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Summary

Engineers focus on the design of new added-value products, which satisfy the human needs.
The product-design process follows a base line. It starts from an idea and through 2D and 3D
design, models are created for creating prototypes, which are then evaluated. During this
process many design parameters and other specifications have to be taken into account.

Topology optimization is a well-known design decision tool for designers/engineers.
Generative design based on topology optimization and artificial-intelligent algorithms is also
a helpful design tool, especially in the early design stage of conceptual design. Topology
optimization and generative design outcomes are characterized by a complex-structure
shape. Often these structures are difficult, or impossible to be produced with traditional
fabrication techniques. Additive manufacturing, due to its ability to fabricate any complex
shape, is the appropriate method to overcome this limitation. In this thesis topology
optimization and generative design are utilized for the design of a consumer product and
also for the redesign of mechanical components, taking into account the limitations of the
selected additive manufacturing technique. The developments of additive manufacturing in
recent years and its close relevance with the results of TO and GD process are very

encouraging.

Auxetic materials have enhanced dynamical properties and damping behavior, and thus
they can be used in certain applications. This property is usually explained from the
microstructure, although other models have been used as well, such as chiral, or mechanism-
based models. Auxetic materials are used in several fields, however, optimal design towards
dynamical properties is still under investigation. In this study the efficiency of auxetic
materials on a dynamic loading caused by bullet penetration has been compared with non-
auxetic materials.

A key factor of additive manufacturing for the fabrication of light weight structures is
the selected infill structures. In the current thesis by utilizing topology optimization, new
infill structures are designed with the use of the SIMP topology optimization method. The
selected method predicts the material distribution in a specific and predefined domain in an
accurate way, but it does not check other material properties, such us structure isotropy. In
the current thesis a hybrid approach has been adopted, which combines topology
optimization and the classic homogenization method to evaluate the topological optimized
microstructures. Using an RVE (Representative Volume Element) the results are evaluated
numerically. Then, using additive manufacturing, specimens of both microstructures are
fabricated and evaluated with compression and tensile strength tests. The results agree with
the numerical findings that the microstructures have anisotropic behavior.
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ITepiAnyn

Ot pnxavikol oxedlaong mEOIOVTWY ATIOOKOTOVV 0T 0XedloT) VEWV, KALVOTOUWV
TMEOIOVTWYV T ool O avTtamokEivovTat IoAELx TOOO OTIC AVAYKES TWV XONOTWV
000 Kat Twv Kataokevaotwv. H dudwkaoia oxedlaons evog véov meoidvtog
arxoAovOel pax ddikaoia AQKETA TUTTOTOWNEVT), TIOL EEKLVA O T OVAATYN
e Wéag, ovveyxilletar pe TN dMUOLEYIX dODACTATWY KAl TOLOOACTATWV
oxedlwv Kat 0AOKANQWVETAL e TN ONULOLEY X TEWTOTVUTIWY, ATtO TNV AELOAGYN 0T
TwV omolwv Oa kELOel N ATOPAOT) YIox CLVEXLOT) OTO OTADLO TNG TAQAYWYNS 1] Y
avaBewenon twv dedouévwv tng oxedopeAetnc. Etvat onuavtiko, va Angbovv
LTTOYPMN OAOL OL TAPAYOVTEG TIOL O DLAUOQPWOOLY TIC TIEODLAYQAPES TOV VEOU
TEOLOVTOG Kat va ovvekTipunovv. H dixdkaoio avt povo eVkoAn dev elvat kat
amartel XQOVo Kat TOQOVG. e avTr]) TV mpoontabelx, ovyxoova egyadeia mov
AVNKOUV  OTO PACHUAX TNG VTMOAOYIOTIKIG HIXAVIKIIG OTwG 1] TOTIOAOYIKY
PeATIOTOTOMOT) KAl 0 YEVETIKOG OXEDXTIOS UTTOQOVY VA CUUPBAAAOLY Ue KOLOLUO
t00mo ot ANYn twv anopacewv. IagaAAnAa, n a&lomoinon g mEooOeTKrg
KATAoKeLN)G umogel ovpBaldel amo@aoclotikd OXL HOVO Yl Tn Onuiovyia
MEWTOTUTIWV Y1 AELOAGYNOTN AAAL KAL TEAKWV, ETOLUWYV TTIOOG XOT)OT), TOOLOVTWV.
v  magovoa  datoly  peAetdtar 1 aflomoinon NG TOTOAOYIKIG
eATioOTOMOMONG KAl TOL YEVETIKOU OXeDMOUOV Of HeAéTeg TEQIMTWONG
TEOLOVTWYV N EEXQTNUATWV. LUYKEKQUUEVAR, pHeAetatal 1 oxediaon evog oxediov
toameClov amd To OTADIO TNG AVATITLUENG TWV AQXIKWOV WOEWV. LTI OLVEXELW,
peAetatal n BEATIOTN OXedIOOT) VPLOTAUEVWV UNXAVOAOYIKWY €EAQTNUATWV.

Oronuavtikéc duvaToTnTES TOL TEOOPEQELT) TEOCD ETIKN KATACKELT), YIX TNV
TaaYwy”n dopwv LVYPNATG TOALTTAOKOTNTAS ATIO HEYAAO €VQOG VAWKWY, 0dnYel
otV aglomoinon douwv mov oe avrtiBetn megintwon dev Oa pmogovoav va
xonowonombovv ge €00 TAQAYWYTS. XAQAKTNOLOTIKO &lval TO TaQdderyua
TWV AVENTIKAOV VAK@V 0L OTNTES TwV OTIolwV elvat acvvriBotes. Opllovtat wg
avénukd kabwg éxovv apvntukd Aoyo Poisson. H avéntkr) ocvumeoupood
MOOKVTITEL Ao TNV  &WIKI] OOUI] TOUG KoL TOV TQOTOL e TOV OTOolo
TILEAHLOQPVOVTAL OTAV (POQTIOTOVV. LNHUAVTIKA XAQOKTNOIOTIKA TWV AUVENTIKWV
VAWV elvat 1) avtoxn oe 0oavorn aAAd kat oe kQovon. L1V mapovoa dxtoLf)
ggevvaTal N a&lomoinon ALENTIKWY VAIKWV 0& dLVAULIKO TTEOPANUA KQOVONG ATto
opaipa. Amd T amoteAéopaTo TIQOKUTTEL EVVOIKOTEQN OUHTEQLPOQX OE
OoUYKQLOT] KLE U1 ALENTLKT) DOUT).

H wavomta mg mMEooOeTIKG KATAOKELNC Vo XONOLMOTOLE(TaL yix tnv
KATAOKELT) DOUWV OTIBAQWV XAUNAOV A0S 0@eideTal oe onuavTiko Baduo ot
XoNon dopwV MATPWOTG. TNV magovoa daxtoLPBr] XONoLHomnoLeitat pia VBKT)
TEOOEYYLON YA TO OXEDAOUO VEWV DOV TTAT|QwWOTG. Ot OLLEC TTEOKVTITOVV AXTO



ITepiAnym iii

™V a&lomoinon g tomoAoyikr|s BeAtiotonoinong. E£attiag opws, g advvapiag
eAéyxov AAAWV BLOTITWV TG TEOKVTITOLOAG DOUTG TéQa Ao TNV €VEEOT TNG
BEéATIOTNG AVOTC YIX TNV KATAVOUT] TOL VALKOU XQNOHOTIOLEITAL CLVOVACTIKA KAL
N kKAaown péBodog tng opoyevomoinong. Lkomodg elval va eAeyxOel mowta
aQLOUNTIKA 1) L0OTEOTIA TNG DOUNG HE TOV VTTOAOYLOUO TOL AGOYOUL zener KAl TOv
HETEOL eAaoTikOTNTAG Young. AT T amoteAéopata TG aQlOunTikrg puedodov
TIQOKVTITEL 1] AVIOOTQOTI TWV OOHWV. XTI OULVEXELR, XONOLHOTOLElTat éva
QAVTITTOOOWTEVTIKO OElYA TWV HIKQODOUWY Kol eEAEYXOVTAL WG VAIKO TTANRWONS
oe HovTéAo dokov. Emelta, ekTuM@OVOVTAL TOLODWXOTATEG TAEYUATIKEG OOMEG
TIAT)QWOTNG pe OKOTIO TNV AELOAOGYTOT) TOUG TTELQAUATIKA LLE T OLEVEQYELX EAEY YOV
oe kappn aAAd kot epeAkvopd. Ao ta amoteAéouata TEOKUTITEL ) emaAnOevon
TWV ATOTEAETUATWV TNG AQLOLNTIKT)G OUOYEVOTOLNOTG.
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AvaAvtikn IepiAnin

L& MoryKOOULO eTUTEDO ElVAL EUPAVELS 1) TAOT) TWV PLOUNXAVIKA AVATITUOOOEVWY
KAL QVEMTUYHEVWV XWOWV Vva LwoBetodv mEonNyuéves otoatnyués mov Oa
001 Y1)OOLV OTOV EKOVYXQOVIOHO TWV HOVADWV TAQAYWYNS KAl TNV AVATITUEN
KALVOTOUWV €QevvnTikwv eQyaAelwv. Ot Popnxaviec amd v mAgvpd Ttovg
eruilnTovy Vv LVBETNON oVYXEOVWVY HeDOdWV Tapaywyrs Tov Ba emipépovv
avénon keEdwv, PeAtion NG MOWOTNTAS TWV TAQAYOUEVWV TEOLOVIWY KAl
avATTLEN TEOLOVTWV LYNATG EooTOépevng aling. Ot kavotopes avTAelg
TAQAYWYNS OLVIYOQEOUV OTNV KAVOTNTA TNG TIQOOOETIKNG KATAOKELNG VA&
dxdoapatioel éva KeVIQUKO QOAO OTNV avATTULEN TEONYHEVWY CLOTIUATWY
TAQAYWYNS VEAS YeEVIAG. ATO TNV dAAN mMAevp& 1 ovvexouevn avinon g
LTTOAOYIOTIKAG  OXVUG  Yix  HaOnuatiky) HOvTeAOTIONON KAl TQOCOMOIWOT
onuoveyel T ovvONKeES wWOTE 1) VMOAOYIOTIKN) ETUOTNUN Vo OUUBAAAEL
OVOLXOTIKA OTNV  eTiAvOT TOAVTIAOKWV KAl dLOETAVTWY  TAQAYWY KWV
dtadkaowwv. ITgokepévov va ekmAnowdel N magamdvw emdiwén Oa meémel va
avantvxOovv ovyxeova LTOAOYLOTIKE eQYaAeia mov Oa emitEéPpouvv oTOULG
HUNXAVIKOUG/ OXEDAOTEG VA avamTVEOLY KAl Vo aVAAVOOUV ATOdOTIKOTEQR TV
AVATITLET VEWV KALVOTOUWYV TIQOLOVTWV.

2T0 MEWTO KEPAAALO TTAQOLOLALETAL TO KIVITOO KAL O OKOTIOS TIOL 0d1]YNOE
OTNV €EKTIOVNON TNG MAQOVOAS AXTOIPNG . Luykekotpéva, kKabwg 1 meooOetik)
KATAOKEVY] ATOTEAEL TNV  KATEEOXNV TEXVOAOYIX TAQAYWYTNS TQOIOVTIWY
TIOAVTIAOKNG DOUTG KAl YEWMETOIAG dIVETAL 1) DLVATOTNTA OTOVG OXENAOTESG VA
LAOTIONOOLY KALVOTOUES Wéec. H onuavtikr) duvatotnta mov maQEXTaL YL TNV
avATTLEN TEOTLTIOL OXedOHOV O Eémel var vTooTnELXOel pe TNV avaTTLEn
KATAAANAWV eQyaAelwv ta oTola O AVTATIOKQIVOVTAL ATIOTEAETUATIKOTEQA OTIG
WOALTEQOTNTEG KAL TOVG TIEQLOQLOMOVG TNG TEOOOETIKIG KATAOKEVNG KAl TWV
VAWV mov xonotpomoovvtat. O eeAtfelg mov O mpémel va ovvteAeotovv
ovvoyiCovtal oe tola Baockd onueia:

o va efeAxOoiv Tt eQyaAelar YEVETIKOU OXEDATHOV KAL TOTIOAOYIKIG
PeAtiotomoinong. Lkomdg eival, va exteAeltar 1 oxedopeAétn pe TG
AVAYKEG TNG TEOOOETIKIG KATaokeLNG. Luykekouuéva, Oa moémer va
AN@OoLV LTIOYT XAQAKTNOLOTIKA OTIWG 1 YEWHETOLX TOV TEOG HEeAET)
TOOLOVTOG, Ol TUTIKEG KAl AELTOLQYIKES TIQOOXYQAPES AAAd Kal oL
WL0TNTES TV VAWV. Kata ovvémela, Oa moémer vae AapPdvetot voym n
001 KAL) dLad o i TaQorywyr|G, TO KOOTOG AVA LOVADX TAXQAXYWYNGS AAAX
Kkat t0 péyeboc g maQTdag magaywyns. LuvoAwkd Oa meémel va
efetaletal 0 kUkAOg Cwng Tov mMEOIOVTOS Kat va a&loAoyovvtat ot
ETUTITWOELS ATO TNV AELOTIOMOT] TG TTEOCD ETIKT)G KATATKELT|G



AvaAvtikn mepiAnyn A

e ta ovotiuata CAD va avadloplogewOoiv kal va elvat oo QALK TtEOG
0 xonotn. O VELOTAUEVOL TEQLOQIOUOL, OXETIKA OTO OXEDAOHUO
TIXQAUETOKWY  OQLAKWV  AVATIAQAOTATEWY KAL  HOVTEAWV OTEQEAG
povteAomoinong meémet va Eemepaotovv. Idaltepar yix Tt oxedloon
dopwv LVPNANE TOAVTTAOKOTNTAG

e Ta dwbéopua epyadelor VTTOAOYIOTIKNG HIXAVIKTS YIX TV TTIQOCOUOLWOT)
kat ) BeAtiotonoinon twv dopwv Ba meémet va eEeAtxOovv. Lkomog etvatl
va  elvat oe 0éon va  aviamokpivovial QMOTEAEOUATIKA OTOULG
KATAOKEVAOTIKOVG  TIEQLOQLOMOVG  Kat TG  Wwitegeg ovvOnkes twv
TEXVIKWV TNG MEOOOETIKNG KATAOKEVTG

Yto devtego ke@AaAalo magovolaletatl 1 PPALOYQA@IKY) €MIOKOTTOT TOL
noaypatorom)Onke ot Oepatikn) meQoxn G OXTOBNS OMWS O YEVETIKOG
OXedOUOC e EUQPAOT) OTNV €QPAQHUOYT] AVCEWV YIX TOV QATIOTEAEOUATIKO
oxedlaopd mEolovTwy Yo TNV mapaywyr). H BiAoyoapkr) épevva eotidlet
emtlong, otnv vmoAoylotikny unxavikr). H vmoAoylotkr) pnxavikny anoteAet v
ETUOTNMOVIKY] TTEQLOXT] TTOL XQTOLHOTOLEL aQLOuNTIKEG pe@OdoLG Vi TNV eTtiAvom
neoPANUATWV NG pnxavikne. Iapadoowkd ta mEoBANUaTa TG UNXavVIKNg
AVvovtav elte avaAvtika elte mepapatikd dNAadny KAVOVTAC UETQNOES O€
KATIOLO LOVTEAO TOUL TTROPBANUATOC TTOL pag evix@égel. H vmoAoylotuen unxavikr)
elvat 0 toltog dopoc. H avamtuén twv MAEKTEOVIKWOV UTTOAOYIOTWOV TIS
teAevtaleg dexaetieg €dwoe T duvATOTNTA V& eTAVOVTOL TIEOPAT|UATA T OTTOlX
Ntav advvatov va emiAvBovv oto aeABoV, eite Adyw tov peydAov peyéboug,
elte Adyw TOL HEYAAOL ATALTOVEEVOL VTTOAOYLOTIKOVU XeOvov. H vmoAoyotkn
U XAVIKY] HELWVEL ONUAVTIKA TOV ATALTOUUEVO aQlOuo mepapudtwy. Avtd to
XAXQAKTNOLOTIKO amoteAel lteQo MAgoVEKTNUA KAOWS HEWVETAL O XQOVOS
avdmntvéng tov mEoildvtos. EmumAéov, odnyet o pelwon Tov KOOTOUS AVATITLENG
TOV TIROIOVTOG, TIROTPEQOVTAS TTAQAAANAR T1) DLVATOTNTA CLVTOUOTEQNG ELOODOVL
TOL TEOLOVTOG 0NV aryopd. EmimpocOétwe, n duvatotta vToAOYIoHOU HeyYAAov
OYKOL 0edopévVwy, dlvel 11 duvvatodtnta OTtov  HeAetnTr] va efetdoel N
OLUTIEQLPOQA  ddPOoQwV VAkwv. Elvatr e@utoc o 0Qopog meQlocoteQwV
TLEQLOQLOHWV, HELWOVOVTAGS €TOL TN TilavoTTA aotoxiag 1) pn 0001 Aettovgylac.

H dopkn) BeAtiotomoinon avagépetat ot BBALOyoapia amo T ap)£g Tov
200v awwva. Lvykekouéva, 1o 1904 6tav o Michell dixtvmiwoe v avaAvtikn Avon
Ywx Vv eAaxtotonoimor dedoUévwV TEQLOQIOHWY KATA TI dadikaoia Tov
oxedopov kataokevwv. Ex téte o ‘douéc Michell’, omwe kabiepwOnkavy,
a&lOTIOOVVTAL Yt TO OXEOAOUO OOV TIOL JIAKQIVOVTAV Yt TNV eAXXLOTN
evootkotnTa Tovs. Evw, to 1988 dtelrxOn 1) mowtn epaopoyr) BeAtiotomoinong
pe ™ Aoyt e VMAEENG 1] M1 LAWKOV o€ piax dedopévn megloxr) oxediaonc. To
1989 dnuoveyeitat 11 péBodog PEATIOTOMOIMOTG TOL ONHEQA EVAL YVWOTH) WG
SIMP (Solid Isotropic Material with Penalization) mov onuatvel mowuconoinon twv



AvaAvtikn mepiAnyn Vi

EVOLAUECWV TIUWV WOTE, 1 dopT] va avanagaotabel oe ox€d1o Omov Oa LITAQEXELT)
O0Xt VAwo. O opopog tov mpoPAnuatog g BeAtiotonoinong, amoteAel éva
oLVOLAOUO TOAAWV TIAQAMETOWY, TOL APOQEOVV TNV HEAETN TOL dOULKOV
OXEDOHOU LG KATAOKEVNG 1) EVOS AVTIKELEVOL. YKOTOG elvat, va evpeDel 1)
BéATioTn AVom dopKoL oxedATHOV evtdg evog pokafoglopévou xwoov. I'a v
emtiAvon tov MEOPANUaTog, dedopéva amoteAoVV, O OYKOG TOU HOVTEAOUL, OL
ovvONKeg POETIONG, OL dOHEC OTNOLENG-TAKTWOTG TOL povTéAov. EmimAcov,
TEOCOETOL TTEQLOQLOUOL TTOL APOEOVV TO pEYEDOC Kat 1) O€om OTWV-avoLryHATwY,
N v OmaEEn VAwovL. To anotéAeopa g BeAtiotonoinong ws meog to péyedog,
TO OXT|UA KoL doUr) Tov B ATTOKTHOEL TO HOVTEAO TAXQAUEVEL AYVWOTO.

