDSJQUJOHw
BQQT UBVHIU VT NBOZ WBMVBCMF MFTTPOT PO CPUI B UFDIOJDBM MFWFM BT XFMM BT GSPN UIF QFSTQFD�
UJWF PG UIF WBSJPVT UZQFT PG VTFST� #Z TVQQPSUJOH EJêFSFOU EFHSFFT PG TDSJQUJOH EJïDVMUZ
TLJMM EFWFMPQNFOU BOE ìPX JT TUJNVMBUFE 	G6
�

ɨF ëSTU BUUFNQU BU DSFBUJOH B TDSJQUJOH FOWJSPONFOU BQQ XBT UIF JOJUJBM WFSTJPO PG UIF
7JTVBM QSPHSBNNJOH BQQ TIPXO JO ëHVSF ����� ɨF BQQ XBT DSFBUFE BT QBSU PG UIF QSFQB�
SBUJPOT PG B POF�EBZ XPSLTIPQ XIFSF QBSUJDJQBOUT DPOTUSVDUFE OFX TPDJBM SPCPUT CZ DPN�
CJOJOH UIF QMBUGPSN�T NPEVMFT XJUI DSBGU NBUFSJBMT TVDI BT DBSECPBSE BOE GPBNDPSF� .PSF
EFUBJMT PO UIF TFUVQ PG UIF XPSLTIPQ DBO CF GPVOE JO TFDUJPO ������

"T JT UIF DBTF XJUI UIF DVSSFOU WFSTJPO PG UIF BQQ UIF JOJUJBM WFSTJPO CVJMU VQPO UIF #MPDLMZ
+BWBTDSJQU MJCSBSZ� UP JNQMFNFOU UIF TDSJQUJOH FOWJSPONFOU SFTVMUJOH JO B WFSZ TJNJMBS
6* BT UIF QSFTFOU WFSTJPO PG UIF BQQ� "SDIJUFDUVSF�XJTF UIF EJêFSFODFT BSF TVCTUBOUJBM
IPXFWFS� ɨF #MPDLMZ FOWJSPONFOU XBT DPOëHVSFE UP HFOFSBUF +BWBTDSJQU DPEF GSPN UIF

�#MPDLMZ o #//+.Γχχ� 1 '*+ -.Α"**"' Α�*(χ�'*�&'4χ
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#MPDLMZ TDSJQU� ɨF HFOFSBUFE +BWBTDSJQU DPEF XBT FYFDVUFE JO UIF CSPXTFS XJUI UIF WBSJPVT
QMBUGPSN�TQFDJëD "1* DBMMT MJOLFE UP UIF TFSWFS VTJOH "+"9 SFRVFTUT�

ɨFSF XFSF B OVNCFS PG UFDIOJDBM QSPCMFNT XJUI UIJT BQQSPBDI� 5P CFHJO XJUI JNQMFNFOU�
JOH B .'  +ρς GVODUJPO XBT OPO�USJWJBM PXJOH UP UIF GBDU UIBU UIF +BWBTDSJQU MBOHVBHF IBT
OP TJNQMF XBZ PG TVTQFOEJOH DPEF FYFDVUJPO� *OTUFBE QSPHSBNT BSF FYQFDUFE UP IBOEMF
UJNJOH GVODUJPOBMJUZ VTJOH UIF . /�$( *0/ρς GVODUJPO BMMPXJOH UIF QSPHSBNNFS UP TQFD�
JGZ B DBMMCBDL GVODUJPO UP CF SVO BU B DFSUBJO QPJOU JO UIF GVUVSF� 8F GPVOE UIF DBMMCBDL
QBSBEJHN UPP DPNQMFY GPS DBTVBM VTFST UIF .'  +ρς NPEFM JT NVDI FBTJFS UP DPNQSF�
IFOE BOE VTF JO PXO QSPHSBNT� ɨF JTTVF XBT TPMWFE CZ VTJOH +4�*OUFSQSFUFS� B +BWBTDSJQU
JOUFSQSFUFS XSJUUFO JO +BWBTDSJQU� ɨF JOUFSQSFUFS MFUT VTFST TQFDJGZ BO BSCJUSBSZ EFMBZ CF�
UXFFO QSPHSBN FYFDVUJPO TUFQT� ɨJT XBT FYQMPJUFE CZ DSFBUJOH B .'  +ρς GVODUJPO UIBU
UFNQPSBSJMZ PWFSXSJUFT UIF TUFQ EFMBZ GPS POF FYFDVUJPO TUFQ�

ɨF TFDPOE QSPCMFN XBT SFMBUFE UP UIF "+"9 "1* DBMMT� "U UIJT QPJOU JO UJNF 8FC4PDLFU
JOGSBTUSVDUVSF IBE OPU ZFU CFFO JNQMFNFOUFE� $POTFRVFOUMZ BMM DPNNVOJDBUJPO CFUXFFO
UIF VTFS�T CSPXTFS BOE UIF SPCPU IBQQFOFE PWFS "+"9 DBMMT� 0VUTJEF PG MBUFODZ UIF CJHHFTU
JTTVF XJUI "+"9 DBMMT JT UIFZ BSF OPU HVBSBOUFFE UP CF SFDFJWFE CZ UIF TFSWFS JO UIF TBNF
PSEFS BT UIFZ XFSF USBOTNJUUFE BT JT JNQMJFE CZ UIF BTZODISPOPVT QBSU PG UIF UFDIOPMPHZ�T
NPOJLFS� ɨJT QPTFT QSPCMFNT GPS DFSUBJO QSPHSBNT GPS FYBNQMF XIFO B . /ν (*/$*)ρς
DBMM JT GPMMPXFE CZ 0+��/ ν (*/$*)ρς� 3FWFSTJOH UIF PSEFS PG UIFTF UXP DBMMT XPVME SFTVMU
JO UIF EFTJSFE GBDJBM FYQSFTTJPO OPU CFJOH TIPXO CZ UIF SPCPU�

'JOBMMZ CFDBVTF UIF HFOFSBUFE TDSJQU SVOT JO UIF CSPXTFS BOE BMM "1* DBMMT OFFE UP CF USBOT�
NJUUFE PWFS UIF OFUXPSL BO WJTJCMF BNPVOU PG MBUFODZ JT JOUSPEVDFE� 'BDJBM FYQSFTTJPO
BOJNBUJPOT CFDBNF DIPQQZ EVF UP UIF MJNJUFE BNPVOU PG iGSBNFT QFS TFDPOEw� 4FOTPS
JOQVUT BMTP QSPWFE MFTT SFTQPOTJWF BT UIF CSPXTFS ëSTU IBE UP SFRVFTU TFOTPS EBUB GSPN UIF
TFSWFS UIFO QSPDFTT JU BOE UIFO SFRVFTU UIF TFSWFS UP QFSGPSN B DFSUBJO BDUJPO�

ɨF TFDPOE TUFQ GPSXBSE XBT UIF DSFBUJPO PG UIF -VB 4DSJQUJOH BQQ TIPXO JO ëHVSF �����
8JUI SFTQFDU UP QFSGPSNBODF UIF LFZ EJêFSFODF XJUI UIJT BQQ JT UIBU JU SVOT TDSJQUT EJSFDUMZ
PO UIF TFSWFS BOE BOZ GFFECBDL JT USBOTNJUUFE UP UIF CSPXTFS PWFS B MPX�MBUFODZ 8FC4PDLFU
DPOOFDUJPO� "QQ VTFST DBO EFTJHO OFX CFIBWJPST GPS UIF SPCPU CZ XSJUJOH TJNQMF TDSJQUT
JO UIFJS CSPXTFS� ɨF CSPXTFS�CBTFE FEJUPS PêFST TZOUBY IJHIMJHIUJOH BT BO BJE� 0XJOH UP
UIF GBDU UIBU B USBEJUJPOBM QSPHSBNNJOH MBOHVBHF JT VTFE UIJT BQQ JT OPU TP NVDI TVJUFE
GPS DPNQMFUF OPWJDFT BT JU JT GPS VTFST XIP BMSFBEZ LOPX IPX UP QSPHSBN� 4UJMM UIF TDSJQU
TUSVDUVSF BOE "1* BSF DIPTFO TP BT UP NJSSPS UIF QIJMPTPQIZ PG iTLFUDIFTw BT VOEFSTUPPE CZ
1SPDFTTJOH 	3FBT BOE 'SZ ����
 BOE "SEVJOP 	%� "� .FMMJT *HPF FU BM� ����
� 6TFST EP
OPU QSPHSBN GVMM�CMPXO BQQMJDBUJPOT CVU SBUIFS TLFUDI PVU UIFJS JEFBT VTJOH B UFYU�CBTFE
MBOHVBHF�

5P FYFDVUF UIF TDSJQU UIF CSPXTFS USBOTNJUT UIF TDSJQU�T TPVSDF DPEF UP UIF TFSWFS XIFSF JU
JT FYFDVUFE JO B TBOECPY FOWJSPONFOU� ɨF -VB QSPHSBNNJOH MBOHVBHF 	*FSVTBMJNTDIZ FU
BM� ����
 XBT DIPTFO GPS UIJT FOWJSPONFOU CJOEJOHT UP UIF NBJO QZUIPO DPEF BSF DSFBUFE

�+4�*OUFSQSFUFS� " TBOECPYFE +BWB4DSJQU JOUFSQSFUFS JO +BWB4DSJQU� o
#//+.Γχχ"$/#0�Α�*(χ� $'�-�. -χ��Χ
)/ -+- / -
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VTJOH -VQB��� -VB XBT DIPTFO GPS B OVNCFS PG SFBTPOT� *U JT MJHIUXFJHIU WFSZ GBTU BOE
EFTJHOFE UP CF FNCFEEFE JO MBSHFS BQQMJDBUJPOT� )PXFWFS UIF CJHHFTU BEWBOUBHF JT UIBU
-VB DBO CF TBOECPYFE FBTJMZ XIFSFBT UIF ìFYJCMF OBUVSF PG UIF 1ZUIPO MBOHVBHF NBLFT JU
WFSZ EJïDVMU UP TFDVSF BHBJOTU NBMJDJPVT DPEF�

*O UIF DBTF PG UIF -VB 4DSJQUJOH BQQ B OFX 4DSJQU)PTU DMBTT XBT DSFBUFE� ɨF 4DSJQU)PTU
DMBTT FYQPTFT IBSEXBSF BOE GBDJBM FYQSFTTJPO "1*T GVODUJPOBMJUZ UP UIF TDSJQU XIJMF CMPDLJOH
BDDFTT UP QPUFOUJBMMZ NBMJDJPVT GVODUJPOBMJUZ TVDI BT ëMF NBOJQVMBUJPO BOE TIFMM BDDFTT� ɨF
4DSJQU)PTU DMBTT JT BMTP SFTQPOTJCMF GPS SVOOJOH UIF TDSJQU�T . /0+ρς '**+ρς BOE ,0$/ρς
GVODUJPOT BT XFMM BT TUPQQJOH TDSJQUT CZ GPSDF JG OFDFTTBSZ�

ɨJT -VB�CBTFE JNQMFNFOUBUJPO PG B TDSJQUJOH FOWJSPONFOU XBT MBUFS CBDL�QPSUFE UP UIF
7JTVBM 1SPHSBNNJOH BQQ� ɨF EFTJHO PG UIF #MPDLMZ MJCSBSZ JT MBOHVBHF�BHOPTUJD� $POTF�
RVFOUMZ UIF DPEF HFOFSBUJPO MPHJD PG UIF BQQ XBT DIBOHFE UP PVUQVU -VB DPEF JOTUFBE PG
+BWBTDSJQU DPEF� $VSSFOUMZ UIF 7JTVBM 1SPHSBNNJOH BQQ SVOT TDSJQUT PO UIF TFSWFS BOE
DPNNVOJDBUJPO CFUXFFO CSPXTFS BOE TFSWFS UBLFT QMBDF PWFS B 8FC4PDLFU� ɨJT TPMWFE
UIF UFDIOJDBM QSPCMFNT PG UIF QSFWJPVT WFSTJPO PG UIF BQQ�

6TFS UFTUJOH XJUI UIFSBQJTUT SFWFBMFE B OVNCFS PG TIPSUDPNJOHT PG UIF 7JTVBM 1SPHSBNNJOH
BQQ� %VSJOH UIFTF UFTUT XF IFMQFE UIFSBQJTUT UP JNQMFNFOU TJNQMF JOUFSBDUJWF TDFOBSJPT JO
UIF BQQ� *U CFDBNF BQQBSFOU UIBU NBOZ PG UIF CMPDLT XFSF UPP MPX�MFWFM SFTVMUJOH JO VTFS
DPOGVTJPO BOE FYDFTTJWFMZ MPOH TDSJQUT� 'PS JOTUBODF UP DIBOHF UIF GBDJBM FYQSFTTJPO POF
XPVME ëSTU IBWF UP JOJUJBMJ[F UIF TFSWP DPOUSPMMFS UIFO TFU UIF FNPUJPO UIFO VQEBUF UIF
FNPUJPO BOE UIFO UVSO UIF TFSWPT PO� ɨJT NBLFT TFOTF GSPN B QSPHSBNNJOH QFSTQFDUJWF
BOE BMMPXT GPS HSBOVMBS DPOUSPM PG GVODUJPOBMJUZ CVU JT VOJOUVJUJWF GPS UIJSE�QBSUZ VTFST BT
XF EJTDPWFSFE� 'VUVSF WFSTJPOT PG UIF BQQ TIPVME FODBQTVMBUF NPSF DPNNBOET JO B TJOHMF
CMPDL TP BT UP QSPWJEF B IJHIFS�MFWFM JOUFSGBDF GPS VTFST UP VTF� 'PS FYBNQMF JOJUJBMJ[B�
UJPO DPNNBOET TIPVME TJNQMZ CF JODMVEFE JO UIF . /0+ρς CMPDL XJUIPVU SFRVJSJOH VTFS
JOUFSWFOUJPO BOE UIF . /ν (*/$*)ρς CMPDL TIPVME BMTP JNNFEJBUFMZ VQEBUF UIF GBDJBM
FYQSFTTJPO�

"OBMZTJT PG UIF TDSJQUT SFWFBMFE B GSFRVFOUMZ SFPDDVSSJOH QBUUFSO XIFSF B GBDJBM FYQSFTTJPO
JT MJOLFE UPHFUIFS XJUI B MJOF PG EJBMPH PS B TPVOE ëMF� 'SPN GVSUIFS JOUFSBDUJPO XJUI UIF
UIFSBQJTUT XF MFBSOFE UIBU B TJNQMF JOUFSGBDF XJUI CVUUPOT UIBU DIBOHF UIF GBDJBM FYQSFTTJPO
BOE QMBZ TPNF BVEJP XPVME CF TVïDJFOU GPS NPTU 8J[BSE�PG�0[ VTF DBTFT� %VSJOH B QBQFS
QSPUPUZQJOH FYFSDJTF XF BSSJWFE BU BO BQQ DPODFQU XIFSF UIF UIFSBQJTUT DPVME QSFQBSF B
MJTU PG EJBMPH MJOFT DPOTJTUJOH PG BO FNPUJPO UPHFUIFS XJUI FJUIFS B MJOF PG UFYU PS B TPVOE
ëMF� ɨJT XBZ SFMFWBOU MJOFT BSPVOE B TQFDJëD UIFNF 	F�H� CVMMZJOH
 DPVME CF QSFQBSFE JO
BEWBODF BOE UIFO CF QMBZFE CBDL CZ UIF UIFSBQJTU JO SFBM�UJNF CBTFE VQPO UIF BDUJPOT PG
UIF DIJME� ɨF DPODFQU XBT JNQMFNFOUFE JO UIF 4PDJBM 4DSJQU BQQ TIPXO JO ëHVSF �����
ɨF BEWBOUBHF PG UIJT BQQ JT UIBU JU JT NVDI TJNQMF UP VOEFSTUBOE UIBO UIF PUIFS TDSJQUJOH
BQQT BOE UIBU OFX TDFOBSJPT DBO CF QSFQBSFE SBQJEMZ� )PXFWFS UIF PUIFS TDSJQUJOH BQQT
BMMPX GPS NVDI NPSF DPNQMFY CFIBWJPS BU UIF DPTU PG B TUFFQFS MFBSOJOH DVSWF�

��-VQB� 1ZUIPO XSBQQFS BSPVOE -VB BOE -VB+*5 o #//+.Γχχ+4+$Α+4/#*)Α*-"χ+4+$χ'0+�
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4.4 CONCLUSION

ɨJT DIBQUFS IBT EJTDVTTFE UIF UIF UFDIOJDBM JNQMFNFOUBUJPO PG UIF 0QTPSP QMBUGPSN JO�
DMVEJOH UIF NFDIBOJDBM EFTJHO PG UIF NPEVMFT BOE UIF FNCPEJNFOU UIF FMFDUSPOJDT EFTJHO
PG UIF ESJWFS CPBSE BOE UIF TPGUXBSF BSDIJUFDUVSF� ɨF EFTJHO HPBMT EFTDSJCFE JO TFDUJPO
��� IBWF JNQBDUFE NBOZ PG UIF UFDIOJDBM EFTJHO EFDJTJPOT� ɨF DPNQPOFOUT VTFE JO UIF
0QTPSP QMBUGPSN XFSF TQFDJëDBMMZ DIPTFO UP CF JOFYQFOTJWF 	G9
 BOE SFBEJMZ BWBJMBCMF
XPSMEXJEF 	G1
 BWPJEJOH TQFDJBMJ[FE IJHI�QFSGPSNBODF DPNQPOFOUT� 4JNJMBSMZ DVTUPN
DPNQPOFOUT DBO CF CVJMU VTJOH QSPEVDUJPO UFDIOPMPHJFT UIBU BSF BQQSPQSJBUF GPS UIF NPE�
FSO %*:�FS TVDI BT MBTFSDVUUJOH BOE �% QSJOUJOH 	G1
� &êPSUT XFSF NBEF UP NBLF JU FBTZ
UP HFU UIF QBSUT CVU BMTP UP TJNQMJGZ UIF BTTFNCMZ QSPDFTT 	G2
� ɨF QMBUGPSN CVJMET VQPO
UIF XPSL PG FTUBCMJTIFE PQFO TPVSDF TPGUXBSF BOE IBSEXBSF DPNNVOJUJFT TVDI BT UIPTF PG
"SEVJOP BOE 'MBTL 	G10
� 'VSUIFSNPSF UIF QMBUGPSN JT EFTJHOFE UP CF FYUFOEFE CZ UIJSE
QBSUJFT� CPUI JO TPGUXBSF UISPVHI UIF BQQ TZTUFN BOE JO IBSEXBSF UISPVHI UIF NPEVMF
TZTUFN GVSUIFS TUJNVMBUJOH DPNNVOJUZ JOWPMWFNFOU 	G10
�

ɨF DVSSFOU QSPUPUZQF TFSWFT BT B HPPE CBTJT UP FYQBOE VQPO BOE BMMPXT VT UP RVJDLMZ
USZ PVU OFX JEFBT� )BWJOH XPSLJOH QSPUPUZQFT BMTP HSFBUMZ GBDJMJUBUFT DPNNVOJDBUJPO XJUI
EJêFSFOU TUBLFIPMEFST TVDI BT UIFSBQJTUT FEVDBUPST BOE SFTFBSDIFST XIJDI IFMQT UP JOGPSN
UIF OFYU TUFQT JO EFWFMPQNFOU� 4UJMM NVDI EFWFMPQNFOU XPSL SFNBJOT JO QSFQBSBUJPO PG
DPNNFSDJBMJ[BUJPO PG UIF QMBUGPSN�

4.4.1 FUTURE ENHANCEMENTS

ɨF FYQFSJNFOU XJUI UIF 0QTPSP (SJE TZTUFN 	TFDUJPO �����
 TIPXFE QSPNJTJOH SFTVMUT�
*O UIF FYQFSJNFOU UIF NFDIBOJDBM JOUFSGBDF PG UIF 0QTPSP (SJE QSPWFE NPSF SFMJBCMF UIBO
UIF TOBQ DPOOFDUPST� ɨJT DPOTUSVDUJPO TZTUFN XJMM CF GVSUIFS CF GVSUIFS EFWFMPQFE UBLJOH
CVJMEJOH BêPSEBODFT BOE UPPMLJU BFTUIFUJDT JOUP BDDPVOU� $VSSFOU NPEVMF EFTJHOT XJMM CF
VQEBUFE UP DPOGPSN XJUI UIJT OFX NFDIBOJDBM JOUFSGBDF� 'VSUIFSNPSF UIF TZTUFN XJMM CF
FYUFOEFE XJUI OFX NPEVMFT TVDI BT -&% FZFT UPVDI TFOTPS QBET BOE B OFDL NPEVMF�

ɨF 0QTPSP )"5 CPBSE XJMM CF SFEFTJHOFE BOE PQUJNJ[FE GPS NBOVGBDUVSF� " TNBMM CBUDI
PG �� CPBSET PG UIF DVSSFOU )"5 EFTJHO IBT BMSFBEZ CFFO QSPEVDFE BOE UISPVHI UIJT
QSPDFTT XF EJTDPWFSFE B OVNCFS PG TIPSUDPNJOHT� $VSSFOUMZ UIF EFTJHO IBT UPP NBOZ
DPNQPOFOUT ESJWJOH VQ BTTFNCMZ DPTU BOE JOUSPEVDJOH NPSF QPJOUT PG GBJMVSF� " NPSF
JOUFHSBUFE TPMVUJPO XJUI MFTT DPNQPOFOUT DBO CF BDIJFWFE CZ NPWJOH UP B CFUUFS NJDSP�
DPOUSPMMFS F�H� B ���CJU "3. EFWJDF� 'VSUIFSNPSF EVSJOH NBOVGBDUVSF XF EJTDPWFSFE
UIBU UIF DBQBDJUJWF UPVDI *$ IBE SFBDIFE FOE�PG�MJGF NFBOJOH UIBU UIJT DIJQ XJMM IBWF UP
CF SFQMBDFE� 'JOBMMZ UIF QPXFS BSDIJUFDUVSF PG UIF TZTUFN OFFET UP CF JNQSPWFE� 'PS
TBGFUZ SFBTPOT UIF OFX WFSTJPO TIPVME VTF B TFQBSBUF iQPXFS CSJDLw BEBQUFS JOTUFBE PG BO
JOUFHSBUFE NFUBM�FODMPTVSF QPXFS TVQQMZ�

#Z VTJOH UIF 0QTPSP "1* PVSTFMWFT BOE CZ TFFJOH PUIFST VTF JU XF IBWF EJTDPWFSFE B
OVNCFS PG JNQSPWFNFOU QPJOUT� 0WFS UIF QBTU ZFBS XF IBWF TFFO B OVNCFS PG SFDVSSJOH
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QSPHSBN QBUUFSOT� ɨFTF QBUUFSOT PDDVS JO NBOZ EJêFSFOU BQQT BOE TDSJQUT CVU DVSSFOUMZ
OFFE UP CF SFJNQMFNFOUFE PO B QFS�BQQ CBTJT� &YBNQMFT JODMVEF ëMF NBOBHFNFOU 	TBW�
JOH MPBEJOH FYFDVUJOH
 BVUPOPNPVT CFIBWJPST TVDI BT CMJOLJOH BOE MJQ TZODISPOJ[BUJPO
GPS TQFFDI� ɨJT GVODUJPOBMJUZ TIPVME CF HFOFSBMJ[FE BOE NBEF BWBJMBCMF UISPVHI MJCSBSJFT�
4JNJMBSMZ UIF WJTVBM QSPHSBNNJOH FOWJSPONFOU TIPVME CF SFEFTJHOFE TP UIBU SFMBUFE DPN�
NBOET BSF HSPVQFE JOUP IJHIFS�MFWFM DPOTUSVDUT� 'PS JOTUBODF UIF .�4ν//.ρς DPNNBOE JT
BMNPTU BMXBZT GPMMPXFE CZ B .'  +ρς DPNNBOE� ɨFTF DPNNBOET TIPVME CF JOUFHSBUFE
TP UIBU UIF UFYU�UP�TQFFDI GVODUJPOBMJUZ BVUPNBUJDBMMZ XBJUT VOUJM UIF BVEJP IBT TUPQQFE
QMBZJOH�

'JOBMMZ POF PG UIF NBKPS SFNBJOJOH UBTLT JT JNQSPWJOH UIF EPDVNFOUBUJPO GPS CVJMEJOH
NPEJGZJOH BOE VTJOH 0QTPSP SPCPUT� *O PSEFS UP FODPVSBHF BO BDUJWF DPNNVOJUZ PG
VTFST CFUUFS EPDVNFOUBUJPO TIPVME CF PêFSFE� $VSSFOU BTTFNCMZ EPDVNFOUBUJPO DPOTJTUT
PG TUFQ�CZ�TUFQ QIPUPT XJUI TIPSU XSJUUFO JOTUSVDUJPOT� 8F GPVOE UIBU UIJT JT OPU BMXBZT UIF
NPTU BQQSPQSJBUF GPSNBU FTQFDJBMMZ GPS DPNQMFY TUFQT� "TTFNCMZ EPDVNFOUBUJPO TIPVME
CF FOIBODFE XJUI SJDI NFEJB TVDI BT WJEFP FYQMPEFE WJFXT BOE FNCFEEFE �% NPEFM
WJFXFST� 4PGUXBSF EPDVNFOUBUJPO TIPVME BMTP CF JNQSPWFE BOE TIPVME JODMVEF B UVUPSJBM
TFSJFT PO EFTJHOJOH B DVTUPN BQQ�

4.4.2 NEW DEVELOPMENTS

"T PG ZFU UIF TPGUXBSF TUBDL JT PðJOF SVOOJOH MPDBMMZ Pê PG B 3BTQCFSSZ 1J� 8F XBOU
UP FYUFOE UIF TPGUXBSF UP JODMVEF BO PQUJPOBM POMJOF QMBUGPSN� ɨF JOUFOU PG UIF POMJOF
QMBUGPSN JT UP GVMëMM UXP NBKPS GVODUJPOT� 'JSTU PG BMM JU XPVME FOBCMF VTFST UP FBTJMZ TIBSF
DPOUFOU TVDI BT JOUFSBDUJPO TDFOBSJPT TDSJQUT BOE BQQT� 4FDPOEMZ JU XPVME BMMPX VTFST
UP TJNVMBUF UIF CFIBWJPS PG B SPCPU VTJOH B WJSUVBM NPEFM BMMPXJOH UIFN UP FYQFSJNFOU
XJUI UIF TZTUFN XJUIPVU EJSFDU BDDFTT UP B SPCPU� ɨF POMJOF QMBUGPSN XPVME UIVT BMMPX
UIFN UP QSFQBSF DPOUFOU JO BEWBODF BOE TZODISPOJ[F UIF EBUB UP UIF SPCPU BU B MBUFS TUBHF�
8PSL PO EFWFMPQJOH UIJT POMJOF QMBUGPSN JT BMSFBEZ VOEFSXBZ� #FDBVTF UIF TPGUXBSF JO�
UFSGBDF XBT PSJHJOBMMZ EFTJHOFE VTJOH XFC UFDIOPMPHJFT UIJT QSPDFTT IBT CFFO SFMBUJWFMZ
TUSBJHIUGPSXBSE�

'VSUIFSNPSF XF XJTI UP JODPSQPSBUF NPSF BEWBODFE CFIBWJPST JOUP UIF TZTUFN JODMVE�
JOH NPSF TPQIJTUJDBUFE BOJNBUJPO BVUPOPNPVT CFIBWJPST TVDI BT CMJOLJOH BOE MPPLJOH
BSPVOE BOE CBTJD BSUJëDJBM JOUFMMJHFODF GFBUVSFT� 4PNF PG UIFTF JNQSPWFNFOUT XJMM OFDFT�
TJUBUF VT UP JODPSQPSBUF B DBNFSB BMMPXJOH VT UP VTF DPNQVUFS WJTJPO UP UIJOHT MJLF GBDF
USBDLJOH FNPUJPO NJNJDLJOH BOE UBH EFUFDUJPO�

$VSSFOUMZ UIF TPGUXBSF EPFT OPU SFMZ PO� PS FYQPTF BO JOUFSGBDF UP 304 	2VJHMFZ $POMFZ
FU BM� ����
 B QPQVMBS PQFO TPVSDF GSBNFXPSL GPS SPCPUT DPOUSPM� ɨF NBJO SFBTPO GPS
UIJT DIPJDF JT CFDBVTF UIF UXP QSPKFDUT IBWF WFSZ EJêFSFOU HPBMT� 0QTPSP GPDVTFT PO SFMB�
UJWFMZ TJNQMF TUBUJPOBSZ SPCPUT XJUI B MJNJUFE OVNCFS PG %0'T BOE OP BEWBODFE TFOTPST
	F�H� -*%"3
� 0O UIF PUIFS IBOE 304 XBT DSFBUFE GPS MBSHF�TDBMF TFSWJDF SPCPUT UZQJDBMMZ
XJUI NVMUJQMF POCPBSE DPNQVUFST PðPBEJOH JOUFOTJWF DPNQVUBUJPOT UP B TUBUJPOBSZ TFSWFS�
304 FNQIBTJ[FT BVUPOPNPVT CFIBWJPS XIFSFBT XF GPDVT PO TFNJ�BVUPOPNPVT TDFOBSJPT

231



4. OPSORO: OPEN PLATFORM FOR SOCIAL ROBOTICS

BOE 8J[BSE�PG�0[ TDFOBSJPT� 8IJMF UIFSF JT TPNF PWFSMBQ CFUXFFO UIF UXP TZTUFNT EJG�
GFSFOU HPBMT MFBE UP WFSZ EJêFSFOU QPJOUT PG BUUFOUJPO� *O PVS XPSL UIF NBKPSJUZ PG UIF
DPEF JT SFMBUFE UIF VTFS JOUFSGBDF� $POWFSTFMZ XIJMF 304 PêFST UPPMT UP DSFBUF (6*T UIFTF
UPPMT BSF QSJNBSJMZ JOUFOEFE GPS EFCVHHJOH QVSQPTFT GPDVTJOH PO TFOTPS HSBQIT DPOTPMF
NFTTBHFT BOE FOWJSPONFOU EBUB WJTVBMJ[BUJPO�

4UJMM XF EP QMBO PO JOUSPEVDJOH TPNF EFHSFF PG JOUFSPQFSBCJMJUZ XJUI 304� ɨF SFBTPO
GPS UIJT JT UXPGPME� 'JSTUMZ 304 JT B XFMM�LOPXO TUBOEBSE XJUIJO SPCPUJDT SFTFBSDI� .BOZ
VTFST BSF BMSFBEZ GBNJMJBS XJUI JU BOE CZ QSPWJEJOH B 304 JOUFSGBDF XF GBDJMJUBUF UIF QSP�
DFTT PG JOUFHSBUJOH BO 0QTPSP SPCPU BT QBSU PG MBSHFS FYQFSJNFOUT� 4FDPOEMZ JOUFHSBUJPO
XPVME BMMPX TPNF PG 304�T BEWBODFE GVODUJPOBMJUZ GPS JOTUBODF FNPUJPO SFDPHOJUJPO BM�
HPSJUINT UP CF VTFE XJUIJO BO 0QTPSP SPCPU� -BTUMZ XF FYQFDU UIBU JOUFHSBUJOH UIF 304
"1* XJMM CF GBJSMZ TUSBJHIUGPSXBSE� 304 BMSFBEZ JODMVEFT CJOEJOHT UP UIF 1ZUIPO QSPHSBN�
NJOH MBOHVBHF� 'VSUIFSNPSF POF PG UIF UIJSE�QBSUZ 0OP VTFST IBT BMSFBEZ QVU UPHFUIFS B
QSFMJNJOBSZ 304 CJOEJOH�

ɨJT DIBQUFS IBT TVNNBSJ[FE UIF UFDIOJDBM EFUBJMT PG UIF 0QTPSP QMBUGPSN BT XFMM BT GVUVSF
TUFQT JO UFDIOJDBM EFWFMPQNFOU� ɨF OFYU DIBQUFS DPODMVEFT UIJT XPSL XJUI ëOBM SFìFDUJPOT
BOE B EJTDVTTJPO PG GVUVSF QSPTQFDUT�
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Chapter 5

CONCLUSION & FUTURE
PERSPECTIVES

ɨJT EJTTFSUBUJPO IBT EFUBJMFE UIF JODFQUJPO BOE EFWFMPQNFOU PG 0QTPSP B QMBUGPSN GPS
%*: TPDJBM SPCPUT� ɨF QMBUGPSN FOBCMFT BNBUFVST BOE OPO�FYQFSUT UP EFTJHO CVJME BOE
VTF DVTUPN TPDJBM SPCPUT GPS GBDF�UP�GBDF DPNNVOJDBUJPO� 8JUI UIJT XPSL XF IBWF NBEF
TPDJBM SPCPUJDT UFDIOPMPHZ BDDFTTJCMF UP B XJEF BVEJFODF PG VTFST CZ CVJMEJOH VQPO DPO�
UFNQPSBSZ %*: QSJODJQMFT BOE QSBDUJDFT TVDI BT UIF PQFO TPVSDF IBSEXBSF NPWFNFOU BOE
UIF NBLFS NPWFNFOU� %FTJHOJOH B QMBUGPSN JT EJêFSFOU UIBO EFTJHOJOH B TJOHMF TZTUFN
OPU POMZ GSPN B UFDIOJDBM TUBOEQPJOU CVU BMTP CFDBVTF PG UIF XBZ UIFZ BSF VTFE� 'PS
UIJT SFBTPO USBEJUJPOBM FOHJOFFSJOH QBSBEJHNT XFSF FTDIFXFE JO GBWPS PG BO JUFSBUJWF VTFS�
DFOUFSFE EFTJHO QSPDFTT UIBU FNQIBTJ[FT VTFS FYQFSJFODF BTQFDUT� &BDI JUFSBUJPO IBT MFE UP
B CFUUFS VOEFSTUBOEJOH PG EJêFSFOU %*:ΉBQQSPBDIFT JO UIF EFTJHO CVJME BOE VTF QIBTFT PG
UIF QMBUGPSN� ɨF SFTVMU JT BO JOFYQFOTJWF PQFO TPVSDF %*:�GSJFOEMZ QMBUGPSN UIBU DBO CF
VTFE UP EFTJHO CVJME BOE VTF DVTUPN FNPUJPOBMMZ FYQSFTTJWF SPCPUJD DIBSBDUFST GVMëMMJOH
BMM HPBMT TFU GPSUI JO DIBQUFS POF 	TFDUJPO ���
�

t 0QFO 	G1
 o ɨF QMBUGPSN JT EFTJHOFE TP JU DBO CF NBOVGBDUVSFE VTJOH NBLFS�
GSJFOEMZ QSPEVDUJPO UFDIOJRVFT 	J�F� MBTFS DVUUJOH BOE '%. �% QSJOUJOH
 BOE DPN�
NPO JOFYQFOTJWF DPNQPOFOUT� ɨJT EFTJHO DIPJDF NBLFT JU FBTZ UP DPQZ IBDL BOE
FYUFOE UIF QMBUGPSN�

t &BTZ UP CVJME 	G2
 o %VSJOH UIF EFTJHO PG 0QTPSP TQFDJBM BUUFOUJPO XBT HJWFO UP
UIF BTTFNCMZ QSPDFTT� CZ VTJOH UIF DIBSBDUFSJTUJDT PG EJHJUBM NBOVGBDUVSJOH UP PVS
BEWBOUBHF XF NBOBHFE UP DSFBUF EFTJHOT UIBU BSF FBTZ GPS OPWJDFT UP BTTFNCMF BOE
SFQMJDBUF�

t &NPUJPOBMMZ FYQSFTTJWF 	G3
 o ɨF QMBUGPSN FOBCMFT VTFST UP DSFBUF DVTUPN TPDJBM
SPCPUT UIBU TVQQPSU GBDJBM FYQSFTTJPOT TQFFDI BOE HB[F BT UIF NBJO XBZT GPS FNP�
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UJPOBM FYQSFTTJPO� ɨF TPGUXBSF JT EFTJHOFE TP UIBU VTFST DBO DPOUSPM UIF FNPUJPOBM
FYQSFTTJPOT PG UIFJS SPCPU UISPVHI TJNQMF BOE JOUVJUJWF JOUFSGBDFT�

t 'BDJBM GFBUVSFT 	G4
 o ɨSPVHI PVS JUFSBUJWF VTFS�DFOUFSFE BQQSPBDI XF IBWF GPVOE
B HPPE CBMBODF DPTU BOE FBTF PG VTF PO UIF POF IBOE BOE BEWBODFE GBDJBM GFBUVSFT
PO UIF PUIFS IBOE� 5P UIJT FOE XF IBWF EFTJHOFE ìFYJCMF MPX�DPTU NPEVMFT UIBU
JNQMFNFOU UIF EJêFSFOU FMFNFOUT PG B GBDF�

t $IBSBDUFS 	G5
 o *O PVS QMBUGPSN XF GPDVT PO SFBMJ[JOH JDPOJD FNPUJPOBMMZ FYQSFT�
TJWF DIBSBDUFST JOTUFBE PG SFBMJTUJD IVNBO�MJLF SPCPUT� %SBXJOH JOTQJSBUJPO GSPN
DBSUPPOT BOE BOJNBUJPO XF QSPWJEF UIF UPPMT UP DSFBUF BSUJëDJBM DSFBUVSFT SBUIFS
UIBO NFDIBOJDBM SPCPUT�

t $SFBUJWJUZ 	G7
 o 8F FNQIBTJ[FT UIF JNQPSUBODF PG PQFO�FOEFEOFTT BOE DSFBUJWF
QMBZ JO PVS QMBUGPSN� 8F PêFS VTFST BO FBTZ�UP�VTF FYUFOTJCMF TFU PG CVJMEJOH CMPDLT
UP FYQFSJNFOU XJUI BT XFMM BT B NFUIPEPMPHZ UP HVJEF UIFN UISPVHI UIF DSFBUJWF
QSPDFTT� $SFBUJWJUZ JT TUJNVMBUFE UISPVHIPVU UIF EFTJHO PG UIF UPPMLJU FOBCMJOH B
TQFDUSVN GSPN NJOJNBM DVTUPNJ[BUJPO UP GVMMZ DVTUPN�DSFBUFE EFTJHOT�

t 'MPX 	G6
 o " TUBUF PG ìPX JT TUJNVMBUFE CZ PêFSJOH BO PQFO�FOEFE TZTUFN UIBU
BEESFTTFT VTFST PG BMM TLJMM MFWFMT PêFSJOH NVMUJQMF QBUIT GPS IBSEXBSF BOE TPGUXBSF�
ɨF QMBUGPSN JT EFTJHOFE TP UIBU JU HSPXT XJUI UIF VTFS� 0QTPSP JT FBTZ GPS OPWJDFT
UP VTF BOE UIF TZTUFN HSBEVBMMZ PêFST OFX QPTTJCJMJUJFT BT UIF VTFS CFDPNFT NPSF
FYQFSJFODFE�

t %JWFSTF LOPXMFEHF EPNBJOT 	G8
 o ɨF QMBUGPSN JOUSPEVDFT 45&".�SFMBUFE TLJMMT
BOE LOPXMFEHF JO B OPWFM BOE VOFYQFDUFE GPSNBU� *O BEEJUJPO UP UIF USBEJUJPOBM
SPCPUJDT FMFNFOUT UIF QMBUGPSN BMTP JOUFHSBUFT QSBDUJDFT GSPN DSBGUT EFTJHO BOE
BSU�

t -PX DPTU 	G9
 o #Z VTJOH MPX�DPTU EJHJUBM NBOVGBDUVSJOH UFDIOJRVFT TVDI BT MBTFS
DVUUJOH BOE '%. �% QSJOUJOH DPNCJOFE XJUI JOFYQFOTJWF TUBOEBSEJ[FE DPNQP�
OFOUT XF IBWF DSFBUFE BO BêPSEBCMF QMBUGPSN GPS TPDJBM SPCPUJDT� ɨJT XBZ TPDJBM
SPCPUJDT UFDIOPMPHZ JT NBEF BDDFTTJCMF UP B MBSHFS BVEJFODF PG VTFST�

t $PNNVOJUZ�PSJFOUFE 	G10
 o 0VS XPSL CVJMET VQPO FYJTUJOH UFDIOPMPHZ GSPN UIF
PQFO TPVSDF DPNNVOJUZ BOE PVS QMBUGPSN JT BMTP SFMFBTFE VOEFS BO PQFO TPVSDF
MJDFOTF UP GVSUIFS TUJNVMBUF DPNNVOJUZ JOWPMWFNFOU� "EEJUJPOBMMZ XF BSF DVSSFOUMZ
XPSLJOH PO BO POMJOF TFSWJDF BT B DPNQBOJPO UP UIF 0QTPSP TPGUXBSF� 'JSTU TUFQT
IBWF BMSFBEZ CFFO VOEFSUBLFO� BO BMQIB WFSTJPO PG UIF POMJOF DPNNVOJUZ QMBUGPSN
XBT UFTUFE JO UIF MBTU JUFSBUJPO PG UIF 0QTPSP�

*O PVS FYQFSJNFOUT UIF QMBUGPSN XBT VTFE CZ OPO�FYQFSUT UP EFTJHO BOE CVJME OFX TPDJBM
SPCPU FNCPEJNFOUT GSPN TDSBUDI� ɨF FYQFSJNFOUT FODPNQBTTFE NBOZ EJêFSFOU UZQFT PG
VTFST SFQSFTFOUBUJWF PG UIF EJêFSFOU TUBLFIPMEFST JO IVNBO�SPCPU JOUFSBDUJPO BOE IVNBO�
DPNQVUFS JOUFSBDUJPO JO B CSPBEFS TFOTF� ɨF FYQFSJNFOUT BMTP WBSJFE JO UJNF TDBMF SBOHJOH
GSPN POMZ B DPVQMF PG IPVST UP PWFS UISFF NPOUIT� ɨF FYQFSJNFOUT DPWFS UIF DSFBUJPO PG
OFX EFTJHOT UIF SFQSPEVDUJPO 	DPQZJOH
 PG FYJTUJOH EFTJHOT BOE UIF BDUVBM VTF PG SPCPUT
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JO JOUFSBDUJPO TDFOBSJPT� 0OF PG UIF NPTU SFNBSLBCMF SFTVMU PG UIF FYQFSJNFOUT JT UIBU
QBSUJDJQBOUT BMXBZT TVDDFTTGVMMZ DPNQMFUFE UIFJS UBTL� "U UIF TUBSU PG FYQFSJNFOUT QBSUJD�
JQBOUT GSFRVFOUMZ WPJDFE UIFJS DPODFSOT UIBU UIF DIBMMFOHF XPVME CF UPP EJïDVMU UIBU JU
XBT PVUTJEF PG UIFJS TLJMM TFU� /FWFSUIFMFTT UIFZ BMXBZT TVDDFFEFE OPUJOH UIF QSPDFTT XBT
NVDI FBTJFS UIBO JU BQQFBSFE� ɨF SPCPUT CVJMU CZ QBSUJDJQBOUT EVSJOH UIF FYQFSJNFOUT BSF
WFSZ EJWFSTF BOE QBSUJDJQBOUT PGUFO DBNF VQ XJUI OPWFM BOE VOFYQFDUFE EFTJHOT� 8F BMTP
OPUF UIBU QBSUJDJQBOUT RVJDLMZ GPSNFE B CPOE XJUI UIFJS DSFBUJPOT TJNJMBS UP UIF *,&"
FêFDU 	/PSUPO FU BM� ����
� ɨFZ XPVME BMXBZT SFGFS UP UIF SPCPU BT IJN PS IFS BOE OPU
JU BOE UIFZ XPVME GSFRVFOUMZ UBLF QJDUVSFT BOE TFMëFT XJUI UIF SPCPU� 8F PCTFSWFE UIJT
QIFOPNFOPO XIFO UIFZ BTTFNCMFE B iTUBOEBSEw 0OP CVU UIF FêFDU XBT FWFO NPSF QSP�
OPVODFE XIFO UIFZ XFSF CVJMEJOH UIFJS PXO EFTJHOT� ɨF 0QTPSP QMBUGPSN GPSNT B CSJEHF
CFUXFFO SPCPU EFTJHOFST BOE SPCPU VTFST CZ NBLJOH B DPNQMFY UFDIOPMPHZ BDDFTTJCMF GPS
B XJEFS BVEJFODF� *O TVNNBSZ UIJT QSPKFDU MBZT OFX GPVOEBUJPOT UPXBSE EFNPDSBUJ[JOH
TPDJBM SPCPUJDT UFDIOPMPHZ UISPVHI B %*: PQFO TPVSDF QMBUGPSN�

5FDIOJDBM EFWFMPQNFOU FODPNQBTTFT NPEVMBS IBSEXBSF CVJMEJOH CMPDLT BO FNCPEJNFOU
EFTJHO NFUIPEPMPHZ B TQFDJBMJ[FE DJSDVJU CPBSE GPS UIF 3BTQCFSSZ 1J BOE B XFC�CBTFE TPGU�
XBSF JOUFSGBDF UP DPOUSPM UIF SPCPUT� "MM FMFNFOUT PG UIF QMBUGPSN BSF QVCMJTIFE BT PQFO
TPVSDF TPGUXBSF BOE IBSEXBSF TP UIBU PUIFST DBO VTF BOE CVJME VQPO PVS XPSL� ɨSPVHI�
PVU UIJT XPSL XF IBWF TIPXO IPX UIF %*: QBSBEJHN DBO JNQBDU TPDJBM SPCPUJDT SFTFBSDI�
8F IBWF TIPXO IPX EJHJUBM NBOVGBDUVSJOH UFDIOPMPHJFT DBO ESBTUJDBMMZ MPXFS UIF CBSSJ�
FST UPXBSE DVTUPN TPDJBM SPCPU EFTJHOT NBLJOH JU FBTZ UP RVJDLMZ EFTJHO B XJEF WBSJFUZ
PG EJêFSFOU TPDJBM SPCPUT� 8JUIJO UIJT EJTTFSUBUJPO XF GPDVTFE PO JODPSQPSBUJOH %*: BQ�
QSPBDIFT JO TPDJBM SPCPUJDT SFTFBSDI� )PXFWFS UIFTF NFUIPET BOE UFDIOJRVFT IPME QPUFO�
UJBM GPS NBOZ EJêFSFOU EPNBJOT PêFSJOH OFX XBZT UP NBLF DPNQMFY UFDIOPMPHZ BDDFTTJCMF
UP B MBSHF BVEJFODF PG VTFST�

Fig. 5.1 Map of current users of the social robot Ono (yellow) and the Opsoro Starter Kit (green).�

0O B QFSTPOBM MFWFM * BN QSPVE UP TBZ UIBU PVS XPSL EJE OPU TUBZ DPOëOFE UP PVS MBC CVU JT

� #MBOL NBQ PG &VSPQF CZ iNBJYw�
-JDFOTFE VOEFS $SFBUJWF $PNNPOT "UUSJCVUJPO�4IBSF "MJLF ��� (FOFSJD�
8PSME NBQ CMBOL XJUIPVU CPSEFST CZ i$SBUFTw�
-JDFOTFE VOEFS (/6 'SFF %PDVNFOUBUJPO -JDFOTF ����
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0OP SPCPU VTFST 0QTPSP 4UBSUFS ,JU VTFST

���� 3VTTJB 6OJWFSTJUZ PG /J[IOZ /PWHPSPE ���� %FONBSL "BMCPSH 6OJWFSTJUZ 	� LJUT

���� 1PMBOE -PE[ 1PMZUFDIOJD 6OJWFSTJUZ ���� #FMHJVN 3IJ[P 4DIPPM
���� $PMPNCJB $PMPNCJBO 4DIPPM PG &OHJOFFSJOH ���� #FMHJVN 7*7&4 6OJWFSTJUZ $PMMFHF 	� LJUT

���� 64" 6OJWFSTJUZ PG .JDIJHBO ���� /FUIFSMBOET .�4� 	QSJWBUF JOEJWJEVBM

���� 6, 1MZNPVUI 6OJWFSTJUZ
���� #FMHJVN 7SJKF 6OJWFSTJUFJU #SVTTFM
���� 4XFEFO 6OJWFSTJUZ PG 4LÚWEF
���� #FMHJVN 6OJWFSTJUZ $PMMFHF PG 8FTU�'MBOEFST
���� #FMHJVN %F -JGU &EVDBUJPO
���� /FUIFSMBOET 3PUUFSEBN 6OJWFSTJUZ PG "QQMJFE 4DJFODFT

Table 5.1 Overview of current users

Fig. 5.2 OTO – a mobile extension for the Opsoro platform

CFJOH VTFE CZ SFTFBSDIFST BOE QSBDUJUJPOFST XPSMEXJEF� 4FFJOH UIF FOUIVTJBTN PG DIJMESFO
UIFSBQJTUT BOE GFMMPX SFTFBSDIFST JT POF PG UIF HSFBUFTU SFXBSET� "T PG ZFU XF IBWF TPME UFO
0OPT UP PUIFS VOJWFSTJUJFT BOE SFTFBSDI JOTUJUVUFT TQSFBE PWFS UISFF DPOUJOFOUT 	ëH� ���
UBCMF ���
� ɨFTF SPCPUT BSF BDUJWFMZ CFJOH VTFE JO B XJEF SBOHF PG SFTFBSDI EFWFMPQNFOU
BOE FEVDBUJPOBM BQQMJDBUJPOT� 'PS JOTUBODF 0OP JT VTFE BT B UPPM GPS TQFFDI UIFSBQZ BOE
CFIBWJPS UIFSBQZ FYQFSJNFOUT XJUI DIJMESFO� "EEJUJPOBMMZ POF PG UIF 0OP�T JT DVSSFOUMZ
CFJOH VTFE BT B EFWFMPQNFOU QMBUGPSN JO DPNQVUFS TDJFODF DPVSTFT XIJDI IBT SFTVMUFE
JO UIF EFWFMPQNFOU PG OPWFM UIJSE�QBSUZ BQQT GPS UIF 0QTPSP QMBUGPSN� 'JOBMMZ POF PG
UIF )3* TUVEJFT QFSGPSNFE VTJOH UIF 0OP SPCPU IBT BMSFBEZ CFFO QVCMJTIFE 	;VCSZDLJ
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BOE (SBOPTJL ����
 BOE POF PG UIF VTFST JT QMBOOJOH PO CVJMEJOH B TFDPOE 0OP GSPN
TDSBUDI VTJOH UIF TPVSDF ëMFT PO (JU)VC� $VSSFOUMZ UIF 0QTPSP 4UBSUFS ,JUT BSF VTFE JO
TFDPOEBSZ TDIPPMT GPS 45&. FEVDBUJPO QVSQPTFT� ɨF 0QTPSP QMBUGPSN JT DVSSFOUMZ BMTP
VTFE BT B DP�DSFBUJPO UPPMLJU JO B SFTFBSDI QSPKFDU JOWFTUJHBUJOH OPWFM TPDJBM JOUFSGBDFT GPS
QFPQMF TVêFSJOH GSPN EFNFOUJB� 8JUIJO PVS PXO VOJWFSTJUZ TUVEFOUT IBWF EFWFMPQFE BO
FYUFOTJPO GPS UIF 4UBSUFS ,JU BMMPXJOH VTFST UP DPOTUSVDU NPCJMF DBS�MJLF TPDJBM SPCPUT 	ëH�
���
�

"T PG ZFU )3* TUVEJFT QSJNBSJMZ JOWFTUJHBUF SPCPU CFIBWJPST JHOPSJOH UIF SPMF PG FNCPE�
JNFOU BT QBSU PG UIF EFTJHO TQBDF� 8F IPQF PUIFST XJMM CVJME VQPO PVS XPSL MFBEJOH
UP CFUUFS B VOEFSTUBOEJOH PG UIF SPMF PG FNCPEJNFOU JO TPDJBM JOUFSBDUJPO XJUI SPCPUT�
8JUIJO UIJT EJTTFSUBUJPO UIF TDPQF PG UIF TUVEZ XBT GPDVTFE PO UIF EFTJHO PG %*: SPCPUJD
DIBSBDUFST XJUI BDUVBUFE GBDJBM GFBUVSFT� 0UIFST IBWF GPDVTFE PO EFTJHOJOH PQFO TPVSDF
TPDJBM SPCPUT UIBU FNQIBTJ[F CPEZ NPUJPO 	F�H� 1PQQZ
� "O PQFO RVFTUJPO JT IPX UIFTF
UXP BTQFDUT DBO CF VOJUFE UISPVHI B %*: BQQSPBDI XJUIJO UIF TBNF QMBUGPSN� 6OEPVCU�
FEMZ DPNCJOJOH CPUI BQQSPBDIFT XJMM MFBE UP OFX RVFTUJPOT BOE DIBMMFOHFT CPUI PO UIF
UFDIOJDBM TJEF BT XFMM BT PO B IVNBO MFWFM� 8JUIJO UIJT XPSL UIF TPDJBM CFIBWJPS PG UIF
SPCPUT XBT SFTUSJDUFE UP B TVQFSëDJBM MFWFM� 0O UIF TPGUXBSF TJEF JU XJMM CF JOUFSFTUJOH UP TFF
IPX TPDJBM JOUFSBDUJPO BMHPSJUINT DBO CF NBEF BDDFTTJCMF UP OPO�FYQFSUT TP UIBU B XJEF
BVEJFODF PG VTFST DBO DSFBUF EFFQ TPDJBM CFIBWJPST GPS UIFJS SPCPUJD DSFBUJPOT�

ɨF %*: UPPMLJU BQQSPBDI UIBU XBT VTFE EVSJOH UIJT SFTFBSDI QSPKFDU IPMET NVDI QPUFOUJBM
GPS B CSPBE SBOHF PG TDJFOUJëD EJTDJQMJOFT� 8F GPVOE UIJT QBSBEJHN FTQFDJBMMZ WBMVBCMF GPS
NBOZ SFBTPOT� 5P CFHJO UIF BQQSPBDI IBT B MFWFSBHF FêFDU� B MPU NPSF HSPVOE DBO CF
DPWFSFE CZ FOBCMJOH NPUJWBUFE MFBE VTFST UP IFMQ� 3FMBUFE UP UIJT JT UIBU UPPMLJUT PêFS OFX
QBUIXBZT PG LOPXMFEHF EJTTFNJOBUJPO� *U FOBCMJOH UIF QVCMJD UP FYQFSJNFOU XJUI DVUUJOH
FEHF UFDIOPMPHZ BOE IFMQT OFX EFWFMPQNFOUT UP iFTDBQFw UIF MBC� 'JOBMMZ XF GPVOE UIBU
DPOTUSBJOUT JNQPTFE CZ UIF %*: NJOETFU TUJNVMBUFE DSFBUJWJUZ OPU POMZ JO VTFST CVU BMTP
JO PVSTFMWFT TUJNVMBUJOH VT UP FYQMPSF QBUIT XF PUIFSXJTF XPVME OPU IBWF DPOTJEFSFE�

5.1 OPEN HARDWARE IN ROBOTICS RESEARCH

*NQMFNFOUJOH UIF PQFO TPVSDF IBSEXBSF QBSBEJHN JO SPCPUJDT SFTFBSDI JOWPMWFT B OVNCFS
PG FUIJDBM BOE QSBDUJDBM DPOTJEFSBUJPOT� 'SPN B NPSBM TUBOEQPJOU JU TUBOET UP SFBTPO UIBU
UIF SFTVMUT PG HPWFSONFOU�GVOEFE SFTFBSDI o OPU POMZ QVCMJDBUJPOT CVU BMTP SFTFBSDI QMBU�
GPSNT o TIPVME CF NBEF QVCMJDMZ BWBJMBCMF� "GUFS BMM UIF HPWFSONFOU UIF FNQMPZFS PG NPTU
SFTFBSDIFST SFQSFTFOUT UIF QVCMJD BU MBSHF� %PJOH TP ëUT XJUIJO UIF TDPQF PG LOPXMFEHF EJT�
TFNJOBUJPO POF PG UIF DPSF UBTLT PG B VOJWFSTJUZ� 'VSUIFSNPSF SFMFBTJOH UIF NFDIBOJDBM
EFTJHOT JOWPMWFE JO B QVCMJDBUJPO BT PQFO TPVSDF IBSEXBSF DBO CF MJLFOFE UP SFMFBTJOH BO
FYQFSJNFOU�T EBUBTFU BOE TFSWFT UP JNQSPWF UIJSE�QBSUZ WFSJëDBUJPO PG UIF SFTFBSDI�

ɨFSF BSF BMTP QSBDUJDBM SFBTPOT UP SFMFBTF SFTFBSDI IBSEXBSF BT BO PQFO TPVSDF XPSL� *G
PUIFST DBO GSFFMZ VTF BOE NPEJGZ UIF XPSL UIFZ NBZ BMTP CF JODMJOFE UP JNQSPWF VQPO JU
BOE SFMFBTF UIFJS DIBOHFT JO B TJNJMBS NBOOFS� ɨJT DPMMBCPSBUJWF QSPDFTT IBT NVDI QPUFO�
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UJBM UIPVHI JO PVS FYQFSJFODF UIJT DBO CF IJU�PS�NJTT� ɨF TPVSDF ëMFT PG UIF SPCPU 0OP
UIF QSFDVSTPS UP UIF 0QTPSP QMBUGPSN IBWF CFFO NBEF BWBJMBCMF GPS B OVNCFS PG ZFBST
OPX UIPVHI XF GBJMFE UP BUUSBDU PVUTJEF DPMMBCPSBUPST� " TVDDFTTGVM PQFO TPVSDF IBSEXBSF
QSPKFDU SFRVJSFT NPSF UIBO NFSFMZ NBLJOH TPVSDF ëMFT BWBJMBCMF� %PDVNFOUBUJPO USBJOJOH
BOE DPNNVOJUZ NBOBHFNFOU BMTP UBLF DPOTJEFSBCMF FêPSU GPS XIJDI UIFSF JT OPU BMXBZT
UJNF JO B SFTFBSDI DPOUFYU� 0UIFS DPOUSJCVUJOH GBDUPST BSF UIBU IBSEXBSF JT OBUVSBMMZ IBSEFS
UP SFQMJDBUF UIBO TPGUXBSF BOE UIBU IBSEXBSF DSFBUFE GPS SFTFBSDI UFOET UP CF WFSZ TQFDJëD
SFTVMUJOH JO B OJDIF PG QPUFOUJBM VTFST� .PSF SFDFOUMZ XF IBWF IBE TPNF TVDDFTT JO BUUSBDU�
JOH PVUTJEF DPMMBCPSBUPST GPS UIF 0QTPSP QMBUGPSN� ɨJT JT NBJOMZ UIF SFTVMU PG BEESFTTJOH
DPNNVOJUZ�SFMBUFE GBDUPST JODMVEJOH PSHBOJ[JOH XPSLTIPQT JNQSPWJOH EPDVNFOUBUJPO
PêFSJOH CFUUFS TPGUXBSF BOE JNQSPWJOH DPNNVOJDBUJPO UISPVHI TPDJBM NFEJB� )PXFWFS
SFTFBSDIFST PGUFO GBDF UIF DIBMMFOHF UP ëOE UJNF GPS BDUJWJUJFT UIBU EP OPU EJSFDUMZ MFBE UP
QVCMJTIBCMF SFTVMUT� 5P HP GSPN BO FYQFSJNFOUBM TFUVQ UP B WJBCMF PQFO TPVSDF IBSEXBSF
QSPKFDU SFRVJSFT B TJHOJëDBOU FêPSUT JO EFWFMPQNFOU BOE EPDVNFOUBUJPO XPSL�

*O SFDFOU ZFBST SFBEZ�UP�VTF QMBUGPSNT 	TVDI BT /BP (PVBJMMJFS FU BM� ����
 IBWF IBE B
MBSHF JNQBDU PO )3* SFTFBSDI� 0O UIF PUIFS IBOE EFWFMPQJOH DVTUPN SPCPUJD QMBUGPSNT
UIPVHI DPTUMZ SFNBJOT B DPNNPO BQQSPBDI BT XFMM� )PXFWFS CPUI BQQSPBDIFT BSF PGUFO
UFDIOPMPHZ�ESJWFO BOE EJïDVMU UP NPEJGZ BOE MJUUMF FYJTUT JO CFUXFFO UIFTF FYUSFNFT� 8JUI
PVS XPSL UPXBSE UIF 0QTPSP QMBUGPSN XF BEESFTT UIJT HBQ CZ DPNCJOJOH FMFNFOUT PG
Pê�UIF�TIFMG SPCPUT BOE DVTUPN�EFTJHOFE SPCPUT� 6TJOH UIF QMBUGPSN JT FBTJFS GBTUFS BOE
DIFBQFS UIBO CVJMEJOH DPTUMZ DVTUPN SPCPUT� "OE CFDBVTF UIF QMBUGPSN JT PQFO VTFST BSF
GSFF UP NPEJGZ BOZ BOE FWFSZ BTQFDU BT UIFZ TFF ëU XIJDI JT PGUFO UIF DBTF JO TDJFOUJëD
FYQFSJNFOUT� 8IJMF UIF PQFO TPVSDF IBSEXBSF DPVME ESJWF EPXO UIF DPTUT PG SPCPUJDT XF
ëOE UIBU NBOZ FYJTUJOH PQFO TPVSDF SPCPUJDT QMBUGPSNT BSF TUJMM FYQFOTJWF QSJNBSJMZ CFDBVTF
PG DPNQPOFOU DPTUT� ɨJT DPTU QPTFT B CBSSJFS GPS SFQMJDBUJPO BOE NPEJëDBUJPO IBNQFSJOH
UIF FWPMVUJPOBSZ QSPDFTT CFIJOE PQFO TPVSDF QSPKFDUT� 0VS XPSL FYQMJDJUMZ UBLFT UIJT JOUP
BDDPVOU CZ SFMZJOH PO MPX�DPTU DPNQPOFOUT BOE UFDIOJRVFT� *OTUFBE PG PêFSJOH BEWBODFE
DBQBCJMJUJFT XF SFMZ PO B CPUUPN�VQ BQQSPBDI GPDVTFE PO PêFSJOH B TUSPOH CBTJT PG CBTJD
GVODUJPOBMJUZ GPS PUIFST UP CVJME VQPO�

ɨF ëFME PG SPCPUJDT JT WFSZ DIBMMFOHJOH BOE SFMJBOU PO NBOZ EJêFSFOU EJTDJQMJOFT� "O BE�
WBOUBHF PG UIF PQFO TPVSDF BQQSPBDI JT UIBU VTFST BSF GSFF UP DIFSSZ�QJDL UIF CFTU UPPMT BOE
DPNQPOFOUT JO PSEFS UP DSFBUF B MBSHFS GVODUJPOBM EFWJDF� %FTJHOFST EP OPU OFFE UP LOPX
BMM UIF JOUSJDBUF EFUBJMT PG FWFSZ DPNQPOFOU UIFZ KVTU OFFE UP LOPX IPX UP iHMVFw FWFSZ�
UIJOH UPHFUIFS� ɨJT JT JO JUTFMG B WFSZ QPXFSGVM NFUIPE GPS UFDIOPMPHZ EFNPDSBUJ[BUJPO�
ɨF PQFO TPVSDF IBSEXBSF NPWFNFOU JT WFSZ ZPVOH CVU IBT BMSFBEZ NBEF B NFBTVSBCMF
JNQBDU PO TPDJFUZ� 4UJMM DIBMMFOHFT SFNBJO� %*: SFTFBSDIFST BOE QSBDUJUJPOFST TUBOE NVDI
UP HBJO GSPN CFUUFS UPPMT GPS DPMMBCPSBUJPO GPS EPDVNFOUBUJPO GPS NBOVGBDUVSJOH BOE
GPS EFTJHO� *U XJMM CF JOUFSFTUJOH UP TFF XIBU IBQQFOT XIFO UIF %*: XPSME BOE UIF XPSME
PG BDBEFNJB NPWF DMPTFS UPHFUIFS BT UIFZ CPUI IBWF NVDI UP HBJO GSPN FBDI PUIFS�
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5.2 ENTREPRENEURSHIP AND VALORIZATION

0XJOH UP PVS CBDLHSPVOE JO JOEVTUSJBM EFTJHO FOHJOFFSJOH XF IBWF FNQMPZFE B QSBDUJDBM
BQQSPBDI EVSJOH UIJT QSPKFDU QBZJOH BUUFOUJPO UP BTQFDUT PG JOEVTUSJBMJ[BUJPO QSPEVDUJPO
BOE FOUSFQSFOFVSTIJQ� "T B TUVEZ XJUIJO UIF JOEVTUSJBM TDJFODFT SFMFWBODF UP JOEVTUSZ JT
BO JNQPSUBOU GBDUPS PG UIF ëOBMJUZ PG UIJT XPSL� "T EJTDVTTFE JO UIF QSFWJPVT TFDUJPO UIF
TVDDFTT PG UIF 0QTPSP QMBUGPSN SFRVJSFT CPUI SFTFBSDI BOE EFWFMPQNFOU XPSL� )PXFWFS
QVSF EFWFMPQNFOU BOE JNQMFNFOUBUJPO JT PGUFO EJïDVMU JO B VOJWFSTJUZ FOWJSPONFOU� 5P
FOBCMF UIF TVDDFTT PG UIF QMBUGPSN XF BSF NPWJOH GPSXBSE XJUI 0QTPSP JO UIF GPSN PG B
TUBSU�VQ DPNQBOZ� 1JPOFFSJOH DPNQBOJFT TVDI BT "SEVJOP BOE 6MUJNBLFS IBWF EFNPO�
TUSBUFE UIBU JU JT QPTTJCMF CF CPUI PQFO TPVSDF BOE QSPëUBCMF� )PXFWFS B LFZ DIBMMFOHF
JT UP ëHVSF PVU B WJBCMF PQFO TPVSDF CVTJOFTT NPEFM XIJDI UFOET UP CF VOJRVF UP FBDI
JOEJWJEVBM DBTF� 4UJMM XF SFNBJO DPOWJODFE UIBU UIF PQFO TPVSDF BQQSPBDI PêFST NBOZ
NPSF PQQPSUVOJUJFT GPS 0QTPSP UIBO SJTLT�

0WFS UIF DPVSTF PG UIJT SFTFBSDI QSPKFDU XF PGUFO XFOU POF TUFQ GVSUIFS UIBO CBSF NJOJ�
NVN QSPPG�PG�DPODFQU QSPUPUZQFT FNQMPZJOH BO JOUFHSBM QSPEVDU EFTJHO QIJMPTPQIZ UIBU
JT VODIBSBDUFSJTUJD GPS SPCPUJDT SFTFBSDI� .PSF PGUFO UIBO OPU UIJT XPSLFE PVU UP TBWF UJNF
PWFSBMM BT UIF FYUSB UJNF TQFOU PO B SPCVTU JNQMFNFOUBUJPO XBT VTVBMMZ NBEF VQ CZ UIF
GBDU UIBU GVUVSF EFWFMPQNFOUT DPVME CF JNQMFNFOUFE NPSF RVJDLMZ� 'PS JOTUBODF UIF UJNF
XF TQFOU UP EFTJHO B DVTUPN 1$# XBT VMUJNBUFMZ KVTUJëFE CFDBVTF PG UIF JODSFBTFE SFMJBCJM�
JUZ BOE CFUUFS TDBMBCJMJUZ� *U MFU VT SFQMJDBUF QSPUPUZQFT GBTUFS FOBCMJOH MBSHFS FYQFSJNFOUT
BOE VMUJNBUFMZ BMTP SPCPU TBMFT�

ɨF BUUFOUJPO GPS QSPEVDUJPO JT BMTP USVF GPS UIF �% QSJOUFE QBSUT� ɨFZ XFSF EFTJHOFE BOE
QSJOUFE PO MPX�DPTU NBDIJOFT FWFO UIPVHI PVS EFQBSUNFOU IBT BDDFTT UP NVDI CFUUFS IJHI�
FOE NBDIJOFT� %PJOH TP XF DPVME CFUUFS PQUJNJ[F UIF EFTJHOT GPS MPX�FOE �% QSJOUFST
BOE VMUJNBUFMZ FOBCMFE VT UP EP B TNBMM iQSPEVDUJPOw SVO PO PVS FJHIU %*:�HSBEF NBDIJOFT
	ëH� ���
� *O TPNF SFTQFDUT UIF 0QTPSP UPPMLJU MFBOT NPSF UPXBSE QSPEVDU QSPUPUZQF
SBUIFS UIBO SFTFBSDI QSPUPUZQF JMMVTUSBUJOH UIF QPJOU UIBU UIJT EPDUPSBM SFTFBSDI QSPKFDU
PSJHJOBUFE JO JOEVTUSJBM EFTJHO�

&OUSFQSFOFVSTIJQ BOE WBMPSJ[BUJPO JT BMTP TIPXO JO PVS QBSUJDJQBUJPO JO PVUSFBDI FWFOUT
XIFSF XF DPNNVOJDBUF PVS XPSL PVUTJEF PG UIF USBEJUJPOBM BDBEFNJD DIBOOFMT� 0OP XBT
QSFTFOUFE BU .BLFS 'BJSF 3PNF JO ���� XIFSF JU XPO UIF .BLFS PG .FSJU BXBSE� 8F IBWF
BMTP CFFO QSFTFOU BU FWFSZ FEJUJPO PG .BLFS 'BJSF .FDIFMFO TJODF UIF ëSTU FEJUJPO JO �����
4JODF UIFO 0OP BOE 0QTPSP IBWF CFFO BQQFBSFE NVMUJQMF UJNFT JO #FMHJBO QPQVMBS NFEJB
JODMVEJOH OBUJPOBM UFMFWJTJPO SBEJP BOE OFXTQBQFST� 3FTQPOTF UP UIFTF PVUSFBDI FWFOUT
GFFECBDL BU DPOGFSFODFT TBMFT PG QSPUPUZQF SPCPUT UP PUIFS VOJWFSTJUJFT NBEF JU DMFBS UIBU
UIF 0QTPSP QMBUGPSN IBT QPUFOUJBM GPS DPNNFSDJBMJ[BUJPO BT B TQJO�Pê DPNQBOZ� *O MBUF
���� XF TVCNJUUFE B QSPQPTBM GPS GVOEJOH UP WBMPSJ[F PVS SFTFBSDI JO UIF GPSN PG B TUBSU�
VQ DPNQBOZ� 0VS QSPQPTBM XBT HSBOUFE HJWJOH VT UIF PQQPSUVOJUZ UP NBLF UIF OFDFTTBSZ
QSFQBSBUJPOT GPS B TQJO�Pê DPNQBOZ�

ɨSFF QPUFOUJBM NBSLFUT GPS 0QTPSP XFSF JEFOUJëFE� 	�
 QSPEVDUT GPS SPCPU�BTTJTUFE UIFS�
BQZ BOE DBSF 	�
 UPPMT GPS IVNBO�SPCPU JOUFSBDUJPO SFTFBSDI BOE 	�
 LJUT GPS 45&".

239



5. CONCLUSION & FUTURE PERSPECTIVES

Fig. 5.3 Opsoro components produced by a farm of eight low-cost 3D printers.

