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Composite materials have gained significant attention in the engineering field
due to their ability to combine the advantagseous properties of two distinct materials,
enabling a wide range of applications. The properties of these materials are highly
dependent on the type of composite and the fabrication process. Among various
fabrication techniques, 3D printing offers remarkable design flexibility for composite
components. However, the printing parameters significantly influence the mechanical
properties of the printed parts, and the high cost of composite materials, particularly
reinforcing fibers, necessitates the optimization of printing settings to minimize
material consumption. This study employs the multi-objective optimization technique
and surrogate modeling approach to-optimize the printing parameters for 3D-printed
composite materials, aiming to reduce experimental effort. The research is divided
into two phases. In Phase 1, the tensile strength testing, following ASTM standards for
polymer composites, determines the optimal infill density and concentric fiber ring
that maximize tensile strength and modulus of elasticity. In Phase 2, the optimized
printing parameters are integrated with finite element analysis (FEA) to design a
torsion-resistant box for thrust stand. The objective is to minimize the maximum
principal stress while minimizing carbon fiber consumption, The results of Phase 1
indicate that the optimal fiber ring number is 3-4-rings, and the infill density is 50%.
Phase 2 able to find optimum settings from both optimization process and results

analysis for the aircraft propeller thrust stand application.
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BLX = Blend Crossover Operator
CFR = Concentric Fiber Ring

E = Modulus of elasticity

FEM = Finite Element Method
FFD = Full Factorial Design

GA = Genetic Algorithm

NSGA-II = Non-Dominated Sorting Genetic Algorithm
€ = Material Strain

o = Material Stress

o = Fracture Stress

o, = Ultimate Stress

0, = Proportional limit

o E Yield Stress or elastic limit

v = Poisson’s ratio
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Velmurugan et al, 2012 lévihmsvaaeuianaeslndniifiianumindiiu
dendisdu wazldidulosssumfandumalpunduiangasuuse lnglunisvageulszneu
lufemInnasunmLdanssia (Tensile strength) Faduluaaminsgiu ASTM D638 uaz
Tmsiinngianuudusefsfelusunsunesiiumesituvenduas ANSYS toidunisan
auAuUAesesTanuazaldieildlunsmaass nduhnmaifisunanimaaesiildan
mMsnageUALTussRaturaildannTiinesicselusunsunenfiames uaznuina
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Sanei et al., 2019 lavinsnaaeuamautAinInavesianaAsulindnUsian
wosimaaindstugudeimsfanidhoiniosiiont 3 i7 TneYannevlndndsnanidonan
wyEndifuledng (Onyx) uaziiiaasuusaduduleaiueu (Carbon fiben) Fsnsvaaey
aruudausssdudulumumnasgiu ASTM D3039 nansnedeudlnifufeaudidyues

[

gnsdnvesliumsiduly Wesndloninsieeiuainuintanaoulndndandnse

¢ v QJQd?/

FBnshuidalinuaudfingesndiveyanisnimsndanmediend ummunandiunsves
Faguasuusefianstu wazTanumindiltlunmeaeuifuianauassiaduiagwiimand
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El Essawi et. al,, 2024 lavinnisnageuianneulndnduguaion1siun
auilf Inglutunounisesniuunisnanasslaldis Taguchi Tunseonuuuiilasandiuiud
WUSURINIINAABUTTIWIUNNA N15IEI5 Taguchi F9¥78and1uIUNIINAADIT b T 1Ty
nuulavihinsneaeuauudusifsveianaeulndniin1snIrin1siuaig 4 anuuling
n1sNAdeUINRIRUIAUN AR aAIRMaNdANIINaNINTan Ao aern1seIvanduly
(199Nl uNIsNAaaUAMULTITIRY) Taedldiu 54.13% wazAndasibuinisiiuddnsna
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Arriaga et al., 2007 laltwonsuisiouda (ANSYS) lun1sdiaoanisnaasy
Uselnnan1ienenedl (quasi-static test) lnulaideniannatadinviinnedlnsiau (PP) uay
sialndarsuatun/ozaslatulesd-0inmladu-alasu (PC-ABS) Tun1sMAanI93IUDINIT
VAADULIIAAIBLUVAINTA havNIINAGBUNTMITUY Lagiilaifls UNaIINNITNAGDIRT AL
n1snaaene3sinludddwudnuinteyananisnaaeulanudunus i uegusianis
ROUAUBIIINNITNAGRY harAIvEIlayaaUsIanlaaInnIvageu

Shahani et al,, 2008 1@ U1L@UDIN1ST1ADINTLUIUNITS AT D UVDI
lavzegiliiloy AA5083 lngllATzrinnsnsAnggamilun1sineu ANUAY ANUASEAYEY
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Chang et al., 2009 laUszynaldseifouizinludddmuilunisinses
waran s iU A UN TN SNAADULIINTZUNNVDIADIINANIALAIN T UL UAUIUNYIA
(Society of Automotive Engineers International) lagldlunisvinunsainuidenievesde
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Leusink et al., 2015 laldnsmeAmnzanfigauuumiudmateseauluns
ponuutluinvesednetinesislurneduuafuassnsedeudiludrand Tasludunoy
miLﬁU‘ﬂJayjam’mLLﬁuﬁﬁizﬁUGf’l (Low fidelity data) lal4 Helicopter Overall Simulation
Tool (HOST code) Uszﬂauﬁ'u%umaﬁ%@aﬁuqmsu (Genetic algorithm) lun1siengunss
Tusialuldlunsfudegaauuusisedugs (High fidelity data) sl warludunaumaiiu
ToyanIULNUgITEA Vgl ldN1991809AUNLABT AENAAIANST YR LN LT IR U
(Computational Fluid Dynamics simulation) wazti1deyaliuasieaunisdnassninuiuen
seiuge Mnduhaunisdaeslulilumedansdiassielusunsuneufinneidnadaile
fudurmnanidetiovesdeyaaunisiasdunnsiunausiug,

Ariyarit et al, 2015 lgvhnsesnuuuunuenme (Airfoll) Tnensldtuneuia
Jewugnssy Sawduimaianisludivdsuluunsgatenatsdiu (Multi-Modal Distribution
Crossover) FaifudsaLnIanIsNsleAivasunuunsza1ednden (Unimodal Normal
Distribution Crossover) lil§nsnmsasisuszainsfisnninfloisusuussvnssususiu
Tnefianinnsmasnyanfiaavesnuddeigninliisuieuiunsleivasuseisng
dudn 2 38 leud F5mslaivasunuunausany (Blended Crossover : BLX) wagisnnslvd
Wasuwuunszaedmiies iaanmsSeuifisunuinldmnuvainvaisuaznszaeiives
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Bellary et al., 2016 len1s13eudaasnawuunig 9 laun ASnfeuuy
wauiy (Ordinary Kriging), wuU Universal Kriging wazuuy Blind Kriging sauviail3euiiou
sufuiteifuntssvanariuinnsnouaues (Response Surface Approximation) ANy
il luprsmanmnganiigadiedunouififatusnssuuuugnua (Hybrid Genetic
Algorithm) TaediingUszasui oifiudszansamlunisesnuuuluinuuuini vandeud
(Centrifugal impeller) vauA309dnsSavesiva (Turbomachinery desien) lnglgvayani
LuEggezLiININHavelUshNSUNaA1ansveslraldeAuIn (Computational Fluid
Dynamics) #§3a1nn1sil3eusiou wuimwaainniseanuuudaeds Blind Kriging @nunsasiia
Uszansnmluniseenuuuldiian
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& o . . . =8 Yy o o o = a ¢ v at
Wugusedl (Radial basis function) Fsldvayaninuuugseau FaATIERmIENg Bl
uAuvesasrUsznauluia (Blade Element Momentum Theory : BEMT) lagnaanwsainng
| = % ° . a Y} Y ] ~ Y ad a &
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AULALLAZAINITLAATANY (Co-Kriging method) tagnuanistiiudszansnmvosninlnalay
Tfaun133189wUUgNNANYDIUITLUTUTEAVEA N d111508ATIUIUNTNAGBIAINLIUE
seruadle
Zhou et al,, 2021 ladaueidsn1snisidaunisdnassuuunatgaIuiLluen
[ o el' & ad a o & Y v v 3
Juaun1sdnaesnldlutuneuididaiusnssy Wnglutunsunsnliasisyndoyamnaunisle
(Pareto solutions) :MndayanuLiug1sEAUAT douliasisaun1sdnaestayawuunaiy
ANUBIUEIT TN Ty aM UK NG TR UARAE TaYAR NI UG TERUES FeRnLdaN
WAMNYAT DY AA1ADUNLTLAINT UABUKING sluA Il Tusreevnesdaya
(Crowding distance) 9 ntiuthArAuslusidayauuszifiuvlagldaunismnuniugvans
sz tngluanAdedlavinnisansaliiudsssansamdieuldiudeyanuudugiseauas
=< g v i ° Y I AN o W
Fegrwanaildirenltlunisinnisneasslaegisiitodfy
Phiboon et al.,, 2021 lal43Fn1smannanzauiigauuanuwiugvany
5EAU nauTngUszasn (Multi-objective multi fidelity optimization) luni1sesnuuulnuy
o1 (Airfoil) dwmsuldlusnastuliauturiindness (Fixed-wing UAVs) Tagludunaunis
A & v ) o o v = ad a o Y aa ' I3 ¢
naaaieLiudayanuwiug1seausilaldseiouiBigeduaviieds Panel Muganswls
(Javafoil) uaglutunsunisiiudeyannuuiugiszauganannismeassluglusiay Faunu
A ¢ vy & a e aa o ° A
anaf ldlun1snaaedluglusdanasraluainnisiuriauds 4aun1sinaen gl
nszuuNIMA A gaduaunsitaesoyanuugnuay Fefoyaninuuwiugnssiusi
gnihunadaduannisdiasmawnuanisaints wasdeyannuudugissivas gnianadng
< [ 2 s A [ | & o [J e{' [ |
Juaun1sdnassmeilanduiugiusal anuuthaunisdaegnuauilaliidignszuiunis
MANINEANAARI8TUR oW IB BTN TSNNTIRaAUliinsaud (Non-dominated Sorting
Genetic Algorithm) et UszavsnmgUuuuwnuenanafian angldeuluniseenuuy
31NN 1ETAY wudliflnwddelanussyndldmedanismanvangay
Nananaunsinaesnsonsidmaianismannizasansetunowisieiusnssy Tunis

[y v a

gonuUUNsTUIUTaRMmeMIiuiauiia nuldeiddalmihnsainaunisdiaemaunueme

9

'
a

FEesnAwnltlumsiindindeyavesaiiliannisnaaeuian naunauiuinadanim
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ANMUIZANGAR 8T UADUITLTINUTNTTU TIuTN1TNaaew 8IS Inludddusdiean
AldA180ININAaes uUszendaldlunseuiunseenkuuN Ui U IunaoeiukTIdn

dusuldluwiunnaauksatu

2.2 vufiigIves

nuITgatuiiinsfnwiieinuauaudiiaguasnisldmaianismeanvanzauan

9

(Optimization) Tun1siusi Taneeulndnaudd wazdn1sMAaoUionIAIAURTILTIA

(%
a a

(Tensile test) Ineraainnisnaasvazdninlildasatoyalaeidasnis (Kriging) wavting

TnsguIumamAngaNgn

o

2.2.1 Jagmaulndn (Composite materials)
JanaoulndnvsoTandedoudutaniinnnssuiuesias 2 vliatuly

Aldazaresrndudomeisy i lvivselovdrazunsvantslulranisiainssuileosnniide

'
a o L a =

lseunsanainauantfdaniunuisaudy wazainisnisudaianiu q widdedefe

sunualdIelunisuaniginitianildlugnavnssusuuaadu lagldudinisudndan

q
[

paulndnUssiniinannnedwesavivatglssinn uiiletanldlunisudndanmeulndniu
vaunsawiamdnle 2 dau fe drudludanuninddazdqeliianaeulndniuaagusisls
redadanasuuselinieiu wasdwinduianesunssdaasuliianinnuwdusuay

AT TS

Matrix

Reinforcement

JUN 2.1 segumssiuiuvesiaguminduayianasuusduianaoulngs

2.2.1.1 Tanuvisng (Matrix)
funumlunmssnungusiuazruinvesianaeulndn Nidagiesnwm

seevvedianasunsinelutuny wasdanierdanasuwseliinlingludannoulnds



12

TneialuTanunind il fanmeulndninaziduiansmannesluien (Thermosets) 1y
wanainuszinm PLA (Polylactic Acid) seaniininmesiunaiadin (Thermoplastic) 1y
Todind (Onyx) wagluaou (Nylon) Fetanduidunmindesdnuandisuanumiouas
aruBanguillnniuninfagiaiuuss Seelufunisasguidasnuresiuny
2.2.1.2 Januesuisd (Reinforcement)
fimiilunsiasuguandinenavesianaoulndnlaosu uasd

unumvaniunssuwsansevilledaneeulndainaudulunisidau Ussianvesian

-

wTuusanldlunisudndagaeulndnivatgyseinn wulusluuueunia (Particle) Wi oy
naegdun ayn1pdani Wusdu vieeralugluuuidule (Fiber) wu dulowds viedule
AU Tataniadunswuinvednaaudfnnuudeuss (Strength) wazauudawnss (Stiffness)
Ao a ¢

ANINUENG

Tanaeulndndadunissiudanuvsnd wazianasuusudiimeiui
<) v o va [ 1 Y v v A A ! S 1 1Y a ¢
Juiagiilauaudfivesiannideadisleiu Asdyusiwarainudanguainianuning
Tuvauzffinnuudusuaraundannsaeindaniasunse lneaunsausuwss naaudfldann
NIPUIUNITNAR 19U NMSLTIERTIdLvarianasuusIvTaiUfsufian1nsisseivaaduly
sranusaiuaulansslinzdunisldauld viensiiudnsdiuvesianunindasii
Tdanudanegy dauanifianumiss (Ductility) LazA111unsa (Toughness) Ya43an
1NN egun 2.2 uansnndiegavasTanmeulndnlognusanseiin aedanunindavyay
AsgUTvesianeeulndnld wasidulevesianaSunsasieSulssiunseriiilonsanseying

PANINATINUBUINIUENVDNLEULY

Compression loads direction Tension loads direction

(a) (b)

X

JUN 2.2 mmsnegedanaenlndniilofunse (a) Wesunszusang uag (b) WaTunTzuseAs
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222  MsRUNIAANIWENGI8LATIINUW 3 TR
ninanduirianaenlndnszuszneuluieduimduiaguvinduar

a [ % !

Janiasuwse Falunisudnianaoulndnsiedsnsiiud 3 GAUu Awwfediu wiazdaau

[y

WANAI9IINTTNTHAARUUDU 9 nsanTansludiuvesianuninduasianasuuseiitmn

q
[

fisst 2w Fudumnannsduduledaihaniuinusuiiesduantunuiuglasysal Taede
Ifussuresmsiuiduanuiiazdu vilvdanudangulunsufuusimmanuivesTagaeuln
Anlfiminzauduguuvunsldauldegedass Tnsluad osiiavifagaeulndn 3 44
Markforged X7 agannsaduunnisuiuusiimsfuiantagiaesiaihinunldlunisudels
fail
2.2.2.1 maksmnsRusiluguiiisesiuagumind
Tagsialy nsdadnisiisitaneoulndnauifvosnd esfius
Markforged TudnufliiatesivTanuming azuvslfiiug dauddaad
1) NM3HIATAERUAILYUN LAY (Infill density) §9n15U5ULA9AT
auautifduiardsmaroninudsunlasiimmmuiuiulumsfissianeouindnsiad uay
ynfmuasAvLUun A AuluAsshlrtunudenumuiuuasauudonss
uiagldanlunsfiniununarduldesanildlunisfin lunisndudy mindeen A
mundunnfndesawAuly enavilidunuliufuse viedwdnuauiuliidesind
arwdaanelutununniuly fsenavtlfgueildmsauionslfouassam
Fattunsierarmuuiun s fufivnzansfienudidty daelviannsoldTaglunisfiu
Isgnaduarienslianu wazdsendananiildlunisfn
2)n15# argUnuUn1 3Rl (Fil pattemn) Tngwons uag vos
Markforged anunsast saliAnn s R ansiu (Solid) 18 uina3ssrintsidaliian
Audoanslitaguasnanitlilunisiod fafunsuiulududasfeatunisfuilaseadis
meludunulimngandunisiidunuldld desmanadeluduiadmadonudase
Y9INsRIAALUIULUNISIAY FeruTidlunsdeiniveaadeciind Markforeed avdl
sUnuumsuilidonldun 3ULUUE WA oy (Rectangular pattern), JULUUAIMLWA B
(Triangular pattern) gmwuuﬂmﬁlw (Hexagonal pattern) ka3 Uwuulasaed (Gyroid
pattern) Fauansluguil 2.3
2.1) Msfianigunuudndon fgaanmsiedanumiiuns
Fuvosaneoulndnldasiian amnsadsaitiseseumuuiunafulddud 0 89 92

Wosidus
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2.2) MIRUNFUUUUAMIME DL A13N50RIA1Y9989A 1Y
LN nduldoue 28 v 52 Wosiud fanalaniduFesruauisalunissudinn
wazAualUAALLIILTIVDIlATIAS

2.3) NTRUNULUUNNIAA BY A1LNS0RIAIT9TBIATY
muwdunmaiuldfoud 18 83 62 Wosiwud 9nmuddediierdostiinisdedsuuuunis
fuvidunnindsuazyiliianeeslndedanuanunsalunisgadundanuainnsmaaeuuse
ﬂixLL%ﬂlﬁaﬁqm (Ramalingam et al., 2021)

2.0) MsfusigUnuulasess a1u1506 9A1929909A21
N aAnldRud 28 f 62 Wosiwud fenulanudesnsliivesieudininfuiitos

R < s Ao a 5 v aa 3 & a
LLG\EJQIVTWJW@JLLGUQLSQGUE]Q%U\T]UVIW UNINILANYUINUNNR LLﬁ%ﬂ’J"]ﬂJLLGUQLLﬁQLﬂE]'UV!ﬂ‘V]ﬁ“VHQ

JUN 2.3 suuuunsiaivesTanaeulndnuuusig 9 laun suluudmasy sukuuaumaey

sUsuuvnmALY warsuuuulasesn Besaingdglunisuanmudiiy

3) N13AIAITIUINTUVRITHILAEHADS (Roof & Floor layers) ABns

[
v 1 o

AIANTIUIUTDITUU LG AkaY TUA NER TRE U e auATanLunIndiieag1uRe vty Tneay

LdfinsuriFanasunsmsluludunuduremisasenludiut wanedegun 2.4

1
Roof :
layers ]

5

&

7

a

3

10

Floor ”
layers :‘;

JUT 2.4 anuanstuvessniaziaesvesianaoulngs
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4) MTAIAITNUINTUNTIVDIER (Wall layers) B A15FIAT

q
(%

Fruauvestuvemilsdsuiananumindfsuntodeeseviunutanaeulndn ey
Furpstanumindduuentoufiviurenaumuliued uansfeguil 2.5
2.22.2 ﬂ’]iﬁ@ﬁ'}ﬂ'}iﬁmﬂuéauﬁL?ia’;suaaﬁui'ama‘%mm
mssarmsRuilaeitluiiieatostusming asuvsldssd
1) MaderrsuanvessumLlniued (Concentric fiber ring) Aanns

AarTuINendulenfiunandaniasunss Nazgnimualingndaddesseuiuu

WARaRagUN 2.5

2 YD PR Y VPR -9V

2 A0 2202

2 % Y R % &

%noz.,&,oz/’hozo(oozz/w

v

JUN 2.5 arnuanadnuiuduvesntisvesian 2 4u (gnasdlien) uazkanin1suudiuiuig
wuliliuasduauene 9 laun 31uu 2 23 (GUu) 3 39 (FUnane) wag 4 13 (§U

an49)

2) massaUszannsiisdale (Fiber fill type) Aansiiianguiuy
Baiuduleadutagerenlndnlurnsiud Juaiesiant Markforged X7 aunsaidenls 2
U LY ﬁagmwmmamau%umu (Concentric) kagFURUULEUUUIU (Isotropic)

2.1) mﬁﬁuﬁ’i’aﬁlLﬁ?yLme’fa‘aEULLUUNﬂamaUéﬁyumu
(Concentric) azifunsfiuniiduledeusaiunsdlulneseuan lnggdioiaiunuudause

Yol wavyrelesiulilvindeuruianadssy
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2.2) MSNURTAALATURSINILFURUULEUIUIY (Isotropic) ¢
vinsiusiukuluesluiimmadenldegnediussansam nsasidudulevameliauuiu
TWluiiamadien wavilemudulefwouvesiuanu Fianazundu 180 saen tiewmudule
guuse dansiuiiduleludneasdagdioasunssiannnsevind1udmwesd uauld
uaﬂmﬂﬂf‘luﬂ'ﬁﬁuﬁ%@ﬂam‘[,w?mLﬂu'gULLUULﬁwmu ANITONAUATIUIUVDTIIWAIU LN
wodseutuanuld evasliiuinnisuendunuiianusiutey wasEsunuLdwswes
OS]

3) MIRarpeAINSIEadle (Fiber angle) Aonsimunessnil
sgvinsAiidulovestuaunesings Tnsanansadenssrmsiuilunisiusiudasduls

9E198a5Y WARRagUN 2.6

‘>+9 (a) 0 =0° (b) 8 = 90°

(c)8 = 45° (d) 6 = -45°

JUN 2.6 amnanansasAasensiiniiduly wasdiegwanistewiduleiesmia q
4) AR IANTIUIUT U Az NunWLdule (Total fiber layer) Ao N3
° ° N a ¢ v a o | & I |
Avuaduuduiagldlunsiuiiduleaeulndanaun Iagludmidazaunsaderiegig
= A A P Ya  so a 1% & A cw a
avldun ialdenlagliui Tanssuusadnluludulaveinisiusianmoulngs
2.23  AuENUAAMNALLAZAINATEAVDIIEA (Stress and Strain)

@ [ =

ANANUANINATD3TER AD ANYMENINIUANVBITARNTIUIUBNTINGANTTH

q

2

o 1% 12

Afanpouausssionsineuenviiensfitaniuiuiimin auandimaiidianuddalunns
fsanaumszaNvesiagdmiunisldau ImsJ@mauﬁ’amqﬂaﬁﬁﬂmﬁﬂwﬂuqm%’aﬁ
1un Auantinruudusd feiansanlfanddeluil

1) Aandu (Stress) Aenavasusinseyiiinszyhaenimuhefiud Tasaiu

wduaifianudAglunisinsanenuudauswesian awnsaduald dsaunisn 2.1
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> |

g o fe Aanuiuvesian dmheduliania (Pa)

IS 1

A 1 A o - [ a o
F AR ANU99LIINNTENINdn dniigiduuinu (N)

q

¥ '
= A = U

A e HuilnadinnevesTaniignusinsgiviheifumaanng (m?)