INa v emiAdvon evog kAaoukol mEOPATN|uatog dopng BeAtiotomnoinong Oa
moémel va efetaotel pa MANOWEA CLVOLVACUWY ATIO TIEQLOQLOMOVG WOTE VA
erutevxBel o emBuuntdc OKOTOC. ATOOKOTIWVTIAG OTNV  LKAVOTIONoN TV
TLEQLOQLOUAV, 1 dopkT) BeATiotomoinon dxxweliletat oe tEelg Katnyooles. Me
KQLTNOLO TNV TIOAVTTAOKOTNTA ETUAVONG OL TEELS KATNYOQELES TAEVOOUVTAL WG
akoAovOwc:

e BeAtiotonoinon peyéOoug (size optimization). H BeAtiotonoinon peyéboug
amoteAel TNV anAovoteEn poeen g douwkng PeAtiotomnoinone. To oxnua
me Odoung, elvat yvwoto kat 0toxo amoteAel va BeAtiotortomOet 1)
KATAOKELT] TTQOOXQUOLOVTAC TIS DXOTATELS TV ETILHEQOVS oTolxelwv. To
TIAXOG TNG KATAOKELNG TaQapével 0tafeQ0, 0TS Kal 1) TOToAoyix Tov
uovtéAov. ‘Etol, BeATiovetat 1) UnXaviky) CUUTEQLPOQA TOL HOVTEAOUL,
OTIWG TEOKVTITEL £TELTA ATIO TNV AVAALOT TAOEWV TTOL AKOAOLO &l

e BeAtwotonoinon oxnuatos (shape optimization). Xtn BeAtiotomoinom
OXIMATOG, 0TOX0 amoTeAel 0 KABOQLOUOS TOL BEATIOTOV TXNUATOS O€ Ui
nieokabogLopévn meQloxr). Le avtn TNV MEQIMTWOoT oL HeTaBANTEC TOL
OXEDXOHOV UTIOQEL VX Elval TO TTAXOS TOL VALKOU, 1] DLAUETQOG TWV OTWY,
N TN TWV AKTIVOV O OTQOYYVAEVTELS AKIWV KL YEVIKOTEQNX OTOLX ELX TG
KATAOKELT|G TTOL €lval LETONO LU

e BeAtiotonoinon tomoAoyiag (topology optimization). H BeAtiotomoinom
¢ TomoAoyiag amoteAel éva LAITEQA LOXVEO €QYAAEIO OTO XWQEO TOL
oXedOHOV TIEOLOVTWYV, OTOV VTTOAOYLOHUO UNXAVIOUWYV Kol AAAOD

EmimAéov, 0o devteQo ke@aAato yivetat ava@ooa otn dadikaoia oxedlaong
€VOC VEOL TOOLOVTOG HE TNV alomoinor ovyxeovwyv eoyadeiwv. Kvglo onueio
avapoQAc amoteAel N TomoAoykn BeATIOTOTOMOT) eKPEALOUEVT] ATIO TIC PAOIKES
TeXVIkéG epappoync. H tomoAoywr| BeAtiotomoinon, opiletal wg pia pabnuatikr)
dixdikaoia 1 omolax PeATIOTOTOLEL TNV KATAVOUT] TOL VAWKOU péoa Oe €va
MEOKAOO0QLOUEVO XWOO WOTE VA KAVOTIOLOVVTAL Ol 0QLkEG OLVONKES KAl OL
oxedlaotikol teQLoQLoOL. XeNoLponowwvtag T BeAtiotonoinon tonoAoyiag, ol



AvaAvtikn mepiAnyn vii

OXEOAOTEC - punxavikol elvar oe B€om va mEOodLoPicovY To BEATIOTO OXEDLO OV
va tkavoTotel TG amontrjoels e peAétnec. H kevtown) wéa otn PeAtiotomoinon
piag dour|g, etvat  xoNon HkQOTEQENS TOTOTNTAG VALKOV, aTtd OTL IO YOLUEVQS,
dlxtnEwvTag MAQAAANAa v ©Oix, 1 akOua Kal KAAVTEQN UNXAVIKY)
OULUTEQUPOQR, OTIC 0QLLOHEVES oQlakés ovvOrkes. Xe avtiBeon pe 1)
PeAtiotomoinomn pey£0oug kat OXNUATOG, deV elval YVWOTO TO OXTHUA 1] 0 aQlOOg
TWV OMWV, KaOwWS Kal TV VTOAOIMWY YEWUETOKWY XAQAKTNOOTUWV. 't éva
dedopévo  oxXedoTKO XwElo, To (NTovpevo etvat va vmoAoylotel 1) BEATIOT
KATOVOT] TOL VAKOV, woTe va KaBoplotel 1) Vta€r VALKV 1) 1) dnpiovQyia kevo.
I'ax v emtiAvon tov meoPAruatog, Oa meémet va xonopomowmnOel 1 peBodog twv
TIETEQATIEVWV OTOLXElWV, WOTE, 1] OXEDAOTIKT) TTEQLOXT] VA katatunOel oe TOAD
UIKQES OlakQLTég Teploxés mAeypatog (mesh). Ovowotikd, mEokeltal yuix tnv
emtiAvon mpoPAnpatog 0-1 vmodnAwvovtag v VmaEén 1 OXt otolXelwv oTn
dedopévn TEQLOXT) TOL TMTAEYUATOG.

ZuxXVa, 1] TEOKVTITOLO R DOWT) €TTELTOL ATIO TV TOTIOAOY KN BeATioTOTOMON,
elval ealpetikd dVOKOAO 1) OKOVOULKA aoVUEPOQo va mapaxOel pe tn xorjon
TAQADOC LKWV PeBOdWV MAQAYWYNG, OTIWGS VAL OL APAIQETIKES. Y& AUTEC Ko,
OXL HOVO TIC TEQIMTWOELS, KOLVETAL XONOLUN KAl ATOTEAEOUATIKY) 1) XONON
TEXVOAOYLWV TIQOOOETIKIC KATAOKELNG, OTOL OLOWXOTIKA €lval e@KT 1)
dnuoveyia  omowxodnmote  dounc avefaptitov  Paduov  moAvmAokotnTac.
AAA@OTE, OL OIKOVOULKEG AVAAVOELS KATADELKVVOLV e TOV TTAEOV 0an) TOOTIO TO
OUKOVOHLKO O@EAOG TIOU TIQOKVTITEL ATIO T XOT|OT) TEXVOAOYWOV TEOTOETIKTG
kataokevnc. [dxitega, yiax TNV magaywyr) avukepuévwv moAVTTAOKNG dourg o€
UIKQEC €wg peoales maQTideg magaywyns. Aaupavovtac vrtoyn tn daQkn kat
oAOévar aQLEAVOUEVT] aVAYKT Yt T Onuoveyia dopwv koL PBdoovg, 1
TOTOAOYIKT] BEATIOTOTIOMOT TIROTPEQETAL WG TO WAVIKO HECO Yix TN peAéTn kat
TOV  TQOCOILOQIOMO  TNG  TOoOTNTAG TOov  VAIKKOU mov  Oa  amatnOet.
Loumegaouatika, odnyel oe MOAD oNUAVTIKA 0QEAT OTO OXEDXOUO TTOOLOVTWV
OTwg T akdAovOa:

e dnuovyla dopwv xapnAov Bagovg

o dNuoLEYIA ETOLHUWV DOV Yix CUVAQUOAOYTOT) 1] £TOLUA TTEOLOVTA

e cAaxlotomolel TNV TOCOTNTA TWV TEWTWV VAWV

*  OUVUPBAAELONUAVTIKA 0TIV €£0KOVOUNOT] €VEQYELAS

®  £AQXLOTOTIOLEL TNV AVAYKT] TAQAYWYNS QUOLKWV TIOWTOTUTIWV

®  HEWOVEL ONUAVTIKA TNV AVAYKT] DLEVEQYELAS TIEQAUATWY

®  HEWDVEL ONUAVTIKA TO XQOVO ELOXYWYNS VEWV TIQOLOVTWY OTNV YOO
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H Aertovpyia tov adyoplOpov tomoAoyiknc PeAtiotonoinong Aettovpyet
He oKOTO TN HETAPOAT] TNG TUKVOTNTAS TWV OTOLXElWV OTNV TteQLoXT| oxedlaong.
rkomog etvar va egvgebel 0 katdAAANAOg ovVOLAOHOS TWV TV Tov Oa
LKAVOTIOLOUV HE BEATIOTO TEOTIO TOUG TTEQLOQLOUOVG TOL €XOLV 0QLOTEL XTO TTRWTO
0TAdLo NG BEATIOTOTONOTG, DATLTWVOVTAL OL AQXIKEG WEeC Y TNV TudavT)
YewHeTolx TOL avTikelpévou. I'ia tov 0QLopO Twv mEOdLYRapwy eetdlovtal
dtdpooar LAk kat néBodot kataokevnc. MeAetvtal oL €owTteQkol Kat ot
efwtepucol meglopopol kabws kat ot amedBAenttol mapdyovtes. Me Baon ta
dedopéva oL TEOKVTTOUV ATO TA ATOTEALOUATA TOL TEWTOL OTAdlov,
TIQOKVTITEL 1) AXQXIKT] YEWMUETQIX TOUL HOVTEAOUL, TEOOOLOEICETAL O OTOXOS TN
PeAtiotomoinong, opllovTal oL TEQLOQLOUOL Kol Ol TMAQAUETQOL OXedIONS. LTO
T0(T0 0TAdLO, EAEYXeTaL amd TOV aAyopLlOpo to TAN00G TwVv dedopévwy, pe 0d1yo
TNV IKAVOTIOIMOT] NG QVTIKEWMEVIKIIC OLVAQTNONG. AV  IKAVOTIOLOUVTAL Ol
oxedwotikol TeQOoQopol 1 dxdkaoia  tegpatiCetar kat  eEdyovialr T
amoteAéopata. Av OxL, 1 Owdwkacia emavaAapPavetal, TEOXWEWVIAG OE
TQOTIOTIOW|OELS  TWV MAQAUETOWY  TNG  OXedlaong KaL TO OTAdO  TNgG
PeAtiotomoinong exteAeltar Eavd. Ot Paowdtegec nébodol PeAtiotomoinong
dlaKQLvVOoVTaL O€ TEELG KATNYOQLES:

*  HaONUATIKES TEXVIKEG, OL OTOLEG XONOIHOTIOOVVTAL Y TNV €VQEOT TOL
eAaxloTtov oLVVARTIOEWV AQKETWY HETAPANTWV UE TTEQLOQLOOVG

e OTOoXaOTIKEG HEOODOL, OL OToleg XQNOWUOTOOUVTAL Yt TNV aVAALOT)
TEOPANUATWV TUXALWV PeTABANTWV pe KAOOQLOUEVT) KaTavour)

e  OtaTIOTIKEG HEOODOL, XONOLUOTIOLOVVTAL YIX TN ONUIOLQYIX EUTIELQIKWV
HOVTEAWYV aTtO TELQAUATIKA OTOLX €l

O puéBodot tomoAoyikng BeAtiotonoinong amoteAovv T Bacikn agxn Yix Tov
TIQOODLOQLOMO TOL WOEATOV OXNHUATOS Kal TOToAoylag o i kataokevn. H
QQXLTEKTOVIKT] OV akoAovOeite oe kdOe pla and Tic nebddoLVS TOTOAOYIKT|G
BeAtiotomoinong ogroBetel kat tn peBodoAoyila oxediaong e kataokevng. Ot
teXVikéG BeATioTonoinong, avalnTovy ekelveg TIC TIHEG TV UETAPANTWV TOVL
EAQXLOTOTIOLOVY TNV AVTIKEWUEVIKY] OLVAQTNON KATw amd éva  oUVOAo
TLEQLOQLOHWV HE TN HOoQPT) avicot)twVv. Ot Aeyouevec ovvOnkec Kuhn — Tucker (K-
T), amoteAovv TIg avarykaleg mEWTNG TA&ng oLVONKES YA TOV VTTOAOYLOUS TOU
axEoTaTov onuelov e  MEOPANUATA  EAaxlOTOTIOMONG UE  TTEQLOQLOKOVG
avioottwv Kat wottwv. Ot ovvOrkeg Kuhn-Tucker, eivat katdAAnAeg yx
EAQXLOTOTIOMOT AV 1] AVTIKELEVIKT] OUVAQTNOT] ElvVaL KLQTIH] KAl TO OUVOAO TV
TLEQLOQLO WV KLQTO.

Zmv PBPAOYQA@IKN) ETUOKOTNOT €UTIEQLEXETAL KAL 1) HeAET TwV
avENTkwv VAV, Ta avéntkd VA& €xouv wg Baoikd XaXQaKTNELOTIKO TOV
apvnTKd Aoyo Poisson (v<0) kat amoteAovv pia EeXWOLOTI) KATIYOQIX VAIKWV HLE
Waltegeg  kar  aovvnOotee  wWoOmtes. H  aocvvnOotn)  ovpmeoupopd,
QATIOTUTIAWVETAL 0TI WOLOTNTA TOUS OTAV ETUUNKVUVOVTAL TROG Ml katevOLVOT va
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dLoyKWVETAL TO VALKO 0TV k&Oetn katevOLVOT), avti va Aemtalvel OTws KAVOLV
T YVwotd VAwd. Kat 6tav ovumiéCetatl ot pila OlA0Taot), va OVQELKVVETOL
otV dAAN avtl va daotéAdetat. To dvopa tovg mEoépxetal amd TNV eAANVIKT)
AEEN ‘avEntikdéc’ mov onuatvel ‘avtd mov telvel va avéavetal . Ta avéntika
VAKA dev o@elAdovv TI HOVadIKéS OOTNTEG TOVG OTN CVOTACT TOLG AAAL 0T
HOQ®T] TNG dOUNG TOUG KAL AVIJKOLV 0TI OHAdA TV HETAVAKWV. IG HeTa-VAKK
xapaktneilovtat Ta VA& ekelva TwVv OTolwV oL OTNTES TOVS dE TLVAVTWVTOL
o€ @uokd LVAA. To dvopa tovg mpoépxetat and v eAAN VK] AéEn ‘peta’ ov
onuaivel ‘mépa amd’ kat T Aatvikr) A€En ‘materia’ ov onuaivet VAkO. Ta edia
XONONGS TWV ALENTIKWV VAKWOV TTOKIAOLY KAL ONUELWVOLV P dLaQKn) avENOT).

To tolto xkepaAao eotdlet otV mEooDetikr) kataokevr). Me v
a&lomoinon ™G TMEOCODETIKIG KATAOKELTN)G, OL HUNXAVIKOL Kol OL OXEdXOTEG
TMEOLOVTWV  €XOLV 11 dUVATOTNTA TAQAYWYT)S PLUOKWYV TEWTOTVTIWV. H
a&lomoinon e TomoAoYIKY] PEATIOTOTIOMON 0T OXEOOUEAET) TOV TIOOLOVTOG
amotedel éva mpdoOeto egyaAelo yia to oxedixotr). Idlaitépws onuavTkn efvatn
OLUPOAN TG TEOTO ETIKTG KATAOKELT|G, 0TIV QA ywYN) dopwv XapunAov Baoovg
Kkat VYMATC ToAvTIAokOTN T OTTwG elvat oL TAeypaTucég dopES. KUY VA, TAXQOMOLES
doUég elval euTVELOUEVEC ATtd TN PLOT), KAL ATIWTEQOS OKOTIOC ATtd T YOO TOUG
amoteAel 11 BEATIOTN KaTavoun TOL VAKOU og dedouévo xwelo pe oKomo TV
eTUTEVEN HEYLOTNG avTOXNG HE TAQAAANATN peiwon tov LAwoU. Ta mAéov
KATAAANAa eQyadela yia TO OXeDOUO TMAEYUATIKWV OOUWV ATTOTEAOVV 1)
TOTOAOYIKT] BEATIOTOTIOMOT) KAL O YEVETIKOG OXEDATIOG.

H peteféAlEn g texvoAoylag tng mMEWTOTLTOTOMONG 08 TEXVOAoYIlx
TOOOOETIKIC  KATAOKEVNG  AVATOPEVKTA  EMNEEALEL TO OXEDAOUO TV
Bopunxavikwv meoiovrwv. H mpooBetikn kataokevn] elval kavr) va TQOo@EQEL
AVoelg oe éva TAN00C OXEDLAXOTIKWV TIROPANUATWY TIOL APOEOVY éval OTJUAVTLKO
aopa TG Popnxavikng mapaywyrs. Ot KataokevaoTés AMOoKOTOUV 0TO V&
dnuoveynoovy otiBaEEg dopég XapumAov BAQoug, oL 0moleg B AVTEXOLY KATA TN
XOMOT TOLG XWOIS vat aotoxovv. Ta mAgoveKkTHHATA TTOL TEOOPEQELT) TTROC O ETIKT)
KATAOKELT), O0eV TEQLOQILOVTAL HOVO OTIS AVAYKES TWV KATAOKEVAOTWY AAAKX O€
omolovdnnote dbétel MEOTPaon oe TELodRoTATO exTLTTWTH. Ouws, 1 amovoia
YVOOEWV VTOAOYIOTIKNG HNXAVIKIIG OLUXVA amoteAel altia aoToXlV KATA TNV
EKTUTIWOT), 1] 0& OTMATAAN TEQLOOIOL VAKOV EKTUMWOTS AOYw vmeEQ 1) LTO-
dlotagloAdynong tng doung.

H dopr) tov ektumtwpévou povtéAov diabétel VO €WV LTTOOTNOIKTIKA, TX
E0WTEQIKA KAl T €EWTEQUKA LTIOOTNEKTIKA. Ta e0wWTEQIKA LTTOOTNEKTIKA Elvat
Hovipa kot oVHPBAAAOLY OXL LOVO 0T CLVOXT] TNG DOUTS TOL HOVTEAOL KATA TNV
EKTUTIWOT] AAAK EVIOXVOLV KAL TNV AVTOXT]) TOL QUOKOV HovTéAoL. AvTiOéTwe, T
e£WTEQUKA VTTOOTNOIKTIKA €lval TTROCWOVA, CUUBAAAOLY OTNV AVTO-LTTOOTHELEN
TOUL HOVTEAOUL KATA TNV eKTUMWOT] KAL 0T OLVEXELX agatpovvtat. H mpooOrkn
LTTIOOTNOIKTIKWV 00N YEL AVATIOPEVKTA 0€ aAVENOT TOL KOOTOS MAQAYWYNG.
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Avapeoprmmta to K00To¢ TwV LTOOTNOKTWYV Oa mEémel va AngOel coPaod
LTTOYPN KATA TO OXEDATHO TG €0WTEQIKTG, AAAL, Kat TG e£wTEQLKT)G dOUNG TOV
pHovTéAov. O amAoVOTEQOG TUTTOG MATIPWONG HLAS E0WTEQLKT)C KOWAOTNTAG elvat N
xonon 2A  dopwv oteLenes. Oupwe, oL eKTVMWOLHES doEC XapakTnollovtatl amd
petwpévn punxavieyy avtoxr]. Ot 3A dopés mMANpwone emavalappavovtat meog
OAec TIc OLevbvvoels kal amoteAoUV X ONHAVTIKY] Katnyoplo douwv pe
LOOTQOTILKY] CLUTIEQLPOQA. LLVHOWGS, Ol CLYKEKQLUEVES DOUES elval YVWOTES WG
KUPBIKES, eEalTiag TOL XAQAKTNQLOTIKOV YVWOIOUATOG TS OHOLAG OUUIETOIAG TTQOG
TIc Toelg drevBvvoelc. Te avtibeon pe TG dLOdKOTATES, OL TELOdLAOTATES DOUEG
xagaktnoiovtar amd yewuetoix LVYMANG MOAVTTAOKOTNTAG YEYOVOS TOL
dvoxepatvel v extvmwon tovs. H toitn xatnyoola dopwv mANwong oe
xapaktneiletatr ovte and 2A oxuata ovte amo 3A yewpetola. Ovowotikd
TIQOKELTAL YIX PEATIOTOTIOMNEVEG OOUEG, e XAQAKTNOLOTIKO YVWQOLOUX TO HN
TeQLOdKO oXNHA. EowTtepkd, pmogel va vtdoxovv kevd pe Padpwtr] mAowon 1
E0WTEQIKEG DOUEG pE emavaAaUBavOUEVES BEATIOTOTONEVES DOUEG TTAEYUATOG.
LuXVva, MaQovolAlOLV DIAPOQETIKES XWOLKES WLOTNTES 1) WOIAITEQES EAXOTIKEG
wwmteg kat  petaPaidopevo Aoyo Poisson. Ot ewteQukés  UN-HOVIHES
LTTOOTNOKTIKEG dopég O mMOEmel et TNV eKTUTWOT) va apatpebovv. O tedTog
ATIOUAKQUVOTG TOUG TtOLkiAeL avaAoya pe To VAo mov €xovv dnuoveynel. H
PeATioTomompévn xoNon TV VTOOTNOIKTIKWY VAL ONUAVTIKN WOTE Va petwDel
N xoromn LAoU, mov Oa amaltnOel, Y T dNHLOLEYIX TOVG KAl TAQAAANAQ Vo
HewwOel 0 x0OVOC TIOL amALTEITAL VIt TNV ATIOHAKQLVOT] TOUG.

