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ABSTRACT

Cleaner productiomn a sustainable and customised industrial environment has gradually
becomethe focus of attentionn industrial manufacturingAdditive manufacturing (AM)
proposes a revolutionary paradigm for customised engineering design and manufacturing
attributed to s design freedom with limitless structural constsaiis an emerging
manufacturing technology, most manufacturers and researchers are dedicated to th
innovation of A M6 manufacturing mechanisrand the improvement of part quality.
However the understanding of this emerging manufactutaainologyis notyet sufficient

in the resource efficiency perspective, which includesettenvironmental dimensions,

namely production time, electrical energy consumption and material usage.

In ordertompr ove AMOsS r e shisulresiseairsé¢ofpfovidea genealy ,
modelling scheméo predicttime, energy and material consumptionshe AM process,
utilise metaheuristic algorithmgo optimisethe process parametecs AM, and minimise

thethreeconsumptiongi.e. time, energy and material)

A hybrid datadriven andphysicsbased modellingnethod is proposed to build up the
predicti ve ntond ehegy and matedtionsumptionsTo start with all
consumptiorrelatedcomponentsf the existing AM technoldgs are classified into five
types ofmodule axis movement, material processing, material feediogiyponentheating
andauxiliary componentsThen hybrid modelling is performedn each modulé& obtain
the relationships betweethe consumptions and process parametémsphysicsbased
modelling the time, distance of axis movement and amount of material usage are calculatec
from the computer numerical control (CNC) programming langyatg® named €ode)

In datadriven modelling, theemainingparameters are measured through experiménts.
power meter is used to measure the apparent power and time of each module under differel
process parameter3he relationships between the measupstametersand process
parameters arderivedthrough regression analysis methollsaddition some parameters

in the predictive models are affected by ttharacteristics ofmachine andnaterial ina



practical manufacturing conteX@or example, the acl speed of axis movement is affected
by the high loads of stepper motors during kégleed printingTo further improve the
prediction accuracyadditional experiments areonductedto test the actuaValues of
affected parameter3he nature of additional experiments is determined bynthehine

characteristics.

Metaheuristics are developed approximate the Pareto front pfocess parametetisat
consume thdeasttime, energy and materialhe predictive models are used as three
objective functionso evaluate the performance of each solution of process pararSatess
the nondominated sorting genetic algorithm (NS@IA has been widely used to solve
optimisation problemsvith two or three objectives industrial manufacturingthis study
improvesand applieSNSGA-II to this optimisation problenExperiments are designed to
perform the optimisation under different combinations of optimisation paramatses.of
Pareto fronts is obtainedypervolune (HV) indicator is used to compare all obtaiRadeto
frontsbeforefinally selecing the optimum solutiosetsof process parameteis apractical
manufacturing context, the optimisation resalhprovide guidance aratrend for selecting

a feasiblesolution of process parameters.

To validatethe effectivenessof the predictionandoptimisationmethod two case studies
are conducted on two different types of fused deposition modelling (FDM) 3D prifibers.
predictive models of time, energy and material consumptions for each printer have been buils
by following the proposed prediction method. To immothe prediction accuracy,
additional experiments are performed on both FDM 3D printers, including testing the actual
speed of axis movement and the actual density of thermoplastic matedaiding to the
prediction results and experimental resutkee feasibility of predictionmodelshas been
proved, which achievesnaacceptablgrediction accuracy. The consideration of machine

characteristic has also been proved to further improve the prediction accuracies.

Thef f ectoifvenhees sompe t hine daNaSgG-Acarr e al so ver i fi
studlioes.wval uate and colmtpahaereathoe flgnugareti st,o lets

(HV)ndi lcadecern used as the r esponrsaedcoonii neaatcet
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sol s0f onhe Ptalraett breaf maxt mum ahkt¢h é naptciamsom s
for the AM task. Thi s r es wlfte ascaabnhbgi rnoavtii dot
pr osc epsar ameteerpgs ef abFheavopbobinmalt agel uti ons
are compared with the default setting of
t hat the consumptiame &fi gopfi Eamt hesorl mtodnde
significances of optimisation parameter s
crossover probabilitfyotrmeadr ensp @ sboyn aupsei onhga
range anan aylsyi ssi sa AotfO Whaert i hadrdaseo r (dh e g a ftr gessiusl t
t hei gnificances of ®Deti mhegatH¥o e npaitcameotum
consistent I8 nbesthe wopr edisetsi. ve mgdakbksah
rulreedc¢ommbedsetti ng ofadpropd e sns s@dfi @m e dpean es

AM technol ogi es.

The proposegredictionand optimisationrmethod provide a modular, custonaibleand
flexible interface to personalise the predictive modile,optimisatiorobjectivesandthe
processgparameteto beoptimised The method fully considetfie characteristicof AM
machine and materighrocess parametegoduction environmengnd custorardemands.
The use ofmanufacturing information provided bé-code significantly reducs the
workload of the modelling processand achieves anacceptableprediction accuracy.
Furthermore, e proposedmethod is unrestricted to any AM machine, taslcomplex
structure of CAD design, andasso applicable to any other manufacturieghnologieshat

fabricat through numerical control (NC) programming.
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manufacturing technol ogy (dYearaigwe,dL iZW0AZMIM) 1
fabri cadiense ntshiroenea bt (r3dYy g hmoal ehat er i ayerdepy
|l afye&mang et al ., 20A7gemaraly AM @mldoge XD 16«
prefabricati onp,r opcreisrsthpprgg f alond i @ aodsnh o wet iedteadg
design #G@AR)aridn tri angl e |faggrpaog e a(aspliuvn)te of
aided manufasout,waages(oCAM)own as slicer s
After the setting of process parameters |

The toolpath on each hteamput @ars rmpumagrriaamane

programming | andwage, caolmiahpdamded ng stag
machi ne f hbr imidayteeesxaelc u tciordge tclbemm@nds | i ne
materi al i's deposited on the dasidr M 0t2d9

| b hpeo-pt ocessing stage, someprAdc ¢ £ htnlod omr
suchr eamovi sugp piomgat er i al , surface finishin

(Muel l er, 2012)

Compared with subtrathei®ki maannfiactt ght wgi
without addi ti onal ulrdesq ua nids meaohddssmafi od i eng
t echn(oHelglyens et al . -by2a0yle7r) .n altuuert diean AiMe sr ela
faster manufact uocaoampl exf gpamesr riwed,h i nt e
mul t i f uncando nBse,s(pzdrisd@rag , M8 BA0p.r o dwnc tmo d e
adaptiaobbl emass customi dadgiifofnertgno o t¢tade ena h
(Huang et. al ., 2016)

With the | ncirnearsa g toredmamad ®sni A Bld af poruonddu c

an i mport amutmer ol €, i dnocnhauwdniisrag i o n arcygite



45

machinery, medi ci ne, fogdpyeetdocattison i am c
const(Faiagi grWi tthtelodht i nuous i nnovatAM nh acsf
expanthed vari ous dbirfafnecrheenst wiytghesi of§ ®@matder
processing Kmddtrarsi serts . al . (2017) i nvest.
avai bmabieser keThese technowdbgdewermnrecaset @ssia
extrygMEdPdenecygy deDpEDs)iptoiwalrer (HWPeBdF )hiusd em |
( BJ) mat er i(aMJ) jsenteteitngl ami nat i oAt gomn; de sspeovkeyrn
manufacturers are commMAMomadutft acttirei dge vrad
supportingn soorfdtewar teroe apsrygosve danda cust omi s
environmeand,6 (RSP ¢gtabdir es f ociunspirnogv ionng t h e
anmechani cal properties of manufactured
rapid protopgmpmperset Dylme akt ed)davert Réllels
emer gi ng ¢ tedcilhdnpollecaygsym e srsdpde r s psodt irees our ce ¢
nameli ywéeficiency, energegf feif fEiacchhe ypey sgpredc t m:

bencerned for the following reasons.

From ttimef fi ci ency Clpen spéctalvmpdr@d5) he
pr oduca BelecgtiveilagessinteringS L &3 a typi calandv itrejceha
mal diansg a traditional Wwanonofdchgrt paghtehseucl bt Rs
due to the unique manufactur$ingeqeiotbashi &
l ongamuf aci mbiamgthe injection moulTdé og | t ¢
travelling, component heaesnmnge drme mat o©rmi
I ncetehhes mequi reméBhuovBbndBbIS,at hirdGe)s.e a racl hseor s
stattreat t haulghgh pri nti nogimastpereida |( ep rgaadabrle d
accelerate ftthheh chAMtipmwpstaites sur f awietdld ¢ me & ha
resolamidnongegasedembhandg owec ugtrrendceisdddtes ef or
theobpl d&mwot o find a balngnméef beit avleegt iasmigy i

ot her demands is stild/l to be addressed.

From the =energy effi andnclyaphidrdepeesent
deci-supmor t cnoorpdlh et d ea@iddii Itii vy ma& Muafnadc t u
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subtractive (SWalhaudeadctwmi agergy consumpti o
stat ed tdhiastcrtihmei nkaetyi ng vari able 1 <otnhaiwnae
i n the boundainwcentd@dleopensumed enebgyeof
vol ume of material to be added or AMwlsr ac
foundl ¢ s bener gy e fdpiawit & hwriga nv opl ruondeu cfirinagd te
rati o of s wWKpddretnsstertuatiur .2017) al so st a
production of very smal/l batch sikHewevdri
somd the existingedAjdpoeedispdnagpnitesd shNMeet
i ’snable to produce parts with equivalen
Ther efhoer edjevel opment-pofecarnsi einf @cteidvetiloing

AMb6s ener ggn ciomnsautmipltli t o be addressed.

From t he efmfait guregrresdpyebcottihv eAM and traditio
technol ogies face the problem of mat er i a
( Newman etMatler,i a20 g bt e achi ve( &bprwfcaecstsu
gener at ed thty rdecnooawsisnhge r aw mgée e me & tdyetso froebc
paHowewart eri alt hAeM sgreodenss | S € ausasdu plpy rit
structur e i hdcoorndsetrr utcot iroenalo f§ @ a Mmplrexw es tt rhu
efficimosy hralsceasedt on hAevh teergd a3 M npgr oces s e
t@xpltdieti r respective adeédntag@émhmaasdcnava
product ihars tedceal oped, named hybHAdwe vnearn,u f
met hod of usi ng mul tiple manuf act utrhieng
manuf aaovti Urhe rigiamiutf eador tewsroiuRkgcre st he producti o
manufacturiag eéthpokafyy, inglpredi cti on a
can reduce material waste and materi al (o

be addressed.

Research on the prediction and opti misat
mai nl gondraMW technol ogi es, such as cutti ng
Computer numerical conttredhr CiNddaysmimibleleinn @ |
i n oy 8r manufactur iimghlKasidwvess/s.edsbnuf act ur
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busi niehshBe§Swami dass an)dB aWiendecho,dte2@ @ Btr h rcaau gele
the coll aborative use of multipl @antdoalh® r t
forrme deesometdrmpared with AdM, SMei poputl @i
excell ent di mensi onal accuracy, cost ef f
prodAcasmcharoen andTiMas ) velmg aex 29t1i4dng met
energy and materi al copbymptoimpk erh ed ¥ iSMe .
emerging manufacheri elgai ®tdihinlet o@aMaissed nts | |
soft ware on the mar ket can only provide

n AM process. Theormpipdeorxs mahé oni mel gpen

o 9

ased on the part volume, however, negl ec
ti me, Ccompuopnetpitnoedarcini on e¢Atvi proendgniemtt € i s ¢
of sl icert scoafnt waroev itdhea anAMOtsc meat enprggi a
consumpatnidkona ks ommend t he mo st suitabl e
manufacturers in terms of t,heprCADu dteiso g ne

and customer demands.

I n practical manufacturing context, man
energy and materi al consumptions caandsi ¢
reduce the .Thepeaeforeswaappredache and optir
indi one@tdr $ o b e wheivdhinmpbd dAoM i yn d b satl r&imegs ot h ¢
manuf act ur yinlyfad bercihcnaotl@¥gC byr wagn ammi ng.

l1.2Research objectives

The main goal dév ¢ lpore dadeneds iomb |ji tsic ttiove opt
met hodesti matemandenedgyeampt manerfald AM:!
ThebBeee consumptions are selected as the

the following reasons.

Fir,gtlemner production has become t he me

I mprovements in energy, production and ma
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costs but also deliver a number of eayvir
and reducing material waste poll Ani ehfaccd
prediction and optimisation of AMO s t i
significantly 1 mprove the resourceaedf ma
customi sati on.

Secondley,exi sting slicer softwarereoni gih

prediction of r eldostr c 8 o fctomasruenptaonsonl y
deposition process and prowvediealandap @stiotxil
| ac&onpnitdedrmeofenti re AM cycle and the i mp

characteristics, production environment

Thiradlgeneral and systemanhi@ppredclktwionh

energy and materi al consumptions for al
proposed in research to date. Mo st of t
technol ogy, or a singletomjeedi veTheo | be
fundamental approach is a significant gaj

I n t hi s rperseedai ntotldi gol oitfin etgh r e e  d osn spuenrpft o romes
consi det hperioocne sosf par amedremiasc,hc tneed iaic g eF I b € ¢
factors are considered fompat h#cedsfedAiMwi n ¢
machi ne, <pAD dduecseidgnby di fdweretporaldlayclkei de $f
code,afnidlaede f f erent ti me, ener glyh issalda mae et
coding rul es, componens$aoft haidf foepreernatt i mac

compl etel yheréferent.in order to achieve

model | i ng met,iond whsi chr dophoeseadiey diionsg f ul |
manufacturing | nfGcomat icead cpurl atied e dch ebyt i me
amount of materdnilvdéremdoaagl | itmeg daltaul at e

the predictiveempdel msunth&imembéat bé machin
The obtained proendii mntuiev ah ontobdee | 6 @ doebsjse cd fi

opti miSsiantcieondi fferent processopgaeramwméi ehs e
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parameters in thledptedictpirvwaene siendpeultst i n g
parameters into CAMOotiest kenbgelledati inon hef
of each solution.Thife mgroOGe i sp dtdnieaddot patri smi

resatmogy e convincing.

Thmaj or focus of this research work is t
efficiency petbeecpevepteiEltlomeace AMweakne
I mprovement of part guality, whi ch @a@rs m
t hi cknmiscsr asntdr uct ur mabpéBayyd algt dn Adait AHZIf .e,ct
prediction awred loapmtA Mdiss gotasrimm og ut dal oivtehyw st | b ¢

another scope to be developed.

1.3.Research contributions

The contributions of this research work
hybrid modelling method for AM&s <consumg
objective optimisation method for redeci

di scussed in the following sections.

1.31.Contri butions ofohypradidmbidegl!l i n

manuf acttiumea,ngener gy and materi al

One of the maibmiconthreisthytbir egme tniva@de ¢ dd amdyge G

and experi mentDelt anidhasswrf ¢ méomutt 3 . on arse desc

Firgthley modul e <classificateéeloat edd v admp o mae
existing AM technol ogii@»si $ nhovdmermrt t ymats:e
compohenati ng, materi al feedi SigngamaeAMalu X i
t echnepbeorgf or m mat errhhrad uglhe ptolse t coar di nat ec

compondmed d¢ll @ s s ibfaisceadthimonft Uy on of ecaapgih ov o @
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a gemedbhkbuanrder st anding of how the AM mac

participate in the AM process and consume
components, it willodké |eagi @ef te@cpe mioamumh
SecomdIGa,ntt chart | st hfeonmuhgtsedqgqtuendes)p

and correcs@dea de cogtnla@o d sid eerst | d inp atni Mgl ST 0O C ¢
the operationi ro§t reacthe anoldyw lcient ddesccoar mmeasmpdo,n d
profiles and running sequences of &loldemo
commands. dahims met o dtawaor |i ynfroatfas drtasm:n i In)g. s
oblmodul ebse. over tmapisngft i MmedesoNIeopvaerfaolrlagals 0 0

provide cl ear gui dtamtceelnd ,ore nt enreg ymoadred | mantge

Thi rtchley manuf act ur i-cnogd el nifso rsnuaftfii ocn eina s &d
moal | i ng. Sikcnocdee efvielrey c@ n provide detail
i ncludamguritheof mat er i al feeding, t ool pe
i nformationcahoubetastedetbi me of axi s mo
uage@&hi s met hosdh owans alcdggaegdee cao fpirerdi ct i on ¢

reduces the workloddi eenempdei mengs i n d:

Fouraddyti onal experiments are conduct e
model ar ¢ hali § ecdhoehdi maer act apriasdtiiccsali nmanuf ac
for exampl e, tinetboacionugrbrteenpc ed uoef t 0 fi fGskp eha dg |
axi s movememt eamat Rivlh laad dufseeesd ithhge axi s mo\
faileawmh the target speed. Therefore, ad
actual Sspeed .Olbtaxt batbtteeepbgdiobBi on ac
deterimyt med mzblairae.t eAlitsho wgha kiedsri es tsitmeegp t o
the additional exper imeccmhésmariatc i o lab yp recase
manufacturim@asc brteenxtvadedlatedi e t o achi

accuracy
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Final Ipyr,edt me ti bad basede omanG bes wkxttreanaddte
manuf adtSiM)i o gRisrsceod® 1 s usedcoarspud euninwer
control (CNC) progr aAnvmianngd | SM gtueatgken @ Imo gho
model |l i ng and oipst i en pseattti eothh enpea bheopdh e v € @ u n d
genenaaluf actur i ndg atte of harbali &hpeess g byg mmisn g ¢

1.32Contri buti-obpeofi mael opti mi sati on

Dud o the wide application I N nedh@du rsit g tci,
al goraraep mb ineduhletbij ecpi v mi s attiesoena rps lw Icfiedsiis 0 n ¢
process peal ame t &dee tnienaarl approx(iman e TP@L 4¢)
consumptions of time, energy and materi al

whil e the process parameters are used as

Oneonbuoution of the opthionpits aripgoantecawrs 4 6 dt
I nputotftp m@gcess p a rcaommept-aeirese di nnmaon (CfA&)icftourrhien g
gener at-d mde aosf sGhiogvkel. i 8i nce di fferent proc
di f f eceedka&r,e6y new solution of prcoades sanparue
predictive models of ti mefhepti giynea tcdaahma t
produce mor e p tciomiuseastuiil gitgsheee s ol ut he-apt iomal

approxi mat ewhPacrlkeltaos e rr othda ,t he a.ctual optin

Multi-objective optimisation

1 f Predictive modelling :

I
; {} CAM ‘
| (Slicer software) :

CAD Process Layer

. ) = = Path planning of = = Predictive :‘> Optimum solution of
; . i-code
design parameters slicing each layer models ' process parameters
i

Improvement of path planning

Setting a feasible solution of process parameters

Improvement of CAD design

Fiugld:Contri but todbnps cdfi vmau lotpit i mi sat i
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Anot her <cont hiebuwtpitomuims sohati o6n wsietth otfh
mi ni mum time, iahercpywsampgegabvecant he tsetti

process par @mklt er s

Furt herrenfoerrarhemgpnte®di cted consumptions of

wor ks pcoatne neteitaelnndyed t o further reducd atshe

showhiugfel): 1). the i mprovement of design
pl annisgden Gever al studies have propose
mi ni mise the travelinDQhadsesetanktemedfanm«irse

c haplthears. study mainly focuses on the foun
of AMés ti me, energy andi mab¢ghra adne @b s n @
expandabl e ®RbbDksewinltlh adintsi nuent buberdeve

1.4.0ut | itnhee soifs

The organisation oGhaptendhectts sah si atserf aft
of the existhmge repseapedt ives: titrheaengq@Pr o
mat eerfifailcellsb e c-e64t &cerptr e d iamtdi wrpt ment bfadiredo c i n
time, energy andnsalhedrrpalocesss alBpnec e mmas
t PAeMr e s elmaessvlo | ved f i mimmop e sseusbnighact i ve( nd)nuf
technolissdhiess s tath so pr ovitdhees ilaa tlttiretee Ba e d &

on Itihteerature revi ew,, rwhsiecahr cnmo tgiavpast easr et hc

Chappeop®lfe a me worr &«d iachtdi eob|j eict i ve opt i mi
t ec hnoTloo gojeggailnl cored amptdi cmmponeneéecshodl 0
are summari sefilunBtdwedcompomhmheint s are cl| as
axi s movement , matmproinelat pnocesmaiteg) al f e
componkEmdrs,. hybrid model |l i ng | madpeeornf ot M
manufact ur i ngG-ciondieod xmpad raidbmemida s.uCroenmsd mdtes i n ¢

some parameters are affected by the mac!tl
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per f otromeesdt t he actual values of thkope epal

uAbtgcon&empotdieoln i ngobjtehcet invuel tpir ek @am
ristics are arpeplltteedtd Hoep trianaard s Halp wei /00 M
u,. Thoteé) predictive momdte écso nasfu mpitmeo,n se na

ee oObjective functions t dheaashoulsatteep st

mi sati on prionc etshsi.sarceh aipntterroduced

sed on the fera@Bkavwtrdrnt 1 bdd Chaptth ahte hreevt en
l ied in this research worKk. A hypoth
i mi sation method is effective in the
eri al conpumpoipypes dhethe predictive
bl em are defined in this chapter. The
roduced, i ncl udi ng-cdcdce, caflittuttiantgr @tno oble
ressi die anedlhygiss-abpdctnveubpti mi sati o
| adhiendpasi c wodoki hawedf soohi nd NGEGlMe)t,i c
uchi design of experiments used to pe
i catoorewvasleudatte the obtained Pareto fr
eri ment al validation are introduced,
ge analysis and analysis of vari ance

itmmiosna par ameters to the optimisation r

apStdeerscri bes the pvedad ditEs dDF me, energy
sumptions lfphy ®hiacée dmoao e d fitnegjmes mov er
unt of matcechktiailnéddefdri g talree ma ncud daen.t ur
aiven modelling, experimentalalaticoms
ween the measured powresl attedneproddée®as hj

amkefecsed by the machine characteri st

actual materi al densiitoy,al e tecxp)em,a miehnimn
ameters in the predictive model s are
o o@ e, parameters obtandemgarnametugrhs ewlp

ecided by the runninignstlheehcesal osedt ve
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application indication of how to apply

presented.