2) AsiATen (Strain) A Sms1dusTIIeTTrdnvestagiasuly
defuusinssihsoszezauiuvesian Tasaanuaisadauddglunisfiarsunaiig
udaunsa (Stiffness) wazanamien (Ductility) veatan ansnsadnaldfaunisi 2.2

AL
LO
1y € AD ANAINNATEALTILEY
AL fo Aeugmiwasulivesian

[

Ly A8 A1AILEINLGUTDSIAR
< = A va o & PN '
N15NAADUAINLTINTIAY AannaaeuaAnaNURTanugunldlunisvmie
AavantRang o Tuudazdangfnssuvesian vialdlaen1shstununaaauluwunnuyilie
[V a ] A o 1@ a =3 v
AULAUAIRINLATAIINATEAG IRINTULLILAY Lazilatiayisaasuldeudunsinazle
N3INAITUN 2.7 Faanamnudunus 58nieA1AUA ULAEAILAT BAVRITARINTE?
(Ductile material) InafingAnssulugausnazianwugiiunswidunseiainnuAuwl siu
A3aTUANLLATEA 1T8NIYEang Y (Elastic) Femniinisuganisiinsevenegneenusana
Y [ [y | a 1 a { P~ < 1 N
Aetuy Janazaursavanauganimiulagldidesy nanmelugisnisiisugduuy
ganeu (Elastic deformation) lugedifiauAunuansauaudiniaianndfsy 2 9a A9

[y

Yadrrinnisuusiiuass (Proportional limit, o) AeAmnaAugigniianaziulalaefina
pnaAsgavesiandinalsiunssiuanauy waslind denstiangu (Elastic imit, o) Ag
AuAugannanazsulalagliiinanuasennnA1e (Residual strain)

4‘ LY = a A o w =) 1 1 dycu a . .

iiaTangnaauindadnieaugangy luriiianazsianisasin (Yielding)
Tugasiiasiulatmnudanulunisidsuguvesian Jeainlugd 2.7 asuanaiudnnn
AULASEALANTUTUYULAAMULAUTANAIT ANULAUTLAATULUYINITASIN 158077 AL
1AuATIN (Yield stress, o) lun1seanuuuBudiuniena AAULAUATIN LAAIDIAINLLD LT

VBT
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dlofiugaenisasin Janazeglugiiifianuudusaiivainauaien (Strain
hardening) @s3anlugsliazanunsasuanuiulageanwinnianuiinuy 9 azsuld Sondn

ANALAUEIER (Ultimate stress, o,) anduianaggnaaiumanmauniuldaudngyine

Y

Aan (Necking) FeAuiATendziaAninTuuslunanduiuanuAulriaAIanas 1uTanvn

penaniu Tanduingnamiauuanin (Fracture stress, o)

ANLAL, O

'y

QFIRHLAUEIGA

e N — FAWANUN

ofy_ - L

FadiAnsHAEY

J,\ > 1:'
O gl

R EISIE T ERY

= .
AART

=]

o i |
=
AULATeA, €
dasfnvgu A usadindy [T Py,

ANNIEFUANLLATHR

429n7A8IA

d' v % s ! 1% a v o Y o
E"LJ‘V] 2.7 ﬂi’ﬁ/\lLLﬁ@I\Tﬂ'ﬂ’]@JﬁNWL!ﬁi%%’ﬂﬂﬂ’]’]llLﬂULLa%ﬂ']']llLﬂﬁﬂﬂ%@ﬂ'ﬂﬁ@L%uU'}LN NINIT

VNAFDULIIAG

AALLANATIN AINULAUGNER UAZANUALLANYN ARaITRITanalusLLed
YDIANULTITY (Strength) naafe winfarsanduaanuaresnisnaaauazaunsafiey
§i1Auudansafls (Tensile strength) UsueniisnuantAvosianiduniuienisgnuss
nszvislignaenainiu lneA1auudeussfiegedn (Ultimate tensile strength) AofAau
uBssRagsgalunsmpuduiusauAu-ALLATER

AAaAunan (Principal Stress) Ao AnAAAUATNLLIRNUETDANALLAY
Gouflandugud mnudundnazdfenaiaaindu uasdugafiaudugsqauassiign
Aatu Tasaauidundndanuddglunisdinsgianudundngsaauassig alunis
Tinsgvinnudonevesianiuine Aenudundnatuisonildainaunisi 2.3 way

AMUTENDUUARIRITUN 2.8
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2
o _+0 O —0O
0"2:( E yJi\/( B e

1ne Oy AD AANULAUTAN
o, fio AnuAulukLNuLeY
o, Ao ANANULAL UL LILNUAS

7., A AMNLAUEDY

v

JUN 2.8 BaudvasnuAuluiianiewiie 9 waznisiinanuaunanlugedlls

ArPNUAUaUdldLEE (Von mises Stress) B A1AINULAUBUUANASA LT LY

nsvihnednianianudesvediels Weldsunissusandudeu lnen1sanglegsielinge

a a ¢ v a aa ° 1 ‘:l'
NN MG GRE ﬁqﬂqquLﬂuwaumﬁLﬁﬁiuzﬂLLUUﬂW@JNWﬁW@JWiﬂﬂWU?mVL@ﬁ]’]ﬂﬁllﬂqim 2.4

wazluIULUUBIAUTENBUYRIANHAUAINITAAIIAIARINANNITA 2.5 LATLAAININATT

nsevivasAIAUluLLILNUAS 9 Ae3UN 2.8

o = \/(0-1 _0-2)2 +(o, _0-3)2 +(o; _0-1)2

2 (2.0)

o, = \/1[(% —O'y)2 +(O'y —O'Z)2 + (o, —O'X)Z +6(rfy +r§z +rfx)]
2 (2.5)
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Wy o, Aa AU U AL
o, Ao ArAuULALlULLILA LYY
o, Ao Aanduluuuunuds
O3 Ao AAULAUS]yd
Ty fio ArAuAuEoululwILAY Xy
7, Ao ArANAuRaUluwLN yZ
T Ao ArALAUReUluLWILAY ZX.

'y

o4

Ty.

Ty

T
'z

JUN 2.9 BAuAYEIAILANAN o) Tuanudld

‘uaﬂmﬂﬁLﬁ'aﬁmimﬂugmawmauﬂ’ﬁﬁ’f’mmmLLSﬁQLﬂ%ﬂ (Stiffness)
wisfiimesfiaulaazldundilugdanimdavesian (Modulus of elasticity) uagdnsndIu
U194 (Poisson’s ratio) laglugdaninugnvesian nierlugdavedd (Young’s modulus)
ABAIANTUYBINIINAUFURUS ALLAL-AULATEA LY IALEAE UYDITan Taevan

a1 [ IS

andalugaavesnudavgugarinanisiudgunlagusnatasiiiognusainseiinsedan

Y

e

AlugdanugnvedianansamAlakanadaaunnsi 2.6

=2 (2.6)
&

o))

Wy E 8 AlUARAANEAYRITER

q

' v
1 v a

o fe AAnuAulieTuilsdunuTuN T sEnvguy

b

€ AB AIALLASEATIARYUIBTWIIUTUN SEY I EAVEY
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dnsdrutama (Poisson’s ratio) Ao ArAmaudR@Inalufi1uALLT NS
Y9370 Feusvandensiviuguvesianluiiemanuivaeduanueuluiuiwnu Weudy
nsidsusUvetianiufianiedsuiifgiiuauauluwuny lnednsidiutigeaunse

PRI BARIRIAUNITNA 2.7

axial Aapply o, only

[ 1

g v Ao ansarutheg

b

D ANAULASEARIRINTIR I ULLIVINAUANUALTULUILAY &

glateral axial

£ A9 ANANULASEARIRINTIA MULUIVINNAUAMUAUIULUILNY o

axial axial

nsMLARIANELTLSYRIF AL U-AN LIS R YR TanlugUR 2.7 uansdl
AnanTAazngAnssuilenaaouauiussiwesiagmilen Tumendufumnmaaeuay
wfausefaiutanussianud e @rittle) aldnsmdnwasiiunndsesnly Tnofan
UssianiszaziinsBasiosnielidndaas esuaisznsyii videiloaziinnisuanin
Fedumaundugaaniiansuld wasdauduinnindafialndifestuinn mazdefege
Aernuugeantagazuaninyiuil audmiusssritseuiulazanaesaile Yansy
I¥unszussidlunamaaouanuuauseda wansdisgud 2.10

Tumsvaaeuauudausifavesiannenlndn Janumindiegnouensinas
unnviniou Tnsaavdetanaduussdadosueg nielufuau illefinisunniniAntu 1afeq

VAo Universal testing 9enenvinay AItuHaansaINNIsnaaeuianaoulndnidslianyue

I3 3 = [
LWUNIINVBINTNAFDUAIULTILIIPIVNARLU Y
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ATNLAY, O

'y

Cu-Of ﬁﬂ@ﬂﬂﬁltﬁu@‘ﬂﬁﬂLLﬁ;‘:"ﬂﬂLLEﬂﬂﬁ’ﬂ

- >
ANULATYNA, E

d‘ o v 6 ! v a Y A o
E“LJ‘V] 2.10 ﬂi’]‘wLLﬁ@\T@'J’]Mﬂ@JWUﬁi%W}Nﬂ’JWNLF"IULLagﬂ'J’]iJLﬂiﬁl@%@ﬂﬁlﬁ@L‘LJi”]%LlI'PJ'i‘Uﬂ'ﬁ%LL'N

PNAINAFOULITIAY

2.24 Taqlelansetnuaziaauaulelansaln

[

2.2.6.1 Tanlelansaln (Isotropic material)

e

o))}

8 Tanniauaudfuniieuduyniianie 91avaneidlusiunuaud

9 9
[

manavseanautinieausounls degreianlelanseUnlaeniluluidnussdriulaun

[y

andmanui 89 waglaveunsyile wu ogiiiley {Wudu

2.2.6.2 Januaulelansaln (Anisotropic material)

& o Q{'

Ao Janndauanddasiululuwnasianiswesian Januaulely

9

D

nyeUniannsssunfau 1l wisdutanpeulndnniitanesuuswuudule Jaawailazd

[y

nofAnssukuuteulalensadn lesrinAnauUAlunNITTULTINIING T U URLIA UL
wanaeulUuaufianisuess wenainiiagueulelenselngianunsausgeslaiu Yag
993l5m39Un (Orthotropic material) i’aquaulai%maﬂﬂmmma (Transversely Isotropic

material) uazianuaulelensaUnuuuiingy (Fully Anisotropic material) Inefiaauunnsing

= v 6" v

Tufe TaneeilsnseUnazilinuantanuand1aiulusauiuinnuianiwesian uazian
woulelanseUnauvineaslinuaudanmiouiuluniawuiuny wivslinuaudansseanty
TudnaesfiAnensiandudululnuwsn na1afe dngiAnssulelenseUn nilawuiwny uay

ngAnssuwuuieulolenseUnlufianensaindnasauuiunuimae wavanvnefeianuoule

. '
= = wa a

lanseUnuuuihnguiasiinuautaniuandrsiuluynfienislunnuwiunu Tnefagaeulndni

9

LY

a aa a ) a I3 o A UVY 1 oa °o 8 va wa &
NWHNLLUUATNURNASH ﬂwmgﬁﬂaﬂjﬁﬂl’aimLLiQLUULaUIUV]'JW\WYﬂWQEJ'N@aig Vl'ﬂ,WQJV’]maﬂJUG]LTJu
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[

waulelemsoTnldmnuuuiuegfunsesnuuunisfissitusu uagnsnsesmnsiuridule
VO TARLATHUUSS
2.25 N1599NLUUNINAADIIEIUINVaEEaLRugY

MIBeNKUUNIITAaBdmEISwnneISealAugy (Full factorial experiment

design) A® wmadlavnsadaildluniseenuuunisveass Wiefnwwanssnuvestads (Main

effect) waznansenuvasdadusiuseninalade(interaction) Tunnsedu (Level of factors)

Faoravilildnamielinsnenslunismeassnn winismaaesfeiSurinve3valdugy

ansolvideyadedniftuiadeifinadedudsmevaussldiduoig

1%

nMaveasswuuwinneeafiuguidelauseufailiansadnyinanseny

(%
[

1038338 wavnanszvuvesladuiusenintadelanaun Inldiiinsduvsedatadele q
panINMIINAReY vlunmsduiunsmasssuuuivdesssytiofouasseiureudazdadei
WANY way mnﬂ?uﬁwi’wmiaaﬂqumwmaaﬂmaﬁmswammuizﬁ’uﬁa%’a’[,unﬂmm
Gululs inlilddeyaimnzandnsumshiluldlunssuiunsmeimnzanign
2.2.6 Wiunaaauwsedu (Thrust stand)

lugnannITukazn15ANYINIUIAINTIUBINIALIU LAZNITHAILIDINAEIY
13audu uwinnageuusdu (Thrust stand) Wuiedesdedfydmiunisusafiudseansan
yesmameiiazluin lnswiumadeunssiuagiaumundnmsvengdefiauvesiasiu lag
usadnvadluinludundsenimasauseduludramihiivingu Ssuviunaaouagynisia
wsetuil wiuneaeuldigadsuus (load cell) Fauvasuseiinserindudyaralui et

¥
a = a

AMIITUTAATU 91NN15TATIERYeyaliaua i UNIIIENesN1INg uivasluie Ly @1

a v

FuUsEANSUTITU (thrust coefficient) WazA1duUsEdNS 169 (power coefficient) 1Wn34e
anansaussliuUsEAviamvesyanewes-luin wavdsuusitnuanuvuzn1siy Wy sseene

v
o

WIUNUTINN

o

Wele) wayAINNUDIY

wiEidgannnalsas e uLneL TN ALIiuNYR31551Y SneNInman
Janinaseys iawwiunageulssturnalugdmsunageuluinoiniaeuliaudu loy
fignuazduwiunaaeurunelng MHuewes iihdmivenmasuliautude T-Motor fu
U151l Kv100 Bsloiusstuaunn 36 Alandu fawandlusud 2.11 Taglunisldnuaszdiosdndes
dhuusslniiedndudussnitsiusmesuazdsveauviunaaaudlisetuy Inefindesdi
ussdadvedesdinuautivnaiitsmelunisiuusduiiiaanluin wazussdafiiinan
nsnyuvesueimes i Sadufiuivesniniiiiniseenwuunisiiud fanarudfves

Ingndnusatudlulganuniesuiaingsy
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JUT 2.11 yauviunaaeulssdudainuilagnyligIdeainnialsaseuungiseainiauidun
N¥n381551% Fedsenauludae (1) ensuiunaaeu (2) veweslii uay (3) gm

IANABIAULSITANUVIAILNUNAZDU

2.2.7  nsVedaULIRsvaslnaatazaaulndndaeu1nsgIu ASTM D3039
American Society for Testing and Materials (ASTM) A8 @u1ANT ¥ITN

(%
v @

P a & a @ v o A A v )
nanuIngImansuazinalulag 1ulnvue 3009 LagUseniAunsgiuiineIvesiy
TeazuaLaznNaaeuiansiig o Fadunlasunisyausuainylan
UINIFIU ASTM D3039 Aeunsgiunltdlunisnaaeuiagreulndnviianed
=3 P iy Al aa &
WA AL F998TN1500NLUUTUNUNLGIUNISNAZDU FFN1SNAADU WALLNUNT LT NS
Uszifiunansvadoutlud1anzueinsgiu §99sUAns1991n81ASgIUAIINAEU AL
< = [} =~ a [} a ‘:J' [ [y [ r-:’lj
Wl seRsveadanUszmau q lneiindnnsinetastunismaaeusall
2.2.7.1 JUuuvguruildlunsnageunnunlansing
Fuarumaaeuildlun1smaaauALLTILIIRINULINTFIU ASTM
D3039 aefianuwaziuzuanden 1neaue1eRuUTUAT 929NAMUAINNATILATIY

Y1VDIUSIUNLGIUTATUINUY USHIUAINNETINT WALIANUNINNUDITUINU AILER I b
JUN 2.12
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F 3
v

A

h
F Y
h 4

r 2 e A a y o, ox
JUT 2.12 MAUanduaunaaeuauLdelsens We A Aosresaue1iiusinvesdiuay, B
ABAIIUYIVDIUSIUNLTIUTATUIIY, C ABUSLIUNAIINEING Wae D ABSLey

ANUNINNYDITUITY
#915U13U7 2.10 ANNE1ITUANYDTUUAIWINLARIENNTTN 2.8
A=B+C+2D (2.8)

2.2.7.2 \wivsilefilflumameaouanuudsusei
Tunmsmngeunnuudausii sgdeshmaneasulasfiniesiofrvuatununountmaaey
fitauuarisiunss uadadliieiomasouusiaiunyszasdlunismaaey mudiutuneulu
mManeaouANuudausAsdmmdede

2.2.1.3 Gﬁ’uG]EJUﬂﬂiVlﬂﬂE]Uﬂ']'mLL%\‘]LLN%Q

(%
[ a

1) T0UU199893 U Lagyinn1sUuNANNN I 19LALAIUNUIVDS
Fusu

2) thiunuldludemaaeu Tnegosdudatuauiuuinnidudali
WU

%

3) mmaamf1%‘14&mmaaugﬂ%’ﬂuﬁﬂmaﬁgﬂmm

4) ﬁﬁmimaﬂsﬁagammn%’mmzmmmwaa%umuaﬂu%wm,ﬁ

5) AMUAYLIATBILSIaEAUE R IFUASA T uuneao Uy
YONALIS

6) ﬂmL%mzamawwﬂm%’u%ﬁ?}/umuiﬁlﬂuquﬁ LazviInISIS R
Fuau

7) 5aau%uqmgﬂﬁqau%umumaauLﬁ@ﬁ;@LLmﬂﬁﬂ FupIoaneaey
wNLARIFDLALORL IR

8) ATIVABUIIVUNUNAHDU LARYARANTINLUAINENIMNINTB LY
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9) yinsvuiinAusafageanililunismeaasunazenszesd adi
Wasuluannwendng
10) thAuNLYAGEUBBNANLATOMARDY
2.28 MNAaaRleISIWlundawud uazganduIsLauds
2.2.8.1 M3nnaerag s nlundalud