H wavomta magaywyng mAeypatikwyv dopwv xaunAov Bagovg amoteAel
éva Paocikd XAQAKTNELOTIKO TNG TEOOETIKNG KATAOKELVNG Kal o@eidete otnv
avoTnTA ONHIOLEYIAG dOUWV Ol OTOlEG E0WTEQIKA  &lte elval kevég, elte
xapaktneilovtat and MAeyHaTucés dDOUES, eV TO eEWTEQIKO TUN U TteQIBAAAeTAL
Ao €va OVUTAYEG KEALPOC. YUVETWS, O TUTOG TANQWOTG TNG E0WTEQLKT]G
kolotntag (infill), mov ocvviBwg xapaxtnEileTar anmd HX  eMAVAANTTIKY
YewHeTola, amoteAel pa kQIOUN TaQAUeTEOS artd v omola kaboplletat oe
ONUAVTIKO BaOpd 0 XQOVOG Kal TO KOOTOG TNG eEKTUTIWONG AAAK ka1 oTiaotnta
NG EKTLTTWHEVNG dOUNG.

Amo v aAAnAemidoaon Tov PLOUNXAVIKOV OXEOXOMOV HE TNV
TEOOOETIKY] KATAOKELT] KATA TN dladikaolo oxediaonsg / avamtuéng evog véou
TIEOLOVTOG TIROKVTITOVV LA OEQA ATtO 0PEAT). LKOTOG elval, Ao TN OXEOLXOTIKY
AELTOLEYIKOTNTA Va 001 YNO0VLLE OTNV TAQaywY! TOL TEOLIOVTOGS. Ta 0péAN avtd
evioxvovTal onuavTikd and v vobétnon e TomoAoykrc BeAtiotontoinong
Katd tn oxedopeAétn Tov mEoildvTos. Ta ommovdatotepa 0PEAT elval ta eENg:
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o oxedwrotikn eAevOepla, N MEOKVTITOLOA HOQEPT] TOU AVTIKELUEVOL Oev
neguogtletal amd M @aviacia tov oxedwot). IlagdAAnAa, Paowd
XAXQAKTNOLOTIKO NG TROCOETIKTG KATAOKEVNG amoteAel n duvatotnta
T Y WY1 OTIOLXTOTTIOTE LOQPNG OXEDOV XWOIS KavEéva TEQLOQLOUO

® HEOVUEVOS XQOVOG avATTLENG Kal eEEALENG VEWY EWV, 1 TOTOAOYLKT
BeAtiotomoinon mapdyel anoteAéopata oXedOV AUTOUATOTIOHEVA KAl
Wwiaitega yoryooa. Avtiotolxa Kat 1) mQooOeTikn kataokevn dakplvetat
Yt To XapnAd xoovo mapaywyne efattiag g éAAewdng epyaldelwv,
KAAOLTIWV €V AVTATIOKQIVETAL WDW{TEQX KAAK OTNV KATA TapayyeAla
TAQAYWYN

®  TIEOOQAQUOCTIKOTNTO OTNV TAQAYWYT), 1 TOMOAOYIKN] PeATioTOMOMOT)
OULUPAAEL ONUAVTIKA 0TIV TTIQOCAQMOYT] TOU OXEDIOL O& OLYKEKQLUEVES
amartoelc. Evw, pe v mpoodetkr) kataokeun elvat @kt 1 Tagaywyn
AVTIKELUEVOV DLAPOQETIKTIC LOQPNS OTNV DL (AT TAXQAXYWYNS

L1o TETAQTO KEPAAXIO HEAETATAL 1) CULUTIEQLPOQA ALENTIKNG OOWUTS,
OXNHUATOG i0TEQLOV, € TEOPAN A KoovoTc. H iaitepn kat acvvr 0ot punxavikr)
TWV AVENTIKWOV VAIKWV OUUPAAEL €TOL WOTE Vot XONOIHOTOLOVVTAL Ue TIOAD OeTid
amoteAéopata oe MANOOC epapuoywv. XNV magovoa datoLBr) HeAeTdtal 1)
XON 0N TV ALENTIKAOV VAKWV ¢ TIAdKES OwEAKLONG. LKkoTtdC TNG HeAéTng elvaln
OUYKQLTIKT] a&lOAOYNON NG OLUTEQLPORAS TAaKkWV OwEdkiong pe T xonon
AQLENTIKWV KAl M1 aLvENTOV VAWKOV. Xty mAdka and avEntkd LAKO
XONOLOTIOLEITAL KAAOIKT] auENtTikn] dOUN AOTEQLOV €V 1) UN av&nTikr] dour)
amoteAeital anod kuPeAoedéc oxnua. To VAWS Twv mMAakwv elvat T0 aAovpivio
5052-H34. Ao ta amoteAéopata twv dokipwv pe T xorjon FE Analysis mookvmtel
OTLT) AVENTIKT) DOUT] AVTATIOKQIVETAL ATIOTEAETUATIKOTEQX 0TI LEAET DLATENOTG
og OX€0MN HE TNV KAaOK!) dour). XUYKEKQIUEVA, T aLENTIKY doUr] Ttaapovot&let
HKQOTEQT) CLUVOALKT] HETATOTILOT) OTIWS KAt eTUPBaAAOUevT) Tdom.

L10 MEUTITO KEPAARLO TIAQOLOALETAL AVAAVTIKA 1) eKTEAeOon HeAéTng
YEVETIKOU OXedDOUOD, TIOL QPOQR, TO OXedOUO €VOG VEOUL TEOLOVTOG
(toameClov), amd TO OTADLO TG AQXIKTS WEAS £ws TOV TEAKO OXedATHO. I'iax TNV
EKTIOVNOT) TNG HEAETNG, XONOIHOTIOONKAV TA EQYATTNOLAKA ATIOTEAEOUATA TTOV
nEoékvpav amo meapata ce OANN EXTUVMWHEVWY TEWTOTUTIWV. AQXIKA,
exTeAéotnke HEAETN TOTIOAOYIKTG PEATIOTOTOMOTG e OKOTIO TOV VAo X Do O
MG PAOIKNG dvw eTtpAavelag Tov povtéAov. H a&loAdynon twv anoteAeopdtwv
001 YNoe OTNV eKTIOVNOT] VEXS HEAETNG YEVETIKOV OXEDXTHUOD, TTIOL ALTH T1] POQQ,
neglapPaver 0Ao to povtédo. Ot oguaxés ovvOnkes kat ot oxedxotikol
nteplogtopol dratnonOnrayv dot. Ot bavég oxeduotikeg AVoelg TOL TEOEKVY AV
a&loAoynOnrav. Ta mEOPAN|UATA TTOL EVTOTUOTNKAV AVTIHETWTIOTNKAY HE TNV
eTPROAT) TEOCOETWV OXEDATTIKWY TEQLOQLOUWY, e OKOTO, Vot LKarvoTtotfovv ot
TIEODLAYQAPES TOL TEOIOVTOC amoTeAeapatikoteQa. Ot véeg OOTELVOUEVES
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oxedlaotikéc Avoelg  afloAoynOnav pe 1 xoron e pedodov  Twv
TEETEQATUEVWV OTOLX ElwV. ATIO Tat aamoteAéopata twv avaAvoewv, TEoékuav ot
TEQLOXEG TOV HOVTEAOL TIOU €TQEETIE VA AVAOXEDXOTOVV wote v BeAtiwOel
pnxavikr tov ovumepLpod. To avabewpnpévo povtéAo peAetOnie Eava, pe
XONON TV METMEQAOUEVWVY OTOLXElWV KAl TTROEKLE 1) TEAKT|) BeATIOTOTIOMUEVT
doun .

Zto kepaAao 6 pedemOnke 0 avaoxedouds  LVPLOTAUEVWV
UNXAVOAOYIKWV EEXQTUATWY UE TN XONOT] TOL YEVETIKOU OXedAOUOV. LKOTIOG
TOL AVATXEDATHOV NTav 1) Helwon e HAlag Twv eERQTNHATWY UE TAVTOXQOVT)
LKOVOTIOMOT) TV TEQLOQLOUWY TNG ETUAEYUEVWV TEXVIKWV TG TEOOOETIKNG
kataokevnc. EmAéxOnie o avaoxedopds twv Pacewv €d0aonsg mVELUATIKOV
KUA{VOQOL Bropnxavikng xonong pe duapetgo 32 xtAtootd. Me tn xorjon tov
YeveTkoU oXedlaoov peAetOniay telc amo TIG TOLo KOWVES PATELS 000G, 1)
Pivot bracket with rigid bearing AB7, nj Bdon) Clevis bracket MP2 ka1 Bdon Clevis
bracket MP4. To vAWKO KATAOKELVNC TWV OTNOLYMATWV elvat and aAovpivio. T'ux
kaOe efdotua meoékve éva mANOoc oxedwoTikav Avoewv oL omoleg
agoAoynOnrav. Ot texvikés mMEOoOeTIKNG KaTtaokeLT)g oL ANEONKav vTToym
Ntav 1 Fused Filament Fabrication (FFF) kat n Wire Laser Metal Deposition (W-
LMD). I'ix k&Oe texvir) AneOnKe vToOPN dAPOQETIKOG VTTOAOYIOHOG TG YwVing
koéuaonc. ' v texvikn) FFF  peAemOnkav oxedixoticég Avoelg pe péyor
Yovia keépuaong tig 45°. T'ia tn texvikr) W-LMD ta anoteAéopata peAetOnkav
pe pHéylotn Yovia keépaonc tic 200 Amd ta anoteAéopata meoékupe otL, elvat
et N pelwon g palag mepimov katd 60% Xwolc va emnoedletatl onUAvVTIKA&
0 ovvTeAeoTrG aopaleiac. Xtig BeAtiotontomuéves douég, 1 tdon Von Misses dev
av&nonke madvw amod 15% evw N adENon NG CLVOAIKNG LETATOTILONG OE EeméQaoe
10 20%.

Y10 €BOOHO KEPAAALO TIAQOVOLALETAL AVAAVTIKA O OXEDAOUOG VEWV
TAEYHATIKOV HUIKQODOUWYV e OKOTIO TNV a&LOTON0T) TOUG WG E0WTEQIKES DOMEG
TANEWONG o€ TeEXVIKES TTROO O eTIKTC KaTaokeuNc. Ot LKQOOOUES TTROEKLYPAY [LE TN
XONOM NG TOTMOAOYIKTG BEATIOTOTIOMOTG KAL OUYKEKQIUEVA HE TV a&loTolnoT
¢ neboddov Solid Isotropic Material with Penalization (SIMP). H extéAeoncg g
HEAETNG eKKLVE(TE UE TN XOTOT) €VOG OTEQEOV HOVTEAOL O€ OXTNUa KUPOL e
dwxotaoelg  15x15x15xA.  Twx 1t  extéAeon g  HeAETNC  TOTOAOYIKNG
PeAtiotomoinong xonoponow|Onie To ‘topology optimization” block oto cvotnua
vroAoylotiknc pnxavikr)c nTopology. XuvoAwd ekteAéotnrav dVo peAéteg
TOTIOAOYIKTG BeATiotomoinong kat moékvpav waodueg dopés. Ou oQuakég
ovvOnkeg (boundary conditions) mov e@apuooTNkav kat oTig dvo douég etvat
opotec. Xuykekowpéva, ot Baon tov KUPOL  EPAQUOOTNKE TTEQLOQLOUOG
OUYKQATINOTG HE ATMOKAELTUO OAWV TwV PabBuwv eAevBeplag. Kata tn daduaoia
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TG dLAKQLTOTION 0TS dONULOLEYT|ONKE VA 0TEQED LOVTEAO TTOL ATIOTEAOVVTAY ATIO
25.781 tetpaedoa ototxeia pe prog axpnc 1 xiA. H avtucepevikn ovvagtnon €xet
oplotel €tol wote va (nteltat n eAaxlotomnoinon e H&lag Tov LAKOU eVTOg TOU
ok 00QLOUEVOL OXEdAOTIKOV XwElov. Kaboptotikd 0dA0 ot daapogewaor] Tov
PeATIOTOTIOMNUEVOL HOVTEAOL, KATEXEL 1) LKAVOTIONOT TOU TEQLOQLOHUOV TOUL
KAaopatikov ¢ykov. H tiun) tov meprogopov pmoetl va kopavOet ano 0 éag 1,
evw 0 BeATIoTOMOMUEVOS OYKOG LKAVOTIOLEL TOV TIEQLOQLOLO OTAV ATIOKTIOEL (o) 1)
pkooteon Twr). H dnuovoyia dlag@ogetikdyv dOUWV  TIQOKVTITEL ATO 1T
dLPOETIKO TEOTIO ETUPROATIC TWV POQTITEWV OL OTIOLEG KAl 0TI OVO TIEQLITWOELS
etvat 300N. Emerta amd v a&loAGyNon TV AnoTEAETUATWY TNG TOTOAOYIKNG
BeAtiotomoinong axkoAovOel to otddlo NG dNULoLEYIAS TOL povVadLA{oL KLTTAQOL
Yix kK&Oe HueQodopr).

H tomoAoywr) BeAtiotonoinon Avvel 1o Paciko mEOPANUa €VQeoNG NG
KAAVTEQNG KATAVOUTG TOL VAKOU 0& évar mEOKaO0QLopéVOo oXedoTikd Xwolo.
Opwg, dev efetalovtal dAAec ©LWOTNTES TS PeATIOTOTTIOMMEVNG dOUNG OTIWGS 1)
wootgoTiia.  AapPavovtag éva  avTITEOOWTEVTIKO delypa T1g  HIKQOdOUTNS,
exteAéotnke 1 dxdIKACIt TNG OUOYEVOTOINONG e OKOTO, va e&etaotel m
LootoTia Twv dopawv. Me 1 aflomoinomn tov ‘homogenization unit cell” block tov
ovotuatog nTopology meoékuav oL opeyYOTIOMHEVES DOUES, OL OTIOLEG UTTOQOVV
niAéov va a&lomomBovv we VAd. H a&loAdynon twv vAkwv moaypatornoun)Onke
pe N néO0d0 TV TEMEQATUEVWY OTOLX ElWV WG VAIKO TANEWONG O€ POoREn OOKOV.
EmimA€ov, VTTOAOYLOTKE N OXETIKN TTUKVOTITA TWV VEWV DAIKWV YLt DIXPOQETIKEG
TIUES KAAOUATIKOU OYKOLU aAA& KAl oL avTioToiyeg Tipég Tov Adyov Zener. Ao
1) dxdIKACIA TG OHOYEVOTIOMN OGS TMTEOEKLE 1) AVICOTQOTILKY) CUUTIEQLPOQX TWV
ppodopwv. T'iar v alloAdynon twv VEwV LAKWV TANQWONG eKTEAEOTNKAV
DOKIUEG e TN XOT|OT) TNG HeOODOL TV TETEQAOUEVWY OTOLXElWV T& POoQEéa DOKOV.
ATO Tt amoTEALoHATA TWV DOKIUWY TTOOEKVYE 1) ALENUEVN EAOTIKOTNTA AAAL
KAl aloOnNTa XapnAOTeQes TAOEIS OTO QOQER HE TN XOTOT] TWV TAELYHUATIKWY
UIKQOOOUWYV 0& OXEON JE TN XO1)0T) CUUTIAYOUS LALKOD.

Y10 teAevtaio HéQog Tov EBOOUOL KePAAAIOL TAQOVOLALETAL 1) TIELQAUATIKY
aELOAOYNON TV VEWV UIKQODOUWV HE TN KATAOKELY] DELYHATWV UE TIG VEEG
nAeypatikég douég oe tEOdAOTATO ekTLTIWTY). Me TN XO1om ekTLTIWTH TTIOV
vrootnotlet Tnv texvikny exktumwons FFF mapaxOnkav delypata vy dokipég oe
OAYN kat o€ epeAkvond. Ao ta anoteAéopata emaAnOevTnKe N AVIOOTQOTIN
OULUTIEQLPOQA TV HkQodouwv. EmumAéov, amd tnv mewpapatiky) peAéTn
TEOEKVE OTLPAQT) UIXAVIKT) CUUTIEQLPOQA TNG HLikodOoUT|GH] TTov evdelkvuTatl wg
VAWKO TANQwOTG o0& amalttikéc kKat vPnAwv Taoewv epaguoyées. Evaw, 1
HUIKQODOUN#2 EUPAVIOE HIKQOTEQN UNXAVIKT] avTOxX1] AAAd e TOAD UKQOTEQN
OXETIKT) TUKVOTNTA O€ OXE0T HE TNV TIOWTI UIKQODOUT] KAL CUOTNVETAL WG VALKO
TIAT)QWOTG O& EQPAQHOYES e XAUNAOTEQES ATIALTHOELS OE POQTIOELG.



AvaAvTikn teplAndm Xiv

LT0 KePAAALO OKTW TAQOLOLALOVTAL TA CLUUTEQAOUATA TNG dXTOPNS, N
OUVUPOAN} g Tagovoag €pevvac Kabwe Kal mEOTEVOHEVES HEAAOVTIKEG
KatevOUVOELS ETEKTAONG TG €Qevvac. XTo TéAOC TOL Kelévov magaTiOetal 1)
BPALoYoapila tov aflomor)Onke Yo TNV EKTTOVNOT) TG TTAEOVOAG dLTOLPT|G.
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1.1 Motivation 1

INTRODUCTION

1.1 Motivation

During the last decades there is a clear tendency to adopt advanced strategies that will
lead to the modernization of production units and develop innovative research tools.
Industries seek to utilize modern production methods that will increase their profit,
improve their product quality, and develop new high-added-value products. Based on
the recent advantages, Additive Manufacturing (AM) can play a keystone role in this
issue. The increased advances in computational power helps engineers to solve
complex production problems. The modern computational tools allow
engineers/designers to utilize the advances of Additive Manufacturing in

manufacturing processing.

Additive manufacturing is the leading production technology for the fabrication of
high-complexity structures. This advance enables designers to implement innovative
ideas during the product design process. This ability should be supported by the
appropriate computational and design tools, which will respond more effectively to
the features of the additive manufacturing techniques and materials used. The

developments that should be carried out are summarized below:

e Topology optimization and Generative Design systems to be improved based
on the specific product specifications

e Utilizing Application Programming Interface (API) in order for engineers/
designers to control better the influence of each design constraint to the
potential design solutions

e Overcome the limitations of commercial Computer Aided Design (CAD)

systems in order to design structures with high complexity more easily
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e Utilizing topology optimization to create improved 3d infill structures for
additive manufacturing
e The computational mechanics tools have to be improved in order to meet the

limitations and special requirements of each additive manufacturing technique

Solving an optimization problem is a complicated study. There are many
individual design parameters which must be taken into account. The potential design
solution cannot be predicted easily. To take a decision how a material amount shall be
distributed within a volume is not easy. The boundary conditions, the shape and size
of voids areas, the solid, or semi-solid areas, the support structures and the infill
structure are the design constraints. A general flow chart of optimization problem is
presented in figure 1.1. The mathematical expression of the optimization problem is
defined as the minimization of the objective function, which is subject to a set of
constraints and is expressed as follows (Rao, 1996):

X1
X2

Finding of x=< * » which minimize f(x) (1.1)
x.n
Where gi(x) £0, i=1,2,....,m and,
hj(x) =0, j=1,2,...,n

f(x) is defined as the objective function, or cost function, essentially is a criterion for
comparing acceptable solutions, in order to select the optimal design. An objective goal

is to minimize f(x).

The functions gi (x) and hj (x) express equalities and inequalities respectively
that determine the problem parameters. Points on the constraint surface with a value
gi(x)=0 meet the constraint limits. The design domain is divided into two
complementary parts. The first part refers to permissible points, thus gi(x)< 0. The
second part refers to unacceptable points and implies gi(x)> 0.

The design domain is defined as an n-dimensional Cartesian coordinate space,
where each axis corresponds to a variable. Where x is the vector of design variables
that the design solution satisfies in order to be adopted (Ntintakis and Stavroulakis,

2020). Two categories of restrictions are mentioned:

¢ Functional constraints, which refer to system limitations

e Geometric constraints, which refer to physical constraints
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Minimize f(x)

Subject o g(x) <0 @ Determine an initial design (x,)

h(x)=0
'
Improve Design Computer Simulation | Evaluate f(x), 9(x), h(x)
Change x l
- Converge ? Does your desigh meet a
N termination criterion?
Y

Figure 1.1 General workflow of an optimization algorithm

In recent years, the combination of Additive Manufacturing and Topology
Optimization is rapidly advancing. The outcome-optimized structures are often
complicated, and most times they cannot be fabricated with the use of traditional
manufacturing methods. More and more researchers develop new methods and
algorithms to improve these methods. Most of them try to evolve new algorithms and
techniques that are usually based on the most well-known methods of Solid Isotropic
Material with Penalization (SIMP), Bi-Directional Evolutionary Structural
Optimization (BESO), and Level Set method. Anisotropy is not easily integrated into
the general topological optimization algorithms, so evaluating the homogenization of
the topology-optimized structures is an appropriate step (Ntintakis and Stavroulakis,
2022).