Chapopperesents thmethgepl i @ithii iceommjidefcit i ve opt
probAempar tNS&GMA It hhiass, beenhowsdblvg apedmis:
with two or three objectives in the area
al gortiot hssear ch f or the opti megmhatol uebeht
mi ni mumpdoBanwme the prsacesasedr amestt ®c ibei
opti mi sed, and all process parameeatde de
genetic (aGAyer iatpiphhe eldi nary toushnmmkbatedel
crossover (SBX) ometatBPoMpandpeaepbilt me badauék e
new generations of TEaenbdbadehtepstsmbaaiodbos
described iBxperiismecnhtaspteaerre Hesiogprnedni sat i
di fferent parameters, including popul ati c
and mutati cErmcir cwhhanbii Iniatt y mar a dpertocopdtaicReass at o
front . B eesxepce raimeshthibleg peol ume (HV)y iapoic e
eval uate the perf orbneafrdoireeche f gieragh e B gf treotmat mf
I n the final section of this chapter, the

met hod to a nprwe Adntsegds.t em i s

Ch aptaeprp It ihes p rporpeodsietdttihoond t o two fused d
(FDM) 3D printers. Baded ca m b tChheat ppeedeadli Icit n
model s of time, energy and materi al Tcoons |
i mprove the praedititomal acxperaicmentas are ¢
valsafomer amet er s, i ncludi ngemédret agndadct

ool yl ac(tR LcfA)al caindke nt materi al

ChapBperesents tama pmpediecsikdiswotneF DM BPadmhnt ¢
pri haer been assigned utadeanpffiernentwop rAdVc etsas
comparisomade between t het lpmeadiucteadd cOonNs
The ©predi dteisoccmalaad wart eeaxe alny absiongte perce
Accordi MAPEe@ s,ih thgerse d incettihoed pr aec & daegawomec ept ab
predicti dtnunrddheuNn®Gral ghest ampl i ed t o sear
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Pareto fronts of amrodAdMestgarspkanit &mde tbe/r ¢ WibcerF D |
Taguchi robust design method 0o aopfleisd & ¢
under di fferent optpompslaati ioon pairaemet eamusn
crossover probabili}y Badh muést i pnoghueods
frdmtadt hhrea maxi mum ck\h tiah eiisopm ogoflourt itohne A M
The optimal solutions have been proved t
with the default seNMdri enqgvedn goé loacneesi sy lspiasi &
vari ANO®A (e appl i dde tsoi gerviafliucaaneces offoropt
t hHeV i ndi dhtomanal ysessrgeufitsesanaodscat eoph

depend on the pmadhaharvaec tneordiesl tsi casn.d

ChapYQseummar i ses t hi sprPdhDo sreess efau tcthr ea nrde s
i ncludes i mprovementpraefdi matcamil &lr ad 0 omau mp
axis movemaesk, pmubhtli el maawdlaicd atrh e gsa e@ex [
macées natnlder AM taeddintoil ®mmgalesgpti mi sati on t
parametredsction and optimisat-tiiome® g u napdtdii

model |l updaandg of predictive model s.
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CHAPTRRI TERATURE REVI E

21 Int roducti on

The goaslt uody t & iageivren ampad tiimaee predi cti ng anc
energy and matemidal tc oes maphipir @ e STsheef nsge | (e ¢
objectives are basrdtimme ddwvelcup memit eTdofo cA
clearly identi ftyhdatheh &we wi ethpgleeve mprsdad acldy
chapteracondtectsaxmpl aresidedvacthoi mptrignveemg r g
and metfdriicidenc AM technol ogi eist Bastdumoa
met hods are evolved fromubetsaatche WEMkuf
resour ce Sefnfciecibeontchy. AM and SM teclmpludgeir
numerical control t(ICNCrelpatoggd apnmme chigct i on
SM technologies are also reviewed in th

defi coéhei esi ng mehnhKdNdda nfuofract uring techn

I n thisheaehayimedelInlgi ng omepttiremlel sctener gy an
consumat e ons vt lpeaa d rheaniseerd |-baseéd ULeaewkeds ead o
| e viehlz.p p | iso &g toiomi tsed h miirogq uienspr ove AM and SM
al so reviewed, in which the optimised obj
process par amet er el aatnedd B f camcst iohopst .iroerur e e n t

knowl edge gapgendéamndi edliisv atye t his researct

221 mprovememt# fofdiomehadiyt i ve manuf

ansglubtracti ve tmamhirf alcd guirea sn g

As an emer gi, n ghMthse ot honudnlado g yms speostse nt iealof a d ad
prototympagecdo nwietnf Mt cercehln oP @igi e 83, Arlar,a 26tl
202Byoffetghe freedom to dedMghasomplax ws d)
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mass customisation on demaetuw|tWwbuthahbd:t
I mpact on the supWhlytehaehrplenf e thall maz (
2020 For i nveutedalmedy, K (LcC9MaON) e mphasi sed 4 éver sl
appli odaimomeated obj ecOMmanwhachursng com
|l ami nati onfTheecbnbéwghi ghlighted tae aemartg
patter nmaikti m gh it glo Isreovbeursatl n edsosmaiinns, i ncl udi
processiings md ddamidmaricshi t ecture auaxbdirc¢ingi It
recent-19pCe DA® i s al so playing an i mport .
faciamndimedi cal Aegopuiap nesto trara.r i (s2@2 ahseh ou ste
not,ice suemsass | dtacre shi el d49 tsewvsaatbisndg ,orarC
pol ymers, oxyeen ntealdv dsunagn dnoddkil s d emohresitr r

Il ncreasing adoption of AM in ¢$he rapid pt

Al t hougédhx AéMpti exmarsasl cust oimpestelméeésai n weal
compared wi tphr oSIMBihnm vmaeds hSARPAORYOR straoel
travelling, component heatesmgeamnde mata¢ i
hi ndering AM frormobei migusgpends ed ap o sietdi. on
technol ogy constructs 3Dabbeemopl d ©irhoau g h
l'i mited pa&ingnisfpiecant | y | mpt gedsspee ciiihall il &1
fabriacfatlivaonhguehhe we,vea hi gh rate of matani a
affect surfacedécneesmdgpgidomnecetacet hde, ene
and | ead t ot lsetceuprprebreanagstt Botfe pidnsuf fi ci ent
materi al,2(QR®h evaaadds hS,at2)RPEe@ ar ding the con
mul ti pl e,tdbej eccotrieveisssuet s eameh afdadmr esbedo
bet ween time efiemandacysanold ashenergy co
Threquan eesf prpetdi vei oaandnodpetl il mingat i emt immait $

timéficiency together with other objecti:

I n the dedtlioovi o.f hdehte gat @ip@agvi nigmBMDesi enc
reviaweds umhmakiaigs2l)d Tlee e ar cfho cnuasiengbeyr spect i
predimdti lotndtsi me consumption and opti mi sa

c ons umhtgiroend inettihmedisnl y i ncluttesede omogpall
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process parameters and machi ne swoirrkc Inugd e:
optimisations of path planadadigtceand.eprodl
are evolresdafrtamwbmpr dvieved i ESM&ancy, the r
and opti mi sfaadri 0SHM nteeachhendcall oedpi eass v 5 @ wminiag e s e
222The prediction metrmodel Imangnlbyasiendc | aurd ema
Gcode and machine characteristics. The o
path planning and production pliannntihneg .f oDe

sections
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Flow of AM process

v

Import CAD design Setting of process Path planning Production planning Printing
parameters
CAD CAM L Task 1 Machine 1
Slicer software
‘ :> - I:> :> Task 2 I:> Machine 2 |:>
y 9 G-code
Task 3 Machine 3
Volume-based Parameter-based State-based modelling
modelling modelling (Zhang et al., 2013:
Predictive  |(Baumers etal., 2012; (Zhang et al., 2015; Campbell et al., 2008)
modelling Di Angelo et al., 2011) Bartolo and Lenz, 2006,
methods Bartolo et al., 2007;
Munguia et al., 2009;
Matias et al., 2009;
Zhang et al., 2015)
Path planning algorithms Meta-heuristic algorithms for
i scheduling problems
(Fok et al., 2016; Fleming et al.,
2017; Volpato et al., 2020; (Lietal., 2017;
Ganganath et al., 2016; Jin et al., Chergui et al., 2018;
Optimisation 2011, 2013; Choi and Zhu, 2010; Baumung and Fomin, 2018;
methods Bui et al., 2019; Shembekar et al., Fera et al., 2018)

2018; Cai and Choi, 2019;
Coupek et al., 2018)

Fiug2d: Exi st iinmt mpersoevaieneghi oifeMn dye chnol ogi es
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Flow of SM process
[mport CAD design Setting of process Path planning Production planning Machining
parameters
CAD CAM Task 1 Machine 1
:> Task 2 I:> Machine 2

<

&

Task 3 |:>

Machine 3

Modelling based on

material removal rate

Modelling based on G-code

and machine characteristics

Predictive ) .
. (Ou-Yang and Lin, 1997; (Coelho et al., 2010; Liu et al.,
modelling
Jung, 2002; 2013)
methods
Faassen et al., 2003;
Hbaieb et al., 2011)
Path planning algorithms Programming tools and platforms
Onfimisat (Balabokhi d Tarbutt for scheduling problems
phm:a:nn 20?;) Ok and farbution, (Kumar et al., 2014;
methods Wdowik et al.. 2018)

Fiug 2e:

Exi st iinmit mpersoevaieneghi oiSevhdaye chnol ogi es
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221Resear phednappgromé othiese conismmpti o

addi tive marewfhaaotl wrgii reg

The met bets ménmdiorde ItIhiengme ¢ o nosfu NfpM ieosnace H £
classifhedati agot s e d movdoel | thren g d madaeal | |
par ameatseerd mddhdélded S endy. modelclairmg ed out I n
charact er i stdiicess.th eT hmasn unfeat chtoudriifnfge rper rotic avsasrs |
The time consumptwaornks thaghsr e n mobdead d meaoh i n e
charactferi exiampl e, the runnVong-meesgede mods|
i sarrilkaseotbi®endesi gn geomdter ;0 nft @ hperearatregad
| ayoerr t he ilpérumd ed®h rodbnleedcete.d miosl ed 41 miged o1
of process parameters set indehthallnicatle ron
rel atdboentswheiregn t i me c oo wmperped inpotrerdde ss par
through melhpes f olt hossudreg tri eospe ateivi eelwy t he
reseoarlcdd abhawgees of modell ing met hods.

2211.St abtaessed modeltli imeg c © oasdudmpttiivoen manuf act

technol ogi es

With respect to statbased modellingZhangand Bernard2013 developed an analytical
modelling method to predict the time consumptionsoé | ect i ve I(SAS er
technology which is a branch op o wd e r b €dR”RIB)Ff @ s h 0o dheongethod
consdered the consumptierelated factors from the state of machine preparation to the end
of the AM task. Since SLS fabricateBy consolidating powder material on each layer, a
beam deflection systemused taselectivelyscan theontourareasKr ut h2 GR304I5.)

T h uzbangand Bernarq2013) divided he SLS process into thr
by peowder , rmbht eri al processing by the | as
t o s wi tccon stto utdime2 oth Nedvyeerrtth el ps o p 0 swesd omeltyh
suitable for SLS ndgunesc It @n ii & m( au)inbeuqidiedn eohhcefr ae

| aywesr model |l ed based on the |(@)bre $¢camenismp
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mat eri awafmedehbed basedt kreo | tl Had,)h eenddo m @ mk
time in Wsdmodetl ed based onpdrte hmivgedteme
AM t ec hn@a nopgbi eelsl, eut iavViod a(d@et0r8i)c s hapes t (
consumpttieorneodfi t hogr aphy wISiLAAdo mnamEmalho gc
pol ymeriexdtniSdmgfyabri catuwes rapgVindeadyg to se
cure the pho Zws & al.s20Q0). Thas, theeSEA pnocegs was divided into

two stages: material processing by using a UV laser and axis movement in Z direction to
construct the new layeAt i me est i maborc alaasvlierdaeghat thieng
ot hleapenr cuwmitdaowra on (Eamhbéhleet wai ch 2a06a.

rapid estimat iTom sofmdathreoduwdsd alisme | i mite
onl y t wmo mmpaojnoernt s, i . e. Uv | aser and st
direction, participate in the manufactur |

Note that thmaiamloyef omet beo@dson a single
di fferent AM technol ogi easn dh anaen ud iafcfseairrte meg
di vision of working states is tdnaeMemdeht n
Agene@mra&ldi cti on tme tbleo df ddds essststieldhat i ng t he t

general AM technol ogi es.

221.2.Vol ubmed emodel | i ng of taadnedi tciones umapn u foanc

technol ogi es

With respect to volumbased modellingBa umer s etdeanlo.n sd @@ erfi c
model |l i ngo mptAM@Bicme consumption kased agHr
numb &res a vbewuiblgdne pceorntwnom aeraed | ayer was
experiment al. Dme Asygred meDnt S20ifmpdaocous fi ci al
net MAINKNNS devel ogpttoambh he Dbui t Heceotnitnoeu rofar e a,
be appvaridowses of AMinet dadcleglgideesposi ti o
(FDMg el ective | 86)8 st esrienotleirdhnggd raémp myat € d [
manuf adtOymang r(i aMJ)ajnedlt eic h g @il ioge a(MEBéM) cont c
ar easevmasr at edt wot opoalrptast:h thheebt pdi agd di Bé anc
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adj] axeqqment s hdhus bal hb&t ti me was model |l ed
t ool lpegtthh per unwe rdea ¥ e Aforpodndl Ntsh e a & @ suesni n g

sufficient training sampl es.

Compar ed -bwa stend smuoad eetblaesregd, model | i ng can |
i n various AaM tietc hinso | boagsi esdp rd m { tehiied oneovheer me
executaparedeffi ned ¢t¢ooépwobhki sganputnen phen
contromafGNE@Y £ hnoMoosgti edstavodwigseismp | i fi ed th
on eachintdtayard cul ate the t astathlget i annee rcaogne
consumption per uDreistp i & re e dalcfda setw ioph gancki. c t i
consumpti osqgf tphreoderspsathieo @almpatelm sploanni ng

shoul d coalnso deeed i n theeBeprndatisgt itchre mddel

model |l ed the build time of sliced | ayer
manufacturing stages; for example, the ti
et c.

2213 . Paamethbaarsed model li imeg c b oasdudmpttiivoen manuf

technol ogi es

With respechadged pmothariediecgal | € g ietaa cdhev e Ic
an accurate predictive model without i n
geometry, machine characteristi cs (Zhamgen uf ¢
al.,, 2019. For i nBsatratnocleo, (2r)dB@lLretidfl a/ynd Mat i as et
proposed anal ykKiircetli canmo déeeti d i ma@ muredtrtiaed d t |
pr ocensescihnagni. €m-i phot at ed )c uorfi nSgL A & &eecthinrbod ron
kKinetic bruodgeula nthismyp aodt snAt prbperties and p
on the time consumption for completing t|
i ncl bdgdr tunli tcrka(\elis\s)l, et i ght i ntensi tfheand
propmeeé¢dwads i mi ted to the SLA techrmmnl otghye
fundament al physi calt harnd dcetheenink enthdady é rem am she
mat sr hagmti t i atagpd |l d wraitngons.
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Mungu2a et al . (2009) d e VNeNlso pteal rmo dteil me
consumpsteiloenc toifv e (BLSg erc haiond togryi. ndMachi ne | e
train and simulate the consumption model
model s. Thr ereelcaotnesdu nppatriaome ¢ @ y si welr edicog sp
vol ume and [Zbanghed al.n2P15b @ mo n s & predittigedand adaptive
modelling method using Grey Theoiwi t h t h @ od s seixgptethel nmethodt s
utilised a Bayesian form to simulate the unkndwmctional relationshifg between the time
consumption of AM process and consumptiomelated factors, including process
parameters, part volume, support volume and production plar8imze a large quantity of
datainputscanincrease theomplexity of the modelling procesheaboveparameteibased
modelling methodgenerallyselectthe most importanprocesgparameterand information
from the CAD designthat affectthe time consumptiorand productiorplanning In fact,
since the programing of Gcode is determined by the setting of process parameters through
slicer software, thevariations inany processparametemwill changethe planningof the
toolpath and therefore effect the final time consumptidence,all process parameters set
in the slicer software should be considered in the modelling process to further improve the

prediction accuracy.

222Research into opttiomicsaduoea taipmpe o

obddi ti ve marwfhanotl wrgii reg

Thepti misation of AM technol o@g f i 63 caamenyt .|
resemras hbevemt ed sithog Aolpbtgisniie sealcfhi eve -ao det
progfam e xhaanpjl tles tciondgi ntghaprautl ke sp Dtammna snedaa s h
focusegtsomghgr oducti on planning oofr eculcei
consumption or medeiol bbwe ng e e wmiarstpselr teivv e lwy
the existing ofprddmesabpe@res mxothiodess
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2221.0pti mi sati on ¢ foardpditthi pd amarrewnfganootl wrgii reg

Fok et al . (2016) devel olp@hdr iast od olde aTthrel
al gorsiitmurh apg @&tsh tphleanni ngt hadEr aevaecl hl ilnagy esba | ;s
( TSP)whi aiomsmi nitnriasvee litlshtemagce of, atxhesr enow em
the ti me .&Fdresn mmt iean al . (2017) p r o ptohsee d
greedy al gor itthfe@.Pt Dhesigmueeady al gorithm i
commonly wused in optimisation probl em. I
step ofantdhe eldSIR e the travelds$pageldiisntga caue
| ayers. V@itpoal atr | g . (2020) propbemalt ea i p
extrusitoenc h(nMH)ogy, whe c barlegeoddntdhzedphte ur i st i
al goraltshom c(al | ed t hTleh en edirsetsa n cien scefrnma popnegd n
and r ethtdusdsecudchbeui | dGangmeenath et al. (20
the path planningi ared thloar ban dustimapeNEo i d a
t

()

c hnolhaeyhyr.i st of i-odpets haenadt glet i t & ms wer e a
convenltSiPon aolbt aitni «@éhfei cmoesntt trajectioni es$
(202Q01Bs)ed cl-worsiefdomm nRs @ltii memadumMBves to repi

each ,dmdyseproposed| pat adaephéevaemiommhieg bdui t

~+

memaxidmi swer ftéhoee qual i ty. The algorithm

boundary of t ézicchz dgayteadolamadt h f or the inte

The ambeonvtei onedi Pp@t metph @ahse afdo rAMs itnegclhen ol o
further eukheemdle AM d escihnicas odtd iaebeofr amu lotni pl e

nozzles to fabricate the different parts

—+

meh.@ain d (Z2hOud 6 mo n sa rmateld pl annihdeegc anep lheodd
of multiple nozzles. The toohpatplk mafEn & h
potenti al collisions were detected throu
movement speeds of two nozzles that conf]l
a higher speed) was instructoed etro ocmoen twiint

priority waspoptacusididadilesd topsis bt @l o p & L@Patoh
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pl anning mebhéeadt feor amMMBkecbeBpogyt atga ad i
seawc nhvel collisiontdethe catligoonr i ayhidrestade g d
col liseent ool path for t he Sheoawperkatri p&xia i afl
and Ch019dewvelsopmcb hlt-i see®npat h plf @ammnsitnrgu cnte
the movemmdnti péemndolzat i EuratrmesC.anop ek et al
proposed a pat h mulleaxiind nrmgo vsd meart te gliyne f ApM  apnr nc
considered the adaption of build orienta
the stnfudttuaeoi dvdhd cthhe matuppbDat amtdaget af

sevbui l d ti me.

The meohotbhe | evel hat e pved dn pelixapiEmitregdd hnol
wi adi ngl emmlozizplee nozzl Eise ser medadixapdscch eadr m
extended to other types of additive manuf
technotlhdtabsilcyat ¢l 1 oawomgut er numer i cal
progr ammedBd iddlgsa,tvhasr i ati ons of pabCttelses |
| ayer sl icing ianndp rpeaftahb r.p IcEh unsomg asptaargte f r
I mproving the @ptihmipdpatnonoansge f ptareamet er s
shorten téapabuwinl d htei mxh eswenoere metnhe r el at e

are stil!] scar ce.