Bluddawud Junssuiumadaduaniennouvesnadns
TagUseuna (Approximate solution) @1915UNISUATQYUINIINGIANERS FIAINTTUANERNS
videmansdu o fuszneulusng aunmadeyiug Feulvweuiun wazsUirwestiam Loy
BnsveslnludddmudAenisuuslamu (Domain) vestymaendudamus (element) dog
q ntiurhmsadsaunslaluddaiuuiannaunndeyiusdmiudanndnei lasauns
fanantuegfutssnnuestigm Mntudniaunsivluddaunsdvemndtunsddosvani
insamfuduszuvannisvuning wddsussadideuluveuionsussuvaunsiifien
ARBUUINUNE LAz Lag§I935, 2560)

2.2.8.2 gonNALITLOUTA UazlunauauTaledi (ANSYS and ANSYS ACP)

& =

wauda (ANSYS) iWuzanduwrstnluddaiuud fennasrawazimunlag

Y
¥ 1

03U auIudY (John Swanson) Tul w.f.2512 Tasusnisugnideuiunniiiodinszsiauly
Tsanuunsaliiuades Tnglulagdurerdwisueudalagninuiuasineunsidlusanseing o
alan lesandiusglonilunisuiulsinseenuuu drsanduyun s wagiiuaiy
Undedovewmdndm Fasudaanansolidulusunsudrasimannasaiieuidymldvais
naregUuuy Wi Jyninisatemainuseu (Heat transfer) wad1ansvadlnaid i
(Computational Fluid Dynamic) hagnaf1dns 3 f (Mechanical properties) V0 udu
desnsuuuunisTdnulusunsuildauite deisususenduslnlufdaiuuddu 1 d
Jafifnennlunisuitamlavainraieanv) (Uslung was 1933335, 2560)

LeuaLedil (ANSYS ACP) Ao Tugaiivewneluvevsdaiueuda fign
sonuuulitinsldnuiimnzauiunssasauayiiesizsinginssuvedassaiisianaeuln
andsusznausetanunnnimilswiaegluiunudier Insueudaedfiarunsnadidlung

[ [

lassasedangmeulndniidudeu Myuanuaudaian N1531999ATaALESULTY 91089013
navauenallauluN1sTuNNTE Ts1evianudenieveianiasuns wasiiassiaiy
denmevesianuving lneusudaiedn azuusnisldanuiu woudandi w3 (ANSYS ACP

Pre) WazkaudaLTn wad (ANSYS ACP Post)
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=

WOUTALDTN WS (ANSYS ACP Pre)dudiunilsvaswanduwisioudadn

ldmsumsounazdnnistoyatanAeulndnnaunisdnasasnain1sdnass lagasd

a0

in3esilouarileituiivaslunmsaialing laseads uazqaauifvesiannoulndn uazns
AMUUARINITILADIA & dIULUTALLTN Twan (ANSYS ACP Post) Tddmsunisitasign
uazmsthiaueteyadineundinsdiasdasaaiagaeulndn ngasiiedosilowazilaidu
fidrelumsiinnzidoyaidangiiin wionnadneu waznsaiesenuteyanafiney i
W langinssuvedlasaieianmeulndnainnisinassmesoniuisueuda
2.29 msafeiaituinguszasaluniseanuuu (Objective function)

auns1a0mAUNY (Surrogate model) gnasiailoldlunszuiunisifia
UseAnSamuuunateingUssasd 1 oUssanua1vesilsdduingUssasd (Objective
functions) uazdad1in (Constraints) ifiasa1nnisnmassniadielildundsAmanilding
uazATl1eTig

lunsgurunmsassaunisdnasmanny dnadenlunsldfandudseuu
Arfinannviane wu fladduiadiiugu Radial basis function) flerdunyuna (Polynomial)
Judu wilunisadvaunisiaemaunudmsuilsidusuunaneingUszasd n1sadaunis
$roowheitesniddsumiuisuuagldauldai iesnannsovssunuealdogenng
uazusiugy §ersanduyulunisduin uagiiiadssans malunsmaunuzaudianls
9E14f

2291 MIEFUUUIaBMALUAIEIRAIANY (Kriging surrogate model)

35A3NA JwUUR aLi (Ordinary Kriging) 2g@11150v U 8w A Ty

Mnauld Seaunisi 2.9
y(x) = u(x) +&(x) (2.9)

198 y(x) A fanauilangua (Unknown function)
n(x) A #UAISHUVINIS (Global model)

e(x) AD AUNITWUUILAY (Local model)

N5t e Yud uwuuin1di@eu (Gaussian random function) 30
A8 x @unsannlale ANUANTUSIENIN Z(x) HaE Z(x,) WNEITRIAUTEEENIIIZIIN
ANADAAADINUADITAVDY x, hay x TIHINTUTLELW19TENINNRAAN 9 UAAIAIANNTTT

2.10
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d(xi,xj)ziek|x}‘—x;‘|2 (2.10)
k=1

108 d(x,x,) Ao flaidusseemesening x, uag x,

o HATUYI (06" <o) LA k" AD NAVDIANUFURUSVOUINLABIAIUUS

IefiANUdUTUSIENINgR X AU X WARIRIANNTTT 2.11

Corr| Z(x,), Z(x;) | = exp| -d(x;.x)) | (2.11)
waznsvnueailagitasnisesldmaauntsi 2.12
y(x)=p(x)+r'R™'(F—p) (2.12)

W z(x) A9 ANTELULRNIENYOIAUNITNNING, F=[F(x,).F(x,)f(x) .. f(x,)] PO AIUBS

o % 1

HaAFUNTUSBIUANAET X={x,, X, X5,m0X, ) BAZ 1 N AB TIUIUAIBEIINITEONUUUVES
Toyannuuludsyaugs R e AAwmsnd nxn laediida (i, /) duiusduiled du
Cort[Z(x,), Z(x,)] 4ag r Ain inpeslagfdfmuduius i dsauisnesurgladaaunisi

2.13
1. (x)=Corr[ Z(x), Z(x')] (2.13)

Tuaun1591a99ASANIA AN p(x) L0910 AAY kazAIUTEUIMNdInSU

n(x) WUNUAEAILUS 1 T9aglaanaunisi 2.14

=] (), (), (X)), -5 (X)) | (2.14)
%qgﬂﬁmumﬁqaumiﬁ 2.15

1"R7'F

TR (2.15)

w(x)=
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AMI1EWes o luaunisasnfsazarunsagnivualalagldnig

Uszanamnuinazdudugegn (Maximum Likelihood Estimation) fisaunisil 2.16
n 1
Ln(p,6%,0) = —Eln(52>_51n(|R|) (2.16)
Feaun13AINaITaITaMIAIANaUlR Inen1sussendlitunawis
Weugnssu (Genetic algorithm) 1aganen o AaunsaAIINMIAIANNLUTUTIY o L

INFUNSN 2.17

GZZ(F_H)TRil(F_“) (2.17)

n

lagfiA1RaeAURANAIAAIGIEBY (mean squared error) s*(x) 4 39 X VB4

HatU a1usaruIulefaunIsn 2.18

BN
sz(x)zc{l—rTer+%} (2.18)

Tag9 1 MU8DLINNSIUNY N T

2.2.10 F/MImAvNNZENNg (Optimization)
2.2.10.1 TunauIFi¥TaRugNITULVUNITTRa1a Ul ATaUd (Non-
dominated Sorting Genetic algorithm)

n13AsaUiuaIAIney (Domination) manedie nsnAmeuluguliuly

o v

a ¢ o o oy I o = A Y] ° o | Y A
ll‘mﬂﬂ?]u’)(fmﬂﬁgﬁﬂﬂifﬂmﬁaﬂﬂ?qﬂqmaU@uﬁLuﬁqULﬂﬂrJﬂu LAZAINBUAINATISHADNIUDY NUDY

1

v o saa 1 o w

nilslsiduinguszasananinmneudu § Aty nsinasulilnteud Jaumneiisnsinaisu

9
1%

Anau lagiinsanlidmeunlignaseuilaednsudulugadiney JadsuenitAmneutiy

A LY

A o Aaa a I3 s
ﬂ@ﬂ']@@‘U‘V]WV]?j@Lll@W‘qumqiﬂqﬂﬁQﬂﬁUU'J@ﬂﬂﬁgﬁﬁﬂ

q

JunaWIBIIRUgNITU (Genetic algorithm) Aadumnaudd (Algorithm)
Al ) v ° Aa v A ada Y o '
nldlun1sdnnisteya lagimguiTimuinsvesddl@inunldlunsdaientoyaluidazyn

Inedayagausniziionin Parent wazdoyayndnluaggnisunit Offspring lngdunewisiys

(% s

ugnsulaihdnuaznisdniden (Selection) n1slatiudeu (Crossover) wagnsnangiug

]
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o

(Mutation) anttlunisidanuazainateyayn Offspring lnun139191142093 5134 ugNTTY

9

annsadouduununimuansdegui 2.13

Initialization

v

Evaluation/Selection

v

Crossover

v

Y

Mutation

Terminal
check

End

JUN 2.13 mavhanuvestiuneulsidaiugnssy
TURDUITLTUTINUTNTTURUUNITIRaITULIATOUS 2 e Tumewds
dAuasaluNsInaIRukarAREeNtaaLoMIAIYAR AR U zaLNIgAANTanTY
v ingUszasa lngtunsunisuszillu/msanden n1sledlieu wagmsduuuudnasinis
Y s 66 ¥ 3 ad a o o v L 1
naewug azUszendldunntuneuisidaiugnsy wiliaeaininguszaaluni1smean
wisnzauian eglugluuuvasiladduiuunangdnguszasa nszuiun1sdnanudeyadle

[ o w

Uszgnaldtunauisnisdnaidulignaseudiegnesiaiia (Fast-nondominated sorting

o

algorithm) Tunsdnandugnneu

Tumsindsiulsinseudr enafimmeuiiinnalignaseudreglusedu
TndiAesiu ieflazdnidenusznsusely uaziiielinguteyaiinisnszanesdalaiingly
fumeuAsmsdndrduanszeginannnsianguresdoya (Crowded distance sorting) iiie

AndaNLATIAAIRUTaLE tAENT1TMNTEEENINNAUAINBUBUY LAAIAITUN 2.14 WazAIS
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a

MauresluneuIsiduduiugnssuwuunsinaivliaseud 2 lnesiuviaue Lansiagy
2.15

f2

h

- ° i o o
EU‘V] 2.14 NIATUIUITYTNIINNGUATNDUDY

Fast non-dominated sorting Crowded distance sorting
R A
Rejected
Fy
R,

JUN 2.15 M3vihnuvesiuneuisidaduiugnisuwuunsdnaivlinseudi 2
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A5ALUUN5IVY dunN 1

J a a v ] d' [ 66 ¥ a aa 1 v v
ANTAUUNITIVYAIUN 1 L‘U‘Llﬂ’ﬁﬂi%&!ﬂmi‘ﬁLV]ﬂ‘LW"l’Jﬁﬂ'ﬁ‘Vi']ﬂ’]LW@JWSﬁNﬁ@ﬂUﬂ’ﬁI‘Sﬁ

wallansassaunIsTaemawnu Inevhnsnaaeslunsmageuauudusifwediannen

[
=

Indndsusuieiniosfinsi fagreslndnuuuauid TaoiFuannsoonuuunmaass uaz
Fringuazasdnisenuuuliiandaamuudiussis uasalugdanisdangugsiian deld
fruasaudsluniseaniuy Ao masssnUefidudmimsuuiunsiy waesuuumy
Iiwed Tnendsainiiin1smadeuduauadanuangg i ASTM D3039 Jeldvinnsadng
aun1sTaemaLnudoyanisvaaes iteldlumameananzanan uanstunounsive s

U 3.1

3.1 NSOULULIANYBINISANLEUNISIVY

Design of Experiment

I

Gathering data by

Tensile test experiment

I

Constructing Kriging surrogate model

Input: %Infill & Number of Concentric Fiber ring

Cutput: Ultimate tensile strength & Young's modulus

}

Optimizing by NSGA-II

S

End

JUN 3.1 Tumsunsaiidunsideludiuin 1
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32 mstuuadauuseanuuu Reuly uasiaiduingussasd
3.21  nsimuadiuUsesnuwuy
Ao 1 %aamwumsﬂ%’ué‘?ﬂmmaﬁuﬁmuﬁﬁmaﬁamaulwﬁmLLasms
yanosBiNTInde UL TanreulnAndaluguieintesiunianudd Tnefifusd

T9lun15eenkUUINUIU 2 FwUS TYaULIAVDIFILUTWENIAIAISIN 3.1

M1399 3.1 AnuvEnevessiklsiuniseankuunsiuiianmaulndn

o) YDULYAALTZAUVDIAILUS
AUNUNY :
wus 2 nang g9
A WS EUAAIMUIUILLUNIT LAY 50% 70% 90%
B Fuauliues 2 3 il

a Y o ‘:1 1% @ | v oA v o
9101597 3.1 lavinisidenseauvesdaulsiduednear 3 seau Aesedus
JZAUNAN wazsziuad tneluuds A fesidudanunuiniuvainsiiudigni 50 lWesidud
Tnggnidenifieaninfiansaninfianuudusdduszauiivensuls daudesidudamnumuiuiy
a d' § < 3 A =y £4 o v =y A a ¢ & o
N1SWANgeand 90 Wesidudgnideniiiasaindenisindnanuduiisdunisiuviiloan
wazludauls B Id1unusumulivesszaunani 2 iesandutisizumulviuesd
unumtunissiudesiuiiedan TUaudeseau 4 asunmuiwmuliivesiisnuiuigdums

0]
a 6 a 4,‘, i a 6 d’l’ Y ] ‘: % N
WMWLEJEJSLﬂ‘L!l‘U f\mamwuﬁiumawuwmmaqmunmwawmm LLﬁ@W’I\‘iE‘U‘VI 3.2

aquaulliLes 2 29 aquanlniues 3 29 U lWiLes 4 a9

JUN 3.2 MmuanailiaTanaiunansvesiununegeunanawmiudtuimuliues
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3.2.2  [aulvdnsun1saanRUUTUUNAGDU

AOUT 1 2¥INLUUNITUSUAIAINISHUNURITUNUY e lElun1snageuAIu

LTIUT959 TneFUNTer03TuIUNTVAaeUIt T ulUAINNINTTIUNITNAADUAINLT ISR

voafannediwesaeulndn ASTM D3039 uarludiunisusunsarlunsiiuriianmeulnds

WaEMSUTUAIAINSRUNLUAIUTANSULSY UanIfanns1eN 3.2 Uag 3.3 MNa1u

M13°9% 3.2 MsUTussrlunsiuiianaaulnds

n1sUSuneAn

n1sUsunsALaantylunISNuUW

sUnuulassaaneluvesnsiiun

P ROIGRIGHM

Wasigusanumnnuulunsiiu

50 %, 70% uaz 90%

TR INUAE AT

a

UIUTUHTIVD AR

2

91n915°99 3.2 lavdenguuuulassasianisluvesianneulndaduwuy

Ay 10397nF U TUNToRNWUUIBIN AL TIUNISA UL AD L Ua S IFUAANUMUILUUNTS

a - v a ¢ & A  a o § v & | s & & P
2R IRAFUSIASPY ﬂqﬁLﬁ@ﬂ'ﬂﬂ@]}WNWELLUUL“LJ“LJaWTﬁEJlI"\]SVI'ﬂﬂLﬁ@ﬂ?I'Ni%EJSGUENLU@?L%UGW']?WJJW

asnniign (0 fa 92 wWasidud) uaznnsaseludiunau 9 Wusdiuunisaedinisiaiaaay

YDIBONAWIS

M50 3.3 N1sUsusIAlun sRunludL TanET LSS

n1sUSuneAn

A1sUSuRsALaanldlunisnuw

IUIUTUVRIN TRUNTARLATUU TS

10

UszLnnnisuiuLale

fulugunuuEuuI

UUlUs

2,3 U8y 4 29

BIAINISUNTARLARULT

45, -45

c{' v oA ° & a ¢do & = o,
INNITNN 3.3 VL@ILa@ﬂ'ﬂqujuﬁﬁum@\iﬂqﬁ/\lﬂwVlf\]']urJu 10 99U eI NLUu

unTumnvauiaaazidudulodismedwhlildanuuvewnasgiunsmagey

warludrwesUssinvnisiudulelidendunsfiaiguvuidurunu Wesndunudig

wulniuesegua? wazwialmaanasrn snusidu 45 way -45 eraduiuld diuduiu

2awnuliuesiduluaiusiuwdsniseanuwuu
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3.23  WeiduingUseasa

nseenLuLTuNURuiauiiivesTagaeulndn dinguszasAiieliduanu

a1 va Aaa = ] d' [ a a v <)
Wﬂﬁ@UNﬂ?ﬂmﬁMUmVﬂﬁﬂaWﬂWﬁﬂLUQQQVﬂUﬂQNW 1 999N19ANLUUNNTIVYUUNITNAABU

q

< = [

ANULTILTIR satuRslaailenduingUseasmiie e AN NlanId s LTI T AT ANLT

q

1%
& aad LYY

inSeianan Aluialanaieanduingussasdaoailesndy uansisaun1si 3.1 way 3.2

MINEIAU Uazlanilayaviiiuaz1eenvasivaasilinduingUssasinaunisn 3.3

Maximize (f1): o, (3.1)

u
g o, fie Arruudausatgegaiianazsuls Suedu MPa
Maximize (f2): E (3.2)
Iy E fie alugdaanuBaveian dvusedu MPa

Inputl: ID(%) [Data type: Continuous]

(3.3)
Input2: CFR(ring) [Data type: Discrete]

oe D Ao Wi udANuNUILLUNITIRY Tty Wesidus

[

CFR  Ap f1urvramulliues dvedu 24

aunsh 3.1 AinguszasdniseonuuuiioA1dns dIuLazn1TUTUAIAINIS

o a1 <

AuAvibidandia1anuudassasluiunaanifnuedsvanaiviniign lnedmsu

q

nsnageuianaeulndntuasisuiinsaniandemeidowunindiog yunieuenuanin
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3.3 N1590NWUUAILUSNISNAABINITNAGDUAULTLTIR
nsoBnLUURILYsTRINISAUTaYaN TNARDIINNTNAdEUATINLT LAY 1435
winnaealAugy lngeonuuudikUsdnuiu 9 dauds lnenaainnisulataiveuirnuas

SEAUAMKUTIINAITIN 3.1 HEAIAINITIN 3.4

AN 3.4 FOTUIUNAFDU barn1SUSURIAIAILUTDDNWUUYBITUINUNAADU

%a‘??m'lu LUE]%L‘T]UGTWJ']QJ%U’]LL‘Li‘L!ﬂ'liLa&I uwuuliues (1Y)
502 50% 2
503 70% 3
504 90% q
702 50% 2
703 70% 3
704 90% 4
902 50% 2
903 70% 3
904 90% 4

3.4 MINAEBUAINLIILIRIVDITARADNINER
mMsandunismaasuauudansadislunisdndusnuisediud 1 Tuimsgiuns
naasusessulunsvaaeudunsgIunsTaaey ASTM D3039 Fadusnnsgiunismaaey
ussheildivTanwediesaoulndn Jshumsgrudananunlilunsmaaeutagreslndnds
JugUseadosiasiauds
3.4.1 U aMAzILNAYEINSENSTuLTAGEY
mIsadedunumIuNAsIUNSadeUmLLT SR inedenoxindn

o

Jomnuavesguidaglilddununageudugluuudivisuiudn Tnefvuaanunuves
Y a Y ~ a ¢ v o a | aw & A

Fuawiganeazdnisiuiidulevesianasuuwsseg niely Tun1s3dedidendu 2.5
1aAANT ANITMPUATDITZEZAIINENTUIIUTUAT (Minimum length) 1191A5288A1UET
dIUNTUIUALYNIU (Grip length) AUEIIVBIUTIUNTUITUAITILUANIN (Gauge length)

WAYTTYLAIUNINVDITUITUY ANUAUNITN 2.5 LALLAAIA98 19T U UNAADULALVUINVDY

Funuagun 3.3
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M5N 3.2 WAy 3.3 Wrugendwas Eiger Wiuliuled https:/www.eiger.io/ WaRINTIAN9

BONAWITAIIUN 3.4
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Part Details 1 3
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MeLaY 2 wanaguineestunuidefiuriiase uasiiuilumsstouely
iiae Aonisdraesiufinisfiudt (Printing Bed) Tasanunsaldiundlunisudugaing wau
inensiiusivesianle

yaneias 3 Ao Yudmiusuiinnisieen waslidmivdsiusituny

WBLaY 4 Ae daurasnsususemnsfinsisng q Tneszdufiugesldanuse
Fonusulimannviane wansseazduadeindedesd 3.4.2.1