1.2 Purpose and approach

Additive Manufacturing (AM) is a well-known and rapidly advancing method,
especially in the manufacturing of high-strength and lightweight microstructures.
Utilizing AM, it is possible to fabricate any structure, no matter how complicated it is.
At the same time, Topology Optimization (TO) is an appropriate method which allows

engineers to create high-strength and mass optimized microstructure lattices.
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The most well-known topology optimization methods, like the Solid Isotropic
Material with Penalization (SIMP), or the Bi-Directional Evolutionary Structural
Optimization (BESO), predict the optimal material distribution within a given design
domain. Except the prediction of material distribution, another question that arises is
whether other structurable characteristics have to be taken into account. In this
question the answer is negative. TO methods do not check other characteristics of the
structure, such as anisotropy. In the current thesis, in order to evaluate and characterize
the optimized microstructure, a general purpose homogenization method is utilized to
calculate the Zener ratio and the elastic modulus. Using the Fused Filament Fabrication
(FFF) technique, which is a material-extrusion 3D printing method, lattice structure

samples are fabricated and tested in compression and tensile strength tests.

A critical parameter for an efficient and cost-effective printing process is the
infill material. The infill structures shape vary from 2D shapes, to high-complexity 3d
structures. In the present thesis utilizing the SIMP method, new 3d topological
optimized structures are derived and checked experimentally. The new infill structures
design start from a solid cubic volume of 15x15 mm. With different boundary

conditions and relative density, two new infill structures are created.

1.3 Thesis outline

The thesis is organized as follows: Chapter 2 presents the literature on the topics of
topology-optimization, generative design, additive manufacturing techniques,
homogenization and auxetic materials. Chapter 3 presents the different types of infills
for additive manufacturing. In this chapter we start from the 2d shapes, and continue
to 3D infills with isotropic behavior. Then, we turn to gyroid infills and finally to
optimized infills, with non-periodic structure. Chapter 4 refers to auxetic materials
under dynamic response. The purpose of this thesis is the comparative evaluation of
the behavior of shield armor plates consisting of auxetic and non-auxetic materials in
a dynamic bullet penetration problem in armor plates. Inject Binder technique, Fused
Filament Fabrication (FFF) and Wire Laser Metal Deposition (W-LMD) are presented
analytically. Chapter 5 presents a case study of a product design process, where
topology optimization, generative design and additive manufacturing have been
utilized. The contribution of optimized methods in the early design stage of concept
design is investigated. Chapter 6 presents a case study about the contribution of
generative design during the redesign process of mechanical components. The main
objective of this chapter is the design of lightweight structures which are fully
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compatible with Fused Filament Fabrication (FFF) and Wire Laser Metal Deposition
(W-LMD) additive manufacturing techniques.

Chapter 7 presents the results for topological optimized 3d infill structure for
additive manufacturing. The mechanical behavior of the proposed infills has been
verified using modern CAD/CAE software. The evaluation of the new infills using a
homogenization method was done experimentally. Chapter 8 summarizes the novel
results of this thesis. Promising proposals for future work are presented as possible

topics for further research.



2.1 Computational mechanics 6

LITERATURE REVIEW

2.1 Computational Mechanics

Computational mechanics is the scientific area that uses numerical methods to
approximate the solution of engineering problems. Traditionally, the problems of
engineering are solved either analytically, or experimentally. In addition, more
complicated structures may be examined using computational mechanics, which
provides an alternative way to approach this problem. The development of computers
over the last few decades has enabled engineers to approach problems that were
impossible to solve in the past, either because of the large computational load.
Computational mechanics complements analytical solutions and significantly reduces
the number of required experiments. The present work focuses on structural
optimization, which is a significant tool during the design process and especially in the

design of lightweight structures under specific design constraints.

There are three different types of structural optimization:

e size optimization, which is the simplest implementation of structural
optimization. The objective of sizing optimization is to adjust the dimensions of
the individual structure components as their shape remain constant (see figure
2.1a). The mechanical behavior of the model is improved as the thickness and

topology of the structure remain the same (Stava et al., 2012)

e shape optimization, where the goal is to determine the optimal shape in a
predefined design domain (Haslinger and Makinen, 2003). In this case, the
design variables can be the thickness of the material, the diameter of the holes,

and generally measurable elements of the structure (see figure 2.1b)

e topology optimization is the third and more complicated form of structural
optimization, where the shape and size of structure elements change. Topology

optimization is a mathematical method which spatially optimizes the distribution
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of material within a fixed and predefined design domain. The objective is to find
the optimal design solution so that boundary conditions and design constrains
are satisfied. Compared with size and shape optimization, the final shape, or the
size of voids are unpredictable. Topology optimization methods can be based on
simplified Optimality Criteria iterative reanalysis methods, Heuretics, and
optimization techniques (see figure 2.1c)

C.

Figure 2.1 Structural optimization categories, a) size optimization example, b) shape optimization
example and c) topology optimization example
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2.2 From traditional Design Methodologies to Design for
Additive Manufacturing (DFAM)

In the late 19th and early 20th centuries, architects and designers believed that building
and product design should reflect their use. The American architect Louis Sullivan was
the strongest supporter of this principle, as he analyzed in his article titled “The Tall
Office Building Artistically Considered’. The ancient Roman architect Marcus
Vitruvius Pollio shared this view. Prior to WWII the modernist architects dissented
from the above principle. They regarded decorate elements -which architects call
ornaments- as superfluous in modern buildings. Sullivan did not question this theory,
although the building he designed was characterized by Art Nouveau and Celtic
decorative features. Meanwhile, there was a disagreement about product design
whether it should comply with market demands, or whether it should focus on product
functionality. For example, the American auto industry put an end to the introduction
of aerodynamic forms to mass production. Some car resellers claimed that the
aerodynamic shape would end up to a certain shape very similar for all vehicles and
thus automobile sales would drop (Ntintakis et al., 2020; Tucker and Meikle, 1982).

After WWII and up until the Oxford conference on Design Methods in 1963 design was
considered to be a more cohesive work than a scientific procedure with distinct staying.
The methodology that designers adopt during the designing procedure has been the
subject of investigation over the last six decades. Initially, the aspect that designers
should follow a certain designing process through formalized procedures, or designing
methods prevailed. However, this led many designers to believe that the adoption of a
specific process will limit their creativity and imagination. This obstacle was overcome
after the integration of brainstorming into the design process. Due to the development
of the designing methods, a main concern came up; the connection of design
methodology to computer science as a prerequisite to thoroughly understanding and
defining design (Gutman, 2017). In the 70’s Bill Hiller developed a new designing
method, according to which the experience gained from local designing problems
could be useful for addressing layer—scale issues (Hillier and Leaman, 1974) . This is
the first and foremost feature of this early period of design methodology. Moreover,
the design problem was not clearly defined to adopt an optional solution. During this
period the researchers were opposed to the development of design methods — albeit
they changed their opinion over the next years (Alexander, 1971). This can be attributed
to the fact that the design methods were rapidly developed and recognized by the
researchers of this period (Checkland, 1981; Ntintakis et al., 2020). The last decade’s

product development
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process follows a more specific process with distinct stages (figure 2.2). Through this
process, designers must ensure that the new product is well designed. In the first stage,
product specifications have to be defined according to the needs of the users. Next is
the stage which includes concept design, and then initial 3d models, and the final 3d
model. The third stage is the prototype phase in which designers must produce
functional physical models to evaluate their ideas and to check ergonomics,
functionality, and product stability. Prototypes are fully functional and end users can
use them to give efficient feedback (Babalis et al., 2013). In the last decade, more and
more designers and engineers have been adapting 3D printing techniques to create
prototypes (Bose and Bandyopadhyay, 2019) (Wong and Hernandez, 2012) (Sauerwein
et al., 2019) (Ntintakis et al., 2020).

Prototype
Discover Product or Refine Launch
unmet user service to through
needs meet needs testing
t

Test with users

Figure 2.2 Product design process

To support the prototyping stage various three-dimensional printing
techniques have been well developed, with each of them having strengths and
weaknesses. Differences are based on how the individual layers have been spread to
create various components, such as material melting, melt deposition, or the use of
liquid materials through different technological processes. Mainly, the discussion is
related to the issues of speed, cost of prototype and 3D printers, choice and cost of
materials, and the ability for multicolor prototype (Kechagias et al., 2014).

The second stage of this process is the conceptual design stage. Conceptual
design and 3D Computer Aided Design (CAD) are two distinguished phases (figure
2.2). In conceptual design, CAD is rarely used and primarily utilized later to analyze,
validate, and fabricate the design (Kazi et al., 2017). In recent years this trend changed
gradually and the role of computer science in the field of design is increasing.
Especially, utilizing artificial intelligence and design simulation, through the
Generative Design (GD) process, designers/engineers can evaluate a large number of
potential design solutions (Umetani et al., 2012). This modern design approach is
becoming a more and more popular solution in the early design stage of conceptual
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design. The core synthesis of commercial generative design systems is based on
Topology Optimization (TO) techniques. These techniques are mathematical methods
that optimize the material distribution within a predefined design space.

The limitations of traditional CAD systems are reduced with the integration of
GD with Artificial Intelligent (AL) algorithms. This synergy offers great opportunities
to designers/engineers to move away from the traditional design process and leads to
new design strategies and manufacturing capabilities. It is a great challenge for
designers and engineers to develop rigorous and robust models which take into
account many aspects of product design such as aesthetics, manufacturability,
production cost, engineering performance, etc. New design tools describe an initial
combination of a generative design and an associative modeling system using XML
models (Shea et al., 2005). A new approach for GD is the combination with Deep
Learning (DL). Relative work presents the need and effectiveness of adopting deep
learning for the generative design research area. An AI system based on deep
generative design can generate numerous design options, which are not only aesthetic,
but are also optimized for engineering performance (Ntintakis et al., 2022; Oh et al.,
2019).

2.3 Topology Optimization (TO)

Topology Optimization has its roots in the study of Michel trusses and the use of a
ground-structure approach. A dense truss simulates the continuum, and in the course
of some structural optimization process regarding the cross sections of the bars,
unloaded elements are eliminated and the optimal topology arises. TO can solve the
problem of finding the proper distribution for a limited volume of material within a

specific design domain (Ntintakis and Stavroulakis, 2022).

Topology Optimization is a significant tool for the product design process.
Depending on the desired result a suitably defined objective function can be

maximized, or minimized (Gebisa and Lemu, 2017). The advantages of TO are:

e creation of lightweight structures

e generation of a ready-to-build part/assembly
¢ minimization of the amount of raw material
e energy saving

e less need for natural prototypes

¢ reduction of physical prototypes and tests

e reduction of the entry time of a product into the market
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In the domain of an optimized model, the material's elastic properties compared
with the density may vary so the material can be removed permanently (Querin, 2017).
Often the optimized structure is extremely difficult to be produced by using traditional
manufacturing methods like lathe or milling and usually additive manufacturing is the
appropriate production method. According to the literature, there are several articles
where topology optimization is utilized in the product design process (Ganesh
Rajkumar et al.,, 2021). During the TO study, all boundary conditions have to be
defined.

Topology Optimization is the mathematical method that can optimize the material
distribution within a specific design domain. The objective is the system performance
maximization for a given set of loads. There are several TO implementations, like Solid
Isotropic Material with Penalization (SIMP), Level Set (LS) method, and Bi-Directional
Evolutionary Structural Optimization (BESO). TO calculates the element’s relative
density distribution in the design domain (Sigmund and Maute, 2013; Tang et al., 2015;
Wang et al., 2003). Some of the topologies are limited in additive manufacturing like
the truss-like cellular structures in the functionally graded modeling method. There are
only a few isotropic cellular structures when the established TO methods are calculated
for isotropic materials. Topology Optimization and Additive Manufacturing are
coupled in an efficient manner and can make the most of their potential, in order to
allow for wide application prospects in modern manufacturing (Ntintakis et al., 2020;
Zhu et al., 2021).

2.3.1 Volume Based / Solid Isotropic Material with Penalization
(SIMP) method

Volume- based is known as SIMP - Solid Isotropic Material with Penalization- method
and is widespread in CAE software. The process starts by defining a linear block of
voxels. The density of each voxel is defined between zero to one. If the value is equal
to unity, then in this specific voxel the material is completely dense. If it is zero, then
in this voxel there is no need for material. Any other value indicates that the material
in this voxel does not have to be solid for the enforced loads. These values are very
useful in FEA models for topology optimization analysis (Bendsge and Sigmund, 2004;
Ntintakis et al., 2020). In figure 2.3 a typical topology optimization volume-based
problem is presented (Bendsee, 1989).
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Figure 2.3 A typical optimization problem.

The history of SIMP takes us back to the 1980s when Bendsoe first conceived
the idea of parameterizing the design domain and not proceeding to the solution of an
on-off problem, the TO. It was until the 1990s that this method was highlighted. The
SIMP method is able to maintain a fixed FE mesh and associate each of the Finite
Elements with a density function o(x) whose values range from 0 (void) to 1 (solid). As
presented by Rozvany et al.,, an artificial material that can also be conceived as a
mesostructured material with holes can be created by the intermediate values. The last
design solution has black regions (indicating solid regions), white regions (indicating
voids), and grey regions (indicating intermediate densities). The grey areas cannot be
fabricated and have to be eliminated(Eschenauer and Olhoff, 2001; Rozvany, 2009;
Rozvany et al., 1995; Sokdt and Rozvany, 2013). According to the SIMP method, the
formula for the stiffness matrix of the optimized structure is:

N
Ksimp ) = Z [Pmin + (1 — pmin)pg]Ke

e=1

where:
K, are the elements of the stiffness matrix
P i 18 the minimum penalty factor
N is the number of total elements in the design domain

During the TO study, the main goal is to maximize the stiffness of a structure
or minimize its compliance with a given amount of the total mass, usually defined as a
percentage of the available design area. The total compliance is equal to the cumulative
deformation energy of the elements. Minimizing the total compliance, C, is equivalent
to maximizing the overall stiffness. The optimization algorithm, through an iterative
process, seeks to solve the element densities that minimize the overall compliance of
the structure (Ntintakis and Stavroulakis, 2022).
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The mathematical formula which expresses C is:

N

CAPD =) ()P Vo] (K U]

e=1

where:

(Ue) is the displacement vector of element e

(Ke) is the stiffness of element e

{p} is the vector which consists of the relative density of the ge elements.

2.3.2 Truss Based TO Method

The truss-based, or ground-structure approach is based on a large number of elements
relating to a grid of beams between a set of nodes in a given volume. The method
initially detects which supports are necessary for the structure and determines their
size. Then the method removes the beams that do not meet the study requirements. In
the results, the necessary beams are represented with bold lines and dark blue color.
The less necessary beams denoted with less dark blue colors and the unnecessary
beams appear without change in their thickness (see figure 2.4), (Perez and Behdinan,
2007). Extension to multi objective optimization has been tried by (Stavroulakis et al.,
2009, 2008). This approach is, historically, the first method of topology optimization
(Ntintakis et al., 2020).

Figure 2.4 The results of design domain and the TO study.

2.3.3 The Level Set Method (LSM)

The LSM is a numerical technique for tracking interfaces and shapes. The level-set
method makes it easy to follow shapes that change topology when a shape splits in
two, develops holes, or the reverse of these operations. With LSM level-set model
numerical computations can be performed without having to parameterize these
objects, which is called the Eulerian approach (Osher and Sethian, 1988). The LSM tries
to minimize the objective function with the compliance of constraints for the volume
of used material (Ntintakis et al., 2022).
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The mathematical formulation of LSM is described as:

N N
miny coe(x) = UTKU:Zqueue:erueTk;ue
e=1 e=1
V(X) = Vreq
subject to Kil :_g
¢ }Ve:l,...,N
Xe = 1

where:

x=(x1,...,xN) is the vector of element densities, with entries of xe = 0 for a void

element and xe =1 for a solid element, where e is the element index

c(x) is the compliance objective function

F and U are the global force and displacement vectors, respectively

K is the global stiffness matrix

ue and ke are the element displacement vectors and the element stiffness matrix for element e
ki is the element stiffness matrix corresponding to a solid element

N is the total number of elements in the design domain

V(x) is the total volume of material within all solid elements

Vieq is the allowable material used

2.4 Generative Design (GD)

During the design process a designer/engineer has to take decisions for product shape,
ergonomic design, material selection, product stiffness and durability, and so on. The
combination of these parameters creates a complex problem. Designers must take this
decision very fast and in an accurate way. In this effort, advanced systems like
generative design, topology optimization, and additive manufacturing are very
helpful. Generative Design (GD) has become more and more popular in recent years.
Quite generally GD mimics nature by using algorithms inspired by the way in which
bones grow in animals. A basic outcome of this algorithm is to add material where it is
necessary and to remove it from the design domain where it is not necessary (Ntintakis
and Stavroulakis, 2020). By adopting the Generative Design (GD) methodology, the
designer can now design, in less time, an object with better results and produce
optimized products that take into account various constraints, such as the production
method, the material, and the cost. The need for a guiding theoretical framework for
generative design is widely recognized, especially the link with topology optimization
(Caldas and Duarte, 2004; Chase, 2005).
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The iteration is repeated. Within each iteration, the GD tests the outcome
structure and learns from each step output. The total number of iterations depends on
the specified constraints and the final forms are designed in a unique organic shape
(McKnight, 2017).

Generative Design (GD) is an iterative design process that will generate a
certain number of outputs design solutions that meet certain constraints. A designer
will fine-tune the feasible region by selecting specific output or changing input values,
ranges, and distribution. Recent research efforts on generative design utilizes topology
optimization as a design generator instead of design parameterization and develops
the methods to generate numerous designs in parallel with cloud computing (Ntintakis
et al., 2022). The characteristics of GD include:

e asignificant tool for the concept design stage

e an appropriate tool for mass reduction and lightweight structures

e fully compatible models for Additive Manufacturing

o artificial Intelligent (AI) algorithms

e structure Topology Optimization (TO)

e generated models that meet certain constraints and boundary conditions
e potential design solutions

¢ human-machine design methodology

e aminimized timetable for ready to use products.

At the early stages of GD this method was used in architecture and civil
engineering. Nowadays it is growing up rapidly in mechanical design. GD is a
repetitive method which gives us a set of potential design solutions. Designers can
change the inputs in a way to choose the best solution. It is therefore a fast method of
exploring design possibilities that are used in various design fields. As a process,
generative design can be analyzed as shown in figure 2.5 (Bohnacker et al., 2012). As a
tirst step, the user has to define the design constrains in the algorithm. Then a sketch
or a general 3D model is used. Finally, the rules are defined, and the algorithm starts
to formalize the rules in parameters, in order to output potential solutions. Each time
the algorithm offers several potential design solutions. Designers/engineers judge the

outcomes and modify the input rules to take more accurate solutions. The process
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stops when the designer judges that one of the potential solutions is the appropriate
(Ntintakis and Stavroulakis, 2020). Therefore, the algorithmic method transforms the
requirements into a 3D structure. This new design approach provides significantly
more mass reduction and parts consolidation opportunities that cannot be achieved

through traditional design optimization methods.

Nowadays GD is based on cloud systems, where much more computer power
is available. Another reason is that generative designs are not able to be manufactured
with traditional manufacturing methods. The enormous development of additive
manufacturing techniques in recent years gives the opportunity to make ready-to-use

complex and lightweight structures.

Idea
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Algorithm modifies Rules |

Formalization and
(starting) parameters

v

Source code |4 e Designer
modifies
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Interpretation
by the computer

v

the output

Figure 2.5 The overall process of the Generative system

The GD approach simplifies the work of designers/engineers. Utilizing GD, the
required time to design a new product is reduced. The system provides a variety of

solutions that, most likely, the designer could not think of. GD enables engineers-
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designers to focus on the "WHAT?" of their work instead of the "HOW?"(see figure 2.6)
(Tsavdaridis et al., 2015). The use of GD is closely linked to the use of topology
optimization (Ntintakis et al., 2022).

Solution
Instances

Represemed
region

Performance / '

Envelopes

Figure 2.6 Potential solution space

2.4.1 Generative Design Algorithms

Generative Design process, with several notable differences, is quite similar to the
Topology Optimization process. The conceptual design phase consists of exploring
alternatives based on design requirements, and then the output population is ranked
during a preparatory analysis to select the most appropriate design solution. The
simplicity of the process and the compliance of the alternatives with the design
requirements or the customer’s preferences is a critical and time-consuming task for
designers. Even though generic algorithms are used in most generative design systems,
the need for fine-tuning input parameters becomes is not helpful for most designers.