2222.0ptimi sati on of P oaoddduicttiivoen npal reusfmanamtigwrgi

Due to the high processing costs of AM |
schedgl of AM tasks can significantl yLir ed:
et al defapedduct i m opll gmdagrgbsaetdh eanmaad ecla |t
mini mise the buil dofiethecamndeoP aaard homeoll ¢coo
which is a common branch of .pbwdéui bddt i
operation costs wer e moudpeltlienmle ,b andaekdi, prpmnt tdr
vol ume andegeaeaovimeol hye utr i sti ¢ procedures we
fitd and -fbiad@dptead deatch for the opti mal
ma c h iCrheg .gui et alp!l annilndg), adnedf s sncehde daw Il v e gl
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byw heuristic appseacbhh fWwbrchhai mpti mal p

(@)

ust omi tshdeMi @m Acmemaas hemati cal model of pro

(@)

n job daa&i mMmumebui |wolsupnaec ea n df eg éao neett r . .

mproved and appltioedt hgee njeach cs cahl egdourliitrhgn f «
The optimi sdtui dnd mo dnel | mokfrep édruatiitom nc as ts
on j ob wchaxi mumebui pdr s paokunieh raonudg hg eeoxnpeet r
val i datprompqgs edhehacbworyied t e s s hawnwe bedn aval.i
opti mal ahdbcatct owmsly shortened the prod
Furt heBanomwmgd FO2n0 h8) utilised a nesting
combinability offoul schbtAeviplCiaDgdth @dhrepborcl
ti me perdideasditigayy nesd fr om t he CurwahBE ncghi nceal
t he bnei Ibtasteid onBapsaed ool tme buil d ti me

availabl e AMomacdhrinest,i oan model was bwuilt
oriented.build space

It is fosndhh#fhati mgmaiersleyar optumsmi ®inng pr
planning in an ideal, mainndeact hei ng menwmio
process is only basetdhvear itane omasr tofv oplruwncee
a great i mpact on the tg,oltpladrhe bpyl aemfnfi exgt
consumption of each AM task. Thes ebaisepda
model |l i nBemetdlesdsdue to the unique manuf e

printed on different nbawihlitnetsi mea.y Tchownss,u nt
and machine characteristics shoul dupaltsiomet

the running seqguences and time of machi n

223 Resear phednardd omp t ianpipsraotdi othnernse

cosnumptoisaurbt racti ve tmamhurfalcd giird sng

As an emergi ng mantuhfea s eoarr o rg AMErEsd b © Ime g ¢ f |

i's relatively instdéf eseamsutrt campavedehuh
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technoBotgh es ypes follow the computer nul
manufacture through materi al accumultatei o
timeficiency of SMtisobgeper hoanmdipdignagned e |
Hi egstppeemi | Il ing (HSM) is one of thewamisrtstr
applied i n aeraonidhé& tde ee nagni dn ensofldid ndg 8 ch dAussptirn v
199Wi th r etshgeaid¢ it iotodg per f or mance, the spee
closely related t@ortchean yete alf. c(Uuaal g o t
speed steel tools might «c¢ause agdaboomerp |atxn acshi
corommsdinf faaursd of ati gue) due to the wunique
t hteo o | nvietaenrwhahle.er egener at i viehmeah aetrti erl  alegc
and surface finish, which accelerated to
Wi t h r etstpeacthi no ng tphaenraeme tseeeveer a l experim
conductedSMnoful diras andewmbatbhlea sihmp aoatd eo f
variations on dimensional accur acgyprtdoap
the expkeesmens, it was found mShvaals ¢ tlatemedrma 1
mo rse¢ gwi ah grteadolearhcitteabl e suard d coavefro du s hj,
ti mec asitEtd best awiiDewasd . As pliomwsgeile.r al stud
dedi cat ed @ fof epcrtoipwoes i m@peless the relati on
parameters and various demands (such as
production ti me faintdidec oosptadi,untddltoma Q hi AinmW@ t oa
bal ansceste mamdethe similarities between SM
through computer numericalrevomrwf ol | COWNG)Y
i $aderive inspihreatriedmresvamtomredi cti on and

technol ogi es

2231.Pr e doimxft it i me «c b ossuubmprtaicotni ve tmamhurfalcd quir

OuYanagnd (L1i9®7ated t hat tohseu bmiarcahcitniivneq $idinnuef
proessas determined by t h$omesttermaat!isome @oevt
propbtsedanodel t he bmaelhiamiemg at i meanoavaatle r vV @l

remova( Oangsand Lin, . Fa@asdsedurmp@a@DDEWO
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funattiecormt benwbééep machining parametiem sr @wne
ti méfi oiteeSM prEBxpesi ments were conducted
and materi al properti esvhatc hd idfefntiehde rynoa >sipm
spindle spebdtwet hHmaibhdaretesal. (2011) de

to calcul ate the machining time at diff el

Apart fprreemd incditehoomiswsed on mat eyvanl @tul®earo \
met hods fudtiher e s$dwipmantyieao nc o nnsu ndeerriact a NoQnc oconf
programs and macQadenleh occ heatp ralp.@ s (@A I 0c)sfroarc t |
esti mghteac hitnimag M@ i | prr omglets swas stsabednetr lcat
CAM software simply predict the machinin
progr amaneedr i al .dAemdwalt ,r altue t o t he alpiamii tt:
and CNC, the material removal rate is not
from the actuAlgimaladali npergihd@mmean ecnache ateu r e
was characterised based on t ldeAcntaocrhdiineg ct
experi mentalwase § blhted,atihaal waddodpeamang tthier
mac hea maer acteri stics: the | onger machine
bet ween actual and Fpurmrddiebitmodeetmi all i nf2Q 1 3
f eatbasesdt i mati on metmaad itna fnmiC&&imcketlpirtohgee s s
The menblkhed | ed t he niauddlayns inthbpetirntge gy met ry
pl @am,0l p&NICh $r og rmaantsha fneed a c tEexrpiegtiimeant r esu
the feasibility of t he wirtohpoasedhetetseli mpt

compar éeédhewittime esoimmaetricoal f CAM softwar e

The pomedi entei c o ffsoumpStM a nehcalso lbelwvedi £esom t he
basedabvari al tamoevalel raehg based on NC p
charactTéanissti integrated modeblredgcmeohoMMi .
technol ogy nefkdr tiondteanmafeMf rpiomo.cae sgse n etrhael a
nozzlei mohobponal ways as proinrstpienegd @as etdkéi a
sof t,wareessul ting in the deviatitohne bte tnwee eenst
sl i cer Isnofptrwaacrtei.c al cases, the actual SpeE

mot ors used for driving the nozzle motio
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nozzle depends dommdthhaet dise, Thrrefff ecti ve pt
the i mpact of maoamumer ict aN Gporoaegrri asnisi Ciss a l

for AM technol ogi es.

2232.0pti mi sptoduncobifon paannpih @srwntdrgact i ve

manuf acttauchmagl ogi es

Kumar et al . gat0l4p| snmmitregl armatpr oduicnt i o
i mpiroighdee | i very @oEN@hammdraceochnWitoly respecH
optimisation of plroamdmicn g o mBeignhigtaE demit seig fEgke o

Dia&and Overall Equi pment Effectiveness t e
and CNC machining time in Tanevatmtped tbmeir dp ure
effectively schedule the avail ablne sred sugpu

and 14.6% i mpreo werd nvte rWd opvweirki ogtmaallce. (201
existing programming toolisncan ptgpdadt Ao s msn
and transparent whogotamdi bg r o bperoehfaasberdi. c .
stage, an analytical est i nmaantailtojneeomo CtA Da e

machining tool s,tomachdinnaige phieenaesse taenndg pnmaoc

pl atfor m. The machining parameters inclu
rat e, cuttingThapegNhCpnogyrveatmbei myl |l ing ir
programmeadden f &r mat t o i nstat u ©tn tamel ma

measur \Wimtemmtr eshpee cotpttiomi sati Bal abolplaitm pha
(2017) devel oped a novgil o gaadcho-ppaloaaninlienlg aa
scal |l op dCdNCl pratlH ijinmgw lpircolcte ctsd ess t he t ool p
time. The method transferred t he-braisleldi W@ f
ma pvwhetrtree start points on the mi lsluibnsge gbuoeu
tool pat h. Ot her ctued i hgomoshnast wpokentssel &
removal rate within the tolerance | i mit.

t hwhol e area was compl et ed.
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Compared with SM, the optimisation met hc
focus on the opti mal pl anning of two ,pers
as summdarnugs2.d hmaet rodd d mAgMotsi me consumpti on
optimisation ofhapr yeds 9 eparravmd titehrex pleo s
entire AM process., artaimetsetst iimg pofefpbodcea
subselgayernt sl icing, munmngrriaoninc Ggemando it hu N
the total t iTheredmsemptriedrerring to the r
model | i ng anmde tohpotdi mi rstag g rosat ed wictoldepri onc e

programs and machine characteristics is

23.l mprovemeetwdr gyiomaadiyt i ve

manuf acarustubntgr acti ve tmanhurd alcd

Energy sustainabithngayuifactthue i mgj omdgcdlr yi
carbon dioxide emissions Jfersomn etth e@ Wadad oqf

and TaM hOhh&)y dtcompaner gy ¢ o0 nsuwbhnprindaotrudvadrd tuw

~

SMnddditive maAMfechmuaoli ov@i esup plor de cnosdie

o

evel opediveog ume tfa aecdtiiomate the feasi Oihlei

-

esul ts iAMiibceastse de ntehragty ef f i ni e b | eati ggniefrE

-~

atitohseopport Ysbnuetumeé. (2014) perfor med
various manufactur i ngf dremshurag,lraoacitda sv,e inmamlut
andel ecti ve (Bl®SpemcaHidstevsarsi fgound t hatmadrLeS
enecgpsuwhemghcl udi ng t he entiifmre mmarawftha mteu
po-ptoceisni hdpe ¢Cahlwwaud ale®BG@adadd De,s pxRésbe

and ,S®uBl hce nmaotceersisailh gpatncnhgr onous with ax
gener al AM technol ogmicesnponkeat e @mhapnd apgn
proport hteont adf energy consumpti on. Aaoadr d
Bour(eloli @ ygarsdjsnng was Bopnokihhati e t heel & oott rail ¢
eneuvugwngfeori smateri al proéessiaxghlhenatvienmg,nt 2

for material usesdi ng and ot her
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I n
i s
pr e

con

opt
con
rev
mo d
ma c
par

secC

]

t.

t he dedtlioov g haerhte
e.As esvierdmiaFf iug 23dth e
incett ihfograr e r gy

soefamsmpr ovi ng AMO6s e
researcbsmapwbygpéeotu

consumption amd no @mihismigy e

umpgthhdd nprn diches predi cti on met hods i ncl t
art volume, process par ameateerco,mproaemi
mi sation methods include the opti mis
umpit mionar | vy, the related prediction

AsvesummaFiug 24t hem predi ction met hods n

met er s

l i ng

based on mac hi

npeo nceam s .

ons

and

ni

ng parameters,

The optimisation methods

producti on

pl annnngheDéba
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Flow of AM process
Import CAD design Setting of process Path planning Production planning Printing
parameters

CAD CAM L Task 1 Machine 1

|:|'> Slicer software |:> |:"> |:'| >
‘ 4 Task 2 Machine 2

A G-code

-— — —>

Task 3 Machine 3

Volume-based modelling Modelling based on

(Luo et al., 1999 process parameters and

Sreenivasan and Bourell, 2010; design geometry

State-based modelling

(Balogun et al., 2014;
Peng et al., 2016;

Predlct:lve Watson and Taminger, 2018; (Qin et al., 2020) Peng and Sun, 2017;
modelling |5 6 etal, 2016, 2017) Baumers et al., 2011)
methods
Unit-based modelling
(Meteyer et al., 2014)
Meta-heuristic
algorithms for
Optimisation optimising process
methods parameters

(Griffiths et al., 2016;
Hao et al., 2010;
Qin et al., 2020)

Fiug 26: Exi st iinmit mpersoevaienedh ¥ i

oiABMMntgchnol ogi es
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Flow of SM process
Import CAD design Setting of process Path planning Production planning Machining
parameters
CAD CAM L Task | Machine 1
‘ ‘ : G-code : Task?2 Machine 2
]
Task 3 [:> Machine 3

Parameter-based

modelling

(Diaz et al., 2011;

Code-based modelling

(Heetal., 2012;
Avram and Xirouchakis, 2011;

State-based modelling

(Gutowski et al., 2006; Rajemi
and Mativenga, 2010)

Predictive Liuetal., 2015) Aramcharoen and Mativenga, 2014)
modelling State-based and unit-based
methods modelling
(Kordonowy., 2002; Dietmair and
Verl, 2009a; Calvanese et al.,
2013; Kong et al., 2011)
Particle swarm Searching tools for optimising
Optimisation c;llfti'misatinn of production planning
methods machining parameters

(Deng et al., 2020)

(Dietmair and Verl, 2009b; Rajemi et
al., 2010; Wang et al., 2018)

Fiug 2ek

Exi stiinmit mpersoevaieregh¥ i oiSevhaye chnol ogi es
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231 Resear phednappgrommd odhreesr gy coaoabk umpt

addimanef acttauch maggl ogi es

The mosteseaemeérdiddiibisngner gycaonise mplttahsrse ef

categori ®asedolmodeblalsimeg eldndiglséasama@del | i n
Vol u-m@sed mosmbbdsmgements of average powe
mat etUnidbttased model | i ngmordefldrisngt m-t b e miu e
component i n  tSh &k @&sMe dmancohdienlel.i ngi ¢ abitde t
entire AM cogrtl eSoamtetostdutilf es have integra
model |l ing met hods f or elshtei maetliantigesde mreagayss re
as foll ow

23.1.1.Vo |l ubmes ed mo deeddiitnigvd oma rewfhanotl wrgii reg

Luo et al. (1999) modefFlueedt depeséetgpncm
selective Bh)Sadt esr@doleiSUygy(mphyguring the
process productivity, in which the proce
of solidified materiand pB6Qouanbitd stiimel.arSrr
to measure the megpreppowess cpafc diMp® hvwiot v
Wat saoond TamROoO@8ko ausdadni | ar me thbeeo d redangeer Mm@ C
c ons unppetri voor iwrhe mat er i al

Pr edisbtaisemd on mat ergaalf avsotl uamed psrionvpildief i e
Nevieegltes s, the CAD design consuming the
di fferent proorc ebsys dpiafrfaemeetindtd sApMr onch gc-dr @ ch e is & h
energy coadfhemmptiimpdbsased| mmaeel | i ng cannot
pr oscepmar ameters and machine characteri sti

prediction model considering the above 1
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23.12.Unibtasmaddel | addi t ove marwfhaaotl wrgii reg

Meteyer et al . (2014)hdepnheatihetac eer @y moa
obbi nder BJpertotciensgs {®mo ¢ & €shudn emeetlhod di vi ded
i nt o mul tciopnlseu mei nnegr gcyo mp o n @ retds ,h eiant eelry d icrug i
head, roll er,rsinEepepiaméntasndwert dewer f an
me an otfi keach ¢omweohee nptrtoposed model | i ng me
technol ogy. Due to the unique mechanism
simil aroztzol e¢ hoef desktop 2D printer, which
the powder materi al when passitongl pakrhs o
movement and tehaec htdbreeyp esipretnitnogpwh aoh can b
mesaur e d throughiho eppepomentas prediction |
technol ogies, the energy modelling only I
For mo s t AM technol ogi es, the tool paths
programmagdcrms of the process parameters,

the slicer softwar e.

23.1.3.St abtaess ed mo daeddiitnigvd oma rewfhaaotl wrgii reg

Baumers et al . (2011) devel oped a cl assi
secltei ve | aseri rstintcirfifnegr  iStL Ss)t at es: t he e
of all &am@y &drig eicit iXons, the energy consume
and the energlmeacddsiemadunpd.py cal cudiantei nde
the dgeiogmwbasy di vided i nt ahnedutd ot pll et vmx et
t hnea t edrei paol swatsip@m o x i maatveedr abgye tthienxéelde.h ee g g h
eathpeonstruction was model |l ed as the sur
each Bakebun et al . (2014) presented a (¢
ener gy coalsauyneerde di nmanuf acturingofprobess.
machieaes wenchmarked under diffepenwawamr

ready and bui égui rdehreeenptotverst at e was meas

consumpt jwhretrieed €l me spent on mat &€ hr alhgthe |
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parott u.mme and the measurement of Aamwdrhage sd
by P(e2n0gl6) , Pé@dlandcbassi fied wohrek iADM) psrt
mat eredaatli agi s movement , materi al feeding
of eadaomasstmodel |l ed directly through the v
power per Q@mitth ev obl ausmess eod emdrugnye model | i n
stdtased model |l ing methods di vi de ntghes tearnte
which further refine the predictive trhede
runni ng s abelneerccgepss uafi ng dHompoeent $.or t he
printing state, t he met hods e svtoil nuartee wti hte

considering the i1 mpacts of process param

To further 1 mprove, tQien pér YepdadcptoisEedd aacnc ulr
Things f reagineivdidtke eoergy.Teoentsanamp t awrd datal:
coll ect eAMmaohm nenlecdimp@®nent st empmpabhgne
operating duration, et c. Based on the pr
features were analysed byt hdeam lao aadhead ytt 0 c ¢t
dat abase. The cloud integratedraglyl coalk ewmg
knowl edge méchihneenAMudi ng energy consump
predictionThprfopomsadd ofnr. a me vbarskoopk felscewm t eefd
consunepsttiiommde v emtthel speci fic daadandaabgygsi
have not belenn tehlea bwoorrakt epdu.bl i shed | atea th
dattai medel | i ng me tthlo@mnetr gy exphesiumpusong i
clustering and delelpe |datrani @\ |treecat Heridnogfure simr
process operations, design geometry, ma n
waprocessed through a clust drhiendg abased v
predicted was the energy concshumpas ooa lpcetl
measuring the energy consumphiomglbftleacée
coll ecting data f rtohnme perxapcetriicnaeln tAaN eprreosaud st
mo d e | perfor mance. Neveir@ceddéelss , atdcaatat
i nputs of mer gedr emseaud rtalngneatnwoar kl ar ge amo

measuring thd&oprigretiema@l t imae.uf &bpgruagrnagmnte
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tool pat hs i sif d wiafeice®aomslitiyriuncet iand t herefor e
consumndputridoangi gn ¢ AAms terf U cetcit-b assee dp hryosd eclsl i ng
time through the toolpaths of printer no:

vol uHoewe v e, rnoldetl ¢ d nsgarmetshod |. absent to

232.Research into optimisation appro

consumpthdadinti ve mdrewfhaaotl wrgii reg

Griffiths uati lallagddd@DilHy of e X ptea i ongAl mi
process parametoait petpbpertwedeensi padt wei gh
production time and ener gypeohacowmedoiuan .pr
parambtuerd oriengiatyownshaeidf il laly edAecicloir dk meg
the expkeesmbmasi n ef haedkcd Bt ed pamrcenpatasit hed

energy coamnsdu mpttheorA dewamdd ayer thickness
| ower PAemcetrhgeyr. research activity conducted
par ameters, i nternal l i ght wei ght structu
ti mé€ficiency ragrnyd croendwang t-& m\u tthhreorungiht ei nma
Qi n et aktil (6dp) herairmemgparticl e( PPSAGHr m
opt iAM&GERer gy consumphteetaihme ac @ &lb-eh eddaat nat

On t he dbaagpned eovfant dat a pamgloywteidc 9 ya @gp e sed
energy consumption -kenloew a&mdtgef @ aat U rhees dweassd
predictive model . The deep | earning £SO
rel evtaustt e if real uddeisnigg np afretat uprleasn na mdy pf recac eusr

gui dance of design revise and process pal

Compared with conventi enalharmad mguefgaean tguortr ionu
opti mAMenegr gy consumption dduief fteo enABIt gp
technoMogtt @sli es have focused omaijpwrestess
parameters ont lemeugly aexpdmiddent alo tbeastl «d

mo d el for optimi smeedetdeatkdAMI shstrempe
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bet wereenr gy consumpt i-roenl aathneddH cfwancsstarpsewdmmer t
of experiments whiletpooviahidnopammeRfae d tbi

addressed.

233.Resear cphr eidnmad oapti mi sat i oann ea pgpyr

consumpBulbinr acti ve tmamhurfalca guira sng

Theel aesdarch into prediction andudmpddtmi v
manuf adtSsuMdneggy efficiency is .al Tberexi
prediction methods mainly focus on the
machine working statmac¢himaoagned e 6 thEpmnen
numer i cal control ( NC) progr ams. Tnhi es i onpgt
machining parameters and production pl an

met hod i s reviewed as foll ows.

2331.Predicti ofnorermet bgdsoosumptaohi ve manuf

technol ogi es

Based on thlkee exemrd¢ a@vmmptditedmeitnhgyf8 Bit e c h n calroeg i ¢
summat ntedat egotréddiezsenb a spar ameatseendd -basdsed
St ah@®sed moideil de s 8 heey elnd iirreted ameldt ioml ¢ hset
oper atUmdbtased mddel dmelglmhredii ne i nto mul ti
basedionmahefaotctaoagkedeed moeledt dfan gteadl i on
rel atg omsehiwg en energy consummel athe danma c
par am€addmassed mosmahuhgct ur i ng-ciGrpfecorvmadteido
t hepNGgr ams.

Gut ows ki etnidli.al(0@6Gposed ahlkasdathdeay
cal cul ate the eaceangpyu tceorn sruunmpd riiotha b fcnogn tprrc
The model divided the manulife ctawrpirnkgd psrtoact:

constant tphmavelmi raindg st at efha&t enavgygd Icompe
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state was modelling based on e amseu rced span
Raj eam d Mat(i 2®Iny)a proposed t he predicti\
consumpti on, with a consideratiagnodf malké
setup and Wobh thangvoalQuti on of SM technoc
the production of compl ex structures ar e
ener gy mod e l|S¢ v exggtaunilent ehsogdr sabtaesde dis tirdoti e gb aasnedd L
model ling to improve and refine the predi
manufacturing context. The machining pro
operating st atpes,stsancdhe ga s{ dd tear,tn emmc hi ni n
spindle acceleration or deceleration, an
mi | | i ngwasy sdtievmh dedma aahhion enutl @ o Ip | € u nscutciho naad

servos for manipuldtengdgothaxmacmornemegnt s

cool ant devices (Kordonowy, 2002).
Combi ned -bvastehd smoadel | i ng, a modul ar mode
for each unit, based on the measured pow

i nst@Bnetmair and Ver | ( 00%a) achadsnestt sat apd € |

met hod to predict the energy consumpti o

components were divided into multiple mc
dri ves, hydraulics and cabinet. Each mod
state, including chipping, spindle coolir
mac hi rug ranfalov &ne sad . (2013) developed an

the energy consumptions of snpainndIsea cddixnlel &

change system, auxiliaries, et c. The ma
working stadteapt shat edi sgandby state, m
changing, and axis movement abtesari dhe ¢t
demand was modell ed as the sum of the p

during different machine working state (I

The r es euanrbcals eidnttdatads ed model | ing for S$M t ¢
the entire SM cycdue toomhehenchaQutitmmeilsd eldr

par aretseerd model |l ing has been proposed to
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sincwarnihati ons in machining par §d N€)epsode

and machine operations, and therebyDiianZ |
et al. (2011) emphasised the i mpathCGNhG m
mi |l lingTheycead satnierdc rtehaasted d nrada tee i il g nri ef mocva

shortened the rbadheitnhiitngg itn orete tasspel dn dll ea dasn
movements with a highencpower edemaesdi ngh
enecgwsunopft iao nmaoconi 'fmeas model | ed at svarui ol
et 2a0l1.5dle moras thrydbtred model t o estasmat e me h ¢

process under various settings of cuttin

powet hteaa | tip was modell ed under differei
model | edt tbea smatausiuiriendg npewe di f f e,r einntc Ipuadiamt
of cut, spindle speed, and feed rate

The above prediction methomenar e ama- nloy
driven modell ing of Ttoher emaincuef atchteu r wargk |soy
several sttulheuene rfiwlally ciosnd nn @lr edNC)Y | ©d®mard
et al .prodP®k2)d a novehb momdeed sle dn gl esvcehle meo
correlations between componelnhttei poewerosn sainm
of emaacchhi ni ngwapercalt coh-abdd fFnbor msati on,
coordamatepeed of axis movement, speed of
Avram and K20 dLl)x hpuknebghosseedd danadsnesdt at i ng me
estimate the energy consumed by a madlhd ne
and feed axes -sptoameer annd itnr asntseiaednyt st at e,
were mainly considered. The time consump:
processing the corresponding NC demmantes:
of each tool path segmentr,anscpiamrdleen @Q@d@d dia
further i mproved t he heol&d ¢ d napnad edltebilieeye h
combitnheed machi ning par amet er s-c cached wiotoh pe
consumption in diffeaeonspmptciecrsi m@d it aw:
t hreunni ng osfeqetaeampeneni t popr i ncl udupg amdc Isie

spindle rotation, t ool cuabhdngpot a®i nphbam
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th e operation of eatbl Isavaedte G o ad mmeaancdhs , u |
consumptions were dicrodEhd yr € sad asuddaeaedd tdHr:
manufacturing-codffoamatitdbde moi&d ¢ d nadnad esdtb:
|l evel s are expected to be appliedrom the
af emeent iroenvagdetw i s found that thesedckl|mdcedl Ir
AM technologies is stilrkl ypl anked Mosat amé

experiments tarbhwielnd mopgledt he dat a

2332.0pti miagppi oac he s ntea grye cwomes umpt aohi ve

manuf acttauchmagl ogi es

To maxi mi se enfemragsyi belfef iocpteinmmiysati on t ool
opti mum productoipan mulmamsmilmug i @amd s et Wiotfh m

respect to the optimisation of machining

utilisatimandelf fhb@asedcyn the characteri st
removal mechani sm i n -oabjmicltliivreg opprtd omd sssa.t |
particle swa(rmBQ@ptalngosraittihoom was | mpl ement

machiningr pawambht the mini mum ti Meurantaie
machining parameters were considered to I

milling width and milling depth.