3.4.2.1 Mwandeansusudeansis

2n3UT 3.4 ludumneias 4 Fadudruvesnsuudadnisfaidy oy
Usznousae 4 usiu 1w PART XRAY SIM waz SCAN Taegldwaluildaruiad osfiu
Markforeed anunsaindaldiiteutiu PART waz XRAY i

nsusussaluuiiu PART axdumsuiudadlassumesnsfusivianun Tas
wuadu 3 wivges laun General Settings wag Infill InglunsuSuuiivees General fie
nadenyssinnestandlilunisiiud nndensueiosfiunidld saufenisusumuiuny
drulunsusuuiivgey Settings ﬁama‘d%"uLﬁmﬁ’ummqwaﬁguﬁﬁmﬁ 1NAFIEIUT U
uarn1sUsuRsAEng q veamsfiunidnmese uazaninenisusulunfivdes Infill asyinlole
ansadensuuuunisiinnilasiaiientelu wWodidudanuvuuiunisiy Suiudugy

waznans wardIUIUTUNTIVDINISANNTUIIY NIIF19N1TUSTUAIYDILTAUE 8IS 4 LanIsa

'
=

JUN 3.5
AsUSUFIATIULTAU XRAY agvinlintngnsvesdusunsulasuld Tasaziinig
waneTgazdsnveInITiNildUlondau In19dennISLanualEasAI 9 VBINITANW Lazll
wiienglunisusuasanisiaiiduleoUsingiuun Tneuansdagui 3.6 uarisgaviden
samaluil
= ] d' a a & 1 q' %
nueLat 5 Aedlrudiansanala-Ualaleasang 9 ALanin1921982789
ule dreliiiiusisaziBeanisiuiiauysng waz Saauasuuss
< i 19 1 a 6 a ng v £ =
wga 6 Wudiunisusunsiundanasunssludulatne lnedeanse
FULINVRIN TAUATUI LUIURIVIGAVDITURATINEVDINTRLN
wneaw 7 10y drwvesnsuiuisanangludiuvesduletanasuuse lny
11150689 UTEANVBINTTALLEUTELES LTI F1UIUIIIUINLUDS kaYBIAINITINAIVD

vdulalaarnnisaeanludiud



39

lglunisandunsideluneudn 1 lavinisiissidanmeulndnniediunusnis
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ONLUUVINNAITNA 3.4 TagyinNISAUNIITUINUAE 5 TU SIUINUIUTUNUNRUNNINUA 7D

45 U9 YT NUNPUNUNAROUNIUAMELATOINUN Markforged X7 wanesegun 3.7

€D PART €D PART €2 PART
General Settings Infill
t (mm;
Onyx - Rectangular Fill b
ts
None -
Metric - 0 20%
E——
Industrial Series (X3, X5, X7) -
1 12 35 6 7 8 9 10
nual Rot
v @0 | | -
1 3 4567 8 9101112131415
e 2
No
0
Yes
r - No
E Thin Features No
m Ne
ef Seams Noe

JUT 3.5 ANUARIIENANUDIRTIUEDEAIN 9 YoeuTIU PART

150X15X2.5(903)

UM 3.6 nMnnansteailaidannisususaaluiiu XRAY

CaN



40

JUM 3.7 amuanaaI o Tanaeulndnuwuvauili Markforged Su X7 (F18) ague

9

(%
U Aa 6

LA DINUNANAIRUNTUIUNAEBU (977)

343  funeunmadauanuudeusiieiagaoulnan
nsidumsnaaeuvasianaeyindadaduluniumuinsgiu ASTM D3039
Fagunsaliltlunismaasuldun 1a3omaaouusseiunyszasd Lloyd 31 LD 100 uands
Uil 3.8

ol

JUT 3.8 AMmuanATRImAdaULTIBuNUTYasA Lloyd Ju LD 100 (418) iveuanszeyves

UINNTUTUNUYBUATDIWAGDU (NA19) WAZNISLANTNVDITUUNAADU (V1)
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1) YAUUIAAINUAT LA AIUNUIVDIT UINUNAFDURIULAS 993 1105 LT 8S

A1 ULUDT wazinszez grip length Way gauge length UBIT UIIUNT DUV IVINd YA nwal

W 991989UTIUN T UIIUILONTU WAL US I VBULYANITUANTNYDIT UITUAUFIAY

2) JaUAIYUINAINLNITILASAUNUIVDITUIY LEDNTANIINISNAADULTUN1TAY

(Tension) wazdIA19nITILSTUNITAITUIIUNAADU (Extension rate) 71 2 HadluassoauIal

Tuganduas NEXYGEN PLUSA &l9lun1saiunuia3oannaoutseoiunyssadn wanamntneia

BONALITHIUN 3.10

3) fim

SUT 3.9 amuansutineinansisegomfag NEXYGEN PLUSA

1%
Y

N

Tension and Compressian Test

Basic Settings | Limts | Sample Height | Sample Area | Resuits |

Direction

Direction: BSnion - I

Preload/stress
™ Usea preload/stress.

Preload'siress I 55 [N I

Preload/stress Speed:
pe

Mutogerg ———————————————————
¥ Automatically zero at the start of the test

" Load only
(" Extension only

{+ Load and Extension '

| ¥ Return to machine zero at the end of the test B
e
* Extension rate I__:":. mm/min v—‘
" Load rate: I__L' M/min
'i " Shress rate: Ii_ m

X

Pre-Test
Questions

Post-Test
Questions

Preconditioning
Test Oplions
Test Automation

Video Capture

DAQ Device

NI

Machine Settings J

ox

Cancel |

E-

v v

FuNuNAEaU LngdadumeUINNTUTUNUTDLATDIVAFDULIIDIUNUILEIA

msvTusseganugeuatnmMiuinaulanduuuninrevenssugyesnnFuguaIuves

\ATRIMARDU UARIAIFUN 3.8 (NA1)
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4) navaisumaviageufieenina NEXYGEN PLUSA seauianuaniin a1ntuades
neaeuLTIBunUsrasszngavinnulnesaludd Tnglidunadununnaeuiniansuaniin
Tuaeusiie Gauge length w3eld minlAinn1suAnWAUBNUSIIGL Gauge length #38iin1g
pgafiUnndutuy dumsmaseuassiuduluszuasfesinismageuls wimniie
N1SWANTINUTLI Gauge length agsauysal dufinnansnaaey lagwemiuisazaiuise
Tufinnavesnsnaaeuldifuaniszuseiilélunisis (Load) warszasnisinvenalosile
nAgoU (Machine extension) ZsAnansnagaUTsaes saufunstuiinArvuinvesduay
szglfanunsamenauiu wazauaien e uihlundennsilauduiusseninenang

LAULASAUAS LA LS

3.5 HavadAIANNAULATAINLATEALAEETUAINAINAREY
Welwan laa1nn1snagouns 45 Tuany lUAUIMNMIAIAILAULAEAIIULAS EA
PNUUMANRALVBIAIUAULALAINATEANTU LT AB T TULUURILUTN S0RNIUY

A U U d‘
AUDUNU LLEAINAAINITINN 3.5

15199 3.5 mMaauansteyavesiiLusiuuagdIwUIMutldainnimaaes

faudsdu (Input) fiaklsnu (Output)
wWasidudanu | Sruoudsmauliiues | Aranaudussfisgedn | Alugdanisia
NUUNITAY (29) (MPa) v29350 (MPa)
50% 2 139.929 1078.346
70% 3 (% S 1162.567
90% 4 138.314 1157.555
50% 2 124.504 1182.441
70% 3 162.643 1221.677
90% 4 165.069 1261.666
50% 2 134.090 1474.774
70% 3 159.534 1291.233
90% 4 158.321 1180.168
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3.6  MIEINENN1TIIARITRYANITNAHRU

nsasvauNITIaemawnuteya (Surrogate model) lun1sinaesdayanisnaaey

'
] a

lun1sanfiunis3idediun 1 Ae n1saseileiduadamaninusznauludlsauduiug
JeMINAILUTAY wagduUsnurastayan1snaass Wneflanduauduiusdenaniasiala

1neA8AINAY (Kriging method) 21nAUENNUSURIAILUTAULAZFILUTAINVDIAITIN 3.5

=

liladsndudsanansanawnudayanisnaaedagliandiuusanaiisvesaunisnsnig

[

AUNSHINTUIROUTZEIA LUNITEDNLUUINNENUNIST 3.1 WA 3.2 WAAIAIANNITA 3.4 WAy

q

3.5 ANUAIGU
o, (x)=u(x)+1' R (F—p) (3.4)

g o,(x) AB AUNITIABINAUNUYDIANNITN 3.1

x A9 AFILUITNITRNLUUNISUSUAIAINISRUNINNATTIN 3.1
E(x)=pu(x)+r R'(F—p) (3.5)

oy E(x) A9 dun1397180INaALNUTe9aunsn 3.2

x A9 A1AILUITNITENLUUNNSUSUAIAINISRUNIINAISIN 3.1

3.7 MImANZaNgavaIileitunateIngUzaeAaInaun1sinaes

n13yATIIgaNanYelei TunateIngUsasAlun1sadun1s3dudiun 119

a a o

TUNDUITLTIRUTNTTUUUVUNITTAG1A Ul AT U (Non-dominated Sorting Genetic
Algorithm) Inemmunlvddnuiuyseyinsisuau (nitial population) 1 100 wazdduIUTU
¥839U589n7 (Generation) 7 1000 taglunisAniiandszgnnsiiemiA1fimasauigaves

Tupaudsll aldIBAUMLUULYITY (Tournament search) HEMHILUINITOBNKUUNATIEA

Y o w A

Fuusiarilanduinguszasiuardnarduiadounisudesdu Mntudiedesiumsiniznguiuues

[ [y

Uo3a3eldTunauITNITRAAUAINTEEEUINMTTUNquYaya LieAnEanLazIna1iy

Toya Faluusiaziuvelszvinsaziinisluildsuvesteya (Crossoveniialvivayaiinin

9
6

wanviane leedidnsinisluiiudeusgi 0.9 wenanllfalasdnsinisnateiiug (Mutation) 9

9

0.1 anldlunsasingudeyalminazligrivteyaussvinssuneunin
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NANISALIUNISIVYRAZBAUSIINANTSIYEIUN 1

4.1  WANIMAEBUAMULIISIRIVBTIFnADUINER
Tunsnageuauudaussiwesfanneulnds Tavihnismeaeud 5 adseniskedsh
uUseonLUUTLIUMAEDY 1 afe uudadinavaaeuiionun 45 Fuau Wetwaannig
naaoulunIAIAULTIUIIREean wagAlugaan1sEnvesian namuansauduius
sEvheRIAu-mATEATesTUIIReUYNTY wandluniAkwan n fagUil n.1-n.9
Slotnanimmaaeuvesfulsesniuulumanadsannavaaouia 5 ass agldua
agUaudusiudsenindindsdulagf Uy wansfansneil 4.1 uagidlerAdanaiimn
wionns e isuaglinsmuanssanismanadsiusdsguil 4.1 uag 4.2
NAN5197 4.1 Adudssuuanasgiudeuennisnszanevesteya dddlunmsin
AuLILEINTINAeIE nuhiddmdsauumnasgiulunn 4 nimnaesii ey Y
nsnaaesvassanimaaeuliaiilndifesfuilifeulunmeaounagniofuusns
poNLUUTuUNIAdeuisafy TneArdrudsnuunsgugaaiaziigaueaniag
ufausafsnrnnisvadeuiia 28703 wesduaiunaneia 504 wagdlen 3.682 vesiudu
wuetay 704 audiy Tuvasiandudesuunnsgiugegauazingavesrilugdaves
AruBaogil 129,598 vastusuINeLaY 704 uagilAn 45650 YBsBUIUVIEELAY 503
nsMwiNTEnaInguil 4.1 wag 4.2 uandiifudsaiads @ananauaiio) wagen
AmNuAMAtAAEY (Fufiinsnainuraiiou) vesAinrudausiiuasalugdanudaves

[

Fanfimainailauasnanisnagey nulnAIruklusIiesiaginenmsiudaigade
Y <

Funuiiesidudanunundumsiauigesuiuidimnamuliluesiunniy uifany

PULUUNISALTA 90 Woasidudnansliiiuingrwivramuliiuasnuinninduliaiaiu

a a

< = o v o ¢ a [ 1% 1 @ a
BbUILLIIAINUBDY AN L‘VTGJ"\]’]ﬂ’i]’]‘IJ’JU’NLLVI’]‘LAI‘WL“UEJi‘Vlll’mLﬂuvLiJVl’lfL%ﬂ']']lIViUWLL‘LJ‘L&“UEN’JﬁQVILmJll

natipeat lneA1aukdssfgantunisaasteglunisinuadiulsnisesniuulaed

f

Wasidudaunuulunisiiug 70 Wesidudsiudusiuiwiawmuliues 4 29 Tuvuziian

lugaavesmnugavesianmeulndngangaluniimaass agianuwiulunisidun 90

Y

Wosigudsiuudiunuamulnues 2 29
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Printing conditions
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. A LUBSWHUAAMUNUILUUNISLHN UNUIELUU LUDSIIUR

2. A F1unwawnuliued Tuviedu 29

oM

A < =2 o = 1 I
A. A ’W’YJ’]QJLL%QLLN@\TQQ@@%@Q’J&Q UL u MPa

3. flo Alugaanuinvesian Tuedu MPa

= v ¢ ! ) v Y]
A5 4.1 ANUAUNUTTZUINAWUTAULREAILUTAU

a6

UUBLAY faudshu faudsnny
FUIIY f. . fA. 4.
ALRAgNANSNAGDU 139.929 1,078.346
502 50 2 -
drulgauuinggu 13.423 56.373
ALRAINaM SO 152.997 1,162.567
503 50 3 N
drulsauuinnggiu 16.823 45.654
ARAgNaNISAZEUY 138.314 1,157.555
504 50 4 @
ArulBsuNIIngg Y 28.703 66.131
ANRATNANSNAEDU 124.504 1,182.441
702 70 2 I
drunlgauuinggIu 11.597 86.018
ARAgNAN TGO 162.643 1,221.677
703 70 3 1
A lesuNINIgIY 12911 111.545
ALRAYNANSNAZBY 165.069 1,261.666
704 70 4 NS
drulssuuanngg 3.682 129.598
ALRAgNANSAEBY 134.090 1,474.774
902 90 2 A" -
A lesunInIgIY 8.270 125.993
ARATNANSNAFDU 159.534 1,291.233
903 90 3 -
dulsnuunngg 13.375 113.017
ﬁﬁLaﬁamamswmaaU 158.321 1,180.168
904 90 i —
drulesuunnIg 13.072 70.363

WoUANLAINNTNAGOUAIANTIT 4.1 1IINITIATIZRANLUTUTIU (Analysis

of variance :ANOVA) Mizfuauiiiedfgy 0.05 laNauansfinigsen 4.2 way 4.3 FInuin

1NN151997 4.2 A1 P-Value 3108 UsUas i uan1stAugaian 0.437 dA1u1nN31526U

Hod 1Aty WuRefuAUAIINAI5199 4.3 &9 P-Value vosdnuiwsumuliueiian 0.426

WELIIDAATIEAANDNTNAIIN P-Value 91N915197 4.2 wag 4.3 9ziA1 0.026 way 0 ANNAIRU

s AT AN A VR NELT UG TE NI 1IMILUSAUYEDY (WUoSIHUAMINURUILUUANT

LWRULAE UL UL UDS)
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N899 4.2 MIUATIHAULUTUTIUVBIAIAIIUUTILTIRIEIER

Source Df Adj Ss Adj Ms F-Value P-Value
Model 8 8,562.4 1,070.3 494 0
Linear 4 5,856.4 1,464.1 6.76 0
Density 2 366.7 183.3 0.85 0.437
Cfr 2 5,489.8 2,744.9 12.67 0
2-Way Interactions a4 2,706 676.5 3.12 0.026
Density*CFR a4 2,706 676.5 3.12 0.026
Error 36 7,800.1 216.7
Total aaq 16,362.5

MINT 4.3 MFIATIERANULUTUTINYIAluRRansEAvesian

Source DF | Adj SS Adj MS F-Value P-Value
Model 8 509,404—| 63,676 7.18 0
Linear 4 | 265,557 66,389 7.48 0
Density 2 250,034— 125,017 14.09 0
CFR 2 1553|7762 0.87 0.426
2-Way Interactions 4 243,_847 _60,962 6.87 0
Density*CFR 4 | 243,847 60,962 6.87 0
Error 36 | 319,482 8,875

Total 44 | 828,887

4.2 ﬂ’)']&l‘hhL‘Tiaaa?]a\‘lﬂ']‘iﬁ%qﬁﬁﬂﬂqiﬁqaa\iﬂﬂLWI'N
Handuretaunsiaewmawutayanan1TMnaed a1ENsanTIdeuANL T eliold
Tne3sn1nsvdauwuUlY) (Cross validation) Tnan15uiNan lannn1snNAasIeanu19aIy

walailadduiinisviuenaie Sanaanuwdug Inglusui 4.5 wag 4.6 aztdunis

v
a a a

A1579@0 UL UV B AgUNANTISYINUNEAINENNISIADINANUTIAS 19910 AS NI UNANS
NAADUAIULTILTIPIT AT UAIUTOU 1Inenu1A1 R? 489n19a519d@ Uil alAguiuAIANL

udausaRaaegn wazdlofieuiuAlugdaninudnvesianegi 0.63181 wag 0.55705 AU
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Mntuswhnisesieaeunuylrduaunisanaes @adu (Linear regression) Ll
Wigunan15viune TaglTauiiouanninaein1suseiliuuseans A naNuLlug1fng o uang
Fap15197 4.4 wazdlethnanisvhuedeaunsanaeedadunniisufunanisnaaesasadie
yAindsaes wansdagudl 2.6 WU R? veanisnsavasuiileiiisuiuaianuuduseds
gean wazieiisuiualugdannudavesianeei 0.44024 uaz 052108 auadiy Fetlen

! | Ay v ada a Qy
nIAAlaaINIsASANT

Cross-Validation for Ultimate tensile strength (R2 = 0.44024)
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Cross-Validation for Modulus of elasticity (R2 =0.52108)
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ANINANSNT 4.4 wanateraInnsnasin1sUsTiuUsEANS AwALusuEEng 9
yesaunsitaesfililun1sidedud 1 lneusenoudewnast ldun inasiAannuaainndey
\auidsaad (Root Mean Square Error: RMSE) naiANANAaInLAd ouREs (Mean
Square Error: MSE) uag inausieladsninunainadsuduysal (Mean Absolute Error:
MAE) Tnglunmsvhunesiarussisgeanuaslugdannuinvesanfsaunissiansniniad
UszAninmannnitaunisdnassnisanasaidaduy Tunninaeinisuseiiu Inenuinnninue
nsUssdulsyans MmueInsTunedeaNn1TsaesAs N 191nA3 9T 4.4 SAndesnine

AINANSTUIYAYEUNITINABINITOANDLTILAU

MITNN 4.4 ANNITNAUNNITUTZEILUTZRYBANAMLLLILEIANN 9] VdNNTINane a1l 1

wnaeinisUsziliudszansaw funsSABeAInie | aun1sstasintsanaaeidudy
RMSE for Ultimate tensile | 8.2742 10.2022
strength
RMSE for Modulus of elasticity 70.8111 73.6305
MSE for Ultimate tensile strength | 68.4628 104.0845
MSE for Modulus of elasticity 5,014.2158 5,421.4523
MAE for Ultimate tensile | 7.2182 9.2741
strength
MAE for Modulus of elasticity 59.2023 61.5595
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=

5U71 4.7 wansfanisgiihmesinanumanamatevesimeuluusaguve sUszvnsdile
NNMIMAReUMETEMAvITaLTign wuifitissu 0 A9 50 aglimnuainvatefiney
fiasnn (0 F 1) uarnminiadudidnuazaramanvasluntsyiuednouiseglurng 0.6
- 0.8 yasAmsinmnuvannnans uazdsagulddnAandneuressiuaugulszrIngil 100
Juduluieamainvane fivesningiausn wazanansahfaeuuldlumsmenmangay
faald esmnmsyihuefedausutszansi 100 Wuduld liuansdemnumannvane

YDIAIN DU
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Diversity Measure over Generations
T T T T

12

Diversity Measure

I 1 . I .
o 50 100 150 200 250 300 350
Generation

JUN 4.7 nsgiivesaninanuvainvatedneululsarsulsyrnsnsIidediui 1

v

4.4  WAVDINITWIANMUIZAUNGALUNITNUNTUUABNIWAALUUAINER

HAYDINITMIANUT AL NFAAIETURBLIT LGN ITUNTTRa RN liATaU Wand

a

Aagun 4.8 wSoustsvauninsle Tnefiemnsveadneudi A aniigniinuadiedilsddy
Inquszasd Aefirvnaiinammeuimanuudusifsgeaanaznlugdanisavesiangaiian
A191NANS9T 4.5 Aennsuansiegisvesnanisine uazdoyavtiangy 4.9
wandliiiununlturessamnouionun uasfauusmssenkuunisuuiaainsfiad lne
wandliifiuinanuadinoutaniiiianuudussisgegaanniigraziisnnuaumuliiue i
3 19 4 201U LagNaAINaUTBIALAGAAINEATDIARINNENRIDE199 VB U NI LA

a0

Y a [ J ¢ & a ! Y 1 & | §f (3
dalnalAgeiuy LLﬁ%ﬂ']L‘UE’JiL"UUWﬂWiLG}Mﬁ]ﬁﬂﬂEjNG]’JEJEJ'NVNWlI@E]QVI 50 LUasLus

M1599 4.5 Jeyariinuazuteenveingumegsanveuntinniisle lunsidudum 1

AIAULD IS IR AlUAAHAINNER e o€ FIUIUIWNIY
. LB UANISLAN .
GNGIY UBITEN Tnuas
132.084 1,151.860 50 2
139.731 1,143.770 50
146.781 1,136.110 50 3
150.839 1,119.800 50 3
153.150 1,111.470 50 4
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Pareto Fron
1156 F i f f f
- ]
1150 1 X 132.084 f
Y 1151.86 @ X 139.731
1145 e | Y 114377
— L)) :
i)
o [ ]
311413— ® X 146.781
= Y, 1136.11
o P\ J
= 1135 | *
m
o
B 1130t
93]
3
e 1125
= L
% X 150.839
Y 41198
1120 1 L3 |
1115 | X 153.15
Y 111147
i i i i '3’
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Ultimate tensile strength (MPa)
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5.1  NSOULULIAAYBINISANEUNISIVY

Design of Experiment

!