2.4.1.1 Jaya Algorithm

Jaya algorithm is suitable for generative design systems because it does not require the
tuning of specific parameters (Khan and Awan, 2018). The process requires only the
controlling of basic parameters like the size of the population (p) and the number of
solutions (s) (Eiben et al., 1999). During the process, the algorithm compares the
proposed solutions and keeps the best one. In case of a solution is better than the
previous one, it is accepted, instead, the previous one kept (see figure 2.7). For example,
let us consider a problem that has n design parameters (j=1, 2, ..., n) and s population
numbers (k=1, 2, ..., s). The value of the j* parameter for a kth solution during the i

iteration is symbolized as Xki and this value is calculated from the equation:
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X'iki = Xiki + riki (Xjbesti - | Xjki ) — roki (Xjworsti - 1 Xjkil),

where: Xjesti, Xjworsti are the updated values of the parameter j, for the best and worst
value, respectively X'iki is the updated value of Xiki. Finally, riki, r-ki are two random

numbers in the range (0,1).
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Figure 2.7 Jaya algorithm flowchart

2.4.1.2 Space-Filling (SF) technique

A CAD model (m) can be approved by n numbers of design parameters (xm1,
Xmz, ..., xmn), and each of these takes an area in a design domain (Khan and Awan, 2018).
The limits (j=1, 2, ..., n) of the design domain are specified from the upper and lower

limits [x_mj*u] and [x_mj"l] respectively) of each parameter. For the calculation of
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optimized solutions, for each set of N potential solutions the space-filling U1(B) of the

design domain is calculated from the equation:

1

Ur(B) = Xp=i  Xep+1 o

and b= [y (g = 3)?

where Lpq is the appropriate distance between the designs p and q and xpj, xqj are scalar
values of the j" design domain dimensions in the range of 0,1. Finally N is the number

of potential design solutions.

2.4.1.3 Weight Grid Search Technique

This technique tests the outcome design solutions controlling the boundary limits of
the design domain. Criteria which have not been satisfied by the algorithm have to be
tulfilled. In this technique a new term of U2(B) for non-collapsing is introduced in the

cost function, which is proposed by the function:
UZ(B) =a ng;ll 51V=p+1 Z}l:l f(ypj'yqj)

fpjryqs) ={1 if Ypj=¥q; 0 otherwise

1

i e . e+l = P e i e+ =
{if xp < xpj < xpj then yp; =eif xp;i® < xpj < Xpj then y,;=e

where a, is a parameter defined by the user and yy;, yq; are the corresponding integer coordinate,
for xpj, Xqj in the j™ dimension.

2.4.2 Generative Design in Industry

Generative design has been applied in consumer products and in mechanical synthesis
to pursue performance-driven design (Buonamici et al., 2020). GD is entering rapidly
into the product and parts manufacturing industry. Several GD methods are available
like the Generative Design Method (GDM), which is a comprehensive CAD-based
generative design exploration method designed to work at all stages of the design
development process-spanning, from conceptual to detailed design (Krish, 2011).
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In 2019 the company Kartell produced the first commercial chair made using
generative design, in collaboration with Autodesk and with the famous designer
Philippe Starck (see figure 2.8). As Starck said ‘We ask from intelligent system to carry the
body chair with the least amount of material’.

In the aerospace industry, generative design is a well-know technology.
Recently NASA worked with Autodesk to create a space-lander prototype that can
withstand the temperatures and pressures of outer space. The main goal was to create
the lightest possible structure, in order for the final prototype to look like a spider. Also,
the RUAG Sentil satellite was optimized topologically and Additive Manufacturing
(AM) was used for the antenna bracket construction. The used material was the EOS
Aluminum AlSi10Mg, which has high strength and resists to dynamic stress. The
optimization goal was not only the lightweight structure, but also the minimization of
undesired vibration from rocket high speed. The antenna bracket weight reduction was
over 40%, from 1.6 kg to 0.94 kg.

Figure 2.8 The “A.L chair’, the first commercial generative design chair.

In the automotive sector in 2018 General Motors started to develop new car
components using GD. One of them is a new seat bracket which is 40% lighter and 20%
stiffer than the previous one. The potential solutions were chosen from about 150
potential design solutions (see figure 2.9). The generative component consolidates eight
different components into one 3D-printed part. Audi used AM to produce the water
connection for the W12 engine and Porsche made the gearstick for the 959 model. BMW
produced more than 25,000 prototypes helping the design process. Also, Ford, did not
have the need to produce tools for prototypes, saving a huge cost in the product

development process (Jauhar et al., 2012; Ntintakis and Stavroulakis, 2020).
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Figure 2.9 a) Potential generative models b) The component before and after GD.

In the aviation industry, the Airbus group has performed analytical studies
about the reduction of CO2 emission by about 40% from weight minimization. For this
purpose, they redesign with TO the toll of the Airbus A320 nacelle hinge bracket, using
the direct metal laser sintering AM technology, instead of the traditional casting
methods (Tomlin and Meyer, 2011). In 2015 Airbus got the award ‘German Future
Awards’ for focusing on modern production processes, such as additive layer
manufacturing and advanced materials. One of the developed materials, especially
designed for use in AM, is ‘Scalmalloy’, which is a second-generation aluminum-
magnesium-scandium alloy created by APWorks, an Airbus subsidiary. This material
offers outstanding mechanical properties, meaning it can undergo significant stress
and stretching before breaking. This is the first time it has been used on a large scale
inside an aircraft component. Generative design is a priority for Airbus, Peter Sander
of Emerging Technologies and Concepts at Airbus says, “It isn’t as simple as copying
nature,” and “Successful bionics depends on establishing a deep understanding of natural
materials and then working out how to apply that knowledge in the industrial world” .

For the development of new products, it is of great importance to find the best
possible topology for given design objectives and constraints at an early stage of the
design process. In industrial practice, the product quality and durability have to be
improved at a relatively low cost. Due to the results of the GD study, the optimum
topology and layout design have to be defined. This process is commonly known as
Structural Optimization which, is a new tool in the area of Computer-Aided

Engineering and belongs to the broader field of computational mechanics.

Often there is a misunderstanding between Generative Design and Topology
Optimization (TO). TO creates only one design that has been optimized for structural
integrity based on existing criteria and GD creates multiple designs in an evolutionary
way. Topology Optimization is suitable when you have a set space and overall idea

and just need the algorithm to make it as lightweight as possible. On the other hand,
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GD is mainly used when the whole shape is unknown so that the program will give us
a lot of potential solutions, taking into consideration constraints like the desired
material and manufacturing method. Certain similarities with repeated use of topology
optimization driven by a nature-inspired optimization technique has been studied
already (Kaminakis and Stavroulakis, 2012; Ntintakis et al., 2022).

2.5 Homogenization

In most research manuscripts, the researchers present new methods and algorithms
based on well-known TO methods to predict the material distribution more accurately
and cost-effectively. However, in most cases, the proposed methods do not evaluate
other characteristics of the optimized structures, such as isotropy. In the current thesis,
the isotropy of the optimized lightweight structures was checked, and a general

homogenization method was used.

A microscale study is necessary to understand the behavior of the new
proposed structures on a global scale. Plenty of studies have been developed to specify
the behavior of cellular and heterogeneous structures (Chatzigeorgiou et al., 2022;
Drosopoulos and Stavroulakis, 2022). Often, cellular materials are characterized by a
high design complexity, which limits the manufacturability process. Additive
manufacturing overcomes these issues, and lattice structures can be fabricated
precisely and with lower production costs (Rehme and Emmelmann, 2006). The
keystone of the homogenization is the properties of a heterogenous material to
represented in a small fraction of that. Represented Volume Element (RVE) is defined
as the limited fraction of the whole heterogenous material. Then, the characteristics of
the heterogonous material are applied as the boundary conditions in the whole design
volume (Somnic and Jo, 2022a). For a square unit cell, the RVE method is applied as in
figure 2.10. Furthermore, homogenization methods are used in order to produce a
quickly infilling gradient microstructure (Lee et al., 2021; Ntintakis and Stavroulakis,
2022).
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Figure 2.10 Represented Volume Element for a square unit cell.

The behavior of a lattice structure can be described using the generalized Hooke’s law:
0ij = Cijii€k- The anisotropic form of Hooke’s law can be expressed by the stiffness
matric [c]:

Cl 1 Cl 2 Cl 3 C14- Cl 5 Cl 6

C12 CZZ C23 C24- CZS C26

C13 CZ3 C33 C34- C35 C36

C14— C24 C34— C4—4— C45 C4—6

C15 C25 C35 C4—5 C55 CS6
Cl 6 CZ 6 C3 6 C4—6 CS 6 C66

In homogenization study Zener ratio can be calculated. The Zener ratio is a
dimensionless number that is used to quantify the anisotropy for cubic structures
(Zener and Siegel, 1949). Conceptually, it quantifies how far a material is from being
isotropic (where the value is equal to unit, it means that this material has isotropic
behavior) (Ntintakis and Stavroulakis, 2022). The calculation of the Zener ratio is

derived from the mathematical formula:

A= —2
C11_C12

2.6 Auxetic materials

Most of materials which exist in the nature, tend to get thinner to the direction of
loading, or excitation, when stretched. In other words, as for elastic loadings, shrinkage
usually appears in the direction which is perpendicular to the applied load. This

behavior results in the reduction of the cross-sectional area of the structure. In case of
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compressive loadings, the exactly opposite effect appears and the cross-sectional area
increases. The change of the length of the elastic material in the perpendicular direction
with respect to the applied load, is given by the Poisson’s ratio, which is usually a
positive number taking values in the interval (0, 0.5). This ratio is defined as the
negative fraction of transverse strain Ay/ly over the axial strain Ax/lx (Wan et al., 2004).
However, there are materials which present exactly the opposite behavior. These
materials, featuring a negative Poisson’s ratio, are called auxetic materials and can be
conceived as microstructures, which become thicker in the perpendicular direction to
the one of the applied tensile loadings. This is because of artificial joints inside the
microstructure, which, in turn, help flexing to occur (K. E. Evans, 1991; Theocaris et al.,
1997). This attribute provides the auxetic behavior to these materials. The main reason
for this unusual characteristic is due to their specific internal structure. This property
is usually explained from the microstructure (star-shaped frames or inclusions),
although other models have been used, as well (chiral, perforated, or mechanism-
based) (Tairidis et al., 2022).

A key feature of the auxetic materials is the negative Poisson's ratio (v < 0). They
form a particular category of materials characterized by special and unusual
mechanical properties. The auxetic materials are characterized by indentation
resistance, fracture toughness and impact resistance. Due to their special and unusual
mechanical response, these present positive results in many applications. In current
thesis was studied the behavior of the auxetic star shape materials in dynamic bullet
penetration problems. Their unusual behavior lies in the fact that once stretched in one
direction, the material gets thicker in the perpendicular direction, unlike common
materials which present thinness. In addition, when part of the material is being
squeezed, the rest of it tends to shrink, rather than expand and it gets denser in the

process.

“"

Their name derives from the Greek word "av&ntikdc", which means “who
which going to be increased” (Ken E Evans, 1991). The auxetic materials are considered
interesting because they exhibit improved mechanical properties, such as shear
strength, resistance to strain and strength against fracture (Evans, 1990; Lakes, 1987).
The auxetic materials belong to the group of metamaterials and owe their unique
properties not to their composition, but to the form of their structure. Metamaterials
are materials whose properties are not found in natural materials. Their name derives
from the Greek word "uetd" which means “beyond” and from the Latin word
“materia”, which means material. The fields of use of auxetic materials vary and are

constantly increasing.

An interesting application of auxetic materials is in the domain of protection
equipment. Additive manufacturing has a significant contribution to the construction

of armors. The construction of the auxetic structures using conventional production
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methods is often unfeasible as these characterized by geometry of high complexity.
Yang studied the potential uses of the re-entrant hexagon and arrowhead type printed
auxetic structures made from common polymers in order to be used in body protection
(Hitesh D Vora and Young Chang, n.d.). Imbalzano studied the blast resistance of
hybrid sandwich panels (Gabriele Imbalzano, n.d.; Imbalzano et al., 2017, 2016). Han
created two structures of auxetic materials for high absorption of energy (Dae
SeungKang, n.d.). Alomarah studied the in-plane mechanical properties of auxetic
structures subjected to dynamic compression numerically and experimentally
(Alomarah et al., 2020). The effectiveness of sandwich structures with auxetic 3D re-
entrant lattice core and semi-auxetic braided composite face sheets subjected to high-
velocity impact have been investigated (Madke and Chowdhury, 2020). The auxetic
behavior of materials in engineering applications is still have being discussed
(Stavroulakis, 2005; Tairidis et al., 2022).

The modern approach to design auxetics is based on topology optimization
methods. For example, a topology optimized architecture with programmable
Poisson’s ratio over large deformations is presented and discussed in (Clausen et al.,
2015). From the mathematical point of view, the optimization goal is defined as the
minimization of the error between the actual and the pre-defined value of Poisson’s
ratio over a range of discrete, nominal strain values. The topology optimized structures
are designed and printed with programmable Poisson’s ratios ranging from —0.8 to 0.8
over large deformations of 20 % or more. Additionally, it is shown that from the
combination of topology optimization and additive manufacturing, it is possible to
design the new materials with the desired properties. A suitable topology optimization
procedure for the optimum design of compliant mechanisms, using evolutionary-
hybrid algorithms, for the design of auxetic materials has been proposed in (Kaminakis
et al., 2015; Kaminakis and Stavroulakis, 2012; Tairidis et al., 2022).



3.1 Additive manufacturing & topology optimization 26

Additive Manufacturing

3.1 Utilizing additive manufacturing and topology
optimization

The evolution of rapid prototyping to additive manufacturing offers manufacturers a
new beneficial production method. Manufacturers, whose objective is to produce
robust and low-weight structures obtain a strong production advance. Additive
manufacturing can offer this ability giving solutions to several production problems
that concern a significant range of industrial manufacturing. The advances of additive
manufacturing are not limited to manufacturers, but also affect the designers and
engineers, encouraging design freedom and creativity. But the lack of use of
computational mechanics tools leads to unsuccessful printing attempts, or the waste
of excess printing material due to over-dimensioning.

Coupling additive manufacturing with topology optimization and generative
design designers/engineers obtain a strong advance from the early stage of design
process until the prototyping and the final production process (see figure 3.1). Design
parameters are considered as constraints and satisfied during TO and GD study. The
advances of this coupling can be classified as:

e the design freedom, designers can create complex topologies and shapes
thanks to the design freedom provided by TO. Moreover, the topological
optimized structures are extremely difficult to be fabricated with traditional

production process

e the design of durable structures, material distribution in a predefined design
can be predicted with the use of TO algorithms regarding to the material
stiffness matrix. The results of the proposed optimized structures are
evaluated though FE analysis and can be fabricated with AM techniques for

further evaluation
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the minimization of time to market, the ability to create quickly accurate and

functional prototypes is very helpful during product design process

the production flexibility, TO contributes significantly in design process in order
specific design constrains to be adopted in the final design. Utilizing additive

manufacturing, it is possible to produce objects with different shapes in the same

production stage

Desired Final
functionality component

Topology Post-
optimization machining
Concept Detailed Additive
geometry design manufacturing

Figure 3.1 Coupling of topology optimization and additive manufacturing during the product

design process

Designers are able to create complex topologies and shapes, thanks to the
design freedom provided by Additive Manufacturing (AM) (Bikas et al., 2016; Hajare
and Gajbhiye, 2022). In our days, the design manufacturing procedures have been
expanded to conventional manufacturing processes, although Design for Additive
Manufacturing (DfAM) methods have to be further elaborated (Sudrez et al., 2022;
Vaneker et al., 2020; Veiga et al., 2021; Wiberg et al., 2019). Many of these methods
help engineers to utilize the properties that are enabled by AM. Such methodologies
are, Topology Optimization (TO), the AM manufacturability analysis, and cellular
structures. Cellular structures are observed in nature such as in plant stems or in
bamboo microstructures (Ghazlan et al., 2020; Gong et al., 2020; Li et al., 2019). These
structures present an incline and can proceed toward better material distribution for
performance optimization. The design of artificial cellular structures, making them
suitable for processes such as energy absorption, or heat transfer (Ntintakis and
Stavroulakis, 2022).
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3.2 Additive manufacturing technologies

Additive manufacturing technologies according to the materials which use can be
divided into three categories:

e techniques that melt or soften materials
e techniques which use liquid materials
e techniques with use powdered materials

Material extrusion is an AM technique which is belongs to the first category. During
the printing process a continuous filament of thermoplastic material deposited layer
by layer. FDM (Fused Deposition Modeling) technology was developed by Scott
Crump, founder of Stratasys Ltd in 1980. Other well-known familiar technique is FFF
(Fused Filament Fabrication). Although it is not as accurate or fast as other additive
manufacturing techniques, is widely used. The main characteristics of FDM/FFF
technique characteristics are:

e it is the most widespread technology

e it is distinguished by the ease of application and the friendliness of the
environment

e itis possible to create complex structures

e theneed of support structure depending on overhang angle

e the high strength of printed parts

Inject Binder is one of the most well-known technology which use powder as raw
material. Is a high-speed process and produces objects with relatively harsh finish.
The raw material is plaster type powder, the granules of the powder are
homogeneous in size and shape, showing only limited variation with respect to their
size. As the particles are smaller as the quality of printed part is better (Suwanprateeb
et al., 2010). The process requires the use of powder as a feedstock and adhesive to
achieve the agglomeration of powder grains. The printing process part involves two
stages. In the first stage a slicer program divides the object geometry into number of
layers and powder is speeded in each single layer. Each powder layer is sprayed
selectively with an adhesive. Then a layer of fresh powder is deposited, and the
process repeated until all layers to printed. In the post processing stage, the printed
model is removed from the container and with the use of compressed air is cleaned
from the excess powder. Then, the printed part is sprayed with cyanoacrylate or other
substances to improve part stability and surface finish (Ntintakis et al., 2020; Varotsis,
2018; Zhang et al., 2018). The advantages of inject binder technique are:
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e the lack of support structure during printing process

e the ability to print multiple objects simultaneously

e there is no need to use a heat source that can create residual stresses in the
parts

e is more cost-effective to print bigger parts in inject binder printer than other
printer type

e the printing of multi-color parts

In current thesis the required specimens were printed in Z-450 from Z-Corp which is
ideal for the production of architecture and product design prototypes. The used raw
material in inject binder technique is a plaster-based powder (zp151) which is sprayed
with a water-based binder with 2-Pyrrolidone (zb63).

3.3 Types of infills in AM

An advantage of AM techniques is the ability to reduce the necessary manufacturing
material when producing a part and the weight of the part itself, thanks to its nature
(Jiang and Ma, 2020; Plocher and Panesar, 2019; Seharing et al., 2020). AM can
manufacture lightweight parts characterized by a sparse internal infill and an external
skin. Regarding to the fabrication process, the type of the infill is a crucial parameter.
The most reliable and fast printing infills are made by printing the same pattern for
every layer. These are the 2D infills, and they are characterized by a vertical cross-
section, which creates a geometry fertile to anisotropic structural properties (Feng et
al., 2018).

Another type of infills, that present an isotropic behavior, are the 3D infills. In
particular, the infills that have a cubical symmetry are called “cubic infills”, and they
repeat in all three directions. Another type of strong and fast printing 3D infill is the
mathematically based “gyroid infill”, which can simplify the designing process. The
disadvantage that comes along with 3D infills is that they are not easy to be printed
and show a high complexity (Bean et al., 2022; Podrouzek et al., 2019).