With respect to the optWamg a2t ba&l) .ode mo s
a hybrid modelling approach based on the
numer cocnally o which is an official standard
effeenem@gy ¢ dms umthii nm nmuolbtjtieawvees sopt i mi sat
was defined, wherein a set of preliminar
energy demand informataonowodaamndt rcudleosny W g
technique, combi noapttiiomal of gioepse,r ama oh s ni nsgt
machine tool swasedseuetierd foomsthe preldi
maxi mi se eneDigeyt asafdf r(Ve&ibpPpdrceys anmnedmber of e X
il lustrate how 1t me amiomeal witarsatag@@il é¢meaknidn gt
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pr octeosbst ai n the opti manidi ne sno sreceé hal ledea i

st udRa jbgmi et al . (20020) ppr op omendge bhannode nnel
proceswktsheiaritical parameters incl-wped
mo dtei, me c onosfu mpotoilonmc hanging, energy fThet p
mod el was&rucsht dfpdr@ mum t ool l'ife and cutt.

with the mini mumAeidreercgty sreeagrud lr emmeetnhtosd wa s

|l ife and corresponding machining par amet

Through tbetievisawi @ofn met hods for 1 mpr o\
it is found that the machining parameter
to a few i mpobtantopahemat eres sity of ma

signi fieaarmc enacfthi ning parameter to the to
deliver convincing optimisation rersall dtse
parameters in energhemodelpb fedpacectomspaadidh etdi
the optimisation of machining parameters
of both AM antdheSrMe iAd trmo ugener al rul e for
consumpti on, power and ti me-r mé acsnepdeenmeemtt s
i nevitable. Frowmasled medieéWi n§g obd&MOs

manufacturingcodkelbbemfatli lom uned to cal cul a
machining process. This met hoodn craond ebl el ianlg
process, since AM technologies also fabr

commandsode. G

241 mproveimantef al diomadiyt i ve

manuf acarustubntgr acti ve tmanhurf alcd

Mat eri al saving iasddd hdlvlee nngahmdud regd utbroahdyt
manuf a¢ SHdeichghnol ogi es due to their specia
et al .I,n 29M 53 omatsasr i al waste inevibwgably

material bemouvali s ppoecessi ahl pwodhicg h on
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procebn AMspndoee & shigghevi tfhupportcensomes

a |l arge amounbubftimas eprakbtess prtovcdmpl
structadhesefor e, the application of i nd
constr aipmeed udca pi aBokaislsiuvtch as the failure to
inability to use certamant emmaitéle washsst eet; al

Zhu et aalln ,or2der3etf 6 i cmproge al studies ha
SM and AM @mp@dlgesisre sr aopecti ve advant(aig.ees.
hybmaduf a¢HM)i pgocess

I n the folsf oweopawelwcitoomMpraedssgpr og
mat eefifaildisernwd ywwed her mesearch on opti misi
t hmeat eerfifaloife Még hn alregiad s 0 AemMmmawiesig &s, i n
t he research mai nl vy f opcruesdei snd tomondtswof oper
consumption and optimisation methods to n
The reseacthomf mpdeldii ng was based on |
met hods include the optimisation of build

Details of each method are reviewed as f
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Flow of AM process
Import CAD design Setting of process Path planning Production planning s
parameters
CAD CAM L Task 1 Machine 1
|:'|> Slicer soft |:: > :D
R =D | [ Task2 Machine 2
y % G-code I:>
Task 3 Machine 3

Predictive Modelling based on layer

modelling thickness
methods (Meteyer et al., 2014)

Genetic algorithm for Skeleton-based path Hybrid manufacturing (HM) for
optimising build orientation strategy for the optimisation optimum production planning
imisati f interior struct
Optimisation (Ahsan et al., 2015 O INTETIOT SIUCHTE  Zhu et al., 2013; Newman et al., 2015;
methods Zhang et al., 2017) (Jin et al., 2017) Paris and Mandil, 2017; Ren et al.,
2010; Behandish et al., 2018)

Fiug2é: EXx i stairirodik mpersovi ng mawod®mM dlecéamfoil oige rsy
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241.Resear phocpesasnhongeduce mateocf al

hybrid mantud@altmgyi ng

HM technol ogy has been mainddélaxt apphgedni |
i ntegrates multiple types of manufoamwndri
consoltiheédvanbégeesach I ndiwh idduleasho np rno csie 1snsg,
di sadv é\Nretwangaens et ). alA. fed0ilbl e procaddi pi a
manuf acAMansigbt(racti ve( $bt)euwfhancotl uorgiinegs can
reduce material 2wastet. BFlopr 0pBEt&hdcea, pro
algorithm entithed sédhedoteveheoagdtani ve
procéossesa given ByADdidekesdiggng t ht o mul ti pl ¢
wer e anal ys endh nogrir yecaerghsa Ipialr it t, vy, producti on
TheinAt r ancptlievnee n-s pecp &drt process planning -
constraints of complex geometries. This

(2015). Additdehbahefl a@tAdir 8(jg mecsi@r doicregs s pl ¢
knowdgeqgqmet ry amdesrarnauif matcst ur i b beexiinsftoirraga tpie
mat r itaol maxi mi etf it mimamayeryicali ng of mat er
produtei ept2®GGiiéyeladfiedycl e met hod tidie¢walc
remanufacturing exi abhymmgi ¢ ama @HUMrparodt cuarssitsre g
process planni ngee omeed rlya sevchsd mbhi m¢é sesourc
char actRemi setti casl.. ( 2i0t0g g rdeetveed opterda taengy t
process pcloammpnuitnegr onfumer i mak hicmoinsteyl oebcrtd @ N C
Ssint@®uS) nd he sneeptahtonde e BAD design i nt-anmbébt m
| ayleirckinessess Beldandioshpaaeth al . (2018) pr
computational algorithm to automate the
machining parameters was mdlit ga mdd mit mi Mmas

protdiuen costs and materi al consumptions.

Based on the abovaen &lfvpriosdefactu nodn tsooc diees f
production enterpritdhes mamus avce umatr sr,isallth

i's chalilenggmnagt ¢ ochulSMi pmae@ uA Bl caduurd ntgo ptrhoec ¢
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manufacturing resPamrcetbhe amdnuefapatcurtirerg p
single technology, It is stildl necessary

reduce material consumpti on.

242.Resear cpht iimmitsoatoi on of faetfdnscia@mnf

obddi ti ve marewfhanotl wrgii reg

An effective prediction method of material usage is necessary for the improvement of
material efficiency. A study byMet ey er et al .t h(e2 0alvde)r aget |
consumphbiimdaerofjteechmagl BW )t hrough experir
met al powder , the |l iquid binder and cl eec
system were also estimated bameedr n ltayw
part geometry is the maj orefffactirermmatyhfaM pre
Yoon et al. (2014) stated that AM is outperformed in sisizl production by conventional

manufacturing technologies. This is becatigepoor recycling rate of AM is the bottleneck

of AM development, especially for designs with a large proportion of support structures.
This weakness is magnified when the time and energy consumed by the construction an
postprocessing of support matdriacrease with the part volum&at son and Ta

20118

Sevesgtadldaéecused on tolperdptgemicegtriycess p
t hr cwgrMp-ai ded man(udAattd umii AMmatser i al dhmres ul

build orientati o(noranidnfiinitle rti éoers isttyr)urod iumr ef
the amount of materi al c ons umeRle goayrbdui hnegd s
orienAbhsaponnet al . (2015) tihmnseAMi mat edi alf

through exp.erTihneeyntsatla tteeds ttshat t he tool pat
each | ayer varied with build orientatioa
cosnt ructamsurtfianceel ed e &t h donpezfhcarng et al . a( 20
feabasemti mi satitom swdeglori hémopti mal-pduti |
construction. A finite set of alternative

the constrai ntAgoefn epriocd uaclty agu aalpiptl yi(.&dA) t o
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opti mal orientation with the minimum bui
Regardimgetiheor sit miuicltilunr @eetn sailt.y &s2kOell-ted sodnel v
patshr atteegmi ni mi se the interior vol ume of

supporting angle, contour area and | ayer

Based on the atbhper @€ diocieNOesmrt elr i @ah con$ U i

scaMaay commerci al slicer software can p
the part geometry in the prefabrication
since the i mpact of machine and maplee,i atlh

insufficient melting and extrusion of th
( FDM) pBeosciedsess., note that even i f the sanm
combinations of process -pagamet whschlwithe
used for instructing the machineesol tdiempe
di fferent material consumpti org.en@mouwde | liitn
met hod based on the patoereisst ipag aomfettelmes , m
Furthertmbeeexisting methods of opti mihsei n.
majporroc es s sp asruacnhe taesr baunidh @ i & 1Q odnesniadietrginn g t
of each process fp arad mectoknessusmgpa p ¢éo masfh ooup tdi nk

expahdedl | process parameters.

25 Knowl edsge gap

Based on the revithe ok n@wlaesidkd engtgiafe seeda ricnh
Frr o m ctolnes u mpotdieolnl i ng speevraestpacdtced @ & esi mpl i fi ed
on each | ayer i n the area and volume c
consumption without considering the aiymepa
slicipgphlhandning results in a |imited pre
predicti on caocncsuurnapayd,®Int h 8 g o issheotubed gtreodt e s s
parammaehbBne charraed e@uini dehsr osuggdhmtued nt i r e A

Besitlese i s trieldlimedt inmadc ka sosttohca apt aetdh @@ I¥ahn n |
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whircehduces the workl oad of Ilelxopwesr itnheen tparle dn
to ebxepandabl e to the greenseoruarlc emamoudfealcltiunrg
computer numeri cal c drrutrrt dhledryné®NMt@9, ph e gd ia m
me ¢c h anmossnis ,0f t he proposed modelling mettl
technAdemggraldi cti on method is needfpelnd¢roal
AM syst ems

From t hebjmadtiive opt i nmossstt u dineosp ehdanped g/t iav
few i mportant (pelgielsd qrairanftedltdirahensi sy hg
objectitvenef,r amer gy or mat érical @abhs pmmpicie
can be personalised in CAModet etrarg enteh etrt
programming process and t he dt wndiltelxceornes uins
| ack @fnudgahbijeect i ve aphtoidmi sant iwchn crhe t he i n|
parameters for constructi ngnad hleo sCgA¢Dr i@cetsd

single.objective

Based aodbnoatelgeepee dai ct i eonb jaencdt invuel toipt i mi sat
requiprreedd itcot atnidmemi nemearsgey and materi al ¢
To acdmi eV épercetdiiodet iaors pec,i ftihce Adlo tsalsmRpt i on
fully consider the related process padr,am
production environmeidb, mandmcset omer r dem
the optiigniswuppmeeidde os bk wofpannmalr el ated pr

in prefabrication stage

26.Summary

This damaptoadruces ther mampwot @iy mamiglo piva < e s
l i terature revpirewiaonhdi oohpet i amiesaatofon of t i |

consumptions of AdMomechMeharsyivnd sy.edSif mmen t
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reseidnsM™M technol ogi es, the relatedi swog &

revi ewed.

Based on the ptrieadcirmg umrevi kmowfl edge ga
motivate the research work in bbht Feabhmsi
of this current waipk eidsacntdo oplr|oEpicotsiev ea ogpet
schetne predict and minimise timeheeAMIrmgIyO

I n the neQRée acnteayotrekr ,o0f t heywirlolprotseeadd uwned dh.o
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CHAPTBR RAMEWO BRI

PREDI CTANN MUDBUECTI VE
OPTI MI SATI QR DFOR VE
MANUFACTURIENCGHNOL OGI ES

31l ntroducti on

The fr anperweodrikc toifbohbijaencdt i ve opti mi sation o
consumptions for addietcihwmea Isoaphiaefsarcitbuea d mign |
order to provide a ,geamerapspmoe chigoheahs m
existing Advs temr hihivé omar k Basadeonnvéaegiirga
functions, théacemporeni staagki yemoypmasn D |
processmpgheati ng, materi al feedTogchedr
i | | utshreuanéng sequences ,oifphdewerre pryefeisl @9 ir
t he <cor r ecsopdoen da oagrdeGspd ayed B@anthteT d bamh o
hybraitdar idven mogby bbiasmgedanmbdel penfor med, W
establish the models of ti me, e h kBpergoyc easns
parameters f orphegabdarssendo dnyd deeli dalend g di st ance
moveme with actwaland spheacemennt of mat e
cal cul atceddé€e.r-dlimi @Gdeant amotd e h tailtiedrat i me s thiep s
consumptions and process par amet erfsr oonf
expenti meaTlme e xnpaeirnihngelbuhdee :appar ent potwee s
time cossummai eni anlo dpain@oenp omeagtmomga ned t h e

t emper aloudru¢l e sbfe heat ed.

I n addition, some AMsedclireplocgite ,n nmenuchle
experienceofat ewtwrromluéegm in the actual pr o
the failure of axis movement speed Momadoma

the quoted density of some AM matemi al ¢ ea
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to reduce t hememipiadnmeidbfr amacéi neprehldarcad
accur atchye proposed framewor keriismeunptgsr atdaee dc
rel ationshi psahdt @gapxeicst bnrdo vaesmmeunablt s pe add f e
and mat eirasamradehsi bf t tane repgoiranpEadasdimet e

in the predictive model s.

Finally, metaheuristicsare applied to approximate the optimal combination of process
parametershat consume the leastie, energy and materialhe predictive models of time,
energy and material consumptions are used as the objective functiatsulatethe fitness
of each combination of process parameters. Since different process parameters produc
different Gcode and predictive models, thepess from the generation ofg@de through
slicer software to theonsumption prediction is embedded in the fitness calculddetails

of the proposeérameworkis described in the following sections.

32.Cl assificati omslaft eaddo moouwmgd teisc

1 1 |
G-code  |MI% ;ML09  |Gl,GO

I
1
00:G0 | [or:53 03:46 05:39 07:32 X
Appa Pwr t I T !
420.00VA : 1 1 :
336.00VA bam m oAt a A r— - h\ A
e A A S7A AN A A AW FOAL R R h
o :_J_'_,_“‘IH, 95 g g o \,,4‘._‘_4'_.J‘_‘u‘_4'_‘._Q_..'_.‘_.‘L_‘_’_“_J_“_LL
ocoun o ¢ YT 1]
T ] I !
1 I I !
3DEUUVAI ! ! !
245,00VA N -I O Y 1 o o !
. [ [l | | I - \ [
Bed heating 1550 R e il j| | | iRt
‘ |
et — LU H T | L o | | e i [ Y
T 1 I !
1 1 1 !
I 113.00vA} e | 1
Nozzle hotend [T \l :
. 1 Zsooval| TN e —
heating | zoow X .
| oo .
f
1 t 1
1 25.00val .
. 1 20.00VA| 1
Axis movement 1 1s0va | 1
10.00VA !
I 5.00VA 1
1 D.00VA, 1
1 ; 1
: so0oval
Material feeding ! 1800V
|
1

20.00vA
Auxiliary s
8.00VA
components 400VA

0.00VA

w
¥
o
2
S
r3

Figr3d: Power pgreonféiMaetsa sokf pary mE RMI D @ri nt
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At the beginningfafedhide peatsudy Bha mtoy @it cear
tested by wusi nlfghea adaved i gamael youdr .how t he

typical AM machine amlblpe kiagnre&lgroe saecrctosmptl h

profiles of thecopnrsiunmienrg acnodmp o nse ndéhige r gay/e s is
The first pl ot in the grey box indicate:
remaining five plots indicate the power ¢

refers to the heating of theéebibialse mlIfa ttfl
object firmy adhere to the build platfor

hotend component | ocated inside the nozz
(PLA) fil ament mater imolvefmrreommh g celfied st d ol it
printer nozzl e. Materi al feeding refers
materi al. The auxiliary components refer

machine status.

Note that the raboe@mgp osneegnutesn caerse odeci de
characteristics and the coding rules of

according to t hceo dien sctormuntatnidosn,s tohfe G eed h e
beginning of an AM task, and then follow
components reach their target temperatur
to construct the physical object. tTahtee
t hroughout thelantdHBagrAEbinspralcsessa repr ese
il lustrates the runni ngs.pokveomotfhigse nfeir qau 1

concl uded:

Firstly, the total power profile 1Is a

components.

Secondly, the time when each component

of t-choed e command .
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AM Material Time, energy, material consumptions related components of each module
Material type
technology form Material processing | Component heating Material feeding Axis movement Auxiliary components
Wire Polymers Nozzle heater / hotend | Build platform / bed Wire feeder / extruder XYZ axes Cartesian system Display unit
Material Thermoplastics Delta system (3 parallel stepper motors) User interface and connectivity
4 Ceramics N . + Polar system (radial and angular coordinates) | Cooling system
Extrusion Concrete Multi axis robotic arm Temperature sensor
+ +
Powder | Metals Inkjet nozzles Powder roller / recoater XY axes gantry system
. . Polymers (liquid binder) New powder stock Build platform / bed
. . + -
Binder Jetting + Ceramics N Overflow bin "
+ +
Material Photopolymers Ultraviolet light Build platform / bed Build material feeder XY axes gantry system
ateria Liquid | Metals Material container Support material feeder+ | Build platform / bed
. +
Jetting Wax + + +
+ +
Wire Metals Laser ‘Wire feeder XYZ axes gantry system
. Powder | Polymers Electron beam Powder feeder Multi axis robotic arm
Direct Energy - -
Ceramics Electric arc + X/Y/Z tables
Deposition " Plasma " Rotary table
+ Tilt-rotate trunnion
w +
+
Powder | Metals Laser Powder roller / recoater Laser scanner / XY plotter
Powder Bed p
Polymers Electron beam N Powder supply platform Build platform / bed
. & Thermal print head Overflow bin
Fusion + +
+ +
Sheet Paper Laser Heated roller ]:;Z::lr ial supply roller / Laser scanner / XY plotter
Sheet Plastic sheets Build platform / bed
.. Metal sheets
lamination i - - + + +
Fibre composites 1=
+
Liquid | Resin photopolymer | Ultraviolet light Laser scanner / XY plotter
Polymerisation . + Laser i e Build platform / bed
+ +
+ + + + + + +

Fiug3& Modul e

cl amadsicfoinsaeiipgnedn component s

oo

cChhe rmat k &M

t echr
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Based onitaerkmdwrivet,hat an AM systtlremocgm:
the coll aboratiomwidfh waireiiocuand mmpes damicd y
classified -ma¢latcocdhscaommmppomweant s of AM tect
t he mar ket if n tnoo dAsil veseh otfyore®nthoe modul e t y g
mat eri al cprmpomsesmitng g, mat er i al faeuexdiilnigar
componhefihs cl assification is based on tF

componewitiscllescri bed as foll ows.

The materi al pi rsoccbenst si innugo unsodl dyu Ipeabeeisal o
prepare it Ffoar ekepnpdiet,i confaé usedzdephbos
model |l ing (FDM) ma ct hhteh e r insfpilhleaitrésonth tao
solid stateThwl tar d vi iqalianasi(téNiea l i gt t i |

pbymerisation machines is to cure the
state.
The axi s movesmenotw emacdcwel emat er i al pr o

foll owing the pr-eddforneax atnopollep,atthh e nX
sysoé@mi ndtetri nfjge ( BJ) macihn knjee tt sn ot zbzel det &
coordinate in X and Y directionskj ethi

nozizb et he next | ayer in Z direction.

The materi ali $feeead nag smoedail fei cmaat neor ui natl ¢
the target coordinates. The running
materi al processingFoo examprectabhéate
dri bgrmpowder ofaede d erc t energy depositi
synchrwintihs etdhe h.eaffhing iod tlasenmsure tI

melted from stoHdalpawsi tleadjuand tamed pl at f

Theompomeatti ngamotdhkeenameshg@egeEedmponer
used to support the object construct
pl atform/ bed of materi al extrusion (I

performed to ensure that the materi al
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compllye tecool and instead adheres fir ml
materi al container of a MJ machine er
and wax remain in a |liquid state. The

i s used tsoureaeppalnyd parcegsi vate the adhesi

bonding of the two | ayers.

Theauxi |l i ary comploamyesntan madxilkiary ro
manufacturing process, such as moni t ¢
The componental way$ hkeemoduhei ng, irr

AM machine iIis in a standamplsd,attehe rdip
is used to show the machine status; t
means to control the machine operatio
system accompanies t he manufacturin
temperatur e; and the temperature sen:

components being heated.