Validate data of FEM

!

Gathering data from FEM

I

Constructing Kriging surrogate model

Input: Number of fiber layer & Fiber angle

Output: CFF’s consumption & Principal Stress

I

Optimizing by NSGA-II

S

End

U 5.1 nseuuuAnvensaiiunsideludui 2



54

52 msUiuiisunimaaasiiedsinluddsuue
Tagludduusnvosnmsdifiunisnaassludnd 2 Aomsveaou fanaainnismaass

FreTRliluddauns Inelifoyannnimaaesannisddiumsludind 1 ieifiounanisis

AAnuaNTRvas TR Suauduresnisiuiidul nsrsesmuestanaesindndae sl

TuRdauAININITAIAU LA B U UNANISNAaRINI B Ll 1A8N1SAIAIRINE1ILONAY

Y

[
LY

nlaga ANSYS ACP (Pre) wagn1sisAIN1snaaeuAuLdusafiavzgnasailuluga Static

Structural uamafagul 5.2

- I - J
1 il = Static Structural

iz @ Engineering Data  +" 4 - 2 Model v 4

3 Bl Geometry v 4 3 @ setup v .

4 ﬁ Model v 4 4 Erj Solution v

5 ¢ setup v I 5 g Results v
ACP (Pre) Static Structural

SUN 5.2 anuanslugavesgeniilsusudalaun ACP (Pre) uag Static Structural 1384910

Freluvnmuasu

2n3U7 5.2 Tuga ANSYS ACP (Pre) fissaziBundisil

1) Engineering data fegruteyavesianiazlilulusunsudians

2) Geometry ﬁadmﬁﬁmumgﬂiw/gﬂmwaﬁmm

3) Model Aoduiiliisentandld saufianisisen Mesh.

8) Setup Aedruilflumsimuansnadulevesianaeulndn
9n3U7 5.2 Tuga ANSYS Static Structural fiswasnduadsil

5) Model Fouiildsanianilld sadsniasean Mesh.

6) Setup Aon1sReANNSldNNSE WAENINAGDU

7) Solution Aemsmamdamildlunsmageu

8) Results ARAIULANINAANSANNBUINNNSNAADU
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521 naneauautAiasluranduasuouda
govlfuniueudadanuandiidesfuresTandmiuldnudivarnvas lu
vouzRenfugldfaunsaindiadeyanmauifvesiannidndsendusld lnonsivuad
maﬁa@iuﬁfmﬁ ashAnuaTRTaneuwnsain Markforged wazaideiAsites Tnevi
miéi”’whiuimaa ANSYS ACP (Pre) ludau Engineering Data Tneafitoulugensuad wana

AINTNN 5.1 wazNISIVUAAIYDweAlIswOUTa UanIRagunl 5.3 Uag 5.4 MUA1AU

M1597 5.1 AnuaudAvesianleting

AMUNUILLUYRLIER (G/cm?) Alupanvasds (GPa) ansrdulawg

1.2 1.4 0.3

o 1%

13991 5.2 ApaanURiandulaasueudsisrinuauniRnstanguiutuueeslonsedn

q

Alugaavesnstaveuianluiuaunu X (GPa) | 64.70
AlugaaveINstaveuantuwuiunu X (GPa) | 22.40
AlugdaveINstaveuiantunuiunu X (GPa) | 22.40
ansnautwaluiianig Xy 0.30
onsrauthesluianig YZ 0.35
onsraruthealuianig Xz 0.30
Alugaavesusudeulufiama Xy 22.10
Alugdaveusedaulufiams XY 8.30
Alugaavausudeuluianig Xy 22.10
Properies o Ouine o & aroed — S X
A B C
1 Property Value Unit
2 T2 Material Field Variables = Table
3 % Density 1.2 gam”-3 =l
4 |E {4 rsotropic Blastidty
5 Derive from Young's Modulus and... ;I
[ Young's Modulus 1.4 GPa ;I
7 Poisson's Ratio 0.3
8 Bulk Modulus 1,1867E+09 Pa
9 Shear Modulus 5.3846E+08 Fa
10 2 Tensile Yield Strength 40 MPa hd
11 T3 Tensie Uttimate Strength 37 MPa hd

JUN 5.3 nsivuadwesiagletndlurerduisueuda
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Properties of Outline Row 3: Markforged Carbon Fiber
A B C

1 Property Value Unit
2 8 Material Field Variables Table
3 T Density 1.4 gam”-3 hd
4 |E {4 orthotropic Elasticty
5 Young's Modulus X direction 64.7 GPa -
6 Young's Modulus Y direction 22.4 GPa =
7 Young's Modulus Z direction 224 GPa ;I
8 Poisson's Ratio XY 0.3
) Poisson's Ratio YZ 0.35
10 Poisson's Ratio X2 0.3
11 Shear Modulus XY 221 GPa 4
12 Shear Modulus ¥Z 8.3 GPa =i
13 Shear Modulus XZ 22.1 GPa ;I
14 Tensile Ultimate Strength 800 MPa hd

JUN 5.4 amuanansimuaanuantiiagueaduleaisueu

5.2.2  NISNAERUMEUAINISNAABIR2835 b luAdaLuua

WA I3 LOUTAd 1L TAES 19T wulan e geNsLIS SpaceClaim %39

DesignModeler adugendwringlulugavesvenduisuouda vioanunsatdnlndguau

nneuenianunsariild Inelunisidelugiuresnisusuiievtunu levinistuguduenu

Ju 2 38 Wievhnsinueduresnisinsdaneeulndsluniends Tneisuainn1stuguiuay

Aigansag SpaceClaim Tudiu Geometry wazdinlinaoiiesiiuiing antudeiRaludu

JUME ANSYS ACP udrdsiumageunuudausifiafieisuan Jununisaaauidently

Wuduanu ASTM D638 Type V gﬂ*ﬁ" 5.5 wansmsmadeuluveunnisvnass

000 15.000 30000 fmen)

7500 50

U

5.5 N5AINaUlYAUANITNARBLTABUAN
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523 N13AnUAAIN1II9RvasiannaulnEn
AsnageULTiaUaETnMSITiBuRUT UL ASTM D638 Type V finaainaa
wnulvluestesfigaiielilinsaaeuiiuiunssiian Tngvhnsideuluunisimunaily
nsfiast dun Srunusulunmsiod Yaglunisfissiusdasdu uazesmmsnsmeadule un
Hlunssnlunismaaosiaed3nluidanms dnvagnisdsdiannimesosludiud 1
uanafaguil 5.6
Tumsimuansssaniaddusdazduresianaeulndn fsvasdennis

USussaludiuves Setup FslaulsdosdrudrAaladu Materials Fabrics Stackups way

[
I v A

OrientedSelection IngilsgaziBannisususeasil
1) Materials fio naideniagdmiunisneiivestununeulnds 3
Tanaananlamauauianllunisvaaey feeunan Engineering Data
2) Fabrics fla matdenUszinmasiagiiazinuntugy wagnstmun
Aruvuves Tanluniletu uaziui LLﬁmﬂ’liél’jﬂﬁ’]ﬁﬂEUﬁ 5.7
3) Stackups fi@ A3 Fabrics 1ndaBasitazda Tnganunsaiinug
Srurutuiman msnsesenldandiull wanwogansiaendisuil 5.8 wavdudl
faanunsounandurun nAuatUAN walaae

4) OrientedSelection A8 NMIAMUALNULALIUTUAUYBINITIN

}%4
il
% -45 :
N 45
7] -45°
N a5°
4& - : ;; 450
2 2 7 45°
N #°
N 7 -45°
AN S| 45°
é N //l _45°
A {e]
] w a5
N 7 45°
[ % 45°
N N 45°
] \ ] 45°
45°
éL y 7 \l/l _45°
da ] N e
/J 45
N 3 45°
/ Fedumsfianisnnlafing < ] o
: lé g
1 y A 450 o
/ Aafunisfisiidulaansuen Lé a5
N -
]
+y

d' g ! a 6 Qy I !
E‘U‘Vl 5.6 AMFEANNITNUNYBITUINUNEUAN



W Fabric Properties = m] o W Fabric Properties = a 4
Mame Oy Mame: Carbon
ID: Oy ID: Carbon
General | Analysis | Solid Model Opt. | Draping | General | Analysis | Solid Model Opt. | Draping |
General General
Metesiak: | Markforged Onyx v Materiak: | Markforged Carbon fiber -
Thickness: 0.123 Thickness: 0123
Price/Arex: 0.0 Price/Arex: 0.0
Weight/Area  1.5000000000000002e-10 Weight/Areaz  1.750000000000000de-10
Post-Processing Post-Processing
Ignare for Post-Processing: [ Ignore for Post-Processing: [
QK Apply Cancel oK Apply Cancel

Y

SU 5.7 Mnnandni1saemludly Fabric 1n8@9mnuunvesvadasian

71 0.125 Nadins

9
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# Stackup Properties

& Stackup Properties

o X
Name: Stackup. Mame: Stackup.l
10: Stackup.1 1D: Stackup.d
e e | v heaa o, | Dng -~ e | Anais | Sova e Gt orspn |
Fabrics
Core Scale Factor: 10
i N imets ~
. s.-m...s“l eteys '::rmu ry r gl Tt Polar
ayup Sequence: Bottom-Up "
| Production Ply (PP): () Materials: @ B8
+¥B Analysis Plies (AP): @ Angles: @ Ex@
Fabric Angle Thicknesses: @ 612 @
2 Jom R | LT analysis: None p , B | o -
3 Onyx. 450 i (o BE
4 Onyx. 50 | Stackup.1 AP Polar Properties
5 Carbon 450 ]
(] Carbon -450
7 [comon 50 4' | B
8 |Corbon 450
9 Carbon 45.0
10 Onpx 450
1 Onpx 450 I
12 Corbon 450
3 Carbon =l -45.0 E
U Carbon a0 =
15 Cabon 4 450 g
16 Corbon 450 ~
7 Onyx 450
1 Onp 54 -0s
19 Onyx 450
0 onm lssa f
o Y BV
Thickness 25 ! |
Pice/Ares 0.0 '
Weight/Ares: 3.25000000000001e-09
oK Apply Cancel

Cancel

U

5.8 AMULAAIN1IAIATLUEIN Stackups UAZKARILHUAINAEY
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5.3  A1sNAEauUNaaef unssinne3s inluddauud
5.3.1 N1999NLUUTUNUNEADIAULSITA

NABIAULTITAT I T UL VI UNAADUWSITUYDI LS U5 U5 01N1AUITUN

Ly

n¥Rse13579 Tanwaurnseonuuuilasiuidunisusenouveaukunoulndn 4 wau LaRIAg

=

JUN 5.11

v

U 5.9 BUNUALLUUYIDINGDIATLLTITN

[ 72 [ i
(% al =

\esnlunsfinyiaTadiniseeniuun sTUIUBUNUMETS N TRUNE 1A
~ v A ¢ ~ a | a A | A o ' ¢
Faldszgznalunsiud wazdlonavziinauliiafiosvesgumgdlugrsiinnsiud
iy v O =V yva ~ = = ' a ~ Al a ¢
FUIU A9UIATNTDDNRUULNB9ATINTIVDILNUABLINAN LN DAASLE LA LT LN AU
ntuislanaassiiedsinluddamuiiioswiu 1o nsIed0uUs NN ANAINLAUE IR
WARIRagUN 5.12

Y aa faa ¢ & b ° vy & o %

NN15NAae9ne38 IluAdaudidaedu ¥ludluniseankuuasen 2 1a
MU INEUTUINIINAIMTIVBITUIT 1NBYIINTEILHUTUTIUNILAAAIULALEIER
wAZgnYNeAINITANAILANTDITUIUAINUIIUVBUAN 9 LIDAANITALANYDIAULAY

MUSUVBUVBITUI UAAIAIFUN 5.13



60

JUT 5.10 M3TugUnuasan 1 uagnsmaaeumeisinluddduudiiensiaaesuusnmns

NAAUAUGIEAATIN 1

'
a

JUN 5.11 M5Tu3UTNUATIN 2 wasn1svaaeunie s lnluddfiuudieonsiaaeuuiimnis

AAANUAUEEAATIN 2 LazdWIuBAUA 117,679 BAIWA
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4
a 1

& ' v | % ¢ ¢ =
5.3.2 mwugﬂ%umuﬂammuLm‘Uﬂ LNINATDUNIYYDNALLITLDUDYE

msfugtinnilusendunsueufadiedouwuumsfivivostudundosinu
wsedn fifesiareranuBaszvesmsnarnsiiud namAeliaunsadeuwuunsind
onuald Wy msiuismliiued nMsfvuasiuudunls Wudy edrslsfinmuiuds
difdmsuniseenuuulunmaasiieds il sawudiidun Suuturedived was
sUnvumsNadulevesianiasuuse aunsammua i ugendwiswoudals aeluga
ANSYS ACP (Pre) Tnglumstuguiazdu sudusosienlumaiifdnuusduiuia (Surface)
uWErSstmunauTeusariy we fmunaulnesvestuny feiiluduneus
Ilusddwudd Sliaunsaadnstuvestudiuasuninuudussiuuuld wiawse

RURTUATale) NSTUFUNURIVDWUNUAIBLONALIT ANSYS SpaceClaim uwanasfaguil 5.12

5.12 MSPUFUNURIVDTUNUAIBYENFALIT ANSYS SpaceClaim

Neraginaiua®®” T

=b

U

 Unit: mm

Thickness.1
1
.0.88&59
0.77778
0.66667
0.55556

0.44444
0.33333

0.22222
.0,1 ARRRI
0

JUN 5.13 MNKARIANMINLNITELLBILAINNTINtuvesTanAaulndnly ANSYS ACP



62

54  msnvuaflnUseanuuy Weuly wasienduinguszaed
54.1  msmvuaduUseaniuy
Aeudl 2 axinuansiaaiandmiunaaeuiieisinluddawud lnedldn

wUSTIUTUNNTRNLUUTINIU 2 AILkUS TUUIAVIILUSLERIAIAII9N 5.3

M13°9% 5.3 AnumievasikUslunseankuunsia Tanaeulng

. YDULALALIEAUVDIAILUS
A3 AUNUY ; ;
ANUIN A" nang 6N geunn
C IUTUTDLEULY 12 14 16 18 20
GEFIEN
D A159R9ALE Uy 0° 45° 90° -45° 45°/-45°

Nnassd 5.3 levinaidensefuvesiiudsenay 5 seu Aeseiusinann
f1 nang g9 uazszdugenn lasludauls C Aedidrunudulunmsfiusiduloaiuuse 12 44
wardidndrumsfinniogd 25 wWeswuddeeutudndiulpemuvesiunu Fulidouluesy
Iduveaduloaduuss 4 Fuvugauardragnaznaduledusuuuy 457-45° afuiuegng
auas uazduiuiliusnaunssnansdmiumsmanneauiiaalunisesmidule T
Fonlmdusamiiy « v iedenasmilaenadesiufianienissuusanniiaandeuii
Audosnsiusidesian Gsdmaunisiun 12 du vunedvezddurenduloaTuuse
drunansestunusiua 2 fufiannsagniiudldeswauuas uasfisiuu 20 fudady
syiugaan AevasiiinisAuFosmwenduleludndiuts 41.67 wWosiwud Fegnindaliidu
YDUAUUYBINITORNKUUAILUTNITNARDY

s D dnmsnsesmidulelusziumandi 0 ssm Failefinnsanaingud
5.16 aznuindussmiduusduiuineudainanlumudnvuveaeinesiiilnonss
Tusefunanadi 90 esrniilofiansanaingudl 5.14 sgnuinduleduusslufianiaussdu
(thrust) @yulusyeu 45° , -45° way 45°/-45° Qe ei UL s n A LaT U

542  Jevlvdwmiuniseanuuunsnsiniagaounin

naull 2 ageanuuunsiaianaeulndnnielulugavensnas ANSYS ACP

N

wieldlun1snaaeunig B inluddfiuud IneJunsewesdunuazgnivuameiuibig i
31nluRa ANSYS SpaceClaim dagdanuvuvinduanuvuivesian 1 4uiing Feianaey

1ndna7n Markforged 91n1559ARNLANTL JAununytuay 0.125 Jadlumns wasuinunasy
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AULIITANAIUVUT 6 TAFIUAT KARININANNUIIINATVUTUALTUN 5.13 wazladnuiu

FJuvasiannavunae 48 Tu lngazinsuiumiaTansinnsnei 5.4

M5197 5.4 MsUFussaTanlumendung ANSYS ACP

WatamauFusad nsuSussniiaantd
ai’ﬂmu%”’uﬁgwummaﬁamau‘lwﬁm a8 4y
Tanuvsng lofing
TanLas U wlAsuou

untulunsiuiduleasuwss

12,14, 16, 18 uag 20 Tu

BIANNIINAIEUlY 4 Fuuudan/a19a0

45°/ -45°

29NN AUleNauLInsluaIunans

0°, 45° 90°, -45° uay 45°/-45°

fiemreanuiuudainuamasiia

AAN9 183U

AMTINANAT

3| 0° [ 0°

dilellu 1 Fu
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+y

45° k
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A

JUT 5.14 amlanansaeesaduleisuiuLuinssveinaaswnusdn
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5.4.3  nsfvuafIN1magauLiunagaulsetualeIsinluddfiuug

uawnef it luuviunaaeuussdy Iunueimeslvlfingu U15 Il Power
Type UAV Motor KV100 @efifinisanefdalgeqnanansaainaunnussaaldigeanil 35.5
Alan3u (348.255 f13su) LLazﬁﬂ'ﬂLm'ﬁmLﬁawmmimumamama%ﬁjﬁ 17.9 IfU-1URT uay
fisvzsinannuiunaaey 105 faduns uay Load cell Aldfunviunaaeuussduansain
usstuldgegad 500 adu FeldimuanITeoNLUVINAINAINITOGIAAYBY Load cell
Fsnamlulflumsdudunsveaey wansmnuduiusveausauagiianisnsnadulodagud
5.14 LLazLLamﬁ%'éT’qmL‘q"aulsusuauLsumsuaamizﬁ'mzﬁwiat,l,siuéhwmﬁm%qLﬁmmmsmusuaq
uelneiAsgUR 5.15 uazidesnnluiauazueimeslniirfiinadsdiiananseiufunsedun
Aoty Tneuawmeslifdvmidn 1,740 nfu warlufeailldfthmin 237 n3u (T-Motor, 2024)
uilunmsnaaesineisinluidanmdldvinisdausnssyindesaniminesnld eliiAn
AgagaiivilsannsmaassienmsinamageuseusinszyiioliiAnnndsmegega
uazuansnssandeulreunlurensitastouda fisuil 5.16 Tasrassusdluuuiunuss
é’wqaqmﬂmizqaqmﬁ Load cell suld LLazﬂlﬁm’lﬂJL%?L‘?N;I‘MLLUax‘ill’lf\ﬂﬂﬂ?’luL%?iE)UﬁLLN“?JJU
asgaveaneilwidsilmAnussgn 355 Alansu finnuida 3,743 seusioundt Tasuvas

Tegluneanuididumisiieuneiund

AN5197 5.5 NM1sMuuaAauluvauwalun1snnasdn 83 lilundaus

USTANNITZUIY ANANANNAZIY A lElulwlundfuud
WIILUILAUAT (N) 500.00 500.00

AT (rad/s) 363.63 370.00
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17.9 Nm
Torque ! .
w = 3,473 rpm / /f

5.15 MSAUINLSINTEYIABRNUi uus UaTAnanN1svyuveaInes
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54.4 Wanduinguszasdvasdununagay

N1598NLUUNMIINARINISNNEINTAveTanAeulndsn Jingusvasdinalv

q

1 wa

Fuaruwaunaesuwsidaianuautininanangs waziinsduddesiandulowatunsd
Tlunsfiwvidesfign wasillosandiui 2 veaddeidunmsdiasinisiunissveinaosinu
wsednNUoMes VR UNAADULTITU AeluFalanaflenduingussasdiiolilar1niy

ufausamanauazanuUszndaianiaiuns uanadsaunsd 5.1 uay 5.2 iy
Minimize (fl) o (5.1)
g O fe meudundnuesdusuusuduusde
Minimize (f2): CFC (5.2)
Ty CFC Ao Aennuduidoseaduloasuou

aun1si 5.1 dinnusvasAniIseanwuulii ol laa1AAUNang 9gn
(Maximum Principal Stress) fip1deeiign Wnsdmsunisnnassmedsinluddawuditu asun
ArPNUAUTANg AL B UisUiUAIA UL ILSIRIEanveddEn WieRe1sanInTanie
ANUEEIEVIal warAIMINAUYANaanTIllA1 T Az UIUeniendEIeTiANIINNTT
SuMsEuTaNTeevaeTan

A o ¢ = J s 44 v

aun1sil 5.2 dnguszasAniseanwuuiemainud uuieswanduly

AsuauNteeian lagaunsaruialaenludfainsenduwls eigerio FIMUINNINAIUYS

AUYBININAGRY bk TIUIUTUYDITARLETULSS Wagn13I e vadulaLEs UL

55  Aseanuuuiulsnimaaasiuntsnagaunesinludddiaua
mseenuuufwUsnisiiudeyavesnisnaasiedsinluddduud [93suraneSea

[ o v a 9 !