The final type of infills is those that cannot be characterized either as 2D infills
or as 3D infills. Due to process optimization, they have a non-periodical nature, which
allows them to be rich in forms. They may have internal structures containing voids,
using grad-ed infills, or internal structures with repeating optimized lattice
structures. These can show differing spatial properties, or particular elastic
properties. In an effort to stimulate the general orthotopic properties, Poisson’s ratio
and elastic moduli tuning, many researchers have used Topology Optimization
(Hoang et al., 2020; Liu et al., 2018; Ntintakis and Stavroulakis, 2022; Wu et al., 2016).
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Auxetic materials in dynamic response

4.1 Design of auxetic structures

Mechanical metamaterials with a negative Poisson’s ratio are called auxetic materials,
or simply auxetics. Auxetic materials have enhanced dynamical properties and
damping behavior, and thus they can be used in certain applications. This property is
usually explained from the microstructure (e.g. , star-shaped frames, or inclusions),
although other models have been used as well, such as chiral, or mechanism-based
models (Wu et al., 2019). Auxetic materials are used in several fields; however, optimal
design towards dynamical properties is still under investigation. The modern approach
to design auxetics is based on topology optimization methods. Nevertheless, even
classical auxetic microstructures may be used, possibly after tuning, for certain
applications. A first attempt to review the effect of auxetic metamaterials in
applications with dynamic loadings is attempted in the present thesis. The design of
auxetic materials in the laboratory can be based on optimal design for the definition, or
fine-tuning of the auxetic microstructure. The effectiveness of these materials, as well
as their response and adaptiveness to nonlinearities, can be verified by applying
numerical homogenization tools and CAD/CAE software. A body, which exhibits an
auxetic behavior, can consist of recurring patterns of identical microstructures, as is
usually the case in homogenization. Each microstructure consists of a monolithic body
with specific geometry and a predefined deformation, which integrates all the features
of a compliant mechanism. In figure 4.1, the behavior of a conventional and an auxetic

material, based on their microstructure, is shown (Tairidis et al., 2022).
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Figure 4.1 Auxetic materials, in comparison with conventional materials.

According to Gibson and Ashby (1988), who proposed the properties of the cell
based on the beam theory, a unitary cell of a cellular structure can be used for the
prediction of the behavior of the sandwich panel (Gibson and Ashby, 1997). The
parameters of the unit cell are the height of the cell (h), the length of the cell wall (1),
the depth of the cell wall (d) and the angle between the horizontal and the leaning cell
wall. Moreover, the height ratio, and the depth ratio can be also calculated. For the
conventional cell the angle is given as 0 = 30° and the ratio a = 1, while for the auxetic
one the angle is given as 0 =-30 and « = 2. The selection of the parameters of the auxetic
cell has not been made arbitrarily, but in a in such a way that the behavior of the auxetic
simulates the function of a conventional cell, since the active coefficient is the same at

the two vertical directions (Tairidis et al., 2022).
The overall dimensions of the conventional unit cell are given by:
L. =2lcosé
H, =2(h+Ising)
where L. is the total length and He. is the total height of the conventional unit cell.
Similarly, the total dimensions of the auxetic unit cell are given by:
L, =2lcosé
H, =2(h—-Ising),

where L. is the total length and Ha is the total height of the auxetic unit cell.
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4.2 Design and Finite Element Analysis - Bullet Penetration
test

Ashby and Gibson proposed the properties of the cell based on the beam theory and
also discovered that a unitary cell of a cellular structure can be used as a prediction tool

for the behavior of the sandwich panel.

Figure 4.2 shows the unitary cell of both the conventional and the auxetic structure,
along with the parameters that define the geometry of the cell. The main design
parameters of the cell size are the height of the cell, the length and the thickness of the

cell wall and the angle between the cell wall and the horizontal axis.

The first structure is characterized by a honeycomb structure without presenting any
auxetic behavior. The structure consists of a set of cells in a 2 x 6 layout with dimensions
43.95 x 20.27 x 30 mm. The shape of the auxetic structure is characterized by the star
shape, which has been chosen for the negative Poisson's ratio and consequently, its
auxetic behavior. This particular structure was chosen because of its relatively simple
shape that helps in its production with the utilization of additive manufacturing. The
whole structure consists of a set of cells in a 2 x 7 arrangement, the dimensions being
43.53 x 11.93 x 30 mm. In both models, the sandwich panel is created by adding a front
and a back panel of 0.5 mm thickness (Tairidis et al., 2022).



4.2 Bullet penetration test

33

7.537

15.047

6E 0L

Figure 4.2 Non auxetic honeycomb structure and star-shaped auxetic structure.

In both FEA studies a 9 mm diameter bullet at speed of 830 m/sec was used.

The total duration of each study was 1 ms (see figure 4.3). The proper displacement

restraint has been determined on the lateral surfaces of the two structures

(symmetrically). Aluminum alloy A5052-H34 was used as study material of the cellular

structure due to its high stiffness. Table 4.1 shows the properties of the material used.
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Young’s Poisson’s Yield Tensile Shear Densit
Modulus ORat(i)o Strength Strength Modulus (k /mm’}\’?))
(GPa) (MPa) (MPa) (GPa) &
70.33 0.36 213.7 262 25924,2 2.68E-06

Table 4.1 Properties of Aluminum 5052-H34.

There are 40.991 FE nodes, and the elements of the model are 20.614; the number of
time steps of simulation is 25. Also, the finite elements are of the tetrahedral type. Finite
Element Analysis (FEA) was performed using the Autodesk explicit analysis
algorithm. The parametric model has been generated with the use of Autodesk Fusion
360 platform. In order to specify the effect of impact force on each structure, the
maximum stress (Von Misses) and maximum displacement have been calculated.
Figure 4.4 shows the maximum stress on auxetic and conventional structure (Tairidis
et al., 2022). The maximum displacement on conventional and auxetic structure

respectively, is shown in figure 4.5.

time period: 0.2 ms time period: 0.6 ms

17762 Max.
16000

12000

time period: 0.8 ms

Figure 4.3 Bullet impact on the baseline auxetic star-shape sandwich panel.
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Figure 4.4 The impact von Misses stress of the upper surface of conventional honeycomb structure
and auxetic star shape structure. The total stress on conventional structure is double compared with
star shape structure.
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Figure 4.5 Displacement of the upper surface of conventional honeycomb structure and auxetic star
shape structure.
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For each structure, the stress on the top surface is higher than the bottom surface
during the impact load period. After releasing the impact load, the stresses on the
bottom surfaces were reduced for both the honeycomb and the star-shaped auxetic
structure. During the dynamic test the material behavior is in the elastic region.

From the numerical experiments of the present investigation, it was shown that
auxetic materials have unique mechanical behavior, which is based on negative
Poisson ratio of the cell structures. The results showed that even if the structure was
subjected to extremely high impact loads, the auxetic materials maintained a very good
behavior. According to the results, on the front surface of the auxetic structure the
movement is smaller and on the back surface the movement value is lower related with
to the maximum values. Thus, it is noted, that the rate of the vibration damping is
smoother in the auxetic structure, compared to the non-auxetic, where a constant
movement is present during the analysis. It was also shown that a significantly higher

Von Mises stresses are measured at the non-auxetic structure (Tairidis et al., 2022).
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Utilizing Topology Optimization, Generative
Design and Additive Manufacturing to
product design process

5.1 Generative design framework

A generative design study is a set of data that describes a design problem. Several
design constraints can be added which describe a specific design objective. These
constraints include functional, manufacturing, and mechanical requirements. Also,
material type and performance criteria have to be defined. Once the study setup is
defined, a set of potential design solutions, that meet these requirements, are
suggested.

Define Objectives

Optimization objectives and limits must be defined, to specify additional
requirements that the outcomes should satisfy. The solver tries to achieve the limits,
through a number of iterations. Maximizing stiffness and minimizing mass are the
basic objectives. If the desired result is to achieve the maximum possible stiffness of
the design for a given mass, then maximization of stiffness has to be selected,
specifying the value of the mass target. On the other hand, the objective of mass
minimization gives the minimum possible mass of the design.

Define manufacturing methods and materials

It is possible for a single GD study to generate design solutions for several

manufacturing methods and materials. Multiple options are available; for each
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selected method several protentional design solutions are generated. The
manufacturing cost estimation for a specific production volume is available. Materials
with different properties for each manufacturing method can be defined. It is possible
to select several materials for all manufacturing methods. At least one material for

each activated manufacturing method has to be defined.

Preserve geometry

Preserve geometry should represent the minimum geometry that is needed in the
final shape of a design. It should include sections of geometry that are essential for

the performance and functionality of your design. A preserve geometry can include:

e a connection to attach a body to other objects, like bolt holes

e abody that interacts with objects like handles or handlebars

e geometries, where loads and constraints are applied, must be defined as
preserved geometry

e Areas that ensure that the design is suitable for use in its intended

environment

Obstacle geometry

Obstacle geometries are often used when the geometry attaches to other objects, to
prevent the body from extending into and interfering with, other objects. When other
objects attach to an obstacle geometry, they are moving. Obstacle geometries are often
used at connection points. For example, to keep the hole for a bolt free of material, or
to represent the freedom of movement to enable placing the bolt into the hole freely.
Bodies assigned an obstacle geometry are displayed in red on the canvas. They
represent empty spaces where the material is not created during the generation of

outcomes.

Starting shape

Starting shape is defined as an initial geometry type in the design space. A body is
assigned as starting shape to optimize an existing design or influence the shape of the
generated design. A body is defined as starting shape in the initial stage of the design
process. It is determined by all important points given in the definition of the design
problem. The outcome generation is performed based on this shape. If a model
includes a starting shape, it is the initial shape for the generation process. If the model
does not include the starting shape, the initial shape is defined based on the preserved
geometry. In a GD study, only one body of the model can be defined as starting shape.
If there is no assigned body as starting shape the algorithm is executed with increased

freedom and probably gives more variation in outcomes.
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Structural constraints and load cases in a generative study

Constraints are a critical part of the design requirements in a generative study and
influence the final shapes of outcomes. At least one constraint must be applied in a
GD study. Structural constraints enable to define how the design interacts with the
objects that does not include in the model and how it is fixed. Constraints are applied
to the model to prevent it from moving in response to applied loads. Structural

constraints are applied to the preserved geometry y only.

Loads are a critical part of the design requirements in a generative study and
influences the final shapes of outcomes. Enable to simulate pushing, pulling, and
twisting forces that the design should withstand. Defining loads, enables specifying
expectations towards a design strength. At least one load case must be assigned to a
preserve geometry body. A load and constraint cannot be on the same face, edge, or

vertex.

5.2 Utilizing Generative Design and Additive
Manufacturing in product design process

From the beginning of the 20th century until today, the product design process
changed drastically. During the last two decades, a well-established design process
generally consists of three phases: a) Learn, b) Design, c) Prototype (see figure 2.2). In
this section, we focus on prototyping, which includes:

a) creating prototypes to help designers to evaluate an idea

b) creating prototypes to evaluate their stability

c) creating prototypes of optimized design models, utilizing topology
optimization for early design stage decision tools

d) evaluate optimized prototypes with FE analysis and experiment

The potential design solutions of a GD study have to meet the manufacturing
constraints of the selected Additive Manufacturing (AM) technique. In many of these
techniques additional support structures are needed. The extended use of support
structures leads to increased manufacturing cost and energy waste (Jiang et al., 2018).
Moreover, the design freedom is limited when complex geometries are involved due
to an inability to support the stresses inherent within the manufacturing process. In
this work, the Fused Filament Fabrication (FFF) and the Wire Laser Metal Deposition
(W-LMD) techniques are selected. A critical parameter in order to reduce the support
structure volume is the overhang constraint. For FFF method, the overhang angle
should be up to 45 degrees and for W-LMD method it should be up to 25 degrees
(Ntintakis et al., 2022; Zapf et al., 2017).
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The main point of this chapter is the evaluation of the optimized design using ed
printed prototypes. Often, from the results of a Topology Optimization and
Generative Design studies, complex 3d models are created, which are difficult or
impossible to be produced with traditional manufacturing methods. In most cases,
AM is the appropriate method to manufacture these complicated structures. In this
section, Inject Binder, which is one of the most common Additive Manufacturing
(AM) technique, was used for prototypes production. The initial design model is an
ordinary table design. Models with different wall thickness are manufactured and
then evaluated in a common compression test device. The experimental results are

used to perform Topology Optimization (TO) and Generative Design (GD) studies.

5.3 Methodology

The main research question in this study is how topology optimization and
generative design help a designer/engineer to take a design decision for a consumer
product, like a table, in the early design stage. To answer in this question the study
was executed in five stages. Initially, a CAD model of a common table design with
outline dimensions of 550x550x450mm was created. Based on this model three
specimens each with different inner wall thicknesses, were fabricated with inject
binder 3d printing technique. Afterwards, the printed specimen stability was checked
experimentally with a compression test device. From the experimental results, a TO
study was executed and the optimized shape was evaluated through a FEA study.
Next, an extended generative design study was executed in whole table model with
different load conditions and the results were evaluated with FEA. The results were
reassessed again, and the weakest areas of the optimized model are redesigned, in

order to improve the model strength.

5.4 Design and fabrication of specimens

The outline dimensions of CAD model were 550x550x450mm. The specimens wall
thickness was 10, 15 and 20mm respectively and the printing scale was 15%. After the
printing process had been completed, the post process stage followed, the models

were cleaned up from the excess powder and immersed in hardener (see figure 5.1).
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@)

Figure 5.1 a) CAD models design b) Printing process and c) post processing stage.

5.5 Compression Tests Results

The fabricated samples were tested in a general compression tester machine. The
piston speed was 2mm/min. The samples are forced at the center of crosshead so to

be compressed uniformly (see figure 5.2).

Figure 5.2 Compression test processing.



5.5 Compression Tests Results 42

Specimen Force Duration Piston
Type (N) (s) Distance
(mm)
Table 10 84 38 1,3
Table 15 156 36 1,2
Table 20 244 25 1,5

Table 5.1 Compression test results

The machine piston moved 1.3 mm and the specimen with 10mm wall thickness (table
10) broke on 84 N. The specimen with 15mm wall thickness (see table 5.1) was more
durable (156 N) than the first sample. The duration of test was 38sec, by two less than
‘table 10" model. This behavior is explained by to the higher durability of this sample.
The third specimen with 20 mm wall thickness was the most durable sample (244 N).
The machine piston moved for 1.5 mm. The first sample elastic behavior was higher
than the others. The above-mentioned experimental results are utilized as boundary
conditions for TO and GD studies.

5.6 Topology Optimization study

Afterwards, based on the experimental results, a TO study for the table model is
performed on Siemens NX software. The material properties were similar as powder
in Z-450 printer [28]. According to the optimization scenario, table legs shape and size
remained the same and the upper table surface were optimized. As design space, the
total model volume was determined. Only the upper surface of the model is defined
as ‘keep in’, which means that only this body will be optimized topologically. The
selected design constrains are a) Void Fill and b) Material Spreading in 35%. The load
conditions were based on the results of compression test. A vertical force of 250 N was
applied on the upper surface. A fix constraint was added at the bottom of the table
legs. An additional design constraint was added to keep the optimized surface in
contact with the legs. Figure 5.3 shows the results of TO study.
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Figure 5.3 a) Initial CAD model of table surface (design space) b), c) the top and bottom view
of the optimized table surface.

From the results, it is observed that all design constrains are satisfied. The total
volume of the initial design volume was reduced about 86 % and the optimized model
is stiffer than before (see figure 5.4) (Ntintakis et al., 2020).
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Figure 5.4 a) The maximum displacement color graph and b) the stress graph of the
optimized table surface model.

5.7 Generative Design study

From the initial results mentioned above, it is observed that the shape of the optimized
structure is not predictable. The optimized model durability has been increased and
total mass has been reduced. However, the top surface of the model was not kept flat
throughout the length and width of the table design. In the following GD study, new
design constrains were added. Initially, the upper surface of the table is defined as flat
with a certain thickness and the table legs shape will be optimized too. In addition to
the main vertical force of 250N, two horizontal forces of 30 N have been added on the
table surface sides. More predictable results will be achieved with additional
constraints, such as the space between the table legs, which will be empty of material
(see figure 5.5).
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Figure 5.5 Material distribution during generative design process. The algorithm starts from
the initial model (a) and after 45 iterations the optimized model created (f), the intermediate
model shapes were shown from b to e.

The above GD study was executed in Autodesk Fusion 360, on cloud, in less
than an hour. The shape and the structure of the initial model has changed
significantly. After judging of all possible design solutions, the design of final iteration
was selected. All design constraints were fulfilled, and the shape of the optimized
model were accepted. The optimized model is compatible with additive
manufacturing techniques.

The material distribution on the upper surface of the table was not as expected;
in some case there is an extra amount of material. This amount of material act as ribs
and thus affect the material distribution in the rest of the model. Therefore, additional
design constraints were defined, so that the table surface is kept flat. Particularly, an
‘obstacle geometry’ constraint was added, so to keep the table surface empty of
material. Adding this constraint, the material distribution throughout the optimized
model has changed (see figure 5.6) (Ntintakis et al., 2020).
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Figure 5.6 Material distribution changed when new design constraints were added. The
algorithm starts from the initial model geometry (a) and after 42 iterations a new optimized
model is created (f).
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5.8 Evaluation of optimized models with Finite
Element Analysis (FEA)

The above final model was evaluated with FEA study. The boundary conditions were
the same as before (250 N vertical force and two horizontal forces of 30 N). The FE
model consists of 108.038 tetrahedral elements with mesh edge length of 1 mm; figure
5.7 shows the results of FE analysis.
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* 2 482 Ma.
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Figure 5.7 FE analysis results, a) Von Misses Stress and b) Total displacement of the
optimized model.
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The results of FE analysis show that the model was deformed permanently
and fractured at the area where legs are connected to the table surface. In the rest
model bodjies the stress is low (below of 45 MPa). The results of the FE analysis led to
re-design the weak area of the legs, in order to improve the whole model strength and
to create a more symmetrical structure. Figure 5.8 shows the results of the redesign
process around the legs. Then, in order to verify the results of the above analysis, two
new FE analysis with lower vertical force of 200 N and 150 N were performed. The
other boundary conditions remain the same. Table 2 shows the results of all FEA
studies for the initial and the redesign models.

(@)

(b)

Figure 5.8 a) The initial shape of the table legs before the redesign process b) The new leg
shape is more durable and uniform.
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Figure 5.9 shows the FEA results of the redesigned model; the boundary
conditions were kept the same as in the initial study. From the results, it was observed
that the total Von Misses stress of the redesigned model was reduced significantly
(about 30%). Especially, in the area around the redesign structures, the stress was up
to 35MPa. Compared with the pre redesign shape, stress was reduced by about 80%.
The total displacement of the model was increased by about 9 %, from 2.48 mm to 2.70

153.6 Max.

128

96

32

0.1 Min.

2701 Max.

24

18

12

06

0 Min.

(b)

Figure 5.9 a) The behavior of the redesigned model, a) the Von Misses stress, and b) the total
displacement.
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Table 5.2 shows the results from all FEA studies comparatively. The
improvement in model behavior after the redesign process was obvious. The
durability of the optimized model improved significantly due to the reduced model
stress, especially in the redesigned areas. Possibly, further redesign of the model
structure would lead to even better mechanical behavior.

Max Stress Von Total
Model F(O;]je Misses Displacement
(MPa) (rmim)
Initial model 204 2.48
study_1 250
Redesigned model 153 2.70
study_1
Initial model 163 1.98
study_2
200
Redesigned model 123 2.16
study_2
Initial model 123 1.49
study_3
150
Redesigned model 92 1.62
study_3

Table 5.2 Results of FEA of the initial and redesigned model.

Product design process has entered a new and extremely interesting period.
Engineers have the ability to create new products utilizing computational mechanics
and artificial intelligent algorithms. The main research question is how TO and GD
can help an engineer to take the right decision for a product design; Taking into
account the results of this study the answer is very encouraged. A main conclusion
from the aforementioned results is that TO output give only one design solution. On
the other hand, GD outputs there are several potential solutions taking into account
not only design constraints (like TO), but also other products, cost and production
constraints. In both methodologies, the designer must judge carefully the potential
design solutions in order to utilize the most appropriate shape. During the early
design stage (concept design), generative design is a useful tool for designers to make
the right decision about shape, aesthetic, and the durability of the product.
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Redesigh mechanical components
utilizing Generative Desigh and Additive
Manufacturing

6.1 Design of mechanical components

A generative study is a set of data that describes a design problem one wants to solve
using generative design. The GD flowchart starts with the input of specific design
objectives such as functional, manufacturing, and mechanical requirements. Then the
boundary conditions, the definition of material properties, the load cases and the
displacement restraints are set. Once the study is set up, a set of designs that meet
these requirements will be generated. The purpose of the current study is to redesign
the pneumatic cylinder mounts, in order to minimize the weight of the model without
significantly affecting the safety factor.

The potential design solutions of a GD study have to meet the manufacturing
constraints of the selected Additive Manufacturing (AM) technique. In many of these
techniques, additional support structures are needed. The extended use of support
structures leads to increased manufacturing cost and energy waste. Moreover, the
design freedom is limited when complex geometries are involved, due to an inability
to support the stresses inherent within the manufacturing process. In this work, the
Fused Filament Fabrication (FFF) and the Wire Laser Metal Deposition (W-LMD)
additive manufacturing techniques are selected. A critical parameter to minimize the
support structure volume is the overhang constraint. For FFF method, the highest
overhang angle is 45 degrees and for W-LMD method 25 degrees.