Note that some components may have mor e

pl atdfamat eri al jetting (MJ) mahebvemenst a

ultraviol et (UVv) Il i ght in Z direction,
mat erial adheres firmly to the platform.
t wo modul es: axi s movement dmdedaucl he ,moadnud ec

only one fiusnfcatoii@m ¢ chTtfweit 3 oont hmeo dredodnasuurgceed cb

each function when the component perforn

To propoamo delgleinreg me telm end urfsahdeu Il e0o Nl a s s i
i Fiug 82can be used as the database to be
continuous diewred wgptmean afnFkdAM decbwnel oM et
t he ecnoenrsguyymi ng components can be cl assi fi
functions, and the information of each
with a A+0 aviagre.i nd ft lkeenchatnt @&rdw gf uaa rctoi nop

additional new modul e can b & icdoenfipionneedn tt o
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Example 1: Geeetech A10M Dual extrusion FDM 3D printer

Types of machine and material

Material extrusion

Time, energy, material consumptions related components of each module

Nozzle heater / hotend

Wire feeder / extruder

XYZ axes Cartesian system:

Display unit

Cooling fan

Wire

Thermoplastics

Build platform / bed

Wire feeder / extruder

User interface and
connectivity

Temperamre sensor

Types of machine and material

Time, energy, material consumptions related components of each module

Direct energy deposition Laser XY axes gantry system Rotary table Cooling system Display unit
Powder Powder feeder Z table Tilt-rotate table s lizala o i Temperature sensor
connectivity
Metals

Example 3: Zortrax Inkspire Resin UV LCD 3D Printer

- N j .
Types of machine and material

Time, energy, material consumptions related components of each module

Polymerisation

Ultraviolet light

Liquid

Resin photopolymer

Laser scanner / XY

plotter

Display unit

Temperarure sensor

User interface and

Build platform / bed

connectivity

F iug 38:

Exampl es

g fe | @ad resddu myoedeud dei sf foefr etnht

AM machi

nes
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Bas

ed

on Ftilgex3pbesents three different A

us tnmoadtuel et hcel assofdicag¢gi boFiudi @2 ddthabdd e

mple iIis the GeeefeslkedAl@Modual o3sx moud

nt er, whmacthe ruisaels eax tdruvasli on system to

t her

mel t

t

it

moyv e

e

mo d e

un

sens

The

whi c

t he

scan

X

pr
mo
ed
a x
he

ma

nt

me

| s:

ni

i nter al Inowswos wixttcrhuidregr sb etthvaete pr ov
plastics. The same as gener al FDM
by the nozzle heater/ hotend on t
I S movememtx edsr iClagnt esy aann sX¥¥%za2 em. Ot
standby state also participate ir

chine status. Therefor e, t he consu

abase: t wos ,mantoezrzilael heexattreurderbui | d pl at

user interface and connectivity, <c

econd example is the Optomec LENS
r. During theelAMdrpspcays, taepomed al
or el ectron beam to produce 3D o0obj
i nat-axeas odamainr XYsystem and Z tabl e
erchangeabdoet art et arryu ntna bedne i tsoraakniedsail i

nts. These components are insd4ruct

sciodeGprogramming. Therefore, 10 mod L

| aser ,-apeandtgrry fseyesdteerm, XZ¥ -t @atbd tee

on, cooling system, user interfac:e

or .

t
h
re

ne

and

hird example i sulttreaVdo)lteltadlsD 13rDk spp
uses phihypymemgiysdatoi om otdeic e 3D objec
sin photopolymer is solidified by
r/ XY plotter, accompanied by axis

Y dir ecltd omlsatafnodr ni/hbee db uiin Z direct
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modul es selected for t he model | i ng: U\

pl atform/ bed, wuser interface and connect

Af ter t he modfuosepacdiafsisc fA Meampioone nepr of i |
process perfor medméeags u hedendarctdhoi nfeo rcnaunl abtee
in which theapmmer nodei atti ont c®er steapbnd
modul e operatiidmet eTme neddadbdy dtohfidea dsa Ga
c harst shbwgu4ies 3generated to clearly iden
modul es, and t heicrodceo rcroensnpaonnddse nacneds ptoow eQ@
this chart can | hntagpi toifvanuy tr e@fl lee arto dtuh e
axi s. Thi s can facilitate the subseque

experiments to measure the time consumpt

y ldle Printing process Idle
. ‘ ‘ Time
Gieode :\11&)0 IM109 | Gl,GO
420.0000v 00:00 ,0045 10341 :osse 1147
T E— AU VR LR
i o p l LLL ]( '-L___f_‘/Ll- Uy UL E_‘_‘

0.0000VA =t

Material processing (nozzle heater / hotend)

1
1
|
1
1
1
1
|
1
1
1
1 1
1 1
1 1
Anycubic i3 1 :
]

> 1 i ; : !
Mega EDM i i Component heating (build platform / bed) |
3D printer Gan : 1 |
antt ; 1
! Material feeding (wire feeder / extruder) H
chart : i
' 1
: Axis movement (XYZ axes Cartesian system) !
1 : ‘ .
1 o i b e : ; S .
1 Auxiliary components (display unit, user interface and connectivity, temperature sensor) |
. : 0 i
I |
1 : : :

1 H i i
G-code 1G1, GO 1M109 1G1,G0 1 MI190 !

1 ' ' '

11.0000vA 00:00 10057 10421 107:15 109:06 11743

88.0000VA 1 —_— . J
Appa. §70000vA 1 .',v‘._,_”:" ;

1 / [

—

P“vr 44 0000VA
220000A ;
0.0000vA ~———

Monoprce Material processing (nozzle heater / hotend)
MP Mini 1 1
Delta FDM Component heating (build platform / bed)

3D printer Gantt

i Material feeding (wire feeder / extruder)
chart :

Axis movement (Delta isystem: 3 parallel stepper motors)

Auxiliary components (display unit, user interface and connectivity, temperature sensor)

Figuk e E3amples of the corresposwxobarece d
commands and power profiles
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Two exanhpulseesd odfeposi t i o3nD npordaenl &l el pnsge s(eFD M
showRi gu4,e ea.ch module is distributed al
foll owi .cgpdeheco@®mands. For mddulha umafc hiianre
compomenmt sni coonamwdamearggy during the$bkbati
comp o rrcenmpst ihees phityemper at uaned seean sionrt,er f a
Connecdtoimeivtbye, runni ng s equanceoensp |oeft eoltyh edri
For NYEURBI & Mega 3D printheeuj | dhel &aefdr m
precedence over thbohbzezbempbeantsgre®ohb
the heatamdgapowers®d to maint ajtrh ec om stea If te
and t hexeXsyzZCartesian system start trhueani |
Monoprice MP Mienmi, Ddlet @ hthBreap réibrctahcéed b r af

coor gdi matequired at AtMia slike giTmmuisn gotfd fea xel asd

mo v e mewhti f $ b m tshtearitmitsnkd t he task ends. A
nozzle is heated to the target temperat:
first | ayer of material . After cioemeplteetdi r

to ensure tlhatect hadpreibmtseldd trfnolrym.t o t he

The abwoe exdmmbestthreatepeci ficisgndft A
i mporbhanr@ede i n ODbtailssppueid.ianhde ombl tict i v
opti mifoat itdheec twoé$ be adi sasesE@dapd eq d

Chap8én the foll owiomg usmpad dlalnisng tphreoc e d
mu lotbij ecti ve optimi sation procedures wil

framewor k
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33.Fr amewoprrke daictchuolvat b j eopit veni sati on

CAD

>

Figux e F83amewor k

CAM
(Slicer Software)

Parameter inputs:

Build Orientation
Layer Thickness (mm)
Shell Thickness (mm)

Infill Density (%)

Component Heating Temp
(°0)
Axis Movement Speed
(mm/s)
Material Feed Rate (mm/s)
Material Density (g/mm”)

Improvement of CAD design

of

Optimisation of process parameters for the minimum consumptions

Calculated inputs of model
« Time of axis movement

« Distance of axis movement

« Amount of material feeding

Predictive models of:

Optimal solution of

Time consumption process parameters

Energy consumption

Material consumption

Data-driven modelling

Consumption-related characteristics of AM
machine and environment under different
process parameters

« Time of material processing

« Time of component heating

« Power of material processing

« Power of component heating

« Power of material feeding

« Power of axis movement

« Power of auxiliary components

« Current temperatures of components to be heated

aes

prediodbtjiecn i med @lpltiimg sand omulf toir

AMD s

t

me
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The fr aoniehpeoo flosnet bodr efegu®Bo Bmega nCAD de
i standard tr {(Sdjfgd remdtanigu aigmpio.sd.ed ernsof €
slice the 3D pr ot ovtaynpge eitntad Trhel2tQillp7icee r| a&sy
an interface to personal i stehneaeb@i prpocbaasa
and cusmandesr. dhef t epr b lpeag saantett iem g , 0ft he ss | i «
the printing infor matdieo c oanfmaecachp ulhaey elrg lin
controlpr@N@mmi ng. The information i s u:¢
durthm®gM proceter &€hebhhmodohegptual model s
materi al consumptions are builtdt as ahe

rel ati onshiiptswoa rwahydsepuhgybideidcsse d mad d kddriaibh\yg e n
malel | i ng.

| phy shiased modtehd i-dhagta i 8 Br oces pad atme t @:
of thet medemelds ehansemow @ rhe mtct uala nddiheenpd uancte |
of mater.l al dhé@edinngnodel |l ing, besides the
Gcodieh,e rel ationships between othenkpawal
anadan el tyafirmemd exper i mentcso.n sTitheer ecetf gpesr rittrisen
me asment $neaotfer i al mpd ahele mp algeantmiod g | ehe po
measurements of all five modules and the
Altl haeb otviemensumamnd opewer are measured funde
process pAdrtaemettelres. experi ment s, t he func
parameters and the process parameters ar
Pol ynomi al regresfsitont hes fapmpdt icwWlodbalcelr v

coefficient of the functions).

When the predaietoptmaimi@jedopt veni sati on t
applied to optimise the tphteo aness emamr ggme tae
consumptions of Tthhee ocpurirme nstatAM nt arseks.ul t s
feasi ble solution setowd tph e cte ¥sAuDp taduersen eanf
t he f ol lsewitn @ nseudtent sitlep ofn t h a rdpemsobpeods e d
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331 Physhiacssed mbasleldicog e G

Physhiacssed mbdeétd-tcode Gi s oineo ot r itdhieh ineanst u
since a CAD design-coadre pooducde feairfener At
sl i cer Fsiogf @6wpareess.ent s aaCrlelx adnpdiegnofmanuf ac

di fferent machhatswoupbhaogdtisngecdhe mesoft war e.

~—+

he desstiagnnd airnd t r { 8 Tifgd remd ta sigitsa) @t cweor tsha fst v

D

natlhgeesn e coaftwoc @de files for eaichpddM Mmachec
ulTehsu.s, f our uAM Groaesdkes fwiltehs aErae dgl &n @ n shdeie

-~

di ffeoeemandstitwcti nt he . PaMet imae,hi e@aer gy al

consumpftastem $ own atthekdi fferent.

Machine 1 Slicer G-code 1

software 1

Slicer
i G-code 2
CAP design software 2 code

Machine 2 Slicer G-code 3

software 1

o
& .

I 4 [ | Slicer G-code 4

- software 2

Fiug3&:Gcode generation by different sl ic:¢

Thmain typedge®mmaaddes summBablsle ddkE ommands
provide the AM machine with the target t
coordinates and corr esponadnidmhge s pae eed sa nadf
mat er if @ €dir n g .nactoammaen,d s ttahldeitfitkpor wd @rhot es t
speed of axis movement o rActohmematnadr gsetfiaGitaitne
or NGOO dceonnomeenscefmea@xi s movement Aoo mmar e |

startiAiKg ,wiitYld denotes the targett bXeooYdi n
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Z dir€ecmmamds starticarMwiad deldtdet arhgeet:
t emperfadtrifheee@as i ng mat er i al t pceoontpeotngeianttg N Mo dnw |
Commands startondl®@Dnbdhi chastiyedDhteoo h etaltagbroy eo ft w

modul es.

Tablle IB3nstruct i-concse oc o mimpt#eiidc@mieicns ( SMi0dL,0 )2 C
Gcode

Meaning Uni t

Modulyg Ccommar

Gl1, GO Begin axis movement

G28 Home al |l &xXiensi thiaaclk ca
AXxi s Fnnn Rate of malspeedl|l of ear mm/ mi
moveme Xnnn TargeotoXdi nate of axi mm

Ynnn Target Y coordinate ¢ mm

Znnn Target Z coordinate ¢ mm
Mat eri Ennn Consumed amount of m: mm

feedin G92 EO Restehteonsumed amount (

Setthtear get t etnpeat at U A

Materi M104 Sir _
pr oc ecsosmpnogn e nt
proces

_ Begi n thhmeattiemg al proc
heatin M109 Sr
compontehdarget temp:

M140 Sr Setthteartgeenip egsodt ucroemp o n ¢
Compon: _ _
_ Begin heating componc¢
heatin M190 St
temperature nnn

G4 SnnrPause the machine f ol

] -~ M106 Turn the cooling fan
Auxi | i
M107 Turn the cooling fan
compor
Di sabl enhotlhde oifdlaexi s m
M8 4 _ _
mat erial feeding cc¢

Exampl ec ode ac cGnma n d

Axi s movement to the targe
at a rame/ offonr96nalt er i al uf e

Gl F9600 X1

Y151. 786 E:Z
consumed amount @f4 . BBRt3er i a
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G92 E0 ; Reset the amount of mateiral feeding to 0

M104 S205 : Set the temperature of material processing module to 205°C

M109 5205 ; Start heating the material processing module to 205°C

GO F9000 X-8.536 Y 10.408 Z0.263 : Move the nozzle to the target coordinate at a speed of 9000mm/min
G1 F3000 X10.704 Y9.942 E0.62524 ; Move the nozzle to the target coordinate with material feeding at a
G1X10.108 Y10.165 E0.64959 rate of 3000mm/min

G1X9.488 Y10.312 E0.67397 ; Continue the axis movement and material feeding at the last speed
G1 X8.638 Y10.385 E0.70662 (3000mm/min)

G1 X-7.842Y10.408 E1.33731

GO F2700 X-8.536 Y10.408

GO F9000 X-8.537 Y10.058

G1 F2400 E1.36387

G1 F3000 X-9.15Y10.019 E1.38738

G1 X-9.753 Y9.9 E1.4109

M140 S60 ; Set the temperature of component heating module to 60°C
M190 S60 ; Start heating component heating module to 60°C
GO0 X-3.083 Y-1.001 Z0.413 ; Continue the axis movement and material feeding

G1 F2400 E61.40787

G1 F3000 X-2.946 Y-1.018 E61.41088

Gl X-2.837Y-1.02 E61.41326

G1 X-2.837 Y-.99

G1 X-2.837 Y-.968

G1 X-2.837Y-.85 E61.41471

G1 X-2.837 Y-.806 E61.41513

G1 X-2.837Y-.782 E61.41526 ; The total amount of material feeding in the current AM task is

61.41526mm

Fiug3da: -cCode ¢ omanamnyyssM odd s k

Thécode commaynpsMeatfarsdh o whiug®@7According t
main typede odol@matiead Ilen BG92 EO0O0 i ndicat es
materi al i's reset batkAeM ot azsekr.o fiaM1 0t4h9%S 2h0e
S2050 iaditheecothpeanheni al processing mod
the target temMéd@tB8B6eo0o0oan@0BMLII90 S600 i
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ot hceo mpomeatti ng modul e are set and 3hTehaet ed

Gcodeommands cdamegmpewsimgoefr t ant i nformatio
model ling: 1). the running sequences of n
of axi s 3INo.vetmeemtamount of materi al feedin

The running sequenceardeff emac hedgibyoamhp@en
sl i cer Sg atfcheavahA M . mac hi-nmed ee xceadmnmresasdtsfi e | mae h i
will execute the next command after the ¢
t he comptohmmntes i @afl processimgti el dtmhpe® f at e n
processe axis movement modul e will be pa
target tPmpien@ttuhes period, wikkéehbhdaki s umaov
statupr avpovwer Thesvel t hepti meaecib s smeomoaemd ret
consitswmos paafrt s: t he ti meswiptemtoronwiatch awmtl n
and the time spent on waiting for other c
the | atter pérnitoed @oaflA dtéciomead iasg tthe t he Gann

i's equal to the time spent on other comp:¢

Theoordinates, speeds of axis movement
procédsstea phydelcldiwviog noofd alxé s movement .and
Th epear a meft jperse di ct iavree ntoadhec usk thtee d,i me and
axi s mowmidrhemtct ual, dingdpltédhee memmptusmT hef dma e

c al c umett hoolEls otvler ee par a me ¢ encesxitb ecdh apnt er

3.32Datda i ven model |l ing based on expe

Apart from the par ametder, s tdel crud |laateithoentsr
parameters and pr ocebsesc pdayxeame e ec 3| @ mle & @ «
code. For exampl e, for the hecatmpnogneatfti mag
modul-eqdeG only provides the commands @Ml

machine to start hedat dodg sph e\ cnoem pcootmasnutnsp, t
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poweri wmdattihngTpe oedeasthseei,ven model l ing i s
f unatried mt sbeentsmeiem t he remai ni ng p atrharnoeu geh

experi ments.

Tabl 21 i3s.t s t hteh areoeddu | e be testedowhrou
me as ur anceontdsu wt & tkes ta p p asodariftli weo weadul es un
rel pr edpeasrsamét mes measur eme nttes taessett gtpmel U m
heattiimpet heat er i al pr oc ecssmpnogn erad d inlge nmebeddu |
di fferent pr.odfehaesi pamawmemens modul e, t he
movementt wat hdaspl acementsesde,s whillcal tah e d
deterlmy nelde running sequences and ti me ¢
four t mpesl| e, their ti maeletenby mdthieonrsur
sequenteéesneardons aimotdiud mss aalfd itthieonc ur r eonft t
the component g hteat erei ahle afgrealc ecsosmprognemd d o ig
modul e are also recorded at the beginnin
havesosresmotno t or the temperatures of C 0 My

temper ateueg ecsomgonéeéints can be directly rec¢

Tabl2ze IBi.ist of modules to be tested throug

Mo d u | Rel ated p Appareg Setup t Currert
par amet e power heating|temper
AXxi s
Speed of ax Vv
MO V € mé
Mat er
.| Rate of mat \%
feedi
Mat er
Target ten \% \% \%
proces
Compon Targemper a \% \% \%
heat.i P
Auxi l
None \
compon
The apparent power i s the combination o

refers to the real el ectrical resi stance
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whi ch i sitcontvleerrt mal and mechani caThenleatgt
refers to the inductive and capacitive pc¢
i nductive and capacitive componaiitidkEelso (|
Habrouk et Tale. ,ab2o®@@0 plvavtelt ypoecssadnmee redye i n
production. Therefore, this study select

consumption model

Voltage probes Power cable
1K |
Power _'_
meter
® Op &y
d AM machine

Current Clamp-
on probe

Fiug38: Circuit connection of power and ti

The circuit connection for the measurem
idispl &yug@8.Tem avoid di sassembdiirnoguitth eb cAAxXM
designed to sepat &M niahceh ipnoeweirn tcoa btl her eoef

earTthheee ms t o conduct the power and ti me n

without disassembling t hearAeM cnoancnheicntee.d Twi
and |live wires t,0 whiranhtaa rpeer aas @ bd ttohebt cwa
machi ne. Theoncupiroeben ell amp ri cal device w

the magnitude of AQuidGroavg mrge d hd)d mgth hals.c,e
t he cur roenntprolbeemp s uA€fdl otwi nnge atshurroeu gt fihest h
AM macBinee gener al power metebgtflhmeeat
apparent power, the time consumpti dabl an

32are directly measured by Ffiugl3.owi ng t he

To t etsitmetahgemalr ent power of-cedenmasd@sgl ke

manually dasitghree ttAM omachhee mooulr &$Seicntdiiovni
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3. Prbvadekdxai | ed dx@edt adhatc omneadi@de ¢ oumsmach d
t o i resaterimudcitv i duar e mowmriee b 18eDd3r.it mMegx per i men
measurements are condu@tred asmdnee teedei-f @ tea et
commaTfldgr opeagssamet ers include the mptedi @
feedanmda,r get t e npneartaepruinaele® s 8 f n gc omopdolmleeentt a m @

modul e.

Tabl3e-c@.de commands for the tiamceh asnidn goloew er

Modul e Gcode com Meaning

Move the printer n
GlnBXmmmfmmmcoordi nate ( Xmmwm,

directions at a sp

AXi s move
Move the printer n

Gl mRmnZnnn coordinated(iZmmm) o

speed of nnn

Feed materi al wi t h
Materi al flG1 mRnEnnn
rate of mmm

Set the targett hteem
M104 Snnn

Materi al PIM109 Snnn materi al processin

the modtulae gted 1t Renp

Set the targett hteem
M140 Snnn

Component M190 Snnn

component heating

the module to the

This modul e keeps
Auxiliary None entire AM taslk oddad

commands

Based hexip erarmesnd Ihtes ,falnek abnonships betw
results and process paramanedé¢ sacfanrtidengde
Cur-fviet t i ng Iiod etnlteatgte ocerswse of a mat hemat i

fijbtased on a seSaesrafRed@@d xp @isn tass &(dfyviketios
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t hfeu n athied nat iaonnds Ihcaplstah e cofe U hic.ETiheemrse are v
regressimat ondgdulgivinpsedry n,o nBoail srsiodne, | asso,
net ,( Leatand Z1€e999d3rn st ati stics, polynomi al l
regression analysis wused to model the r
dependent av amdlileagbpl eeesy nadsmupsd |.y noeng md ssxil erc t e

as t hteou datdéhse above relationships.

Above two secotdiuocnes tnhaei nblays iicntfrl ow of pr e

the proposed framework. The definition o
prediction modelling will be introduced |
for each Inodovel ediscussed in Chapter 5.

333Mul-adbj ective optimisation

Ther edii st ifod mo koebd eloy § vemi sati cairurSisnce md
have been widely applied for solving so
opti mi s atgiuoen ctaenc hbne s el ec t-leeurfirootm d hael gori
the -mmbj éctive pr obAcecnoridh im@dldtss estt uaty . al

Cre€pmo et al . (2019) , the major pagobirctk
swamopmt i mi(sPaA2Q)o,n cl onal selection, chemic
strategies, harimenymassagd chpt itmiasatiingn, Ta

nei ghbourhood search.

The basic fl-hewehiasti owfalmpdrait hms appli e
Fiug 89. To start wi t h, initial popul ati or
parameters are generated. Then, each sol
t he <cor r ecsopdoen dfiinlge .GcBoadsee d nofno rtnmhaet i G n tahned |
ti me, energy and materi al consumptions o
rules of selection or guided search in d

Af t er that, a new generationowdh caxpl dial
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expl or

proces

opt i mi

ati oBassepsetAlatdel, 2018). This new
ontinue to be Iimported into the sli
s. The iterathenswoppi bhge ocstioperidomw
on set ofepabvedesaptpiamalmed gprso xii snat
y obtained at theTernwda| ufad ephesf @mpms:
satiomeaVgbumehmHVhy indicator I S

ons obt ai nTehde fsroolmu tmuolnt ispelte wietsht st.h e

beompaied the debauvuhti datettbae merit of

‘ Start \

A4

Create initial populations

&
<

\ 4

Import into slicer software

!

G-code] |G-code| |G-cod Create new

T Jax U7 ) generation
A

!

Consumption predictions

'

Selection/Guided
search

Stopping criterion
is satisfied

Best found

solution

A\ 4

End

Fiug3@:F|l owchart ol egtrDeetrbiatasnrde tGay e Cpa b9 ®6

al .,) 2019
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CAM
Machine characteristics

(Slicer Software)

Parameter inputs:

CAD Build Orientation %
|:> Layer Thickness (mm) |:> ::> Pl’EdlC‘ElOn
modelling,
Shell Thickness (mm) e .
multi-objective
<:| Infill Density (%) < || optimisation &

Production environment
characteristics

Component Heating Temp (°C)

Axis Movement Speed (mm/s)
Material Feed Rate (mm/s)
Material Density (g/mm?)