Wy Tngeenuuudiuau 25 dauus Iagldinmeasd IngraannsuuasrveuwnLae

SEAUAUTIINANTIN 5.3 ALLAAINIAITIN 5.6
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4

n1371909A19adula TaguETans

Fotuou | Susuduiiianasuuse (@)

) (24711)
12A 12 0
12B 12 45
12C 12 90
12D 12 45
12E 12 45/-45
14A 14 0
148 14 a5
14C 14 90
14D 14 -45
14k 14 45/-45
16A 16 0
168 16 a5
16C 16 90
16D 16 -45
16E 16 45/-45
18A 18 0
18B 18 a5
18C 18 90
18D 18 -45
18k 18 45/-45
20A 20 0
20B 20 a5
20C 20 90
20D 20 -45
20E 20 45/-45
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5.6 ﬂ']'i‘l/lﬂﬁa‘Uﬂ'J’]llL‘i‘juaﬁigﬂla\‘il&?ﬁ
Tunsvnassiiedslnluddawudsndurzdeaiinsmouinvesdawud ey
ImaqmﬂszmﬁﬁaLﬁmmwmmué’ﬂumiﬁﬁmm LazliteanAuALUde e mEneInTLaL
nalunseassriulunaiy Tnslunsneassdedslnluddamudludunoud 2 4 16
nMsvadeufudnudsUstnoudssiuiutureaduloadueu 8 4u s1uau 15 ads Faldn
Jeulvweuwalngldusdunnusds 500 dasu usslunuunuuey 1705 S8y uaglumudde
Fuaru 17.5 Gau-ans Tasdaduuslunsdunaanndudassie arenudundngegn
(Maximum Principal Stress) AranutAuNauiiaLaa (von Mises Stress) Lagn1sAnn1sLae
sulmes3a (Total deformation) HaINNIINAEEULT onndeua T US s T YA LANIS
A15197 5.4 wazuanIr U dudaszrenurlaediasgianAAIAURENEIEn waZAIINAY
woufiawaa 1da1nns il 5.18 uazaeiiigldidenldnisaanugliiAa s uiudaiundi

719,136 8alud 10931n0glur19n1sgiinvesAIney LaNaITUIINYNNTINLEARS

ANUFUNUGUI9AU
Mesh Independence
8O r
oo *"—o—
75 B o
T e
f_,.""__._‘_‘—\—.——"_____._.-
W70 -
o
=
g 65
&
é 60 S,
g —®— Maximum Principal Stress (MPa)
= 5 —&8— Maximum von Mises Stress (MPa)
50 re®
45 1 1 1 1 1 1 1 1 1 1
o o o ofd ofd ofd o o o l:le'Ql l;le'QI
,\Q,'Qﬂ' 'I-Qﬁa EQ'QQ hﬁﬁ% 'E)QQQ %QQQ 1@@ %Q'QD Dﬁ'ﬁa "\Q'QQI N,\QQI
Mumber of elements

JUT 5.17 nmuaninsgiinvesannaiurdngeganasaudassveuy
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A13N7 5.7 mamsmaaummLﬁuaaﬁmaum

gl o e .| A@NWAUMED | Arenududeulia | nsidegulagsoy
AT | TTRRRTE gegn (MPa) \eis (MPa) (Haduns)
1 121,248 579 49.887 0.17801
2 141,744 59.19 50.544 0.17816
3 172,608 59.879 49.406 0.17792
a4 224,304 62.909 55.304 0.17842
5 248,352 66.028 57.907 0.17918
6 305,328 71.988 63.508 0.17956
7 370,992 73.6 66.928 0.17973
8 446,880 74.459 69.667 0.17997
9 560,400 76.004 71.64 0.18003
10 621,744 75.836 71.818 0.17982
11 719,136 76.641 71.27 0.17989
12 787,056 76.621 71.546 0.18003
13 899,568 76.073 72.35 0.17999
14 1,025,616 77.458 73.659 0.18002
15 1,095,216 77.134 73.394 0.18001

N3UT 5.18 uandlifiunnadiiusszninednnuvesdaumdgsairennely
Tuina WisuduAamndundngsgn wandliifiuinsiuiuvesdawudiifistu shldan
Fundngsgaifistuegraiidedidny wishanmaiinduresiaudundngianazdaanag
laiinnsginvasdinay (Convergence) Tnsanunsaeduseldifu 3 daedeil

¥297l 1 mmmLﬁwé’ﬂqqqmﬁmLﬁm%uasmiam%ﬁ%ﬁ'aﬁmau@ﬁmuﬁﬁ
124,722 £ 340,800 Bawiud 1eswindlesuinveBamudives lvnuinvesdaumdlve
AUl iudsidisifianisgdhvesdney Sududoadindnnuddumdiflenaaoussly

9297l 2 Snnsifinduvesaranudundngsandaianas Avasd1ury
340,800 fia 598,944 Baud 1TursivunBALAGIENAT wazENAnnsgnvesfnoy

4297 3 Lﬁmﬂwsg{Léﬂ’maqﬁmauﬁﬁi’wuau 598,944 sauAduduly F95n5n

N ! Y Y y A a & o 8 v o A
n15Ua EJULLU@QF’YWI'J']@JLﬂUMaﬂQQa‘@Iuﬁﬂ"NUNﬂ'J']ﬂJLaﬂEJiﬂJ']ﬂEUU Vl'ﬂﬁﬁqll'ﬁﬂlfﬁ@ﬂ@&laﬂ'ﬁ
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NAADUNLTNITAIANUY LATINUIUDDUUA bUTI9T L D99 NNSANII UL AL UA L NL AU

Y

Mlnauassiminenslunisannn wezldifinnisildsunlasesdneuateditodfgy

5.7 ﬂ']'iﬁ%’]\‘lﬁﬁlﬂ']'ﬁ"s']aa\'i%ﬂLWI‘L!%’E]HaﬂTiVIﬂaEN
nsasaun1siiasmaunulunisdiasmaunudoyanisnaaoun Ul wsaves

naosdunsadadeislnludsamudlunisdnidunisidodud 2 Aenisadiadladdu

AdlnMmansd suansaNduiusEnInafuUsiu wazdulsnvesteyanismnass Ing

[

Amualviiwdsaulaun FuiuduvesTanaSuusawaznsnsesvendulowsuus way

o

AmualidwusaulaunuanisnaaeulnludddwudvesAianuAunangsan wagay
Audosmendulonsueu nsatsilsidudindanaumsainie ililditaddudeannse
naunudeyananimaaeuazmauduUFosfiiinnnnaiUAsuulastesaiauusduldann
fuvsAnadsvesannisninia auntsiladduinguszasdoonuuuanaunisd 5.1 wag 5.2

LARRIANNNST 5.3 Uag 5.4 Audsu
6,(x)=p(x)+1r" R (F-p) (5.3)

g 0,(%) fe aun1snaemawnuueIENnISh 5.1

%

Ao ANFILUTNITEBARUUIINAITIN 5.3
CFC(x) = u(x) + "R (F—p) (5.4)

08 CFC(x) A9 aun139180MALIUYeIauNIsH 5.2

X AD ANFILUINNTODALUUIINAITINN 5.3

5.8 ﬂ’]if‘?’]‘lﬁﬂﬂﬂ’]ﬁ%”lﬂlﬁLﬂﬂﬂ%ﬂﬂﬁ?jﬂ‘ﬂaﬂﬂ’ﬁﬂﬂaa\‘i

lun1smannzauianfieduneuIslaiugnssy i vualidduiudsesing

=

Suaui 50 wagliimuaduusuveIUseyng (Generation) lnglunisAndanysswnsii

WAmszauNgavetunaudsl Falundasuveslserinsasiinslulivdouvesteya

Y
o

(Crossover) wielviayaiinnunainvaiy laedignsinslulivdeusi 0.9 wenainidaisg
gn31N15NALILS (Mutation) #1 0.1 inlglunisadengudeyalminagligiudeyauseung

Junauni



uni 6

NANISALIUNISIVY dIUN 2

6.1 msudunaisWlufddmud 3nnsHiguAINan1sNnAaeg
ilasmnilanuuandismnmssuatuanusss Aslifinislduinmdutusulunsiu
gnianneaeu vilvludiusenseyiuan Grip length vaan1sMAaesn 1833 nluddauud
LEnIn3TUBaT UL waznslinszusangesidsguil 5.5 Wefiasannisuaninan LAy
wdngean axwuiisuuuumademelndidsafunsmaaeuaiauanadegul 6.1 uazdiawa
ANINAAOULANIF A5 6.1 Tawanslidiudennurainadoutoandt 10 wWeoswus 39
Trdudunaldinnissarauandd mMaRinTiesesise ANSYS ACP ansnsalinaununis

NAADUITILG

SUT 6.1 AMMLAAINAANUAUIINNTNAGB UL UA L NBEUGUNATA 3 fagns

a a A o aal saa ¢
AN 6.1 LLEﬁ@flﬂ’]iL‘VIEJ‘Uﬂ'WEJ‘LJEJUNﬁﬂ'ﬁ‘l/lﬂﬁ@llﬁ]']ﬂ']ﬁlw‘lumﬂaLllu@l

P A19INNTTNARDIT Aan3siWluddauud | arueaiaadou
R (MPa) (MPa) (%)

1 82.509 89.481 8.450

2 81.198 76.651 5.599

3 85.401 92.402 8.198
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6.2 wNan1sNadauLHuA1ULsITnR835 W luAd AU
6.2.1 wan1sNAgauf2eIs W lundaus
Tudumeunsveasidiedslnlussawud 18vinisvaasssiuiy 25 Ass mu
N1390NKUUAIMUINIINAARIIEITLIANS S aRUULANTY Imgﬂﬁ 6.2 LAAIAIDYIINATIN
mavaaeaneIsinludddwud nuinlidnvarnsdesdldunisinsnunguianaiuseg
gms‘iﬂmaLﬁ'aqmﬂmsmwﬂamaLmaﬂw%uamﬁqgﬂﬁ 6.2 (a) LLazLﬁmmmLﬁwé’ﬂgqqﬂﬁ
Uinngndaesuiufuusatn o duresduloaivounaniegui 6.2 (b)
devhnsieszinanisnageulagfinnsananauauldenduloansuey
(Consumption of Carbon fiber) ﬁﬂmmﬁuwéjﬂa‘ﬁ?m (Maximum Principal Stress) aglana
MSNARBILANIFIAS1T 6.2 uazansaadraduns R uR LU Ua LR LA ENTLS
izWiN@T’;LLUsmiaamLUULLawT';LLUsmmlé’ﬁ’agUﬁ 6.3 Way 6.4 s‘fﬂgﬂﬁ' 6.4 WEAIDY

ANUFUNUSTITwEUYRINISAUUFpdUlgRSUB LA IUIUTUT LN AUWLEUTE

JUT 6.2 Uanmaannsnnaesis inludfiuudvesdiegei 18A
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=
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aximum Principal Stress (MPa)

Fiber orientation

MNumber of Fiber layers

JUN 6.3 AuduiusseningianUsiunagA1AUALENE R

Carbon fiber consumption (cc)

Fiber orientation 0

MNumber of Fiber layers

6.4 ANMUAUNUSTEUINIIUIAULAE AANNAW UFaE Ul UB Y
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5']14'314‘5?“17;3? ms‘meaaﬂﬂ‘uaué’u
Consumption of Maximum Principal
JAALATULTS TovanLa3unss
Ty ! Carbon Fiber (cc) Stress (MPa)
(¥) (29f1)
12 0 19.90 219.29
12 45 19.93 215.81
12 90 19.98 219.68
12 -45 19.93 223.84
12 45/-45 19.93 220.72
14 0 23.21 207.04
14 45 23.25 201.15
14 90 23.32 207.23
14 -45 23.25 214.28
14 45/-45 23.25 198.65
16 0 26.51 195.66
16 45 26.58 186.60
16 90 26.66 194.52
16 -45 26.57 204.15
16 45/-45 26.57 201.89
18 0 29.82 182.79
18 45 29.90 173.00
18 90 30.00 182.64
18 -45 29.89 194.12
18 45/-45 29.89 182.66
20 0 33.13 171.74
20 45 33.22 162.54
20 90 33.35 172.05
20 -45 33.22 184.50
20 45/-45 33.22 173.38
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6.3 ﬂ']'i‘Vi’W’hL%quﬁuﬁﬁ‘!ﬂﬂaﬁﬂ”ﬁﬂﬂﬁaU

MymAnmnzaufiaaludud 2 vesmsidunsidvazuiaduaesdiu fe
mimmmzauqmmﬂ&ifumu’i%ﬁqﬁ’uqﬂﬁm LAEMIMANINEALT gA21NN1TIIATIZI
ANFINYDINAN1ITNAFBUALID N UADAILUG

631 munAmnzaniignInNnIaaudletuneuiniBaiugnssy

Tudupeunsisdeumuindodeveaunissasdudind 2 veanis

funside Ievinisissufisunadildannisviuneseaunissiasmawnuainnisadig
paun1sTIaBA3nia (Kriging surrosate model) uansn1snsaaaeule’ é’qgﬂﬁ 6.5 LAz 6.6
AIUEINU LAZNITVINUIEAIPENNITINA8INITN0DYTUEY (Linear regression surrogate
model) wansnsnsiaaeulyd faguUil 6.7 uay 6.8 muddu Juilewfisunavesan RZ wuin
anuluglumsrhueauEuddendulemfueurssaunissiassnisonaeadadu (R =
0.99990) fiAlndIAsNnAUNSYEREEIN1STIaeIRsART (R% = 0.99998) uilunns
yueAIAILdundngsEn ALt ugTeINITILIBAIRBaNN1TTIaRIAINAY (R? =
0.98041) 1A1g4NIINTTVINULAILAUNTTIRBINTOANDEITAAY (R? = 0.90511) \flosanenil
laannsnaassiianuduiusrawUsAuLasimLUIANdanAdIn UNITTTUIEA 8Ty
VYOIAUNIT Gaussian e?faLi‘]uﬁugmmammiﬁi’waam'%ﬂﬁyq INAINFNNITINADINITOADDLIT

Y = A v o ¢ & 1Y)
LU FANFULUUAINANNUSIU ULAUATS

Cross-Validation for Maximum principal stress [R2 = 0.98041)
230

. .
.
/./
3200 p
"
5 I
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P
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160 L L L L L .
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Experiment results
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Fredicted

Cross-Validation for Carbon fiber consumption (R2 = 0.99998)
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azr #
a0t s
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26 s

24 r Vil

201 L d

Experiment results

18 20 22 24 26 28 30 32 34
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Cross-Validation for Maximum principal stress (R2 = 0.90511)
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Experiment results
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Cross-Validation for Carbon fiber consumption [R2 = 0.9999)
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Experiment results

'
a

JUN 6.8 aMmuanin1saTvaeulyiaunisdnaesnsanaeeduduiuaiamvduudondule

ANSUBU

A1INAT99 4.4 wansdieA1aInnsinasinIsUssiiiulszdnsnanaiiy
WU 9 V03aNN1TINa0 IEluN1SITuEIUn 2 lngusenaualsinme AL LnaYiAn
AUAANALARBULRAEAIA 98D (Root Mean Square Error: RMSE) tnaugiAnAl1daAaInlad el

\afiy (Mean Square Error: MSE) uag inasiAtad gaduaalandsuduysal (Mean

'
a1 o

Absolute Error: MAE) Iag#ui1A1A3 14AaALASBUYININMIIYRIENN1SIARIASNNNEARNINTY

A1N1591899N150ADDUTIAY FIARIDIUTEANTAINIUNITYINUNENANIIVDIAUNTITINADIA
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AT 6.3 AIINNITNAINNITUTTILUTZAVENINANLLIUEINY 9 V0IFUNTINADY dIUT 2

esinnsUssfiulss NS AT aun'ls{]:amﬂ ﬁﬁlﬂ’liﬁi’]aaﬁ:ﬁiﬂﬂﬂﬂﬂlﬁlﬁ
NN Lal

RMSE for Carbon fiber 0.0189 0.0474
consumption
RMSE for Maximum principal 2.452 5.3972
stress
MSE for Carbon fiber consumption | 0.0004 0.0022
MSE for Maximum principal stress | 6.0122 29.1293
MAE for Carbon fiber 0.0124 0.0363
consumption
MAE for Maximum principal stress | 1.5394 4.2783

JUN 6.9 wanan13gLd1reIAIANURAINTAIEYeIAInaUlULAaET UV DY

Us5z91n571A91nNN15HIAIRMBUA28ITMIAN NNz aNTIgn WU 0 89 50 9zdiAy

waInvaneAneUgen (0 81 3.5) kazarnuuiasugiiiazauvainvaglunisvinung

Anaudsegluyie 2.5 - 3.5 vasrinisiaauvainvaiy wagdeasulainAiaindinauves

uuuUsyni 100 Wuduluienuvainuaneniosningusn wazaiusaunAineus’

Tilunrsmanmuzaudigals Weenmsiunedieduiugudszeinsi 100 WWuduly T

WERINIAIILNAINNANYUDIAIN DY

Diversity Measure over Generations
T T

(X

25

15

Diversity Measure
N

0.5 |

o 50 100 150 200
Generation

250

300

350

JUN 6.9 MIginvaseninanuvainraisaneuluusiazsulssrnslunsidediun 2
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Pareto Front

Qo
O
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o

210 F L] @
L ] -
L] \b
L .
200 OQ

190 [

180 L]

Maximum principal stress (MPa)

170 Py

20 22 24 26 28 30 32 34
Carbon fiber consumption (cc)

SUN 6.10 vountimistaveidnauInNMsMAmNIzauiantudun 2

iofinnsananveuntiwiisla (Pareto front) U 6.10 dslsainnsld
aun1saeseinislngliduneuisideiusnssunisdndduitlinsoudilumsmeanmaiea
fign Tnefiemavesrneuiafigaiignimuaseilaiduinguszasd Aefimmsfinadneuiia
Arndundngsansifigauazaiauiwddosduloasuousiignaswui veuntwsiad
Igazfidnvarlndifssiuanuduaunisidunse

AMANIT1ET 6.4 AemsuanssnegnaveamanIsiusLazdeyariiiangy
6.1 1uandliituulduvemasnouionun uazdiuUsnsoanuuunsUsudannsfias
Tnsuansidiununliunamasuiiiidianudundngsaaaiiani 163.703 wpa IR
Audedunisfissiiduloniuoud 33.1965 gnuiadiuiiuns Jansuiussmmsfiaiifu
WUU 45 e uagdidmautuiifiuiidulonsuetundian Serianudundngeandan
wsendufusiunduifsidulenfuon Wesnaaudinisnalumsdumuussisues

v 6 al 1 a 4
duleansuauaninteting
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Pareto Front
T T

T T
‘ X 20.0584
Y 212.882

. .
210 ee | X2238021

Y 204.001

200 f .