Pneumatic cylinders are very common mechanical devices which use the
power of compressed air to produce a force in a reciprocating linear motion. In the
current thesis, a GD study for three pneumatic cylinder mountings is executed. The
initial models of standard pneumatic cylinders with detachable mountings are
considered conforming to ISO 15552 specification (see figure 6.1) (Ntintakis et al.,
2022).
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Figure 6.1 The initial models of the three mounting components, a) Pivot bracket with rigid
bearing AB7, b) Clevis bracket MP2 and c) Clevis bracket MP4.

6.2 Definition of Objectives

Generative design study allows to specify manufacturing constraints that outcomes
should satisfy. In current study the manufacturing constraints are set for FFF and for
W-LMD additive manufacturing techniques. Especially, the highest overhang angle
should be 45 degrees for FFF and 20 degrees for W-LMD; also, the minimum wall
thickness should be no less than 1 mm. Each body of the initial models has to be
defined as preserve geometry, starting shape, or obstacle geometry, respectively.
Perverse geometry is defined, in this study, as the holes where bolts, bearings and
axes are fitted. As starting shapes, the bodies designs are defined, which are in contact
with the perverse geometries. Also, the initial shape of the models is defined as space
(see figure 6.2). The algorithm starts the redesign process taking into account the initial
model shapes. Afterwards, bodies that have to remain empty of material are defined
as obstacle geometry. For all models, the aluminum alloy was set as study material
(see table 6.1).
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(a) (b) (c)

Figure 6.2 The assigned perverse geometry displays in green color, the starting geometry
displays in yellow color and the obstacle geometry displays in red color.

Young’s Poisson’s Yield Tensile Density
Modulus Ratio Strength Strength (g/cm”3)
(GPa) (MPa) (MPa)
68,900 0,33 275,000 310,000 2,700

Table 6.1 Material properties.

Structural loads and constraints are applied to the preserve geometry only.
Because of the cylinder reciprocating linear motion, two different load cases were set.
In the outward stroke motion, the force is 804 N and in return stroke is 691 N. At the
bolt holes, structural fixed constraints are applied (Ntintakis et al., 2022).

6.3 Generative design results for FFF/FDM additive
manufacturing technique

A Generative Design study creates lots of designs in an evolutionary way. According
to GD flowchart, the designer judges the outcomes; if the designer does not accept the
potential solutions, the source code and the parameters study have to be changed.
According to the results, several potential design solutions are created (see figure 6.3).
During the judging phase, the most appropriate solutions for further evaluation were
selected (see figure 6.4). A number of criteria led to the selection of the optimized
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solution. One of these is the weight reduction, in combination with safety factor value.
The selected design solutions can be fabricated using FFF technique, without the use
of supports. Next, the 3d models of generative designs were created and evaluated
using FEA studies. The results were compared with the ones derived from the initial

models.
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Figure 6.3 Potential design solutions outcomes for the components a) Pivot bracket with rigid
bearing AB7, b) Clevis bracket MP2 and c) Clevis bracket MP4.
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(c)

Figure 6.4 The initial and the generated design solution for: a) Pivot bracket with rigid
bearing AB7, b) Clevis bracket MP2 and c) Clevis bracket MP4.

6.4 Evaluation of generative models for FFF method

FEA were executed for the initial and generated models. For generative models three
meshing models created consisted of 5.696, 32.704 and 6.825 tetrahedral elements of
pivot bracket, clevis bracket MP2 and clevis bracket MP4 models respectively (see
figure 6.5). Figure 6.6 and figure 6.7 shows the FEA analysis results of total Von Misses
stress and total displacement for the generative models in inward and outward stroke
linear motion respectively. Table 6.2 shows the compared results of initial and
generative models for outward stroke and return stroke linear motion.
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In generative model of Pivot Bracket the model mass is reduced about 40%.
The Von Misses Stress was 123.7 MPa in outward stork and 153.8 MPa in return stock.
Compared with the initial model, the stress is increased significantly. One reason is
the assigned fix constraints on the bolts holes, where the maximum stress was
observed. On the rest of the body structure, the highest stress is 30 MPa. The total
displacement was increased from 0.04 mm to 0.10 mm, as a result of the higher model
elasticity.

(a) (b)

(c)

Figure 6.5 Mesh models of: a) Pivot bracket, b) Clevis bracket MP2 and c) Clevis bracket MP4.
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Figure 6.6 Results of Von Misses stress (on the left) and the displacement (on the right), for
inward linear motion of: a) Pivot bracket, b) Clevis bracket MP2 and c) Clevis bracket MP4.
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Figure 6.7 Results of Von Misses stress (on the left) and the displacement (on the right) for
outward linear motion of: a) Pivot bracket, b) Clevis bracket MP2 and c) Clevis bracket MP4.
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On the generative model of Clevis bracket MP2 the Von Misses Stress is about
42 MPa both in outward and in return stock (see table 6.2). The model structure
changed significantly and was characterized by an organic shape (see figure 6.4). The
total displacement almost doubled from 0.0048 mm to 0.0081 mm in outward stroke
linear motion. The model weight was reduced from 52 gr to 31 gr. Although, the stress
increased the minimum safety factor being 3.2 on some model edges, while

throughout the model is greater than six (see figure 6.7).

Outward Stroke

Return Stroke

Pivot bracket

Initial model

Clevis bracket

MP2

Initial model

Clevis bracket

MP4

- o

Max Von .
Mount Type Misses Max Max Von Misses . Max Weight
. Stress Displacement
Stress Displaceme
nt (mm) (gr)
(MPa) (MPa) (mm)
Initial model 79.6 0.044 79.5 0.044 50

25.86 0.0047 0.0046 58

Table 6.2 FEA results of the generative models.




6.4 Evaluation of generative models 59

On the generative Clevis bracket MP4 model, the Von Misses Stress in outward
stroke and in return stock is 19.11. Compared to with the initial model, the generated
model is stiffer (the stress is reduced from 25.86 MPa to 19.11 MPa), the displacement
is also reduced from 0.47 mm to 0.0025 mm (see table 6.2). The model weight is also
reduced from 58 gr to 33 gr (Ntintakis et al., 2022).

a)

c)

Figure 6.7 The minimum safety factor for each model, a) on pivot bracket model is 2.2, b) on
Clevis bracket MP2 is 3.2 and c) on Clevis bracket MP4 is 14.39.
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6.5 Generative design results for Wire Laser Metal
Deposition (W-LMD) additive manufacturing technique

The results of the above section are referred to generative models for FFF 3d printing
technique. In this section new generative design studies are performed with the same
initial models and boundary conditions. The only difference is the selection of Wire
Laser Metal Deposition technique, as fabrication method. Previously, in order to avoid
supports during the printing process, a design constraint of 45 degrees angle was
added. According to manufacturing constraints of W-LMD, in order to avoid
supports, the overhang angle should be no more than 20-25 degrees. Figure 6.8 shows
the intermediate shapes during the GD study. For pivot bracket model the algorithm
stops after 20 iterations. Following judgment, the generated model of 18" iteration
was accepted as design solution. Compared with the model of 20* iteration, the
structure of the 18% iteration model was preferred because it shows similar mechanical
behavior, mass properties and structure; also, it is characterized by simplified shape.
The W-LMD technique is not preferred for detailed structures and extremely complex
structures often fail during the printing process. The generated model of pivot bracket
is stiffer than the initial one and the generated model presented a 45 degrees overhang
angle. In figure 6.9 the selected 3d model and the stress graph are shown.

(b)

(d) (e) ()

Figure 6.8 Material distribution with 20 degrees overhang angle for pivot bracket model, after
20 iterations the process completed a) after 2 iterations b) after 5 iterations, c) after 10 iterations,
d) after 15 iterations, e) after 18 iterations and f) after 20 iterations.
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Stress reference

H
! | ideal
Low

Figure 6.9 a) The selected generated model has less detailed structure b) the stress graph of the
model.

a) b)

Figure 6.10 shows the intermediate shapes of clevis bracket MP2 model during
GD study. The algorithm stops the process after 13 iterations; after judging the
potential solutions, the shapes of 12t iteration were selected. Again, the selected
model was characterized by simpler structure than that of the shape of the final
suggested model (see figure 6.11). Generative model weight is 30 gr and the maximum
Von Misses stress is 100MPa (see table 6.2).

()

Figure 6.10 Material distribution with 20 degrees overhang angle for clevis bracket MP2 model,
after 13 iterations the process was completed, the figures show the intermediate shapes after:
a) after 2 iterations b) after 5 iterations, c) after 7 iterations, d) after 10 iterations, e) after 12
iterations and f) after 13 iterations.
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(a) (b)

Figure 6.11 a) The selected generated of clevis bracket MP2 model b) the stress graph of the
model.

For clevis bracket MP4 mount, the algorithm was terminated after 29 iterations
(see figure 6.12). The suggested model is characterized by a high-stress value
(137MPa) and a low safety factor (2). Because of the high complexity, the proposed
structure is inappropriate for a W-LMD printer. Continuing the judgment process, the
solution of the 15th iteration was selected (see figure 6.13). Compared with the 29"

iteration model, the structure complexity and the safety factor are significantly lower
(see table 6.3).

(d) (f)
Figure 6.12 Material distribution with 20 degrees overhang angle for Clevis bracket MP4
model, after 29 iterations the process was completed, the figures show the intermediate shapes
after: a) after 2 iterations b) after 10 iterations, c) after 15 iterations, d) after 20 iterations, e) after
25 iterations and f) after 29 iterations.
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(a) (b)

Figure 6.13 a) The selected generated of Clevis bracket MP4 model after 15 iterations b) the
stress graph of the model.

Max Von Max Mass Min
Type of Mount Misses Stress | Djsplacement Factor of
(MPa) (mm) (gI‘) Safety
Pivot bracket 91 0.10 31 3.0
Clevis bracket
98 0.01 30 2.8
MP2
Clevis bracket
53 0.009 39 5.1
MP4

Table 6.3 Characteristics of generative models for W-LMD 3d printer.

From the results above-mentioned studies, it is observed that the outcome
solutions are different, due to the changes of manufacturing constraints for FFF and
W- LMD Additive Manufacturing techniques. A critical parameter to minimize the
support structure volume, is the overhang angle constraint. For FFF models, the
overhang angle is set to 45 degrees and for W-LMD is set to 20 degrees. Comparing
the generative models of FFF and W-LMD, significant changes on the structures are
observed, due only to the different overhang angle. For all generative models, the

mass was reduced without affecting the safety factor significantly.
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Topological optimized microstructures
infills for additive manufacturing

7.1 Design outline

In this chapter, a hybrid approach of topology optimization and homogenization is
being used to evaluate the behavior of two topological optimized microstructures. The
evaluated lattices are going to be utilized as infill structure for additive
manufacturing. In order to characterize the new lattices, the elastic moduli and the
Zener ratio have been calculated. Using material extrusion, specimens lattice
microstructure was fabricated and then put to compressive and tensile strength tests.
Due to the fact that the methodology is straightforward, it could be adapted in
conceptual design of other lattices.

The selected TO method (SIMP) and other general algorithms predicted in an
accurate manner the optimal material distribution within a given design domain.
However, the isotropy of the optimized microstructure is not considered based on the
classical Topology Optimization algorithms. In the current work, the homogenization
of the topology optimized structures is selected, as an appropriate additional
postprocessing step after TO. The homogenized microstructures behavior was
evaluated with finite element analysis on a coarser mesh with the calculated
homogenized properties.

The proposed methodology is illustrated in figure 7.1. Initially, two TO studies
are carried out with different penalty factors and design constraints. Next, a
homogenization study is executed. The behavior of the homogenized structure in a
predefined design domain was studied. Afterwards, the anisotropy of the structures
is checked by calculating the Zener ratio (Ntintakis and Stavroulakis, 2022). Utilizing
FFF technique, specimens of
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Acrylonitrile Butadiene Styrene (ABS) samples were fabricated and evaluated using
compression and tensile strength tests.

CAD model
(cube 15*15)
»| Initializing study
parameters
Updat.e design O;;ﬁﬁlz{;iyon
variables (nTopology)
No
Filtering results
converged?
Yes
Derivative 'microstructures #1, #2°
Calculate Zener ratio and ABS additive manufactured
Elastic moduli lattice microstructure
Evaluation of homogenized Evaluation with compression
material with FEA and tensile strength tests

Figure 7.1 Adopted methodology flowchart.

7.2 Topology optimization study

The design process began from a cubic volume design domain of 15 x 15 x 15 mm. The
topology optimization block of nTopology was used to carry out the TO studies. The
boundary conditions involve a constraint restraint applied to the bottom face of the
cube, and all degrees of freedom are excluded. The initial cube has been assigned with
an isotropic elastic material (see table 7.1). During the meshing process, a solid mesh
model consisting of 25,781 tetrahedral elements with an average edge length of 1 mm
is created. The fulfillment of the objective function is achieved with the minimization
of the material within the specified design domain. The fulfillment of the volume
fraction restraint plays a decisive role in the configuration of the optimized model.
The value, which is required for the volume fraction restraint, may range from 0 to 1,
while the optimized volume will have a volume fraction equal to or less than the
required value. The creation of different structures results from the different load
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constraints. In the first study, a force of 300N applied in plane to all model vertices.
On the contrary, in the second study, a same force applied in plane but only on the
vertices of the top cube surface (Ntintakis and Stavroulakis, 2022).

Young's Modulus Density . .
’s Rat
(MPa) (ke/mm?) Poisson’s Ratio
187,000 0.0079 0.33

Table 7.1 Linear isotropic material properties.

From the actualization of TO studies, two topologically optimized structures
have been created, ‘structure #1' and ‘structure #2'. The first structure is performed
after twenty-three iterations. The intermediate shapes appear in figure 7.2.
Respectively, figure 7.3 shows the progressing shape of the second structure in
different iterations, the algorithm terminated after thirty-three iterations. In both
studies, the volume fraction decreased sharply in the first 10 steps until asymptotically
approaching the minimum (see figures 7.4a and 7.5a).

C) (b)

Figure 7.2 Intermediate shapes, different iteration stages (b—e) from the initial design area (a)
of Topology Optimized “structure #1": (a) design domain, (b) step 5, (c) step 10, (d) step 18 and
(e) step 23.
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(d)

Figure 7.3 Iterations steps (a—e) of the Topology Optimization study for ‘structure 2": (a) design
area, (b) step 10, (c) step 20, (d) step 25 and (e) step 33.

Resulting from evaluation, the target of the volume fraction constraint value
for ‘structure #1' was 0.4 and for ‘structure #2', was 0.1 (see figures 7.4b and 7.5b).
Topology Optimization is correlated with the material distribution in a specific
domain, in order to design constraints that need to be followed. In essence, a more
rigid and stiff structure combined with material minimization is sought. Therefore,
the problem-goal is to minimize its compliance, in order to increase the stiffness of the
optimal structures. From the TO outcome results, the volume mass of the initial cubic
domain is reduced significantly for both microstructures.
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Figure 7.4 Volume fraction per step (b), and the value of the volume fraction constraints on
each iteration step of ‘structure #1'.
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Figure 7.5 (a) Volume fraction per step, and (b) volume fraction constraints on each iteration

step of ‘structure #2'.
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The optimized structures are refined and reconstructed in a specific design
volume. After this process, two new custom unit cell lattices are created (see figure
7.6a). From these cells, new lattice structures are designed (see figure 7.6b).
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Figure 7.6 Refined unit cell structures and (b) Mapping of the 5 x 5 x 5 lattice structures.
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7.3 Utilizing homogenization for lattices evaluation

After evaluating the Topology Optimization results, the definition of lattice cell
follows. The homogenized cells were created in a design volume with dimensions
being 15x15x15 mm. In order to execute the homogenization study, two solid mesh
models were created, with an edge length of 0.7 mm and 75,489, as well as 62,595
tetrahedral elements, respectively. As a result of using the homogenization unit cell
block of nTopology software, new homogenized structures are emerging and can now
be utilized as materials that will be evaluated by performing a structural static

analysis.

The SIMP method predicts an optimal material distribution within a given
design space. Other structure characteristics such as anisotropy, are not easily
integrated into a general topology optimization algorithm. Respectively, the
avoidance of fatigue or buckling effects in microstructures produced with topology
optimization, cannot be guaranteed. Therefore, the homogenization of the topology
optimized structures is an appropriate step. Auxetic microstructures is an exception,
where topology optimization is used to design compliant microstructures, so that the
desired flexibility leads macroscopically to auxetic behavior (Kaminakis et al., 2015).

A key parameter to understand lattice behavior is the relative density (p).
Provided that relative density is defined as the density ratio of the lattice material to
the solid material (p = p* /ps), if a lattice has high porosity, the value of the relative
density will be low; otherwise, a high value of the latter indicates a low porosity
(Somnic and Jo, 2022b). The relative density increases for the higher volume fraction.
In figure 7.7, the relative density of the proposed lattices against the volume fraction
is presented. The homogenized domain of structure #2 showed similar trends as
structure #1; however, the slope is lower. The lower the slope is, the larger the amount
of material that can be added for a given relative density. In Figure 7.8 the Maximum
Young’s modulus for different relative density values is presented. Structure #2 seems
to perform better, in comparison to structure #1 with the use of a lower amount of
material.

In the current study, a general homogenization method is utilized to evaluate
and characterize the results of the above proposed structures. Specifically, the
anisotropy of the proposed structures through the measure of the maximum Young's
modulus (Emax) and local minimum Young’s modulus (Emin) is checked (see figure
7.8). According to Tancogne Dejean, a measure of the anisotropy of the lattice
structure is derived from Emax/Emin (Ntintakis and Stavroulakis, 2022; Tancogne-
Dejean et al., 2018).
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Figure 7.7 Relative density against the volume fraction of homogenized lattices.
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Figure 7.8 Maximum Young’s modulus vs. the relative density for both lattice structures.

7.4 Zener ratio calculation

The proposed lattices are characterized by cubic symmetry; the Zener (A) ratio
is calculated for each structure. In figures 7.9-7.10 the results of the Zener ratio for
different relative density values are presented. When Z= 1 represents an isotropic
material, a deviation less than or greater than unity, signifies the degree of anisotropy.
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Both lattices seem to have anisotropic behavior. In structure #1, the Zener ratio is
lower than unit (up to 0.51 for a relative density of 0.48), and vice versa in structure
#2, where the Zener ratio is greater than unit (from 0.99 to 1.56). As shown in Figure
14, microstructure #1 has worse isotropy than microstructure #2. Young’s modulus
surface is spread in three dimensions, instead of structure #2, which has a box-like

surface.
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Figure 7.9 Zener ratio values for different relative densities of structure #1.
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Figure 7.10 Zener ratio values of different relative densities structure #2.

Both lattice structures show a significant level of anisotropy in the uniaxial
modulus. Structure #2 exhibits lower uniaxial modulus anisotropy. Therefore, for



7.4 Zener ration calculation

74

higher relative density values, the anisotropy did not significantly change the uniaxial

modulus; especially; for p=0.25, the Zener ratio is equal to 1 (see figure 7.11).
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Figure 7.11 The elastic moduli of both homogenized lattices in different relative densities (0 )

According to the results mentioned above, we can observe that both

microstructures have Zener ratios lower or greater than unit. The second

microstructure was characterized by better and smoother isotropy; for = 0.25, the

Zener ratio was equal to unit, since this Zener ratio did not change significantly

(Ntintakis and Stavroulakis, 2022).

7.5 Validation of homogenized material with FEA

In order to evaluate the homogenized microstructures as an Additive Manufacturing

infill, two Finite Element Analysis are executed by the use of a cantilever model, , the
dimension being 50 x 10 x 10 mm. A FE mesh of 64.424 tetrahedral elements of the
cantilever model is created. According to the boundary conditions, the back face is
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fixed, and at the upfront edge of the model, a vertical force was applied. Afterwards,
a FE analysis for each microstructure was executed.