Fiug3d OTwaoevay feedback bridge between pra

Basetdhabnove, reductions of AMG6s time, en
achieved through ttwhiCcAWa pg oceBtsi miag atmed re r (
ot hGGAD deAssi gshh.dwug 3l fone of the mafintbostost
to esa abwarys hf eed blaetkwean dmreact i ¢c &l dp.sd dunc
t hset ,aré&k peratnesnutl tnea cdhéi maer act eri sti cs and p
are f edubdtdhpanteod inotdsed Mt t he s acnoed dt WGeAeD, t
desiggmer at edprboyvi dA&8 t he manutf@acaacomgl i
pr edimotdieidAfyt er o b tead inc tnigvtaehimedotdbdjl esa,p i vmi s at
i's perThadrensedbd .ustebtb npr oces s apaflhdnad éthy@ A M

an@dADI n ChkM, opti mi patoigd maemdeeud €fnodd s eal ect
feasi ble solutionmnnofCADPro¢cdes opan ammstaen ®n

f aormproghe design structure

34 Addi ti onal experiments f orf i

prediction

| apracti cal manufacturi ngprceditetxity e smanece If
by the chat damaehi stehrmad @ of al . For -esampl ¢
commonly occfuused ude pma@s itthiepgm omedeasl. | ilng i SF

high | oads and i nsuftfarcs edus ptexdghaegihso fmosvi
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higlte material sfeetthegaxwédi mbvémadt mod
modudlae t ongeach the specified speeds and
addi tional expedi mentesar ¢ heomdu wtal Spee
rate of maAershdwiy&kefhiengneasured speeds a
replace the speedscadhdad irmttelse pp roe daidcltdithbep
proposed materi al coqnuotlmp®ifogoniepldadt Us e 3 (
f i | ameetnar iTaol | mprreodviec ttihoen paccuracy, the ac

beneasured through tekip®e rdjamesndtdy .t o repl ace

I
[
Additional experiments: I
I
[

1
I
I
| Axis movement speed —* Actual axis movement speed « Time of axis movement
I . ~ .
"""T"" = Material feeding rate — Actual material feeding rate # « Distance of axis movement '-*

« Amount of material feeding

Material density — Actual material density

Fiug 211 Schemaddict ioofn al experiments for
consunmppteida(et.igan FDM technol ogy)

By replacing the expected values with a
and continue towards the subsequent opt

additionally measuclar acttedieserms nefd tblyet

35.Summar y

This chapter Il ntroduces thebjfeamewer &pwoif
AM6s ti me, ener gy aunldh emactl earsisa If i @A Seuw napt teif
moduhgbri d mddeelalcihmgnogliud er ati on of amadc hi
mu lotbij ect i ve aopet itmh e atabbm fthd rst Eethuadiyl. e n so f

contribution is explained as foll ow

Firstly, t he modeset meaclha ssmmpbmeratos dnawadi stiy

movement , mat ec o mp o hpermaotciensgs,i ngat er i al f e
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componfenret sr.unning sequenctehfei apd mpdweespeco
Gcode commands, whi ch prporve diet tctloenaer, geuni ed

mat erial consumptions.

Secondl vy, hybrid modeplhlyidnasscd nm asd ésd-iod g
code axddi damn amodell ing based on experim
manufacturing i nf-opouobatctadnc upractvei dehd ebey eGE s
mo d etlisme , di stance of axi s mawnametnhte waimoh
mat eri al feedingthéa&torc arnrhetr pe oaasledwplesti ent
are conducted tpos theestew etehpea trhemeatteirosn sahnid p
Compared with tradi tpihymaadcssno dnebl d s éntigc andeet Gh
not only prepvieddlscutdd epr e ®idaceast he wegqllr
experiments. nNMearewlpirloane stetpeored i ng process
to fdrhedi cdcomanu mpft emhedded into theTlmipd iim:
becausepewvseolhuti on of process parameaser s
i tsco@e i SThwmsi,quienst ead of providing a fi
met hhoadbe v @ ldcoups t o e delimeitnhgoid h a consi der at

parameters, machine cha&ahactaentiestiisecs cand

Thiridaprracmawcaf acturiimg v adaretxaipef met er s
predictive model s are afniaecchtiende baynTdh hreat a
addi ti onal experi mentselaatei onsrhd yacst t edide d twoe
expected ot eaespafbmdéeter 9f eaaglBepgat ame @i
ori gpaaradmet er i n t helThpsefdsiticdtp vsetohmesaiddd ra e

performampeoand the prediction accuracy

Fi nanelthwur i stic algorithms afeasaphpl eedot
of process parameters to minimisEiet inmd,n
procedtuloeps ionfi sati on B&réfal abt pdiewmon &Iid. o
pocess, the modelling process from inpu

gener atdmde,ofancdd t hen f rcoond et hdea tpar otcoetstsh en ¢
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t hree copnissumpntiiomesl y embedded T mi st hreeftohpot
int e grpateidnwp ttihoept i mi s atrieoanl ipsreosc etshse casgsd om

optimisation with accuratse prediction an:i

Thi s chapter ohrwmewbr &do€ e s onaknedmpotpito nmins

The met hodool ageya |l u sseed tihsi sp rreesseenatrecdh iwno rtkh e
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CHAPTERMETHODOLOGY

41l ntroducti on

This chapter introduces the methodol ogy ¢
i's idehatftkd proposed prediction and opt
predict and minimise the resouricedhennsut
prototypes of predictive model sBased dehf i
Gannt <chart hoef naoltle tnaobdku | ceosn,s umpt i on i s bu
time consumptiontoktakagh modsesbLeptiThbha is
o f the apparent power over t het dtmanle e rcioa
consumption is calculated through -¢thee.ar
Besi dé & e bmuelcttii ve optoibmiesned oi tbbeeapsocde i pe&
are defined as decision variables, and t

consumptions are defined as objective f ul

Af ttéhre definitions of predien itvlkee muoateh sd
in hybrid predictioinn moldied hc paéljydssseedd e ht r o
t hGcodal cunatthihmdgr etthet axi s movement ti me
amounst descr i-breidven nmoddaetiglriesg, ohnhanal ysi
process t he iesx pceead areinaledfidlead sainh | ea opt i ms s a'
selected tthhe semtricrhalf ogol uti on set of proc
the mini mum Siomsa pdpdbmionnast.ed sorting genet
has been widely wused to solve optimisat
i ndustri al manuf act urlilng,o tthiis stpudymiaspapl
wor kfl ow-ldf aMNS®Adi Talyedcensi gn of experi ment
perform optimisation tests under di ffere
performance measures using hypervol ume (|

obtained Baded@alebmepmt sol uti on sets of pr
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At | amdt,hadcse used vian i axppreercienmparretdaed t he hy
that proposed method is effective in sol
pr obfleermwrogdld AM.Tamehti bnoedds® dc aprcedia¢c i on a
anav altuhaet esi gna dtiicminsceaet iofdarhpea rHdVma tnedri c at or

in this chapter.

42Hy pot hesi s of research wor Kk

To start with the researcht worgkropposgpopih
mu lotbij ecti ve opti mi sation method can real
ti me, energy and materi al conshDemmoflesn e

hypotahreesi 6ol | ows.

The hybrid mddelalni nagc hmmetvle an ef fi ci ent
consumptions, and the additional experi

by machine characteristics can i mprove

The +wmbljteicti ve opti mi satlilonalngeotrhiotdh mu scia
mi ni mi se the resource consumptions of &

of process parameters to guide the pare

Since this tagébabheHHdaani ma for resource |
for gener al ,ANbyertoepcohsneoil soneitdesmsleéd ¢ on t he e

that the machine is intact and operate

43.Def i ni bnoe porieadti ncot di evl es

Thi s secti dier cdconcripbeasal t model s of AMO s
consumptions, whi ch can be wused Faosr gsepneecri
cases, the model s of each module shoul d

machine characteristics.
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431Conceptual predictive model of t

Axis movement

Time —
Material feeding

. Component heating
consumption : :
Material processing

Auxiliary components

Figulr e Tdme f 1 ows i nctoon sfuinvien gt ynpoedsu |oefs

This section introduces the conceptual 11
pr ockFeisgsuter edlsents the fl ows notfo tfoitvael nioidnuel

study, the following notation applies:

T YOdenot es t he finite set t hat cent a

consumi ng mo dewglueast(diljosnh own i n

YO o (4.1)

T ad denotes the t etoalsumi mlge rmoalful teisme

T 60denotes the total @ mméulcenswimpdech oins ¢

function of theEpuatiese parameters in

o Qo (4.2)

T 6denotes a f i nailtle psreotc ecscsn tpaakr chienmegt tee ss ,
tot al number of Pischsopasampheanmane

sed as sEhgouvant(4id)onn

6 "OhOB Ro (4.3
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T Referring to the running seqguences of

the ti me cotnbsaeumipitventsy mds of modul es,
0 of the entire AM process is model |
modul e, as Egumnd@4pdaucke itro t he differel
di fferent ABoegygsepemal mbdel i's suppos

the running sequences of machine modu

0 z O (4.9

432Conceptredl ct iofe emoedegly consumpt i c

Aft

wi t

pr e

not

T

Material processing

Component heating

Energy

Consumpti()n Material feeding

Axis movement

Auxiliary components

Fi g u2 Energy flows into five types of energypnsuming modules

er the conceptual model |l ing of ti me ¢cc¢
h the conceptual model |l ing offi gnBegwy
sents the energy flows into five modu
ependent and has no intersections wi
ation applies:

OO0 denotes the finite set t hat cent a

consuming moduHageusatd®osn shown i n

~

o0 0 (4.5)
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T a denotes the t eatoanlsumi mlge rmoalful teisme

f 0 denotes the apfamedul @o,0 wehi o itshemod
of proces i Eaguaniétoanr s

Q6 (4.6)

CA

1T As exprEpsaet@i7gamt he tot al e®erigsy neoodneslul
as the sum of energy consumed by each

of apparkotvepowés totab. time consumpt

(0 B _ 0Q0 4.7)

The | aspr swicdesoont he conceptual onfodrel ¢ a a
modul e. Thus, the time consumpEigoa t(4ipdel
Besides, the apparent powers ofcadd. fThues
rel ationships between the appprarne notn | pyo veer
from eexnpllebreesmeper i ment s are designed to te:c
under di fferent Bmasede sssn ptareaemek pesi ment
regression i sfiapptlhiee da btoovec ufruvnect i onal re

ceffici®Emt tvhael Fauncti ons) .

433 Conceptualmpdeldicacft imet eri al cons.

This section introduces the conceptual mc
process. The amount of mabdei abminmadgaegb sv(
the letter AEO. Thus, t heinothée AMtproa
directly model-tedeba&6edemwmal It\h,e tGhe censu
code is in units of | ength oerr ivhoelnutnael. vHaol

the case studies, the mass of the print
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prediction accuracy. Therefore, this stu

consumption which is wqgtuadf t ohd héatpedroidah e

cumul at i Bedx voofl umeet er i al f e eEdgiunagi(4i8oans e x pr e
0 " B (4.8)

44Def i ni tionoljfedtiev enwppitta briesna tf

After the conceptual model |l ing in the pr
enerngdy materi al consumptions for gener al
objective functoibgrexctioe opei nmudatii on. T

definitiowbogfectheempltbl em. Since the pu
energy and materi al consumptions of t he

mi ni misation of three objective functi on:

~

A0 QEB Q_ o6h Oh 6  ON® (4.9)
0 Y (4.10)

. 0 0O (4.11)

. 0 0 (4.12)

6 OiO8 o (4.1 B

YO 0B¥OL® O O i phcB R (4.14)

I n this study,artehe rtetart ea ovb [t ehc tt hee e ssbaanee v
0 is the vector function to be minimise:

three objective functions of’Yti®@e,Oener g

which are deos i ghanedo.asi s defined as the
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of al |l candidate sol udi mdisc & thehsae @9 ino neaalc
consi sétnwmmberf of decision vabilablrepreBEaaoh
process parameter Doan@ M. olfhee accohn sd@iasi sit

determined by the properties and product |

Tablle Exampl e sofofcomtea@ai deci si on vari atk
gener al FDM 3D printer
Deci sion var Upper | Lower |

. Constra
par amé®t er s O O

O: the hig|O: the ¢
temperatur ¢room

Olcomponent h 25 0O o¢ao8
component Htemperat

Target temp

modul e
modul e

O:the highgqg©O: the |
O|Speed of ax|of axis moyspeed of

o ionadfa Qe O

WT T@ara Q¢
movement

O:the highegO:t he me

Tar getr atamp _
. _ temperature¢point of .
Olmateri al pr ) , pem3O 2530
materi al prmateri al
modul e

modul e

An example of three dédaissidonnd ewarsiidahloens n
3D printer Tiadvller ddentexd mph ephaamehee®d pr
to be optimised, n a ned fy o mphcen etadtri ghegt, Otbehnep es
axi s movement and ©Obé matgei at eppecabsoir ¢
characteristics of theOFDRi madkeifnaedt las
temper adampomelamdti ng modul e can be h®@atsed
defined as the current r ‘0 oam dt el nopwé@ra t'Quir rei.
are respectivel yarmdefliowastasspgeedshigfheaxi
upper Ol ofidits defined the highest temper :
modul e can be heatedOias, defii hnedt ase k bdwen
material .t Hen damtiismiwagyt, nomecanr fohabdkgi i 0
only optimises the three ¢ on soumpatciho eesvgabbd 1

of all vari able20@@Rrizkrad asnsdi Katn dal, 1995)
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45Met hodedyibmi d pmedelclt i oam

This section | nutgeduicre sprtehcei omeitchm dmsodel | i
materi al cBasedmpbnonsh.e module <classific:
modul e are modell ed asetencti dhe okl theo
consumptions and process par amet efbasade
model |l indramvdndmbodeblds emdy. mdPcheg/Isliicrsg roadee s
to calculate the timeithiasctamale dif s@xace
materi al f-cereidv enrg . mdad lal i ng obtai nshr obbgh
exper iAwmecnotrsdi ng t o experi ment dat a, tthegr

relationships bet weermnsst  pasanedreamet er s al

45.1.Cal c ulbaatsieodnc 0ol eéG p Rbyassiecds model | i ng
Gcode provides detailed manufacturing i1
movement, amount of material feeding, anc
feeding rate. Thus, the time consumtpd i oar

be obtai tedeftdmoBgbephmaesdelsl i ng. Since

Y, Z directions is commonly wused in the e
on the time modelling of axiselmoivegiami s mi
movement is similar to theSeaht@iviansthetuhode

G-code commands:
Po— Pi: G1 Fyy, Xi Y1 Ey

P1 — P2 Gl Fyy, Xo Y2

Xy2

Layer; — Layer2: Gl F, Z Pi1 (x.v)

N\ (0,0,0)

P() (Xo, Yo)

— N

Layer;

/

Layer,

Layery

Fi g u3 Example toolpaths in X, Y, Z directions based codde commands
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Figu3peredssents an example wchémattoaabf das
X, Y, Z directi omnesde Beyorhmd d dsw,i ntghda hreo Gz | e
moves ofrgodgdY ROX RA)Y with material f e®d,i ngnda
then moy&s)Ytwi Phout materi & . fE€kedi mgvame
Layveo Latyea sQPiee®df of the | ayer construct.i
di spl acements represent the three typical
for which t he 0t octaanl bceo ncsaul ncputliaotned as t he
time spent on each di sBd uaact¢tBnMD. andA¥s e x
respectively denote the components of each displacement in X, Y directionsQand

denotes the corresponding speed ¥dJdeaxadtses
both t he di spl acement i n Z di'odenioovbes a

corresponding speed.

(4.15)

I n additi-ofst epocommowumtt ¢y kipgeeds pduni i ng |

technol ogi es, which | eads to the axi s m
addi ti onal experiments are Ocoanditc todd atxao
movement in X, Y, Z dir €@ tain@npsr.o vB yd e dedldya

with the ataal spteresti medo comsaxips i moverm

actual displ ac E&amamtt(dl®gsh expressed as

(4.16)
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452Cur-fettinhgr toeggresanda®Raanéysakbc

I n dlatiaaen model ling

The consusmpmadonbesfcannot kteodeal asl| ated Gtf
process panamatgrbde deri Aedmdémtoimoreeg 8ir 2 m
experistheonutlsd bet o ottn@aitcd pplar ent powers of
di fferent rel atedtipeosessappar mmetoer sheamn d
processingcompoheatainndg modul e wunder di ff
Theo|] ypomi al redreedddnvwéere apmwlviee functi o
calculate the coefficient value Relf d@rhrei nfg
Jenhkhin@Qusi n-Aanag2020r)ecanmmeeacdelde si zeshoul d:
be mor& thaa Points. 't indicates that e

under 25 different related process par ame¢

Based on aedxaptbar,s Mmehtdy wutilises Curve Fi
apply the | east squapebky memihald fawmrdc tpiroonvs
(Kraai kamp and CMeeset &ri,tt20@BBcTomrd diorxg t o
provi Pod ylmpmi al ((Cadcax®e,Fselteagi on of degr

functions iconhasiedhcenbiohhed. I n statistic
confidence interval, i s an estimate comp!
dat a. It provides a range of plausible v
mo d e Besi des, the bound is asstshei abadi o
probability that the true pHE{amekampvahde
20pP5 A higher 1l evel of confidencreerreals utl @1
the default value of confidence | evel I n
95% probability that the true parameter |

Ref errKrnagaitkmamp and Meester (deodosr, bophe
summar Eged t(aA®)n Equatd20n An exampl e of qua

is presented to illustrafesthe eatcwmbhaed
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the second order model Nties mex PiEegs 8 @ilda s e n
whermgiaondp denote the end pointsg$ dehot s
confidence | evel orr uéhep prraorbeatbar ity itmat
bound. The values of tW®Wquetdl®Ommkiguatdaoe
20), wh &Y eenates the standard error of coefficient @i s a number
standard nor mal diFs$ tguit ke uthieo maiad Ausek esoda wimi nie

confidence | evedcenrdcadrl cei.n gF otro etdthenpdle 9 61t fi

confidence | evel of 95 %.
MQw NnNw now n (4.17)
on n n [ (4.18)
n n oY (4. 19)
n N oY (4. 20)

Fi guk eS4andard normalcdistributio

The conhodrhsxeof the estimated coefficie
mo d e | and al so the selectionFiogfubgee gds.e@t
example of how to select a suitable poly
By usiCug vtehei tting Toal bekEof ndMABmUPB) mtit
options of polynomi al functi cding.heWhemrtdle

term crosses zer o, it cannot be sure whet
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t hat the census ddaetgar eies odv eprofliytntoendi aa n dc utr
for an accurate foits.el Bltus,ast Heows al Wteigo re e

fiRol(ynomial ,Cu2@20lmhi tttheagsde!|l sowtlreg sel ec

pol ynomi al degrfeiet tdiumrg nogf tehxep ecruirmeent dat a
f() =pix +p, f() =pix® +pox +ps
Coefticients (with 95% confidence bounds): Coefficients (with 95% confidence bounds):
p1 = 0.2834 (0.2606,0.3062) p1 = —0.00005768 (—0.0007005,0.0005852)
p, =10.29 (7.244,13.33) p, = 0.2973 (0.14,0.4547)
p; = 9.597 (1.171,18.02)

v X

FiguxeS4hemaguaref cRIl cul ati on

To evaluate the pekerfobrmancesol-5d¢iateiag.yV:
a statistical measur eDtapewrv aand)t.8 mAsh ke xgpbrS|
I Equat4di2e)nY i s cal cul ated as the proportio
i n whliYcchenotes the total 'fimeomfotegsasadheal (
of squares (RSS). The values oHquahtd 2ZnS S
anBlquatd28nQw refers to a fiThednumbeessf o
defin@d alshe obser viedav a bbiése od e § tiomaendd ai t
corresponding pr ediQut.icodne nvdaheasea v srodgd 1 mfe
val ues. I n the foHlidwiimg gectuildi®sWhreel let vite
val u¥ issf cl oser to leasturedddatbesstbhodoscte]

l i.ne

Y o p — (4.21)

YY B % "Q (4.22)

YY B O @ (4.23)
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46.Met hods useldj eaot muétopti mi sat

I n this study, time, energy and matetro al
be mi nii miagslerdtbij ect i vARs pirtodbbdlean. opt i snhc@alt d ok
sel ebcatseedd on the number of objdeoomiates to
genetic algotljyhmsl kno¢WBGAo be an effec
sol vinmkpthg ept obleem with two or three obje
for the optimal solution k¢ @abope odamssur
section introduces the methods wused to
including the bas-i ¢t wbghfiowmoft NSEGAesi
performi-hg OFGAmMIi sation textd,j candrhypedyv
the performbhcel gbr NSIGWA.

46.1Nodomi nated sorting genetic algo

No-domi nated sorting gdnéetiics aolngeo roft htah el |
objective optimisation techmiagneesr as adctd
conflicting machining operation -obbhjeedt i
optimisation technigues, such as -bhpestr
genetic algorith-dr ¢ MOGAY awuwd| NS GANIOSS ta dav
with two innovativeomhamnadaedesiosti ang: ahas
rankDely €t &usoffetal, @@P; I't al so enables a f
OO0 compl exity,deinnotvelsi cchhe numbeédendt ®dj
popul atConryiaed (.Bagbr dDeélep )al .t,hek ONRC
algorithm can be classified i wtooni emiag lretd st
crowding kKisganeki tiasm, selection, mut at
basic f | olwapopfl iINNSHGA n gener ail proepst @ i egdad ie noh

andummari sed as foll ows.
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' Start '

v

Initialise population of size N

Fitness calculation through
objective functions

Non-dominated sorting

|

Crowding-distance ranking

!

k=1
|«

k=k+1

k<Gen?