* X 26.0861

Y 192.196

L

190 »

X 28.997

® | v 179.688
180 ®

170 d
X 33.1965
Y 163.703

IMaximum principal stress (MPa)

18 20 22 24 26 28 30 32 34
Carbon fiber consumption {cc)

JUN 6.11 MNLAAINATRYAYIDENYDIFIBYINNINVBUNTINUIIAIINATMANAUTANTAR

d7UN 2

M5 6.4 Toyariuazu1eenveINaNRIeg 19 INveUNTINS e Tunsidudun 1

$wauduil | esmmsiad | ansfuiFeadule ANAULAUNANEIEN
wuvidule ©) A15UBY (cc) (MPa)
> R0 N VN§ & JR | o
12 45° : 20.0584 212.882
s /S | NN
14 0° ’ 22.9021 204.001
> /A B R B B B P
16 0° | 26,0861 192.196
18 0° | 28.997 179.688
20 45° 33.1965 163.703

6.3.2  MTIATINAMRUILENFALALATIINNANITNATDU
HaUINNTNNANITNAGBIT 6.2 ITATIBRAIANUAUNANAIGAALIANTIN

LanIRagUN 6.12 FauanafiansasarianaeulndnimuauazlUssuig uNaAMA RGN
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Maximum principal stress (MPa)
o
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Torsion panel setting conditions

JUN 6.12 ns1ldSeuliigunannuAundngegadelaannnisnaaes
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UM 6.12 uandliiiuiinismanduianauussdiunaradu 45 sarmmamun

9

(Fuau 128 168 188 way 208) uansiansmluvisdivies shlanuduvdngsaniiAntudian
tfoufian dansanamauiifledaniasunsesuusansefuLuIunungIee wanddidiud
dviwaiiAnanluuudvosowmeslisniuusiaaiiinanluinindsninanniige
Tuvauzfinsnsiiduloiaiuussd 45 aam adudu -45 ssm Rananduvdntesiilodnou
Fuduloaivou 14 Hu

wazdlefinsanmnnsmituiuansdssuil 6.3 way 6.4 wuhesmnsnadu
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nsfuifmngauaaiiasinnsananuiwdiesain Sundulunsfisidundn wdads
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ajUuazUaiauauue

7.1 @5Unani1sIveY

nseenkuUNIRImMIRuivesTanaeulndnuuuawin welrlénguszasdnng
ponLUUTIReINs i audimenalusuanuudusuazanuudaniswesian mssenuuy
sUsuagmsiilinzantunisilulfou viensanauduidoswesnisndn a1uso
ansuyun1Inaaedldmenisidinatiansas@unIsnaLutoyanIINAaes NauNa1uiunis

s A

ldwadianismannuizauiian wvenanidanuisaldnisveaeswieddinluddduusdiiie
apinsidemevadlasiaiiadosunississlimunzaudunisldaulawuiu 9ideidls
Uszandltinailn wazdunawisvmuniaidunsalfinwidmsunisesnuuuian wazeenuuy
Tanpoulndn lnouvsdegoendu 2 dauveanisaniun1side wasis 2 d1uvens
sunsiveagliianpeulndniuyialetndduloasuau

dquil 1 1av1n1999nuUUNISNAaBLN 8nIN1sUSUAINISAUN AT ga Tnad
[ ¢ a & A o P <@ = . .
TAnUsEaenLiionIN15RoNLUUNSINTMUNEaNIINlYiA1ALLTLTIRAe (Ultimate Tensile
strength) wagAnlugdan1sgavesian (Modulus of elasticity) Hengangn Ingnisinunsy
wusmiseenuuulawn Wesiwuinunukdulun1sfiu (nfill density) tazdruauaauniul

s . 9 . ! A = o a < =

a3 (Concentric Fiber ring) Tuduil 1 fin13ALiun1sMAaauUAINLTILTIRINIUNINTFIY
n1snaaeuiannadiuesaoulndn ASTM D3039 1agduaunisnaassnavun 9 JUluy
neaegngUuuuas 5 A%y sundudunumeaey 45 Junu anntuiteyaiildainnismaaes
wasaduaunisdaemaunuiiediainis (Kriging) wazdraunisnaunudeyadnailuly

Tumsmeannunzauiigasis tunawisisiugnssunisdaaruilinseud1 (Non-dominated

(%
v 1 a

Sorting Genetic Algorithm) KaainnsmiAmENzaNaanuIrfanmeulndnnasAN sium
v = ! - a1 < =2 A & YA o
meRaulyniseanuuuludiun 1 aelirnnuulaussdisgegn Weonslviiduiuauniuly
WesIwIu 3 9 4 3 wazAlugdarugavesiagiveuniniisiadialndlAgaiuuay
= ¢ & & a o s & & 1 A Y l «:4' =
Tesidudnsiud 50 Wesuduneinulagrannismawnangauigadaiuns

ldldlunsivuernisiiuidanaeulndaiUssu lny
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Fosfinnsandeguigunsmesdunuiin iy wasdismuAuddosmesnisiiuiduleYa
GEIEAE ot 1]

noudl 2 lunsesnuuunsianitanreulndnddiifundssduussdndnividly
wiunegesuussduisiaulagniigidevelsauiouuieizea N Auiduningnsnssy wiy
yaaeufina11Uszneuluferfsvesuiunaaey sewmesluiinddsty 36 Alantu Tusa
dm3vldluuviuneaey gunsal Load cell uagnaesdiiuussdndaldainniseonuuunis
naaasludui 3sluniseanuuuareenuuuandudiugesdunkudiuussinuuin 95x
168.3x6 fiaduns laon1sneassludinil 2 dasnnaesdeiSlnluddaiuud uazmavaaos
fanandudunsderendiniuouda anluga ANSYS ACP dudulupadililunisdusuuay
Anreitanaeulnanainueudalasanty lunmsvaaeuldimuslvdusduaunudaie
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ARTICLE INFO ABSTRACT
Keywords: Composite materials play a prominent role in modern engineering. The g of posite material
3D printing technology has brought about a profound impact on almost, if not all industries. The aerospace industry, for

Composite material

Multi objective optimization
Surrogare model

‘Tensile test

instance, benefits greatly from composite materials. With composites, aircraft weight can be reduced while the
structural strength is maintained. As with other classes of materials, 3D printing technique allows composite
parts of high complexity to be fabricated with great precision. Additionally, with 3D printing, mechanical
properties of the resulted part can be accurately customized and controlled by means of varying matrix-
reinforcement proportions. As the composite material can be indefinitely customized in 3D printing, it is
crucial to evaluate the mechanical properties of the printed specimen. While testing of printed specimens is
usually possible, endless production and testing of specimens not only takes time and resources but also leads to
extensive experimental waste. In this siudy, an optimization-based technique is proposed to determine the
optimal 3D printing matcrial proportion in order to reduce the need of unwarranted experimental waste and
improve the efficiency of composite material selection process. The study aims to investigate the properties of
Onyx/Carbon fiber composite material and the optimization of the 3D printing ¢ ion to achieve d; bl
mechanical properties. The effects of the number of carbon concentric fiber rings and the percentage of infill
density of Onyx used in 3D printing were examined. ASTM D3039 tensile tests were performed to obtain me-
chanical properties of the printed specimen. Considering the values of tensile strength and modulus of elasticity
of the printed material, the printing configurations were optimized using a multi-objective non-dominated
sorting genetic algorithm II (NSGA-II) with the Kriging model for objective function estimation. From the pro-
posed optimization technique, it has been found that the maximum tensile strength is attained when the number
of concentric fiber rings is equal 1o 3 while the percentage of Onyx infill density falls in the range of 86-90.
Contrarily, the modulus of elasticity is maximized when the number of concentric fiber rings is equal to 4 with
the percentage of Onyx infill density in the range of 70-75.

1. Introduction aviation industries are among examples where composite materials are
extensively used to cater stringent requirements for lightweight mate-

Composite materials have become a prevalent material option in rials with yet exceptional mechanical properties. Setlak [1] has pre-
various engineering applications owing to their high strength-to-weight sented the comparative characterization of the structural materials
ratio, versatility, and customizability to fit certain needs., pace and including composite material used in aviation structure and showed the
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ple of al p structure which prevents delamination
and strongly propagating cracks in structure. Suchat [2] used the
epoxidized natural rubber and nanosilica to improve the impact strength
of epoxy nanocomposite as reinforced materials that composite material
showed the great potential to be used as raw material for propeller
blades of unmanned aerial vehicles (UAVs) based on physical properties
evaluated within the scope of the study.

Composite material 3D printer is a composite-material specimen
fabricating machine in which the type of materials, the geometry and the
ratio of the material compositions can be configured, allowing the me-
chanical properties of the printed specimen to be controlled to meet
diverse demands. Studies have been conducted in the recent years to
explore various means to control mechanical properties of the printed
materials as well as to explore potential applications of 3D printing
technology. Li etal. [ 3] suggests that the geometry and fiber filament fill
pattern significantly affect the tensile properties of 3D printed contin-
uous carbon fiber reinforced thermoplastic composite material. The
experiment performed by Ramalingam [4] shows that the hexagonal
infill pattern possesses the optimum energy absorption over other pat-
terns while inappropriate setting could lead to the unfitting properties.
Experiment conducted by Sanei [5] demonstrates that 3D printed
continuous carbon fiber onyx composite samples possess inferior me-
chanical properties to conventional carbon fiber reinforced epoxy
specimens due to lower volume fraction of fiber and poorer properties of
matrix. Nevertheless, the 3D printed composites hold great potential in
various applications owing to rapid advancement in printing technology
that allows the fiber direction to be precisely controlled.

Fabricating composite material with 3D printing offers a notable
advantage of combining the flexibility of 3D-printing technique in which
complex design can be easily handled with the izable nature of
composite materials where proportion of reinforcement and matrix can
be controlled to achieve desirable properties. However, an inherent
challenge of composite material 3D printing is to adjust the printing
condition and to calibrate the proportion of matrix-reinforcement to
achieve the optimum of mechanical properties in the printed compo-
nents, aligning them to be suitable with their lication, while mini-
mizing material wastage.

In determining the optimal printing configuration, a combined
optimization technique with a surrogate model is shown to provide
satisfactory results. Surrogate models are used in various engineering
applications including optimization problems where experiments are
complex, expensive, or time-consuming. Such models are used for esti-
mating a fitness or objective function landscape given that a set of
training data is provided. In optimization, different surrogate models
can be employed, including a radial basis function (RBF) interpolation
[6], a response surface model (RSM) [7], a Kriging surrogate model [5],
etc. Optimization techniques with surrogate model have been studies
and proposed by a number of researchers. Bellary [9] used several
Kriging variants along with a resp surface approximation fi i
to optimize the performance of a turbomachinery system. Leusink [10]
used genetic algorithm and surrogate model based on CFD to design
helicopter rotor blade with multi-fidelity optimization.

The Non-dominated Sorting Genetic Algorithm (NSGA-II) [11] is
among the most prevalent algorithms used in optimization owing to its
high level of scalability and capacity in handling large-scale and com-
plex optimization problems with multiple decision variables and ob-
jectives. Studies have been conducted to incorporate NSGA-II in
optimization, Ariyarit used NSGA-II is used in airfoil design optimization
[12] and later in optimization of helicopter rotor blade design [13].
Zhou et al.[14] applied NSGA-II with multi-fidelity surrogate model to
solve computationally expensive problems. Phiboon [15] also employed
NSGA-II for multi-fidelity multi-objective airfoil design for fixed-wing
UAVs. In order to ensure applicability and validity of the mechanical
properties of the optimal composite, a standardized tensile test must be
performed to precisely obtain the tensile properties of the material
specimens. Among the lardized tests available, the test desi; 1

Materials Today Commumications 37 (2023) 107362

Table 1

The mechanical properties of Onyx as composite based |20].
Properties Test (ASTM) Onyx
Tensile modulus (GPa) D638 24
Tensile stress at Yield (MPa) D638 40
Tensile stress at Break (MPa) D638 37
Tensile strain at Break (%) D638 25
Flexural strength (MPa) D790 71
Flexural modulus (GPa) D790 3.6
Izod impact notch (J/m) D256 10A 330
Density (g/cubic meter) - 1.2

Table 2

The mechanical properties of Carbon as continuous fiber [20].
Properties Test (ASTM) Carbon
Tensile strength (MPa) D3039 800
Tensile modulus (GPa) D3039 60
Tensile strain at Break (%) D3039 1.5
Flexural strength (MPa) D790 540
Flexural modulus (GPa) D790 51
Flexural strain at break (%) D790 33
Compressive strength (MPa) D6611 62
Compressive Modulus (GPa) D6641 0.7
Compressive strain at break (%) D6641 105
Izod impact notch (J/m) D256 10A 960
Density (g/cubic meter) - 1.4

Fig. 1. Markforged X7 3D printer printing specimens.
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Fig. 2. Visualization of laying specimen on Markforged X7 printing bed.

Rectangular Triangular Hexagonal

Fig. 3. The fill pattern example: (1) Rectangular pattern, (b) Triangular
pattern, and (c) Hexagonal pattern.

by the American Society of Testing and Materials (ASTM) offers a sys-
tematic and easily repeatable testing procedure and hence is commonly
used in research community. In Velmurugan experiment [16] the ASTM
D638 has chosen to determine the tensile properties of reinforced and
non-reinforced plastics, whereas in the 3D printed composite researches
(3] and [5] the ASTM D3039 standard [17] for polymer composite is
employed.

In this study, a pioneer method based on multi-objective optimiza-
tion is proposed to determine the optimal 3D printing configuration of
Onyx/Carbon fiber composite. The integration of the Kriging surrogate
model and the NSGA-II optimization algorithm, aimed at optimizing
both tensile strength and modulus of elasticity is performed. This com-
bination has never been explored before in the field of composite ma-
terial 3D printing design.

2. Multi-objective optimization
2.1. Specimen preparation and testing

2.1.1. Material

A composite material is a material consisting of 2 position:
referred to as Matrix and Reinforcement. In this study, Onyx, the fusion
of engineering nylon and chopped carbon fibers, is selected as a matrix
while Carbon fiber is used as a reinfc The 1 | properties
of Onyx and Carbon, from the datasheet provided by Markforged [13],
are shown in Tables 1 and 2, respectively. The combination of strength
and lightweight of the two materials is the reason for the material option
used in this study.

2.1.2. Printer specification

The experiment was conducted based on the capabilities of the
Markforged X7. The composite material 3D printer is designed to meet
the demand of using continuous fiber to reinforce the part of matrix as
well as composite material whereas the model could be openly fabri-
cated by 3D printing under the constraint of model dimension. Mark-
forged X7 features printing bed which has the building volume of 330 x
270x200 millimeter as shown in Fig. 1. Along with this build volume, it
is capable of printing 5 specimens per one printing order at the same
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1
Roof :
layers 4
5
6
7
8
9
10
Floor 1
12
layers 1

Fig. 4. Example of specimens has 4 roof layers, 4 floor layers and a total of
13 layers.

time as shown in Fig. 2.

2.1.3. Printing configuration

To investigate the effects of the matrix infill density and the number
of concentric fiber rings of the reinforcement on the mechanical prop-
erties of the resulting composite, the printing configurations are
controlled by adjusting the following settings:;infill settings and rein-
forcement settings.

2.1.3.1. Infill settings. The matrix infill setting comprises of selections of
infill pattern, infill density, roof & floor layers, and wall layers. Fig. 3
shows different infill patterns, each of which offers distinct advantages
in the resulting specimen. According to the work done by RAM-
ALINGAM [ 4], it was found that the hexagonal infill pattern possesses
decent characteristics in terms of impact load or energy absorption.
However, the rectangular pattern provides the widest range option to
custom the fill density (0-92 %) when the triangular and the hexagonal
pattern can be customized between 18 % and 62 % and 36-72 %
respectively. The setting for roof & floor layers refers to the layers of
total number of upper and lower matrix layer as depicted in Fig. 4. The
wall layer setting refers to the number of solid matrices that are printed
along the wall part.

2.1.3.2. Reinforcement settings. The isotropic fiber pattern routes fiber
back and forth in a zig-zag manner accurately to simulate the layering
found in traditional laminated composites, it can resist the bending force
that results in tension load and compression load along the fiber direc-
tion which applied the tensile or compression loads in the right direction
as shown in Fig. 5 demonstrates how the fiber resists the load in its right
direction. The fiber orientation can be described by fiber angle as shown
in Figs. 6 and 7. The fiber angle can be manually configured angle for
each layer of fiber.

If the isotropic fiber filling option is selected, two concentric fiber
rings are formed around the exterior of the specimens by default to
ensure smoothly reinforced external surface. Nevertheless, the number
of fiber rings can be adjusted to obtain desired reinforcement capability.
The isotropic fiber filling option with different numbers of concentric
fiber rings is shown in Fig. 8. The printing conditions for both Infill and
Reinforcement settings are shown in Table 3.

2.1.4. Tensile testing configurations

In this study, a tensile test is performed to determine tensile prop-
erties of the printed composite including stress-strain response, tensile
strength, and modulus of elasticity.

2.1.4.1. Shape of specii and di Itisac practice to
use a rectangular cross section specimen for ASTM D3039 standard test.
According to the standard [3], it is advisory that the minimum length of
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Compression loads direction Tension loads direction

(a) (b)

X

Fig. 5. Bending force in direction which can be resisted by fibers. (a) Compression loads (b) Tension load.

2 YD PRV DTN 92

2 concentric fiber rings

Z/Z;z/,;.«,,a 2200 2

+0

D7 T YD

3 concentric fiber rings

20 0N 2¢O 2o

Fig. 6. Isotropic patiern specimens with coneentric fiber rings.

Fig. 8. Isotropic pattern specimens with concentric fiber rings.

(@)@ =0° (b) 6 = 90° Table 3
Printing customization for specimen.
b s, O R Infill settings
N\ i Fill pattern Rectangular pattern
N NG, Fill density 50 %, 70 %, and 90 %
Roof & Floor layers 4
Wall layers 2
Reinforcement settings
Total fiber layers 10
Fiber fill type Isotropic fiber
/ \ Concenric fiber ring 2,3, and 4
3 | Fiber angles (Degree) 45, -45
( C) 6 =45° (d) 0 = -45° the specimen is computed using the following expression: In all exper-

Fig. 7. Isotropic pattern with different fiber orientation.

iments, 150 mm-long, 15 mm-wide specimens with 15-mm grippin:

length for each side, and 70-mm gauge length is used as shown in

2.1.4.2. Tensile testing procedure. As shown in Fig. 9, all specimens are
marked with lines to indicate the gage length and the gripping length.
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150 mm

le—24mm “15mm.1_ 72mm

(@

®)

Fig. 9. Standard rectangular tensile specimens: (a) tensile specimen size and
(b) tensile specimens.

Table 4
The tensile test design factors.

Factor Level of factor

Low Medium High
Infill density (%) 50 % 70 % 90 %
Concentric fiber ring 2 3 4

Upper grip

Fig. 10. Tensile testing specimen is tested in the universal testing ma-
chine (UTM).

The gage length is used to ensure that the test result is valid while the
grip length is used to indicate the clamping distance between the grips.
After the specimen is attached to the Universal Testing Machine (UTM)
and is firmly gripped, an upward load is applied at the upper while the
end of the lower grip is fixed. During the test, the upward load at the
upper grip is gradually increased until the specimen breaks. The test is
performed using 100 kN Lloyd UTM with a 2 mm/min loading rate.

2.1.5. Design of experiment

The full factorial design is selected to design the tensile testing
experiment as the method allows estimation of the main effects as well
as the interactions between factors. By testing all possible combinations
of factors and levels, the full factorial design provides the relationship
between the factors and the design variables. The experimental design
was carried out using a general full factorial design with 2 factors and 3
levels, as listed in Table 4. Each of the 9 specimen conditions is subjected
to 5 tensile tests, resulting in the total of 45 experiments being con-
ducted. Fig. 10.
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Design of
experiments

v

Tensile testing

B

a )

Multi-objective function via
Kriging surrogated model

v

Multi-objective
optimization via NSGA-II
_ J

End

Fig. 11. Operation process of Multi-objective optimization for tensile proper-
ties of 3D print Onyx/carbon fiber.

2.2. Multi-objective optimization for tensile properties of 3D print Onyx/
carbon fiber

In this study, the multi-objective optimization process involved
designing the tensile testing experiments using a full factorial design. A
surrogate model is then constructed using kriging model based on the
experimental design variables. The NSGA-II algorithm is employed to
obtain the Pareto solution and to maximize both the tensile strength and
the modulus of elasticity of the specimens. The process of optimization is
presented in the Fig. 11.