As in the cantilever with microstructure #1, the infill increased, so the
deflection at the end of the beam was higher. As the relative density increased, the
Von mises stress decreased (about 10%). In contrary, the deflection and Von mises
stress in microstructure #2 decreased, as the relative density increased (see figure
7.12). Based on the results, it was observed that microstructure #2 was stiffer for the
same relative density value. Also, isotropy is better and more efficient, because the
stress was lower in the same or lesser amount of material (Ntintakis and Stavroulakis,
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Figure 7.12 Displacement, strain and Von mises stress of homogenized structures #1 and #2 for
different values of relative density.
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7.6 Utilizing Application Programming Interface (API)
in topology optimization process

The optimized shape of the above microstructures depends on design or
manufacturing constrains. The above process executed by hand utilizing SIMP
algorithm and homogenization in nTopology platform. In order to automate the
proposed hybrid approach, an Application Programming Interface (API) utilized. The
following workflow starts with the creation of the appropriate input and output
JavaScript Object Notation (JSON) files (see figure 7.13). The penalty factor was
selected as input variable. As output, the relative density value was set out.
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Figure 7.13 a) The input and b) the output JSON files

The JSON files were utilized in order the SIMP and homogenization method
to be executed in a Python script in an automatic way. The boundary penalty factor
ranges from zero to unity. For each boundary penalty value, the relative density
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differs. In figure 7.14 are presented the different relative density values while the

boundary penalty increment-step is 0.01.

1, {'Boundary penalty'
2, {'Boundary penalty'
3, {'Boundary penalty'
4, {'Boundary penalty'
5, {'Boundary penalty'
6, {'Boundary penalty'
7, {'Boundary penalty'
8, {'Boundary penalty'
9, {'Boundary penalty'

: 0.0, 'Relative Density': 0.4103373897412391})
:0.01, 'Relative Density': 0.41576638106597347})
:0.02, 'Relative Density': 0.4208151120842099})
:0.03, 'Relative Density': 0.4254464561507694})

: 0.04, 'Relative Density': 0.42986163934236865})
: 0.05, 'Relative Density': 0.43407944529159564})
: 0.06, 'Relative Density': 0.4381391359940165})
:0.07, 'Relative Density': 0.44206902629882944})
: 0.08, 'Relative Density': 0.4457795162511755})

10, {'Boundary penalty': 0.09, 'Relative Density': 0.4494205818601768})
11:{'Boundary penalty': 0.1, 'Relative Density': 0.45296418022308643}
12:{'Boundary penalty': 0.11, 'Relative Density': 0.45634263625453814}
13:{'Boundary penalty': 0.12, 'Relative Density': 0.4597434754475302}
14:{'Boundary penalty': 0.13, 'Relative Density': 0.4628683626069661}
15:{'Boundary penalty': 0.14, 'Relative Density': 0.4659152202523944}
16:{'Boundary penalty': 0.15, 'Relative Density': 0.46880919564502893}
17:{'Boundary penalty': 0.16, 'Relative Density': 0.4716064264682573}
18:{'Boundary penalty': 0.17, 'Relative Density': 0.4742305196029464}
19:{'Boundary penalty': 0.18, 'Relative Density': 0.4767413543206658}
20:{'Boundary penalty': 0.19, 'Relative Density': 0.4790468341240872}
21:{'Boundary penalty': 0.2, 'Relative Density': 0.48115005876457223}
22:{'Boundary penalty': 0.21, 'Relative Density': 0.4829571424211946}
23:{'Boundary penalty': 0.22, 'Relative Density': 0.4844018654186943}
24:{'Boundary penalty': 0.23, 'Relative Density': 0.48551453013802637}
25:{'Boundary penalty': 0.24, 'Relative Density': 0.4862811732521755}
26:{'Boundary penalty': 0.25, 'Relative Density': 0.4867178420230033}
27:{'Boundary penalty': 0.26, 'Relative Density': 0.4869076269395123}
28:{'Boundary penalty': 0.27, 'Relative Density': 0.48692181025250514}
29:{'Boundary penalty': 0.28, 'Relative Density': 0.486775621873737}
30:{'Boundary penalty': 0.29, 'Relative Density': 0.48646669689700234}
31:{'Boundary penalty': 0.3, 'Relative Density': 0.4860237911504641}
32:{'Boundary penalty': 0.31, 'Relative Density': 0.4856224192699286}
33:{'Boundary penalty': 0.32, 'Relative Density': 0.4850543029939483}
34:{'Boundary penalty': 0.33, 'Relative Density': 0.4844018005581985}
35:{'Boundary penalty': 0.34, 'Relative Density': 0.48361453132978066}
36:{'Boundary penalty': 0.35, 'Relative Density': 0.4827849374749697}
37:{'Boundary penalty': 0.36, 'Relative Density': 0.4818716194035769}
38:{'Boundary penalty': 0.37, 'Relative Density': 0.48095122682503844}
39:{'Boundary penalty': 0.38, 'Relative Density': 0.48006633005691185}
40:{'Boundary penalty': 0.39, 'Relative Density': 0.47916198144309935}
41:{'Boundary penalty': 0.4, 'Relative Density': 0.47831256222563673}
42:{'Boundary penalty': 0.41, 'Relative Density': 0.4775066421380561}
43:{'Boundary penalty': 0.42, 'Relative Density': 0.47660685371220773}
44:{'Boundary penalty': 0.43, 'Relative Density': 0.47573554227345777}
45:{'Boundary penalty': 0.44, 'Relative Density': 0.4748853653161484}
46:{'Boundary penalty': 0.45, 'Relative Density': 0.4739832727353106}
47:{'Boundary penalty': 0.46, 'Relative Density': 0.47300583567886123}
48:{'Boundary penalty': 0.47, 'Relative Density': 0.4719923946240276}
49:{'Boundary penalty': 0.48, 'Relative Density': 0.4709006613503774}
50:{'Boundary penalty': 0.49, 'Relative Density': 0.46978441337320415}
51:{'Boundary penalty': 0.5, 'Relative Density': 0.468611515900545}
52:{'Boundary penalty': 0.51, 'Relative Density': 0.46737720680981804}
53:{'Boundary penalty': 0.52, 'Relative Density': 0.4661381046369586}
54:{'Boundary penalty': 0.53, 'Relative Density': 0.4648299029856985}
55:{'Boundary penalty': 0.54, 'Relative Density': 0.4635100686411464}
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56:{'Boundary penalty': 0.55, 'Relative Density': 0.4621414583594307}
57:{'Boundary penalty': 0.56, 'Relative Density': 0.460799751298994}
58:{'Boundary penalty': 0.57, 'Relative Density': 0.45950227696060303}
59:{'Boundary penalty': 0.58, 'Relative Density': 0.4581988849955615}
60:{'Boundary penalty': 0.59, 'Relative Density': 0.4570604302468275}
61:{'Boundary penalty': 0.6, 'Relative Density': 0.4557220871689326}
62:{'Boundary penalty': 0.61, 'Relative Density': 0.45449890116104164}
63:{'Boundary penalty': 0.62, 'Relative Density': 0.4533284969692565}
64:{'Boundary penalty': 0.63, 'Relative Density': 0.45223757189153185}
65:{'Boundary penalty': 0.64, 'Relative Density': 0.4511274856169053}
66:{'Boundary penalty': 0.65, 'Relative Density': 0.45009087996123603}
67:{'Boundary penalty': 0.66, 'Relative Density': 0.44913744816857526}
68:{'Boundary penalty': 0.67, 'Relative Density': 0.4482159681535008}
69:{'Boundary penalty': 0.68, 'Relative Density': 0.44731403837589856}
70:{'Boundary penalty': 0.69, 'Relative Density': 0.4464334716132561}
71:{'Boundary penalty': 0.7, 'Relative Density': 0.4455625967406407}
72:{'Boundary penalty': 0.71, 'Relative Density': 0.4447402012998447}
73:{'Boundary penalty': 0.72, 'Relative Density': 0.44391292688861844}
74:{'Boundary penalty': 0.73, 'Relative Density': 0.4431298134566977}
75:{'Boundary penalty': 0.74, 'Relative Density': 0.44239906376477567}
76:{'Boundary penalty': 0.75, 'Relative Density': 0.4416982823832731}
77:{'Boundary penalty': 0.76, 'Relative Density': 0.4410120975713665}
78:{'Boundary penalty': 0.77, 'Relative Density': 0.440355199070493}
79:{'Boundary penalty': 0.78, 'Relative Density': 0.4396950925079301}
80:{'Boundary penalty': 0.79, 'Relative Density': 0.4391055939464805}
81:{'Boundary penalty': 0.8, 'Relative Density': 0.43853134483066286}
82:{'Boundary penalty': 0.81, 'Relative Density': 0.43842150985937495}
83:{'Boundary penalty': 0.82, 'Relative Density': 0.4373961695418561}
84:{'Boundary penalty': 0.83, 'Relative Density': 0.43685285672722957}
85:{'Boundary penalty': 0.84, 'Relative Density': 0.436342320315715}
86:{'Boundary penalty': 0.85, 'Relative Density': 0.4358290065145329}
87:{'Boundary penalty': 0.86, 'Relative Density': 0.43532844987650887}
88:{'Boundary penalty': 0.87, 'Relative Density": 0.4348694066807379}
89:{'Boundary penalty': 0.88, 'Relative Density': 0.4343870791862667}
90:{'Boundary penalty': 0.89, 'Relative Density': 0.43396088067257516}
91:{'Boundary penalty': 0.9, 'Relative Density': 0.4335216504689363}
92:{'Boundary penalty': 0.91, 'Relative Density': 0.4331084957890897}
93:{'Boundary penalty': 0.92, 'Relative Density': 0.4326900778878773}
94:{'Boundary penalty': 0.93, 'Relative Density': 0.4323002404876159}
95:{'Boundary penalty': 0.94, 'Relative Density': 0.43190748420325215}
96:{'Boundary penalty': 0.95, 'Relative Density': 0.43154558127864245}
97:{'Boundary penalty': 0.96, 'Relative Density': 0.43159607382633547}
98:{'Boundary penalty': 0.97, 'Relative Density': 0.43086690203735195}
99:{'Boundary penalty': 0.98, 'Relative Density': 0.4305819473734296}
100:{'Boundary penalty': 0.99, 'Relative Density': 0.43025521787269844}
101:{'Boundary penalty': 1.0, 'Relative Density': 0.4299350483291212}

Figure 7.14 Relative density values for each boundary penalty

The outline shape of the optimized microstructures change according to
different boundary penalty values (see figure 7.15).
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(b)

Figure 7.15 Microstructures shapes for different boundary penalty values

Executing topology optimization and homogenization method in an automated way
can lead to create a generator of solutions. The proposed process allows the execution
of the hybrid approach in combination with the production constrains of additive
manufacturing.
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7.7 Design of Lattices Specimens for Additive
Manufacturing

For both lattice structures, specimens without supports have been fabricated. The
specimens of the proposed lattice structures were manufactured by the FFF printing
process, using a Zortrax m200 dual fusion 3D printer. The proposed lattice structures
have been evaluated experimentally through compression and tensile strength tests.

7.7.1 Specimens for compression test

For compression tests, lattice structures consisting of a specimen of 15x15 x15 mm, of
3x3 mapping, in a rectangular shape of 45 mm height, 45 mm width and 15 mm
thickness, 15 mm have been designed and manufactured. The computer aided design
(CAD) models of both lattice structures, illustrated in figure 7.16, were employed to
investigate the compressive behavior of the lattice structures. Figure 7.17 shows
photographs from the fabricated lattice structures. The relative density of both
structures is 0.4 and 0.1, respectively. In order to ensure the truth of the compression
test results, five specimens for each lattice structure were fabricated and tested (see
figure 6.14) (Ntintakis and Stavroulakis, 2022).



7.7.1 Specimens for Compression test

15.00 i [ 15.00 ,

15.00

00'5%




7.7.1 Specimens for Compression test 83
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Figure 7.16 Outline dimensions of unit cells and lattice models for the compression test of (a)
structure #1 with a volume fraction constraint = 0.4 and (b) structure #2 with a volume fraction
constraint = 0.1.
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Figure 7.17 ABS specimens was fabricated without supports for both structures for the tensile
strength test with a relative density of 0.4 for structure #1 and 0.1 for structure #2.

7.7.2 Specimens for tensile test

To indicate further the mechanical properties of the proposed lattices, tensile tests
were performed. Figure 7.18 shows the CAD models with the outline dimensions. In
order to check the mechanical behavior of the proposed lattices, three specimens for
each structure, with different cell orientation angles (0°, 45° and 90°), were designed
and fabricated. Photographs from the fabricated specimens with different lattice
structure mapping angles are presented in figure 7.19.
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ol

(b) Angle 0° Angle 45° Angle 90°

Figure 7.18 Outline dimensions of the tensile strength specimens (a,b), each lattice structure
was fabricated with 0°, 45° and 90° angles of single unit cell mapping.
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0° 45° 90°

Figure 7.19 Preparation and printing of the tensile strength samples in different angles of 0°,
45° and 90°.

7.8 Experimental results

7.8.1 Compression test results

Asmentioned above, five specimens of each lattice structures were manufactured and

tested in compression test. The speed of the moving platform was 6 m/min. From the
compression test results of each set of five samples, the mean values of the maximum
applied force were 3.613 N for lattice structure#1, and 361 N for lattice structure #2
(see figure 7.20). The behavior for each lattice is different, as the result of their different
relative density amounts. The structure#1 relative density is four times larger (p = 0.4)
than structure#2 (p = 0.1). As a result of this, structure#l is much stiffer than
structure#2.
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Figure 7.20 Specimens’ behavior in compression test: (a) lattice structure #1 and
(b) lattice structure #2.
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7.8.2 Tensile strength test results

According to CAD models (see figure 7.18), the specimens are printed and tested with
tensile strength test, using universal testing machines. Figures 7.21-7.22 show the
results of the tensile strength tests for microstructure_1. The lattice structure #1 tensile
strength force was at least 4500 N for all three specimens. The maximum tensile force
for lattice #2 was 301 N, 75 N and 251 N for 0°, 45° and 90° cell mapping, respectively.

8
7
6
T 5
3
-
g, ——45°
& ——0° &90°
2
1
0
0 0,01 0,02 0,03 0,04 0,05 0,06

Strain (mm/mm)

Figure 7.21 Samples behavior on the tensile strength test, and stress/strain curve of lattice
structure #1 for 0°, 45° and 90° angles.
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Figure 7.22 Strain at sB, Modulus of Elasticity, sB value and toughness of lattice structure #1
for different cell mapping angles.

According to the above results, it was observed that lattice #1 strength is higher

than specimen’s material yield point. In order to check the strength of lattice

microstrure#1, smaller specimens are designed, fabricated and tested (see figures 7.23-

7.24). The outer dimensions of the new specimens are presented in figure 7.23.
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Figure 7.23 CAD models of the smaller tensile strength specimens of structure #1.
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Figure 7.24 Specimens behavior on the tensile strength test, and stress/strain curve of the
smaller lattice structure #1 of 0°, 45° and 90° angles.
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Figure 7.25 Strain at sB, Modulus of Elasticity, sB value and toughness of new smaller lattice

structure #1 for 0°, 45° and 90° cell mapping angles.

From the aforementioned results (see figures 7.24-7.25), it was observed that,

even though the lattice dimensions were limited, the strength is higher than the initial

lattice structure. The strength values differ in each direction, so the results of

homogenization study were approved. The results of tensile tests of microstructure_2

are presented bellow (see figures 7.26-7.27)
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Figure 7.26 Samples behavior on the tensile strength test, and stress/strain curve of lattice
structure #2 for 0°, 45° and 90° angles.
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Figure 7.27 Strain at sB, Modulus of Elasticity, sB value and toughness of lattice structure #2
for different cell mapping angles.

From the compression test experimental results, the significant difference in
the stress—strain curve was observed, and especially the appearance of elastic—plastic
plateau and apparent strain behavior. Structure #1 has a significantly increased elastic
strain behavior and better elastic stability up to the fracture point. The stress—strain
plateau of structure #2 shows that the lattice inner bonds absorb the energy in a
nonuniform way, as lattice #1 does.

In structure #1, the fracture starts from the top layer of the lattice, closer to the
moving platform and then fails at the middle layer of lattices. The bottom layer of the
structures seems to be unaffected during the test. On the other hand, the structure #2
failure point starts from the bottom row of the lattice, followed by a failure start of the
middle row, the top row of the lattice being affected the last. This behavior was
explained by the different shapes of the structures, which led to vertical stresses in
structure #1 and to shearing stresses in structure #2.

Tensile strength tests help to evaluate and characterize the proposed lattice
structures further. The structure #1 lattice is very stiff, and the yield strength is higher
than the printing material durability. Therefore, it can be used as the infill in structures
where a high durability is demanded; at the same time, the relative density of the
proposed structure is 60% lighter than the solid infill. Lattice structure #2, being lighter
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(relative density 0.1), is an appropriate infill for a lower stress demand structure with
very efficient stress—strain behavior. The experimental results show that the
mechanical behavior of the lattice structure changes significantly when the cell

mapping angle differs (Ntintakis and Stavroulakis, 2022).
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Conclusion and Future work

8.1 Conclusions

Topology optimization and generative design are promising and well-developed
tools for the design of consumer products or mechanical components. Additive
Manufacturing is the appropriate fabrication method than can be coupled with TO &
GD with excellent positive benefits for product design designers/engineers. The role
of infill structure is critical for the utilization of AM in industrial production. The
presented results indicate that the hybrid approach of topology optimization and
homogenization leads to the design of advanced infill microstructures. In addition to
the benefits of lightweight and strength structures, the presented iterative approach
allows us to modify the resulting microstructure by introducing additional
requirements, such as that which specifies that the microstructures will be isotropic.

Two new infill microstructures have been created by utilizing the SIMP
method within the selected cubic volume. Using different boundary conditions, two
new microstructures were created, as infill for additive manufacturing methods. The
TO study has been executed in this thesis by taking into account two selected in-plane
loadings.

The proposed microstructures were evaluated by taking into account the
isotropy with the help of Zener’s ratio and the modulus of elasticity. The strength of
the homogenized microstructures has been evaluated as infill material in a cantilever
model. For the homogenization study, a representative volume element has been
checked for each microstructure. The comparative results from the homogenization
study showed that both microstructures exhibit anisotropic behavior and an accepted
response in the stress test similar to the one of the homogenized materials. The
theoretical results of the homogenization study are compared with the experimental
results. Also, the experimental results show that the mechanical behavior of the lattice
structure changes significantly when the cell mapping angle differs.
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8.2 Achievements of the Thesis

The proposed hybrid method can provide an applicable solution for the design of
microstructures. Due to the nature of topology optimization algorithms, not all
requirements can be introduced for the definition of the optimal structure. The
proposed approach overcomes this defect by controlling for other characteristics of
the optimized structures such as isotropy. The new proposed method compares well
with experiments and can be used as a conceptual design tool.

8.3 Future Work

The present work can be extended in order to cover further loading cases, if needed,
for every point of a loaded structure, enabling functionally graded Ilattice
microstructures to be produced. This is possible within a multiscale analysis
framework, provided that the technological restrictions of AM support it. In order to
improve the computational results of the hybrid method, they can be enforced by
utilizing Application Programming Interface (API) supported by Python script. The
hybrid method can be extended to other topology optimization methods or other
multi-objective optimization problems.
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8.4 Publications

During the current study the following journals articles and conference papers were
published:

Journals papers:

Ntintakis, 1., Stavroulakis, G.E., 2022. Infill Microstructures for Additive
Manufacturing. Appl. Sci. 12, 7386. https://doi.org/10.3390/app12157386

Tairidis, G., Ntintakis, I., Drosopoulos, G., Koutsianitis, P., & Stavroulakis, G.
(2022). Auxetic metamaterials subjected to dynamic loadings. Theoretical and
Applied Mechanics.

Ntintakis, 1., Stavroulakis, G.E., Sfakianakis, G., Fiotodimitrakis, N. (2022).
Utilizing Generative Design for Additive Manufacturing. In: Dave, H.K., Dixit,
U.S., Nedelcu, D. (eds) Recent Advances in Manufacturing Processes and

Systems. Lecture Notes in Mechanical Engineering. Springer, Singapore.
https://doi.org/10.1007/978-981-16-7787-8 78

Ntintakis, I., Stavroulakis, G. E., & Plakia, N. (2020). Topology optimization by
the use of 3D printing technology in the product design process. HighTech and
Innovation Journal, 1(4), 161-171.

Conference paper:

Ntintakis, I., & Stavroulakis, G. E. (2020). Progress and recent trends in
generative design. In MATEC web of conferences (Vol. 318, p. 01006). EDP
Sciences.

Ntintakis, I.; Stavroulakis, G.E.; Plakia, N. The perspective of topology
optimization on 3d printed furniture prototypes. A: Sim-AM 2019. "Sim-AM
2019 : II International Conference on Simulation for Additive Manufacturing".
CIMNE, 2019, p. 225-236. ISBN 978-84-949194-8-0.
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