Yes

Selection, crossover, mutation

l

Obtain offspring population

, 1

Obtain pareto front Fitness calculation through
objective functions

End ]
Merge parent and offspring populations

|

Non-dominated sorting

}

Crowding-distance ranking

|

Elitism: select NV individuals

Figuad eF4dowchatt afgbdBSGAhm (Lin et ¢

As shdwmguid,e a4d.random set of individuals
initialised Nofghlati omesfs ®ifzeach indivi
functions. Basedalomed healfli tinedi vi dual s a
superior to other individuals (i.e., the
as the | owest | evel. The remaining indiv]
prainpl ec<domi mamed sorting. For the ranking

their crowding distances are calcul ated.
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ranked as the | ower | evels, dienceradlarg:c
populkhamnard )BaiTdh,en2015he parents are sel
The criterion of this selection process
each i nRDebviagdtupdl An 2@i2svisdeul ected as a pa
than the other. However, i f the ranks of
crowding distance wiKHameamsdt|)RaitAgh,d e2aCG 1t 5h le
the parentgermagreatues eaf ftsopri ng through the
operator. The above parent generation an

which begins to be imported into the ite]

Note that tihteermn o mens si sofdi fferent after
i ndividuals in the ZNMimlei sed t e elpoun antait geid o5
and crowd di st anceNirnmndikviindgu a |Tsh eanr,e trheemaeil n
domi naveds. For the i1individudadmi nbaetleodn gs
i ndividuals with higher crowding distanc:
that, the parents are sel &cté€def s eimertcehed
used to generate offspring through the ci
parent generation and offspring generati
i mported into thekomiexdt ad es@nt oemg ok mmoud
selection, crossover and mutation. ™Dhe i

is reachhéNE(i AePareto front containing th
This section only i owoofdgNSegEalN|t lmd glma s it

ofhdj ustamml yaindg t he algorithm to solve tF
be di s Chhapdackri 16

462.Taguelsii gdh of experiometnitnsi sfaotri oNnS C

Experi ments airnep | cdameingdnoetdh atadn®@eh s or t i ng (ge

( NSGAa)l gorithm at di fferent setfthengai nofi
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evaluate the influence of optimisation p
the paretai hedntsombopti mi sation tests u
The optimisation par ameters ar e al so C ¢
popul atd on nsuintbee r oGe,ngenesabivem@ampd omabat
pr ob apniTlhiet yp o p ul0artd foenr ssitzee t he nuanbway oft e
to a stable value during the opGeme$satbo
the maxi mum generation that optimisati on
refers to the probability that an 1 ndivi
t her os opweardher mut ati opmmredfebabitlo ttyhe pr c

i ndi vidual i n parent populmatiaop@e@maeoduces

There are various methods for the desi
manufacturing, suc hf raasc tfi wlnla | f & catcaroiralal d ¢
mi xture design, Jagueckkrienr op udsdte s de se sg mgch
(Carl son, 2001; Guhnadguamid ™Mamwntf uRdDi9ganc t «
have been widely used in experimentiMotrel
t htahe computational time increasaandwintumbt
of genGernatiinom heevad sutelsafvdl apragr( emégt. & iGQ ¢

¢mn tbhmputatodbnal genme al per soneaelx @Y t

be |l oanag2 dayd hiTh udsw,@t dtyo t he | i mitatiaomudf
factori al design for all/l possi ble combin
exampl e, i f each factoe 8Bastebteseeofevel
performed. Therefore, considering tilaé s®c e
call ed ort hiog ommle fdfeisaigennt met hod t o esti

of the represeamtatthivse stewssdy.poGompsar ed wi
orthogonalgree®idggmcecame number of experir

scientific applicdadtaicomnadf Wanghogoadl t abl

Anort hogonal tabl e itswod esiilgeca doel tleypa If(.d,l) | 2
number of each | evel in a single factor

probability of participating in the expe
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|l evel sanynmgo29fi bll ev eplas ra cor o s sh atswot haer bsiatnmea
of occurrences. This is to ensure that t

compl ete combination of attributes and |

There are many exi sti nfpgarcthiogo®aisdt dielsE
the computational capabili,t(ts oaft hmwronad
applied to design eapeirmmeatisorn.f INtSSGAndIi
factors being consdaeafeirreedd tam dh aevae hfTduart eloe
42, t he four factors respectively refer t
popul atd on nsuintbee r ocGe,ngenesabivem@ampd omabat
pr ob apmllhietuygal of four | evels of each fact
capabilities of existing computing resol

commonly usedoptni MIiSGaAL i on.

Tabl2d e/ef sNSGAtiIi mi sati on parameters

Factor Symbol Levels
1 Popul ation si 0 Op 0¢ 0o 0t
2 Number of gert Gen Geln Geh | Gedh | Gehn
3 Crossover pr( pc pt p2 p 8 p 4
4 Mut ation prol pm p rh p ra p A p

According to the |l eveltmhamber ocramdpgbaal
desilgywefdo!l | owi ng t heAsalsdhvwiearit|8eim64p.o p nicmps et
should be performed under different combi
each parameter are evenly di st rtiobutaed iicn
t he opti nlihseato utnp ute satf. each test is defin

parameter combinati on.
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Tabl3e @rt hogonal tabl e f-orogpgthiemiexgteira ment
Factor | evels
Number Probabil Probabi
Test |[Popul at _
gener at Crossov mut at i
4 Gen pcC pm
1 Op Geln pt p rh
2 Op Genh p2 p ra
3 Op Ged p 8 pra
4 Op Gedh p 4 p
5 0¢ Geln p 2 pra
6 0¢ Gedh pt p @
7 0¢ Ged p 4 p rh
8 0¢ Geh p 8 p ra
9 0o Geln p 8 p @
10 0o Ged p 4 pra
11 0o Ged pt p ra
12 0o Geh p 2 p rh
13 01 Geln p 4 p ra
14 0T Geh p 8 p rh
15 01 Ged p2 p @
16 0T Geh pt p A
Eacohpt i mitseastti owmi | | produce one Pareto f
performances of al | foyop en \neldu nivedh ir @O 1§ r o

applied to quantifyntbhhiguatutyest bé BéES§
t esdefiisned as its cofMhes gahndauh@gdtdidVii inmd ic @

di scussed in the following section.

463.Per f or mance meoapstuirmeasl oa p pnrecaxri mat

by using hypervolume indicator

There are twwakuatneeragpat ti fme i apap red xoi nfarthaen
conver gemoani mfatreadn sol uopoinmalt osethe ®madet

spreadi ng -cexmmiemdat edD esbmlreutt ) dobn.sc o(thpa@ke t he
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obtainegti mbmaheoabbest s wodamiinatred Ddr tn
al gorithmlit)hn (NEGAuant iHy peedr vboyl uunsd i nfghl Mishr e
section introduces the method of cal cul e

solmug iomf obtained pareto fronts.

The HV indicatoevalsuat e ett heneaqusbaylr igtryaoosff ca
the -mbj éctive probbemctnve prehbhingme I n n
cal cul ate the maxisnubns vad e mdohref noavitegradad il y e
seotf solutions under considerationF(@{Qiutr=zl
47pr eseemtesxampl e of t he -oH\ eccatlicvuel aotpitoinmiisn
refer enies poeended to calcul ate the area o

encl osed by the redemiematee @ os mltutaina@ng .he |

The position of the reference point 1is
opti mal solution set from ditghebenchi sear
di scussed the specification ofrstthe ,r dafher
space is normalised by defining the i dec¢
respectively (Deb et al ., 2009) . Second
di stributed inside the atrieoan so,f tHWe ,acnodoalidai
the referYesrncoeul ploibret Helat(elMn&asdemot es t he

numb enro-ch@fmi nsaotleudt i ons obtained from all S €
i p — (4.24)
I n this study, the specificahj eant iofe tpre

simil ar -aboj etchtei viewop u ®&rl edane n & sip la@ -dedxminmant e
solutionsli menai othalkecoor diiomantaélhjsedt,ivhe < h
and respectively denote the time, energy
The objective space | sanormpmalnits e dby hde fni:

and (1, 1, .hF, coespgeaates] pf t hei rigff®mren:
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exampl e, t he-de miamat efd veolnuotni ons obtai nec
opti miTshaet iroenf.e¥Oé\nskosled be defined as (1.
t @quati®fdn

Fit

<
@

0 . ’
1 :FZ

O Reference point

® Nondominated solutions

Fi gurEexadmpl e of HV-oibpkicdeatver oipn itmwes at i

O Reference point

® Nondominated solutions

Fi guad eE4ampl e of HMWDbijreadita asteoro pitn nti Israd «
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After the objective normalisation and s
‘M0 can be calculated by -tdbei nati @doNswd | uH’
Brockhoff )et asl .expgE&s®idabh | Not e dehates

Lebesgue measure Aof whihiee,s ol utoi ondisedt e

normali sed consumpoti dhe oboedthasteébratifeon
definéedhas n three di méesicomg damate val ud
total nummbenri naft emors®H ut i @mis. . 0 refers

t he -dihmemrsi onal hypercubic of ot hehido may me
i's also bownmcead ebyotima r ef

06 Z o oh oh oh (4.25)

Notethbathree objectives are treafThbhtswi
HV i ndikgautaotfi8mman be directly usedFion tihi
optimisation of three object HViesd iwddotho rd i
evolved fromO®&Vcainnuwbdeaat eerx prEgwraetfdiddbha nd

Equat(id)n_ O6hHY denotes the weighted Lebesc
sol ut Aammd steite r eRfTehree nwceei gphdtignfitsn witsiea@n t o c o

i mportance of é&wO®NY sionl wthiBesm ekdiarftfl . et al

006 _ "Ooohy ., . 0 aQa ( 426)
"O6RY ze . OR _ oh _ oh (4.27)
Based on the above, a higher value of F

parameters has a higher convergence and
the solution AHdpgetr!l et. aRi.naadl2 Oy AsPoOhge;t &  th & &
as guidance for manufacturers tpor esfealbedtc

stage
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47.Met hods used ial iekgpteirament al

This section introduces the methods wused
r elstus of pract iTchael aAMn pirsoctes seal.i date t h
beginning ofithis thappeoposed method ca
optimisation of AMFoesbDhecanalbwysushpned aonp s ¢
absolute gMAPENt isrrusred as a statistical
accuracy of praediANMiI maecFoiorde he fammal ysi s o
the merhodgsalsalhnd ANOVA are used to comp
o f optimisation parameters on the HV in

descri bed i n-stehcet ifoonlsl.owi ng sub

47.1.Cal cul ptriednaddd wrmacy

Mean absoleutrbbAPHErsceemt ef fective statistic
calcul ate the predicti onl tacicsurcaalyc ulfa tae df
the absolute percent errorsEgonafd2nexper.i
denotes the number &fx per i me®tyahdtYeespecti vely den

value and the fQor e(slhes tMyvtatleunea eorfe tehte al . |,

-1 0%—B —— (4. 28)

This study uses MAPE to cafl cpladiest ahe
AM mac bi ndenotes the number of experimental testshenAM machine O'Y

and'Yrespectively denote the actual consu

QW test—denotes the prediction "®ctceusrta.c yWhc
_ T, the predicted consagdanpbdbnsuamptsi ohni.
— T the predicted cons uampttai@in uimpt ¢ oms

—— 1, the predicted comsummtisompiisohower
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472.Range analysis method

Range anal yseli sanids iawnt ueftfievcet irvesul t anal ys
I n static designs, the method calcul ates
compare the significant contributions of
most aeomifama&@tor and the optimal | evels car

pl ots (Li et al ., 2016) .

Tabldgi 4 es a typitcalilrltsptomasteettab¥ceanyges
the response of eadim exxper ismeundtya!| ttheestr
hyper vé#lMumedoicabbt ained from each opti mi

response of each | evel for each factor

di fference (i .e. Del t a) bet ween B2 heanhd gh

B2 ) fofaeaolh is calcul ated. Finally, th

and ranked from high to | ow based on the

Tablde Response table for evaluating the n

Factors
Leve Calcul ation
Facto Facto|l Facto é

1 2
2 2
3 2
é é
Del 2 2

Ran k
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473 Anal ysis of variance method

Based on the resultandlrysn s amfg ev meniad oy e is

appltioedf urther identify the contribution
(Barzegari and Rodrigue, 2009). 't i s a v
of experimental works.

Tabl5e ANOVAot abVael aating the significance

Degree of freedoml Sums of Mean sq
Factors F-Value | P-Value

DF n o Ern

Factor 01

Factor 02

Factor 03
e

n Ay E My

Error

Total n

Tablbgi4.es an example ANOVA tabl e, whi c|
guantify the si gnTihfei ciamdciecsa toofr sa liln cfl3a3adteo ri
sum of 3s3gumepam+®,s degreeDpfesreedlomsum of
33 residual - ne-alal sgvyahdeP The cal cul ati c

summari sed as foll ows.

The total SBmuahtsduamseds he total variat
the mean responBeuatiMsa)OB83p sexsxadc uillmt ed as
sqguared differences between the observed

€ denotes the number Ydermrxtpes i meeatraespe@rs

33 BY

(4. 29)

The sum ®&Bf3redrarses o the varfgataomonrf da

mean responskequaadi3nbowdenmt es the number
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facB¥rdenotes the me®n erveesl pioorf saet tyaefre .nt ohtee s

mean response of ath ftecter iiIlsn deafisned ut

3 1) .

33 ¢ B BY Y (4. 30)

The mean 3safuafir efsa c tobtainedy di vi ding tHh3E su

by the degr ®®s ldf rferpgedemt s t he vianmfilad e man
response. ABquextpird®raelEguadat@3®n t he degrees

O0Oi s calcul ated afson htetheufmbetrorm fmilrwel &n ¢

00 ¢ p (4.32)

-3 — (4.32)

Since the ANOVA is used to examine the p

-

esponse, the amount of error bet ween tt
uantified through the&3r.eslitduiad & ume asfurt

eviations that the regReseronngodel Gasd

w o o©o

3i s calcul ated as tthoet adi fsfuem3eoafo Eeld g e rwanse
sgquadr3eosf al |l f actedEguya @is38)@AAXx p n23ilndi cates
fit of the data points to the regres3&ion
i st abmyeddi vircisnglutahe sumB3dfy tites s<puaresgpon
freed@o®m as sHhopouwantdiddnO™Oi s cal cul ated as th
the total de @OrCGaensd otfh ef rdeeegdroen®® f ofal Fr ¢ ed d

expr é Eged {(438)n

33 33 B33 (4.33)

-3 — (4.34)

00 00 BOO (4. 35)
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Based on the above, the significanval wéd
andval uevallhue B s a test statistic to det e
the response. 't i s mealnc slgautaend sd h et hee s a
sqguaBe as exhgeatgdedbni A I|-vaalgwee Fi ndi cates t

significant for the response.

& OAIl OA- (4. 36)

Thevdl ue i s usedvalouec,alwhiilcaht eaitrhse tPo f i n

significance ofBawéimct h@OaRRieef eirsr ian gmetaos ur

~+

he probability of the sewi déaeceodadqieenabpt
for the response)v.alTuhee) pirso bbdasitdrdi thount (idonneFt

the null hypothesDsstsibuoveonAdabtdbsn@g20:¢
firstly defined thaldethegrrpmitmhe swise thtod rd st. h iUt
I's specified as 0.05. 1t indicates that 1
carried out 95% | evel of confidence (Pat:
Based o-Di ¢threi bFut i @ ns it cqarbil fei cwaintche | ev el of

critical val ue 9. 2d7i66t riisb ud b toani nweidt hf o3r dtel
numer amean( s-g3araensd 3 degrees of f rmreesddadma
mean s-g3yar Aiccrtddi st hei FPuguda tdhe f acvaolruewi
hi gher than thevalrueilcassvahare,t e @i ®nir
evidence against the null hypot hesi s. |

contribution on the response.
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The null hypothesis holds

Reject the null hypothesis

Density

Significant level

>

T »

Critical value: 9.2766 F-value

Fi gu3 edF4s.t ri buti on with 3 degrees of fre

I n t
di ffe
produ
has a
the r

signi

48.S u

I rhits
predi
cl ass
i ncl u
da-tai
objec
NS GA
evalu

me as u

freedom in the denominator

his study, experi mentosptarme sdd s iogn epd
rent optiBisaeeidonf parameteombi nati ol
ce different Pafeéegoreronts whithi®ph
signi fi cabhnytp ecrovna |riumbeu t¢i &by ro no ft hPear et
ange analysis and ANOVA are applied

ficance onf paaamed ptri. mi sat.i

mmar y

cthaptleypot hesi s of this researnach pwal
ctive models of AMO6s time, energy ar
I f i €k eemwohdoudl se sa. phpyl bipeidel dti oc ttihoen i mo d @ Id lu ic |
Gkcngde cal cul daisend Moodphhegeres sanal y s
ven mndaldltietgoas) ct WOG-A fdlogvawd td himn m
tive optothifagtchn desigins odplixiped i m
opti miesdatsi ounnder di f f eirming atcioomb i part a
ate the pareto fronts obtained fror

res using hypervol ume (IH\W)t ,i otdheed anieo
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experi ment al val,idatl udmn ud ra¢ hmeemine dadouscoel du t e
error (MAPE), range analysis and anal ysi
Since this chapter only introduces the
wo rtkhceons u nmmpotdieolalni negach modul e will ibetdes

chapter. wChapreduée the detail edNB6&ACT i

al gorithm.
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CHAPTBRREDI CTI VE SM6DEL
T1I ME, ENERGY AND MATER
CONSUMPTIFG@NSDDI TI VE
MANUFACTURIENCGHNOL OGI ES

51.l ntroducti on

The goal in this chapter is to present t

mat er i al c d s nprta coensss .ip nBasiesda obenwl dartskeé i, cnh a

al | conrsallmptte dncomponents are clnaasnsalXyi ® d
movement, mat ec o mp o hperadtciensgs,i nmat er i al f e
components. pDeetdaintbtdieoloffi egneb modul e ar e

chapter.

Tdboegin, different workingastat on o fhee po
The axis movement modul e has tswavti wdr kaicr ¢
di spl ssaptdisettandby state waiting for compl
The materi al prooempsmeat imogluined winel bgot h
states: the initial heating stataemmtdher hbka
preservation state for mai ntaining the
feeding modul e has two wogtkavindggast fadedi nd
amouantdhe standby state waitindghef oauxtihlei
compomemniht$aes one working state: thetdent

machine status.

Ne xtthe predictive momal ar iod | ts ovefs uesgndehr gw
stare built as the funcphyodaceid mpmodelks s
par anmerceal €sul at ed -dodtercet Ity nferbromMi Gt ance o

actual displacemmatser aadd t e@edamgundriofen
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model |l ing 1 s pvearfksrimaetdehfeonv ee ancohd ul e s . E x
conducted to measure the time consmud@ti
di fferent pr ocfeusnsuatipiedr atnsbereweie;m Th e measu
process paramet epsl nnreeng admesidland t ahd dititgibd
affecting the ,pueltihest ioocnc uaa teenroda yetfndh e

deviati on betewdean adcetnubadt waraamnastirtey al so c ol
in this study. Thus, additional experim
actual axis movement speed, the actual m

The exnad€roinments are determined by the ct

Tocl eantdgrstand the structures of predic
model sl agsi fi ed :idpptaor atnhert eeer st yt poe sbeo 23 I. c u
parameters to be o;btfdrnaende tf erosm vedixepseerrivnmeehn
by rtthreni ng aredy ureenscoeusr c et tfenmewdmd keisomgh t he
chalrt this chapter, di fferent AM technol

model |l ing process.

The hybrid modelel iwdagn tnrestobfiuotdi hoins r EsBeat £
the modul e <cl assifi catrieolnatcdidv iadgsmetenlt s 4
technol ogi eseawlioh fdivief ¢eryeaetsc owo d Kfnugngcttsi toa
This method of mtodAM a spyrsoive guseeaufafteorna rsda b |
germémodel | i ng enwiurbcsremeuretnu fnpotdiedinei ng of e
SecongdHwsiass d mddaesleldi t@mdneaX e s a suffici
manufacturi ng -ciondfeo,r madibi lodnse dahperdd d ivet i1 on @
reduces the -avoirkémamoaddé ! Idian @F it r,ahlaludgdhi tei xopn
experifmémtys consi der etahodga cchhi anrea catredr ¢ usat i ecrsg
t he e x pbvrail mednattiisotnesp, htasshotweyemodace i gni f i
i mpr oviepreend i ct i dretadd wmo edy Itihregrdees oc € & d

foll owing sections.
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ti meohntli appaypas
AM process

Fiugbed:Ex am@fl erunni ng pb

gener al

Refiemtgo t he modul eSeccltdsa@ncld n s a tmpedl naotnerd ¢ 0 my

are classifidxiinnt movementt,ypramatteerriiaal pfre

compomeati ng and auxhil s asgciciompodehée mte s W

states of.Feugdchp moslantes a representative ¢

AM Ima cthh ihsh eegrea naprlee afnidveedanme p u leas € n t

t hi f

gener al

from S i

g

stage

compoiherneegul arc gnact titeecrinusd e d

t hat need to be heated contain two

state

the targeantdemperhéatrepreservation

tempeuvatut etthheeMetnasSkefcondl y, t he maudxoinldiyar
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has one wadrhlaitng sst dathee conti nutohms cmo miet st
thr oughoutAMphreo ceerstsi.r eThi rdl vy, once the tw
materi al feeding staaddet oi nrsutnr uacctei dr mdsm,un gt |
running status 1 runtthd 4 wthles equernetlg agoltc cesdis t
ot her awewmlngwerg mg mi ddl e Bas dad iosn ptrhoec easbso. v

states of adeedh neadduwlse f ol | ow

The axis movement modul e has swai wbdr hich
di spl aaattheent st andby state waiting for <co
The time spent on the former -cotdaet e-coae et
provides the detailed coordisnabkesarnsg B¢
modul e. The time spent on the. |Rurtiemg stt min
ti me, the motion of axis mofveermemd mproedtuil ce
modul es O lorpegade omsiMog®Int he appar erede ptowe
states are the same() Whécthotwale tiomidhael ks u

movement modulde .Tihsi sd etfhien esdu nasof toh eo & X ime

movement with asanhdelki di ephabemémie camdlye

calcul aGedge fwiwimliesiet ermyneédhe running seq

consumpt hoeerhseroff our modul es.