2.3. Multi-objective function via Kriging surrogate model

Surrogate models are utilized in multi-objective optimization to
approximate the values of objective functions and constraints as exact
evaluations of these functions are often computationally expensive.
Kriging is considered one of the most practical surrogate models to be
used in multi-objective optimization since the model offers fast yet ac-
curate approximation of objective functions and constraints. This
greatly reduces the computational cost and improves optimization effi-
ciency, leading to improvement in solution quality especially for
computationally expensive problems. In order to train the kriging sur-
rogate model, input-output data is necessary. In this work, the input
consists of the design variables obtained from experiment whereas the
output the response variables, i.e., the objective functions.

The ordinary kriging method predicts the unknown function as
shown in following

¥(x) = p(x) +e(x) )
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—b[ Evaluation/Selection ]

Terminal
check

Fig. 12. Operation process of genetie algorithm.

Where yi(x) denotes a global model and &(x) denotes a local model.

In Eq. (1), the unknown function can be predicted using an ordinary
kriging method as described in [3]. Using Gaussian random function, the
sample points x can be interpolated. The correlation between Z(x;) and
Z(x;) is related to the distance between the two corresponding points,
x;and x;. The distance function between points x;and x; is described
using the following equation.

‘1(,‘-,,,r,) =Y - @
k=1 :

where 0%(0 < 0% < o) is the k'"element of the correlation vector
parameter,6. The correlation between points x;and x;is defined as

Corr|Z(x:), Z(v;))| = exp[ —d(x:.x;)] 3)
The kriging prediction can be described as follows

$(x) = p(x) +r R (F —p) 4)

where Z(x;)represents a local deviation from the global model [19], F —

[f (o1 )of(x5) f(x3), . . f(xa )]Tis the value of the evaluated function value

atX — {x;, x,. Xy, ..X,}, Rdenotes the n x n matrix in which the (i, j)

entry is Corr'Z(x;), Z(x;)|, n is the number of sample points, and r is the
vector in which the i"element is

ri{x) = Cnrr'}:l(,\'). Z(,\’)] (5)

In the original kriging model, it is assumed that y(x)is constant, and
the estimate for u(x), denoted as fi, is given by

A= [px), u(x), u(x), . , plx)] ©6)
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Fig. 13. Ranking by NSGA-II (Minimization f1 and f2).

It is defined as

I'R°'F
He) = TRy (7)
The parameter, 6, in the kriging model can be determined using
maximum likelihood estimation (MLE) given by the following equation

m(u, 2 9) =

Maximum Likelihood Estimation (MLE) is an m-dimensional
nonlinear optimization problem without any constraints, which can be
solved using a genetic algorithm (GA) as proposed by Goldberg and
Holland [20]. For a given ¢, the variance ¢° can be calculated from

” In(@?) - () (®)

» _ (F=@'R'(F-7) ©

n
The mean squared error, s%(x) at point x of this function can be
calculated using the following equation

(1—1R"'r)’
1R 11

x) = o|1=rR '+

(10)

where 1 denotes an n-dimensional unit vector.

2.4. Multi-objective
algorithm IT

via

d sorting genetic

NSGA-II is a powerful and widely used algorithm for multi-objective
optimization that has several key advantages. It handles multiple con-
flicting objectives by generating a set of non-dominated solutions and
maintains diversity among solutions using a crowding distance measure.
NSGA-II can also handle problems with constraints is capable of
handling large-scale problems. Additionally, it is a robust algorithm that
quickly converges to the Pareto front. These features make NSGA-II a
versatile and effective algorithm for solving a wide range of optimiza-
tion problems.

The ordinary genetic algorithm (GA) is a searching algorithm that
uses the genetic operators such as the selection, crossover and mutation.
The simple genetic algorithm flowchart is shown in Fig. 12.

The Nondominated Sorting Genetic Algorithm II (NSGA-II) is an
improved version of NSGA and is widely employed in solving multi-
objective problems. NSGA-II is rep ited by dominated points
and crowding distance sorting. Elitism is used to select the individuals
for the next generation, and the new generation is filled sequentially
with each front until the population size is increased, as depicted in

Fig. 13.
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Fig. 14. Results of Tensile strength from varions 31) Onyx/carbon fiber printing conditions.

In this work, The NSGA-II is selected to find the pareto solution to
maximize the tensile strength and modulus of elasticity of the
specimens.

e -

for multi-objective op ion

3. Design probl
The 2 objectives of the optimization problem are to maximize the

value of tensile strength as well as the modulus of elasticity. The opti-
mization problem can be expressed as.

1700

1500

Modulus of elasticity (MPa)

18

Maximize: Tensile strength.

Maximize: Modulus of elasticity.

The 2 parameters in this optimization problem are the percentage of
Onyx infill density and the number of concentric fiber rings. Each of the
parameters has 3 levels for optimization as given below:

Infill density: 50 %, 70 % and 90 %.

Concentric fiber ring: 2, 3 and 4.

The design space is defined by the percent infill represented as
continuous data with the upper and the lower bounds of 90 % and 50 %,

1000

502 503 504 702

703 704 902. 903 ([ 904

Printing conditions

Fig. 15. Results of Modulus of elasticity from various 3D Onyx/carbon fiber printing.

conditions.
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Table 5
Analysis of variance of tensile strength of specimens.
Source DF  AdjSS  AdjMs F P-
Value Value
10
Model 8 85624  1070.3 494 0.000
. Lo,
Lincar 4 5856.4 1464.1 6.76 0.000 ;Q;’z""c_‘\_\‘v
Infill density 2 366.7 183.3 0.85 0.437 = 1 S48
Concentric Fiber ring 2 5489.8 27449 12,67 0.000 %‘
2 Way Interactions 4 2706 676.5 3.12 0.026 <
Infill density*Concentric fiber 4 2706 676.5 312 0.026 —,;:En 160
ring 5
Error 36 7800.1 216.7 s
Total 44 163625 o 1
D
-
Table 6
Analysis of variance of Modulus of elasticity of specimens.
Source DF  AdiSS  AdjMS  F- [
Value Value
Model 8 509404 63676 7.18 0.000
Linear 4 265557 66389 7.48 0.000
Density 2 250034 125017 14.09  0.000 " o s 7
Concentric Fiber ring 2 15523 7762 088 0426 Fig. 16. Effect of parameters to Tensile strength of the optimal specimens.
2 Way Interactions 4 243847 60962 6.87 0.000
Infill density*Concentric fiber 4 243847 60962 6.87 0.000
I'l“g P e
Error 36 319482 8875 A
Total 44 828887 P
1500 / l
respectively. The quantity of concentric fiber ring is represented as } \
discrete data with the upper and the lower bounds of 4 rings and 2 rings, e g0 ‘l |
respectively. The surrogate model is then constructed through the g ' 4m|‘
Kriging method. 2z 1
2 nsn‘|
4. Result and discussion K nm{
@ —
Tensil A o 5 ) ]:Vl‘ P
4.1. Tensile properties of onyx/carbon fiber composite 2 |' P
2 owi
The printed specimens are tested for tensile properties as designated % s | /
by ASTM D3039. Each specimen is named using a 3-digit number. The

first 2 digits refer to the percent infill and the last digit refer to the
number of concentric fiber rings. The results of the tensile tests indicate
that the tensile strength of the composite increases with the number of
concentric fiber rings. A similar trend is observed for the modulus of
elasticity, which also increases with the infill density. However, at the
infill density of 90 %, the result shows that a smaller quantity of
concentric fiber rings results in a higher value of the modulus of elas-
ticity. The maximum values of tensile strength and modulus of elasticity
are obtained by the optimum proportion of matrix together with the
optimum quantity of concentric fiber rings. The maximum tensile
strength is obtained with 70 % infill (Matrix density). While the tensile
strength at 90 % infill is less than the value at 70 % infill as noted from
Fig. 14, the observation is likely due to large experiment variance. For
the modulus of elasticity, the highest value is attained at 90 % infill with
2 concentric fiber rings as observed from Fig. 15. The higher modulus of
elasticity indicates that the 90 % infill specimen has a superior strain-to-
elongation ratio compared to other specimens.

The results obtained from the experiment show that both percent
infill density and the number of concentric fiber rings individually af-
fects the tensile strength and the modulus of elasticity. Fig. 14 shows
that the tensile strength value is increased with the trend of increasing
the number of concentric fiber rings. The tensile strength being
increased is due to the increasing of the volume fraction of the rein-
forcement fibers that has more value tensile strength than Onyx ac-
cording to datasheet in Tables 1 and 2.

Additionally, the modulus of elasticity value increases with percent

of infill density as shown in Fig. 15. As infill density increases, the

e 4
65

'}olnl;”

Fig. 17. Effect of parameters to Modulus of elasticity of the optimal specimens.

material filaments are more closely packed together, resulting in a more
rigid structure. Moreover, the greater density reduces the presence of
gaps within a specimen, affecting the increased stiffness of the specimen.
The results of the tensile strength and the modulus of elasticity from
the experiment, considered by the analysis of variance at the 0.05 level
of significance, are shown in Tables 5 and 6, respectively. For the Tensile
strength analysis from Table 5, It found that the value of P-value for the
analysis of infill density was found to be 0.437 and it is greater than
alpha level. However, the analysis for two-way interaction, P-value was
found to be 0.026 with the F-value of 3.12, indicating that the interac-
tion of the infill density and the number of concentric fiber ring has a
significant impact on the tensile strength of the specimens. Despite the
fact that the null hypothesis for individual factors was not rejected by
the statistical analysis, the statistical significance of interaction of two
factors is worth a mention. Similar to the analysis of variance of the
Modulus of elasticity from Table 6, it is also found the P-value for the
analysis of the number of concentric fiber rings to be 0.426 whereas all
others P-value were found to be zero including the two-way interaction
of the infill density and the number of concentric fiber rings. The results
suggest that the interaction of these two factors is significantly
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Modulus of elasticity (MPa)
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Fig. 18. Pareto frontier and optimal direction.

influenced by the modulus of elasticity.

In summary, while the analysis of variance does not provide the
conclusive evidence against the null hypothesis for individual factor, the
interaction between the infill density and the number of concentric fiber
rings appeared to have a significant impact on both the tensile strength
and the modulus of elasticity.

4.2. Multi-objective function via Kriging

The influence of parameters (Percent infill and number of concentric
fiber rings) on the tensile strength of the solutions and on the modulus of

Materials Today Communications 37 (2023) 107362
4.3. Optimization results via NSGA-II

The results of multi-objective optimization are shown as pareto
frontier in Fig. 18. The relationship of the design variables (parameters)
and the objective functions are shown with the Parallel Coordinate Plot
in Fig. 19. It is observed that the maximum tensile strength is achieved
when the sp contain 3-4 ric fiber rings as demonstrated
with red lines from Fig. 19 that the tensile strength of the optimized data
are maximized around 180 MPa when the specimens contain 3-4
concentric fiber rings. Additionally, it is found that the maximum
modulus of elasticity is achieved when the specimens infill density is 90
% as demonstrated with the green lines in Fig. 19. Further increase in the
percent infill does not lead to improvement in modulus of elasticity due
to a higher volume of onyx.

4.4. The reliability of optimization

The reliability of the multi-objective optimization is evaluated by
cross validation method. Fig. 19 shows the tensile strength result with
the R-Square value of 0.95716. The plot of the modulus of elasticity is
given in Fig. 20 with the R-Square value of 0.90289 indicating that the
data is less distributed compared to the case of the tensile strength.
Fig. 21.

5. Conclusions

This study presents the optimum solution of Onyx/Carbon fiber 3D
composite material printing condition obtained from Multi-objective
single fidelity optimization using NSGA-II algorithm and kriging surro-
gate model. The design variables of the optimization are the percent
infill (matrix density) and the quantity of concentric fiber rings. The
objectives of the optimization are to maximize tensile strength and
modulus of elasticity. The specimens were manufactured with 3D
composite material printer and were tested with the procedure desig-
nated by ASTM D3039 standards. The tested results are used in the
optimization procedure as well as to provide the optimum solution
repr d as the pareto frontier with the optimal direction. The PCP

elasticity of the solution constructed via Kriging surrogate model are
represented by the three-dimensional surfaces as shown in Figs. 16 and
17, respectively. Since both infill density and concentric fiber ring affect
the tensile strength and modulus of elasticity individually, a multi-
objective optimization design technique was applied in order to find
the optimum configurations.

Infill density (%) Concentri¢ fiber ring

Fig. 19. The Parallel Coordi

Plot of d

plot that provides the information of optimum proportion between the
percent infill and the quantity of concentric fiber ring is also presented.
Using previously described methodology, it is observed that

e an increase in the number of concentric fiber rings led to a corre-
sponding increase in the material tensile strength.

- 1600
+ 1500
1400
{1300
1200
1100

I 1000

Modulus of elasticity (MPa)

SR S s
Tensile strength (MPa)

d solution.




104

N. Petcharat et al.

Tensile strength Cross-Validation

170

5
160
150 1

Prediction (MPa)
3

130
120
110
120 130 140 150 160 170
Experiments Results (MPa)
Fig. 20. Tensile strength cross validation.
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Fig. 21. Modulus of elasticily cross validation.

e The modulus of elasticity increases with both the number of
concentric rings as well as the infill density. However, when the infill
density is 90 %, a lower quantity of concentric fiber rings leads to a
higher modulus of elasticity value.

e The maximum tensile strength is attained when the number of
concentric fiber rings is 3 and the percent infill is in the range of
86-90.

e The maximum modulus of elasticity is reached when the number of
concentric fiber rings is 4 and the infill density is between 70 % and
75 %.

Materials Today Conununications 37 (2023) 107362

e The R-Square values of cross validation between the results from
experiment and the prediction model of tensile strength and modulus
of elasticity are 0.95716 and 0.90289, respectively.

Declaration of Competing Interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Sujin Bureerat reports financial support was provided by National
Research Council of Thailand.

Data availability

No data was used for the research described in the article.
Acknowledgments

The authors are grateful for the support from the National Research
Council of Thailand (NRCT), Grant No. N42A650549.

References

[1] L. Setlak, R. Kowalik, T. Lusiak, Practical usc of composite materials used in
wmilitary aircralt, Materials 14 (17) (2021) 481

2] S. Suchat, A. Lunna, A, Chotiklmmn, S, Hizirogly, Some properties of composite
drone blades made from nanosilica added epoxidized natural rubber, Polymers 12
(6) (2020) 12

[3] 1. Li, W. Lin, L. Sun, Mechanical characterization of 31 printed continuous carbon

fiber reinforced thermoplastic composites, Compos. Sci. Technol. 227 (2022),
109618,

[4] P.Sethu Ramalingam, et al., Effect of 3D printing process paramefers on the impact
strength of onyx-Glass fiber reinforced composites, Mater. Today.: Proc. 45 (2021)
61546159,

[5]1 Sanei, Seyed Hamid Reza, et al. Draft: Mechanical Properties of 3D Printed Fiber
Reinforced Thermoplastic. In: Proceedings of the ASME 2019 International
Mechaunical Engineering Congress and Exposition IMECE2019, Salt Lake City, UT,
USA. 2019. p. 8-14.

(6] S. Chen, €.F.N, Cowan, P.M. Grant, Orthogonal least squares leaming algorithm for
radial, IEEE Trans. Neural Netw. 2 (2) (1991) 303,

[7] A.L Khuri, 8. Mukhopadhyay, Response surface methodology, Wiley Interdiscip.
Rev.: Comput. Stat, 2 (2) (2010) 128-149.

[8] G. Matheron, Principles of geostatistics, Econ. Geol. 58 (8) (1963) 1246-1266.

9] S.A.L Bellary, A. Samad, 1. Couckuyt, T. Dhaer ative study of kriging
variants for the optimization of a turbomachinery system. Comput. 32 (2016)
49-59.

{10] K. Deb, A. Pratap, S. Agarwal, T.A.M.T. Meyarivan, A fast and elitist multiobjective

orithm: NSGA-II, TEEE Trans. Evolut. Comput. 6 (2) (2002) 182-197.

, D. Alfano, P, Cinnella, Multi-fidelity optimization strategy for the
2n of helicopter rotor blades, Aerosp. Sci. Technol. 42

A compa

genelic a

111 D. Leusin
industrial aerodynamic des;
(2015) 136-147.

[12] A. Ariyarit, M. Kanazaki, Multi-modal distribution crossover method based
crossing segments bounded by selectes nts applied to multi-objective

optimization, J. Mech. Sci. Technol. 29 (2015) 1443-1448.

[13] A. Ariyarit, M. Sugiura, Y. Tanabe, M. Kanazaki, Hybrid surrogate-model-based
multi fidelity efficicnt global optimization applicd to helicopter blade design, Eng,
Optiny. 50 (6) (2018) 1016-1040.

[14] Q. Zlion, J. W, T. Xue, P. Jin, A tWo-stage adaptive nmlti-fidelity surrogate model-
assisted mulri objective genetic algorithm for computationally expensive problems,
Eng, Compul. 37 (2021) 623-639,

[15] T. Phiboon, K. Khankwa, N. Petcharat, N. Phoksombat, M. Kanazaki, Y. Kishi,

Ariyaril, Experiment and computation multi-fidelity multi-objective airfoil

design optiniization of fixed wing UAV, J. Mech. Sci. Technol. 35 (9) (2021)

4065-4072,

116] G. Velmurugan, D. Vadivel, R. Arravind, S.P. Vengatesan, A. Mathiazhagan,

R. Mohamed Rijuvan, Tensile test analysis of natural fiber reinforced composite,
Int. J. Mech. Ind. Eng. 2 (2) (2012) 56-60.

(171 ASTM COMMITTEE D 30 ON COMPOSITE MATTRIALS, Standard test method for
tensile properties of polynier matrix composite materials. ASTM international,
2008.

[18] Markforged. (2022). Onyx and Carbon Fiber Material Datasheets (REV 5.2).
Retrieved December 20, 2022, from (luips: ZAuarklorged. com/datusheets),

[19] R. Moore, Geostaistics in hydrologys, Kriging #terpolation, Mathematics
Department, Macqudrie Universify, Sydneyy 1999 (Tech. Rep).

[20] 1.B. Booker, . Coldberg, TH. Holand, Classifier systems and genetic algorithms
Artifl Intellad0 @17 3 (1989) 285 982,

wo
m




UseIng e

wgedyudt sl Andleuil 19 wwisw w.a.2562 a Tssneruna duwnmd s
BUNTT WINIIWBUNTT WARUUIET NTANNUNIUAT Aansinutulszondnunillsadeou
Beardinen sedutusseufnuneudutassonfnwmeulansfilsadouuintes sneuin
Y99 Janinuassvdun warlul wa. 2560 laldrfunis@nwsedugaudng a unIng gy

wiealuladasus awiemnssueniaeIu dnsansanul w.a. 2563

a

U w.a. 2564 1WrsumsAnwisnelussauuSayain o uninerdewmalulagdygsuns

¥

VANGNTIAINTTULATONAUALTLUUNTEUIUNNT eNUIAINTTUATONS InFUnIsatiuayuyuy

Y

'
= o a

Juanisssuiauduszazinagd 2 U lnediidanisideneddu nsiuiianmaulndsaluy

q

EN

a

audif MsmAwnnzauan wastyguseivg luseninanisnu lussaudgain lasu

vouninelsiiduvrasulusioiv adddmsuieans sumesidnvesasind sdmsy

uimnssy mslusunsuneufinnesdmivulszgndnisimngsy audid oy

Uyayseivg nsdisulusunsunouinnes wazn1slsuluuieingsy Tlemalasiurinise

fupanansdivsinand uldFunsmeunIHanuSILTaAY 2 e wadu nanuussg

UINITILAVUIUITR 1 20U BagHaUITINTIZAVUILINE 1 2ty

Petcharat, N., Lawongkerd, C., Pukaew, R., Saengthong, T., Ariyarit, A., Kasemsri, R,
Tanaiutchawoot, N., ... & Sae-tang, W. (2021, December). An Evaluation of
Accuracy in Autonomous Parking Application by Using Jetbot Comparing
ResNet-18 and AlexNet Model. In 2021 14" ATRANS Annual conference:
ATRANS Young researcher’s forum 2021 special session (pp.2-8)

Petcharat, N., Wiangkham, A., Pichitkul, A., Tantrairatn, S., Aengchuan, P., Bureerat, S,,
... & Ariyarit, A. (2023). The multi-objective optimization of material properties
of 3D print onyx/carbon fiber composites via surrogate model. Materials Today

Communications, 37, 107362.



	01Cover
	02-Approved
	03-Abstract
	04-Acknowledgement
	05-Content
	06-Abbreviation
	07-CH1
	08-CH2
	09-CH3
	10-CH4
	11-CH5
	12-CH6
	13-CH7
	14-References
	15-Appendix
	16-Biography


    L 0


  ∆ L


    m 2


    m 2


  ∆ L


    L 0