FEVDBUJPO� ɨSPVHI JOUFSWJFXT BOE GVSUIFS NBSLFU BOBMZTJT JU CFDBNF BQQBSFOU UIBU UIF
ëSTU UXP NBSLFUT XFSF OPU 	ZFU
 GFBTJCMF GPS VT� .BKPS JTTVFT JO UIF UIFSBQFVUJD NBSLFU
JODMVEF EFWJDF SPCVTUOFTT DVTUPNFS TVQQPSU NFEJDBM DFSUJëDBUJPO� ɨF MBSHFTU QSPCMFN
XJUI UIF SFTFBSDI NBSLFU JT TJNQMZ UIF MJNJUFE TJ[F PG UIJT NBSLFU NBLJOH JU EJïDVMU UP Pê�
TFU UIF DPTUT PG SFTFBSDI EFWFMPQNFOU UPPMJOH BOE NBOVGBDUVSF� $POTFRVFOUMZ QSJNBSZ
GPDVT GPS UIF 0QTPSP QSPEVDU XJMM CF PO UIF IPCCZJTU NBSLFU FNQIBTJ[JOH 45&". MFBSO�
JOH� "T PG ZFU UIJT NBSLFU JT EPNJOBUFE CZ NBMF�PSJFOUFE QSPEVDUT TVDI BT UIF QPQVMBS
-&(0 .JOETUPSNT UPZ TFSJFT� 8JUIJO UIJT NBSLFU XF BSF JO B VOJRVF QPTJUJPO CFDBVTF XF
DBO PêFS B SPCPU CVJMEJOH LJU UIBU FNQIBTJ[FT BTQFDUT UIBU BSF PGUFO PWFSMPPLFE CZ PUIFS
QSPEVDUT JO GBWPS PG DPPM NFDIBOJDBM UFDIOJDBM BHHSFTTJWF QSPEVDU BFTUIFUJDT XIJDI UFOE
UP SFTPOBUF NVDI NPSF XJUI CPZT UIBO XJUI HJSMT� 8JUI 0QTPSP BT B CBTJT XF DBO PêFS
B QSPEVDU UIBU QMBZT JOUP BTQFDUT TVDI BT TUPSZUFMMJOH TPDJBM JOUFSBDUJPO DSFBUVSF EFTJHO
BOE DSFBUJWF FYQSFTTJPO UIVT DSFBUJOH B QSPEVDU UIBU GSBNFT 45&". TLJMMT JO UIF GBOUBTZ
XPSME PG %JTOFZ BOE 1JYBS�

ɨJT DIBOHF JO EJSFDUJPO IBT SFQFSDVTTJPOT GPS UIF EFWFMPQNFOU PG UIF QSPEVDU� .PTU
JNQPSUBOUMZ UIF DPTU OFFET UP CF NVDI MPXFS JO PSEFS UP IBWF B WJBCMF DVTUPNFS WBMVF
QSPQPTJUJPO� ɨF QSJDF PG B .JOETUPSNT LJU o SPVHIMZ ��� ǎ o TFFNT UP CF UIF NBYJNVN
UIF NBSLFU DBO CFBS� 0OF QSPQPTFE DIBOHF JT UP FMJNJOBUF UFYUJMFT GSPN UIF EFTJHO PG UIF LJU
JO GBWPS PG PUIFS NBUFSJBMT� ɨF QSPEVDUJPO PG B UFYUJMF TLJO JOWPMWFT B MPU PG NBOVBM MBCPS
XIJDI JT FYQFOTJWF� 'VSUIFSNPSF CZ PêFSJOH UIF QSPEVDU BT B LJU TPNF PG UIF BTTFNCMZ
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DPTUT BSF FMJNJOBUFE� %FTJHO�XJTF POF PG UIF DIBMMFOHFT XJMM CF UP CSJEHF UIF EJêFSFODFT
CFUXFFO NBTT�QSPEVDUJPO NBOVGBDUVSJOH BOE %*:�DFOUSJD NBOVGBDUVSJOH� 8F XBOU UP
EFTJHO PVS DPNQPOFOUT TP UIBU UIFZ DBO CF NBOVGBDUVSFE BU IPNF CZ FOE�VTFST CVU DBO
BMTP CF QSPEVDFE FïDJFOUMZ JO MBSHF WPMVNFT� 8F UIJOL JU JT JNQPSUBOU UP FNQIBTJ[F
.BLFS � %*: TLJMMT BT QBSU PG UIF EFTJHO QSPDFTT� *OTUFBE PG EFTJHOJOH B TZTUFN UIBU JT
SFTUSJDUFE UP DPNQPOFOUT TQFDJëD UP UIBU TZTUFN UIF TZTUFN TIPVME CF FYUFOTJCMF� ɨF
DIBMMFOHF IFSF JT UP ëOE EJêFSFOU XBZT PG DPNCJOJOH DSBGU UFDIOJRVFT XJUI TUBOEBSEJ[FE
UPPMLJU DPNQPOFOUT BMMPXJOH VTFST UP CVJME UIFJS PXO FNCPEJNFOUT XJUI B IJHI EFHSFF
PG ìFYJCJMJUZ�

$SFBUJOH B CVTJOFTT BSPVOE BO PQFO TPVSDF QSPEVDU IBT EFFQ JNQMJDBUJPOT GPS UIF QSPEVDU
BOE UIF DPNQBOZ� .PTU JNQPSUBOUMZ BO PQFO TPVSDF QSPEVDU TIPVME CFOFëU UIF VTFST
BMMPXJOH UIFN UP FBTJMZ IBDL GVODUJPOBMJUZ PVUTJEF PG UIF TDPQF PG UIF PSJHJOBM QSPEVDU�
0O UIF PUIFS IBOE UIFSF TIPVME DMFBS BEWBOUBHFT GPS CVZJOH BO 0QTPSP LJU WFSTVT NBLJOH
PS CVZJOH B LOPDL�Pê DPQZ� )FSF NVMUJQMF TUSBUFHJFT DBO CF VTFE UP DSFBUF WBMVF� 'PS
JOTUBODF B DPNNFSDJBM 0QTPSP LJU DBO CF GBTUFS BOE PG CFUUFS RVBMJUZ UIBO B IPNF�NBEF
LJU� 4UJMM POF PG UIF HSFBUFTU BTTFUT PG BO PQFO TPVSDF DPNQBOZ JT JUT DPNNVOJUZ BOE UIJT
DPNNVOJUZ DBOOPU CF DPQJFE CZ UIJSE�QBSUZ NBOVGBDUVSFST� 'PS UIJT SFBTPO UIF POMJOF
DPNNVOJUZ QMBUGPSN XJMM CF POF PG UIF OFYU CJH TUFQT UPXBSE DPNNFSDJBMJ[BUJPO�

ɨF QMBUGPSN BQQSPBDI UJFT JO XFMM XJUI PVS CSPBEFS WJTJPO PO BEWBODFT XJUIJO UFDIOPMPHZ�
5PPMLJUT BOE QMBUGPSNT NBLF JU QPTTJCMF GPS FOE VTFST UP EFWFMPQ UIFJS PXO SPCPUJDT BQQMJ�
DBUJPOT BOE UIJT BQQSPBDI JT DPNQMFUFMZ EJêFSFOU GSPN UIF UFDIOPMPHZ QVTI BQQSPBDI PG
NBOZ DPOUFNQPSBSZ SPCPUJDT DPNQBOJFT� ɨJT BQQSPBDI PêFST B CFUUFS XBZ UP EJTTFNJOBUF
SFTFBSDI LOPXMFEHF BOE UP FOIBODF UIF JNQBDU PG UIF XPSL� ɨF MJOL CFUXFFO UIF SFTFBSDI
DPNNVOJUZ BOE NBLFST BOE %*:FST PêFST B HSFBU XBZ UP QVU SFTFBSDI JOUP QSBDUJDF� ɨF
BQQSPBDI BMTP PêFST BEWBOUBHFT GSPN B CVTJOFTT QFSTQFDUJWF� *G XF TVDDFFE JO GPTUFSJOH B
DPNNVOJUZ BSPVOE UIF POMJOF QMBUGPSN BOE UIF QIZTJDBM UPPMLJU XF XJMM CF JO B VOJRVF
QPTJUJPO UP JEFOUJGZ OFX USFOET XJUIJO )3* BQQMJDBUJPOT� "T B ëSTU TUFQ UIF TQJO�Pê DPN�
QBOZ XJMM PêFS BO PQFO�FOEFE QMBUGPSN GPS %*: TPDJBM SPCPUT� "U B MBUFS TUBHF XF DBO UBLF
BEWBOUBHF PG JOTJHIUT HBJOFE UISPVHI UIF QMBUGPSN CZ PêFSJOH NPSF TQFDJBMJ[FE QSPEVDUT
BOE TFSWJDFT�

"T UFDIOPMPHZ DPOUJOVFT UP QFSNFBUF UISPVHIPVU BMM BTQFDUT PG PVS EBJMZ MJWFT CFJOH BCMF
UP VTF UFDIOPMPHZ BT B DSFBUJWF NFEJVN CFDPNFT BO JODSFBTJOHMZ JNQPSUBOU MJGF TLJMM� %*:
QBSBEJHNT PêFS B QSPNJTJOH TPMVUJPO UP CSJEHF UIF HBQ CFUXFFO UIF SFTFBSDI XPSME BOE
TPDJFUZ� 4PDJBM SPCPUJDT JT CVU POF FYBNQMF PG BEWBODFT JO UFDIOPMPHZ UIPVHI JU JT DVSSFOUMZ
UIF TVCKFDU PG NVDI BUUFOUJPO BOE UIF UFDIOPMPHZ XJMM TVSFMZ BêFDU UIF TIBQF PG GVUVSF
TPDJFUJFT� ɨSPVHIPVU UIF QBTU GPVS ZFBST XF IBWF SFBMJ[FE NVDI JO UFSNT PG EFNPDSBUJ[JOH
TPDJBM SPCPUJDT UFDIOPMPHZ� 8JUI UIF QSPTQFDU PG TUBSUJOH B TQJO�Pê DPNQBOZ� JU JT TBGF UP
TBZ UIF GVUVSF XJMM IPME NBOZ NPSF FYDJUJOH DIBMMFOHFT BOE PQQPSUVOJUJFT�

�.PSF JOGPSNBUJPO PO UIF TQJO�Pê DPNQBOZ DBO CF GPVOE PO UIF XFCTJUF #//+Γχχ222Α*+.*-*Α� �
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