The material feeding module al soshas$ ¢thwo
amctualngmeedntdthe stamwdhby i sgatfter the next

Accor dRiogg®litohe apparemrcie ptower st afeds har e t

both delf i.Tikred tsot al t i mehaek b8 S mMmp e ment omod

as®L .For general AOM itse cehgnuoa lo gtice st,he & odfal

t haex i s movemeinm eseeottlmioe modul es run si mul t ¢

on hteool pat hs.
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The materi al pr ccooarspsoimegitt ma dohudiehd arhede d t o
for general . ANMhma ¢ e ilaneataegr i afl procetsstiimg n
materiadl fd omohéagundomfiidhkedrmodemse itrog war
the compowalk hbessi | d phlde dtoedh or oslupepror t t he |
process, a%e ditBisE@nTtded timo modul es both ha
the 1 nitial heating state for lenathien gh eta
preservation state ftdre mair gtedA cricionngoreitondgmeds W noc
51, 8Bppapewa&md ti me soofn stuhmg tii rointfi carhneahteeartii ar
processi rag cenfoidrud ccanaé , whialppat aeandowiem
consumpt i bhe i ni ti & hcechnepactmeragt i fntga itowe @ fudire d
0 and. The appanmdntti me wseaafn stuhnep thiewam sptad see rf

material pr aaodesfsiimegd mansdiul,e wh ialpep atrheematn dp o v

ti me comsetimperddtonpr es efrorracea mmo Imsetaatti en ga rnmeo d

definkdand

Tle auxdcom@maormnceeamt sbe cl| &swvoi ftidpde sifntriast tthye
components that monitor andpecontrong phece
the display unianusteermp enrtaetru raec es easrnsdopoonremd
keepnning even when t he ndiaghehiampe airissritannpladiwe
mode is stedndley. alsavesecond type iag et s ed
support the, psutctheon g i mgWhsegns saenm . AMt has kesD
typeombponents starti ntcor erausne sa nfdr odnit es tp@onidebrgy
| evel to start wup the machine. T Rui ps pi onwcer
O0.Thus, asFigghtelwnt he t ot laaéu xpdwerr yofcomponer
as thestsamdmby prodvesg ap®wwBased on hédeembio
modulasmixaft ompyheaxsntspe wor king state: the ¢
contt bnea cohfi n €l hsutsgt ush.e tidmeotonke mpu xiolni ar
modiulse equal to the o otodl|l tthiemenSomE&ehdpMdi a
0 arenknown, t hediert evalymeshearreunni ng segq

consumpt hoeerhseroff our modul es.
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53.Predi cti ve model of ti me cons

This section presents the phbaAdM cptrioBcaessesd d
on the sbdf idniftfieorent working states for e
wor ki ngt sfeiavieelsmilteh e exi st i ng AsM nane icismeadbl | oeg |
5.1

TabSlle Ti me consumptions of different worKk
AM technol ogi es

) Ti me )
Mo d sl Wor ki ng AMt echnekog
consump
AXi s move 5
Axi s|lactual di
movem<S db . Material extrusion
t an 0 . . .
y Binder jetting (BJ)
. . . Material jetting (M

I nitial h 0 .

Mat er Direct energy depos
proc e/ . Powder bed fusion (
He at pres 0] ) )

Sheet | amination
i Monitorin Polymerisati on
Auxi l .
control o 0
compor
status
I nitial h o} Materi al extrusion
Compot Material jettin (M
heat:i . J ] g
Heat ©pres 0 Sheet | amination
Materi al Materi al f
Materi al synchroni| synchroni
with an a axis mov axi s mouv
feeding a Materi al
Mater 0 ( ME) Binder jet
. i
feedi . :
Materi al Powder bed
i PBF
Standby D|recF fen( ) |
depositiolSheet | ami
Pol ymeri s

The axi s movemehtgennelnmdlesAM technoogt ks

axi s movewmheerht actual di splacements and th
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of ot her modTlhmeastbeproipeieastsi mms modul estaltes
t he 1 ntiitnigalsttidetaat a pad e s eHovwaetviedrmm es aatxe | i ar
modulealsl odxi sti ngohbgwkanrod iongg eshteadhtemd 8 i t or i n
of machi nel hset ptried.i cti ve model st haeb o toednueh ecso

can be applied to all general AM technol

Th € o mp omeanthion gnlaes t wo wor king states: the
the module to the target temperature anc
modul e att etmpe rRaafrfgest.d rmaef d m e@metnht roecbdmeod ul e s |
t hceo mp omeatmomgolnd vy pa&ar hi the akfekb ipatoecreisasl e X
(ME,mat er i aMJ)agnned tsihnege t(a h & mti mehteerfemries no suc

oo her AM technol ogi es

The matermadhldeeetd wng wotrtke nima ts ¢ rsitt ald @ he e d
actudlngheent and the standby stat Mowaiotviem
this modul geshascf towpertayti on system fomrmst
summar iTa bi3ll®Oine type of operation system r
synchronised winhhXaxYsdimecoemenpi &I, extru
mat eri al ,jdeéttigilyg edpedio)si andn pO6DEDEri sati o
Fiug ®2presents an exampl &D B pmadeersisatlh ef eper
nozzle needs to deposit mat eri ah bheamaf
f eedsitnagti dama ct u al feediWhgenamdwentpri nter n c
depositing material, the modot et he-oameda n

commambdaemdt er i al

The othepetrype omf system refers to the m
with axisf oarovexemdlea,B),powdeag bE®RBdnuds i sohne ¢
l ami nati onThe tranoladbgi eas supplied bet ween
| ayBrug®3presents an exampla@Befr omatsesr. i aMh et
machine finishes the printing of one | ay

ot hneext | ayer. Then, the powder for the
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to the build platformtdeéry. ulsn ntghias poavde,r \
needs to construct a new | ayegtaitdamcmoadll
feedi ngF amhoeu nttdteit meof t he modul e runs in t

materi alt ineekdiyreg . of

Nozzle

/‘ / Laser

Material powder

Build platform

Fiugb&: Exampl e of material feediaBEBynch
process

Laser beam
Powder roller
Material powder

Layer;

";7 Layer;

Layero
Fiugb8d8: Exampl e of material feeding betwee

aPBprocess

Based on the above, the materi al feedi n

states and runs accofmpambtehge rbryi rag ineef n e Xt ie

the end of mat drhiealt od eap o sbiitoiEont beas m@ap eir o

modul e in two working states is equal to

mat erial deposition process.
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531.Ti me consumpnioivememft axi s

I n this section, the pr &dtirhaaxi swe movceenesnad f
presdamctceod .dihneg woor ki ng Isd satt essetatiteifdmed ! i i m

of haexi s movement modul e Baentwonpdrthtes axtls

actual displ acememt ss padnnas taahned biyn tsetravtae . t i |
Modules
A
Component E i E i
heating | e
, , -
Material Lo ’ | i t1
. | mp : ] 1 Mphp
processing | . : :
I I
) Interval time Interval time
Axis | )
]
movement |  © D E !
: . . : » Time
Axis movement Task
Start end

Total interval time t7,, = A+ B

Total time consumption of axis movement with
actual displacements: t,,, =C+D+E

Fiugb5et: I nterval time beawteal adi spmave

Fiug 84presents an example Gantt chart of
il lustrate t heWhtewmo twoerrkee nagrmestd alt es . st ar t i
movement, such as materi al processing an:
wi || be switched to standby mode and wa
temperatures. Whenstheadchedeti tcom@a ncsotnna

l i ne that commands this heating action

movement modul e wil |l be switched back t
di spl acement, and tbetheatettocbmpbnenhs s
unt i | the end of the c8ectEno3n ANMaEErosgenst .

during this waiting period is named the
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running sequences and ti me heonsunap icomrsu M

of axi s movement wicdan alca uad |l odudsdpel eadcvelimea

model loed Ba'/lils—y BL.

Based ontthleet@abh@avet i meaexd esn anompetmenn aonfo du
as the summpf iob hwmet hc cancstuual di spl aceéement
as expreeweaet@Elpiinl no i nbesdupthgnprocess o

deposition, there will e wiol |i npteeorevearfio t i |

o o 0 (5.1)

5.3.2.Ti me ¢ o n soufmgott @ roina | processing

This section describes the prheedi eti &le o
mo dullne .g &mMe rt &lc h nnoaltoegriieasl ,preeede s 9sddpbef or
wi teha thi enigrhge mapoessi ng metahodzI| Eoheaxampl
|l aseul anadviMoil @ght marer adal mpdotessiusgd to

framol iadi ¢ oiSdpcrho c ensestilmemdi al |y t aknes na nmeé rttc
reach the melting npoaihnits osft utdhye matee rniuanb.
modul es i ®.Edefii medukhse has two working st
t hheeat presertvhaechi bhabt hthet clomssmadinddmkeo
i s defo nedhas®sughsforbosne revxapteiroinment s, o0t he ir

related to the tY¥mperwéemethkhefféaragatdee en
current tempfer@ahermoduil £. md daflsurecdt ¥A6sn af

expr eEgaa tGizamEqg u a t(53) n

o QY'Y (5.2)

yY Y Y (5.3)
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To obtainatké af ukaglad(P2d n e x pearncoenrdtusct e d
measure the tiomeunadaemnrs udneftfpeernesitur & YdAS$ f er
showhah392e t he tar g@&ti b bGeepoedrea tcuoondnied h @ 0S

and AMYO® Ss manually assigned WwW¥tihs dg éff
within theheamglt i hnganpeoriinal otfo t he maxi mu

materi al processingd hweadouteheeuc aenbe t'éepeed

set withifmotmheé hearcgerent room tempetateur

maulTéden, t he odef icroendna@ @ sdtnhkecd s & dga todr i a
processifdgaoanmoecdolrent t"ée mpdarhteauget t &mper s

During the experi menmeastanfepdbtwenl mbe.ati hg

Based on theeswpbhbtyinoegiaeé s siioamp prieit enddfdit o ¢
the fameltatoinonshi p betweénandepenat ualk e

YY .Thulke d¢oefEqurathidd i nabi gi ned.

Tabsl2d nf or maneiaosnu rfionrg t he tti mamateon ad mptrioan
modul e under different process parameter

Ti me Parameter range

Rel ated pa
consum Lowbbound Uppbound

Curren vy Current r(Maxi mum t emp
temper temperatulmateri al pro

0
Target - Mel ting p(Maxi mum t emp
temper materi al materi al pr o

M104Y S:Set the tardoebdbf t emmper at

Gcode conmMmodul e

M10¥Y :Heat the module tdY the

Af t er t heatinndg, alt he mat er i al processin
preserstyatiBbns process is paral luenlt itlo tthhee

t PAeM t.aslkn t hi s ssptemntthjosnt pse odemen e heat p
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titme , whhadae is deter mi nedanbdy ttihree rcoofnnsiur

ot her modul es.

5.33.Ti me consoubommpiooaernt heating

This section describes the ptrheed mpbomeattinrog
moduThese modul es al stoempeadr t ot he AMaprace s
pl at fratmeriinal eanmautse roina |( M Eerthtniohl oeg(i Medsa, t e d
i n sheet | amindtni drmitse ch nuatlypgongpyoneenttida.mé e mo
is deflibaeth am®dul e has two working states:
modul e to the targetetempeonatstatandotr he
at the target temperatthe. cbnsutmadisddaulee
is defo.Mmbiisasi al Deiast irnegl attiende t o t h¥Yt emj

bet ween the t &ragned ttheempceu rartduroté ttehnepTelwoadt yul r

t he cons onoefd dthiemneiIse al s o afoured tlticdudn acd mp e r
di ffefYemgrepr e €Egaad (GidamBEq u a (550 n

o Qy'y (5.4)

yY Y Y (5.5)

To obtainatké af ukguadPdpmerRperi ments ar e
measure the t iomen dvearm s ®mmpteircart sur ¥Y.disf s éoevm

i Tabb3 the tawug@ti nth@opeareatcomimdMid®y oS and
AM1900 Si s manually assi glnheeda | wiE¥sha ndd af er e

bosht withfnomheheangerent room temperatt

t hceo mp omesantti n gT hmeord,u | teh & oddeef icroendna@ @ $ sdt nmheecu ¢

heat itnhgeo mp omeatmordgilreom t he curfYendo thepec
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tempervvtbwmre ng the experiments, a power

heatinog ti me

Based on theespbtygnoegiaeé s siioamp prieitendfdit o ¢
the fameltatinonship bet weenaneéemparmatturad di

YY.Thulse d¢oefEqueathddmrsi mi nally obtained.

Tabsl3dd nf or manteiaosnu rfionrg t he tt e mpomemthph g on
modul e under different process parameter

Ti me Parameter range:
Rel ated pa
consum Lowbound Uppkound
Curren . Current roMaximum t emp:¢
temper temperaturicompomeati ng
0
Target "Y Current roMaxi mum t emp ¢
temper temperaturfcomponent he:;q
M1@SY :Set the tarYettompmopentt he
Gcode com
MO BY :Heat the module tdy the ta

After the incompadbimeaetanondgn bse tthlreen swi t che

preserstyatiEBbhs process is parallel to the
thAeM task. I n this study, the time spent
ti me, whhadae is also deter mined bsy nphea orn

of ot her modul es.

534.Ti me c onsoulmgpttdroinal feedi ng

This section describes the pt amdtcariivael nfo
modullne.t he study, the number of O0.Badneordiudle
has wolwbng :sttéhteesmat st avt ba lmfceteudailn gf eedi ng a

standby state waitingThomouglheobheekpé&eedps
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omewdbrAM sysittemss toendodhade i s al ways in

states aobegoxmpsanmoevde ment. Thereforoe,ofthe t

w'thateri al feeding module is equdthaexo st

movement Rembdubkguogtblome predictive rmod.elowi

6 o o6 o (5.6)

Furthetrhmeat eri al f bBadi h@go mbynpgeyss todanso psehr cawt
Fiug®2ankiug®3.The first tynae¢er s ahb MPpiaetdesii al
jettMldg rect enefbdyade ppsli ymeni s altniesteah AM c
technol ogi es, the maternalbslifyedi hg mbdul
modul e. There Iis no meedrfBot i met kwasimbpdpal gye :

The secofndopgegrpet sngppybedmAM t ec hnboil odyd re
jetti,ppopwdRry) be&@B&EuNGIi 9heet | ami nlantesten AMe

t ec hnonhaotgeireisa,l i sens uphpel iceodh shtertuwcet i on tohfe t \

axi s mowoedmeleatedx t r a0 tt mewait for the mate
from the powder stock to & he ebwinlgd ploattfh
ti me when the axis insoasé¢ meantb ymed at Eguasi enr

(5.77.The value of tho s itsi maa | cahicavBait aa@a8p n

wheoe denotes the timd eddmdunmpetéidimgofpes
t onmnalmb elra goefr hceur r ent TAM st acsakl.cul at &d ftahse t |

printed design di viOd¥ dasb ysehgobvant(5i9amer t hi c |

o No (5.7)

o o DO (5.8)

00 — (5.9)
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Based on tthiemaea boors urmmpteireh ated to three

oft hper i nt ed) debeghayledandhi blnéssne of mat e
0 . Theae ghhperafnt e O ideestiegmmy nteldle desi gn geo
orientatiager Tild¥csk neses of the process p
confiigalrieder i sndhet svlaaler i c attiiome sotfa gneat eTrhi ea
| ayoer needs to be measureadast Tabhdgh| ¢xpesr ia
conswiatnhtaldeeer rhriyndedcdhe characteristics of t

the moving speed of the powder roll er, roe

Tabbl4d nf or manteiacsnu rfionrg t he tti meamateaon ad mptrioacn
modul e

Ti nteonsumpt.i Rel ated parameter

o} Ti me of materi al o]

This study onmaiddmys unppecteidoemsftuisoend deposi ti
(FDMechnol ogy, whi ch MBt eac hmormhmary . b rTdarec hm

modul elBFeDIMN pr o cseysnsmforuusnl y wi th the axi s mo

there i s no nmaeteedr itaol ciael efda Iragt- & N .rRsyrs t cetnse r

technol ogi es Hleaweleeneado msittwear ¢dadljoanc eorft | ay e

need to be conducbedot omameasuak fthaedi nogej

5.35.Ti me <c onsoubmpxiiloinary component s

This secti on dceosncsru nopaisd e trfhaern gnto el fa u x i | 1 a
componbeinftfse.,r emt t he above modul es, t he au:
working state throughlbetcomiei mrmous emaMi p
t hmachi neThusa,ttosthieme con& umpt ieognu a | to th
consumptiodnthe AM taskquathil®iXpe es ade dies of

determined by the runni ng tsloe ufemrcoedsu | aensd |

] ] (5.10
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Abovehal t pt al ti me afohemutmprtd oAMr ef byed s
I nt egBgauatbipad@qu atbhilddAccording to the Gannt
there exist overl aps of running time in
consumptiiosnodel |l ed as the union of tHhe t
moduaesexprEguad(didgime ti me consumption of
def i ne&d ufarfoBndtnBqu a t( & denotes the runnin

movement doalud esdenote the running ti me

modul es in initial heati®magnslt adteer odred theat

time of all component heating modul es in

denotes the running ti me odemdtlegnattheea iradn

the module of auxiliary component s.
o =z 0 (5.11)
O =z 0 (5.12)
0=z 0 (5.13)
0 =z 0 (5.14)
0 z O (5.15
0 o "6 "0 “0°06 "0 "0 (5.16)
Not eEgbat(ifdns a gener al predictive Imode
the modelling of a specific AM machine, t

and running sequences of machine compone.]
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54 Predi ctive model of energy <co

Thi s seesd¢ctaibdn shes the predicti vwédlreMopred c eod
Based on tshé defferenbdbBSwotbk,2ntghaps e at eopfo we
all wor Kianhel vyeamesiul es in the defsmatyeA
55.The rel ateddpeaearmeapsewanratof eachaive o k|
defined.

The axis movement modul e has two workin
di spillemdaad the standby state waiting for
According tsof obxs psetvheemenmmandul e runs with st
bot h wor kTihnygs tshtea t mswemo voefrmetnttal eaxi sO de.f i n
Based on its-coder e so(peom dildiset3&x he s eédaxi
movement i nnsX,arn'd diODheac¥Zp aed ecti on are t he
affect the val Wwe .ofThaprdroert @hwee s ppadeln
aaf unctaxins omoswemM@mtn @i n X, Y, .ZiThr edcC VvV e C

mod el I sa @dalpls agbelneer al AM technol ogi es.

Theodsel ef mater i alonpromesensts mm@ bwaoh vor ki ng
the initial heating stlant et haen di nithteithaele ahpepgatr

powserf materi ahdprcomes sderng rheesdpesfcit gilevgedl ays
I n the heast prremeavarnt bwowenvadrdee € s nled, as

0 .Based omodehecodmammnidBab®E¥aboaeparendf po

t hese t war anordailhaetgerdg etto tséYmp €.M & te w etéhoer ea,pp ar

power of each safauwmc tiisonmoodfe Irtleee dighemta t tee m@
processing modul e, t heapralsls cde wer arlo deM |
For ctohmpomeatmordgi!| ¢ he predictive fmonhdleri s
extr WMEinmant gr i aMJ)anedt tsihnege t( | a mi,beacta uosne ttehcehr

such modulee AM technol ogi es
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The materi al feeding module hastt@aweeahwor
actual feedndcgt memoehandby state waratng

According tsof obx psetvheemenmmandul e runs with st

both worKinng hstsatsesudy, the Pomer ties hcheflic

i ncl M&i nMHdirect enlk2EIR ddgpnoesriotsigo nt h(e mat e

i's synchronised with axis mov-eméeert coMmman

Tab%5 the app@arestrebwee® ofo nmahteerriatle f e
0 is modaef ledt ®shoaotfher AM t ec hnboil odgere sj d
( BJ)odver bed PB#&$3dosheet | amination techno

bet ween the construction of t Wo o&djmmad ent

feeding is a fixed constant, si ncemaittesr ira
feedoi ngor one |l ayer) is a fixed constant
The auxil i amod bklasnpomlentene wor ki ng state
ot hmeachine status. The moduwli @ hr esmaibd £ iamp g

t hr outghomuentire AM process. Dbt,s walpipahl eing

constant and has no related parameters.

The ener gy modrdnlenepdtsi ocrwo | mportant el eme
apparent power. The time consumptions of
from the | ast section. The apparent powel

experi ment si.ng ns etchtei ofnosl,| otwhe energy consu

baseUDabGkhe Experi ment al measurements of ea
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TabSsAApparenobfpdwéferent working states for(®adRepoada@l, e 2@®f2 t he
. Rel at 6 )
Mo d sl Wor ki ng s Gcode comm{ Powe AM technol ogi es
par ame
Aximevement IGI&O Xnnn Ynn Mater?al faxtrIUS|on ( ME
actual di sfgG1&0 Znnn Material jetting (MJ)
AXxi s - - Direct ener deposi ti
o o fio ! _ 9y P
mo v e me Binder jetting (BJ)
Standby Non e Powder bed fusion (PBF
Sheet | aminati on
M104Y $ Materi al extrusion ( ME
Initial heg . oo 0 Y Material jetting (MJ)
Mat er i Direct energyPoépmeris
proces Binder jetting (BJ)
N y Powder bed fusion (PBF
H N v . .
eat preseft one Sheet | aminati on
) Material( ME)t rusi on
Compon _ _ M1 4 QY)S - ; _ _ _
I niti al hed ; 0 Y Material jetting (MJ)
heat. M19 @Y S : .
Sheletmi nati on

e X

S
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Heat presenr None Y

" o Material extr

_ N ateria , ,
Material f¢gGl&O Xnnn Ynn N | Material jett

(@] synchroni
actual feedEmmm : Direct energy
Mat er i axlts moyv . )
Polymerisatio
feedi : : -
Mat eri al Binder jettin
Standby None 0 synchroni| Powder bed fu
axis mov| Sheet | aminat
Material extrusion ( ME
Material jetting (MJ)
Auxi |l ifMonitoring Direct energy depositi
i None None ) ) )

componjof machine Binder jetting (BJ)

Powder bed fusion (PBF

Sheet | ami nati on
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541 Ener gy ¢ o noshuxmpst inoonv e me n't

Thi s spercetstebnet sener gymcoaIf latinnpe 1 ® nmo ve mEhret m
modul e has two working stat edi:s plhaa eadiea tsh e
standby state. During the printing proce:
power i n bot hH owo rekkRamogp S, rad ssesntt yspx icsal moven
mo dwlseaaCgar t esi anf ussyesdt edme pioms i t i omr ontoedseslilnign
system is driven by three stepper motors
i n each Wihieme ¢ thieom.oz nl &X, mxvels rerclty oins, th
remaiimst he st ansdbayb | £t aatpep aow iewnditi h p ofemerexrt.at i o
Thereforepptap@ewdptofl hexi s monvoedmielset t he su

appapewmarf ssalelppeti nmother snodul e

Stepper motor in Z
X direction

Stepper motor in
Z direction

Stepper motor in

Y direction

Fiughé: Three steafpetembanrsyshnem of Orig
printer (MI NI +, 2020)

Accordingode ttlhoeem@nd to instrucfTabidte ax
the appamendf ptotwies modul e OsimeXat¥ddimoead
spe®idn Z directienmollls ed @=andD fascekon
i EquatBlgn To calcul ate the functional rel

test the appaodgfendaxip® wmowse mentO,dd disf fsdroavr
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Tab%6e the CGspp®dyn-cGde comm&n¥snm Ynnno ar

& Znnno are manually assigned with differ
the range that the modul ecodancammaprds. ai
i nstruct the axis movement module to mov
power meter i s used to measBuarsee d hoen atphpea ree
results, the fubBguathihdgnhs rdeelraitvieodn sbhyi pu siinn g
met hods. [pno | tyhninsng satbsadpypdn ed t o cal cul at e

functi on.

0 "Q0 RO (5.1

Table5.6: Information formeasuring the apparent powergshaf axis movement module in
X, Y, Z directions under different process parametér€odei Reprap, 20Q)

A ar Parameter rang
PP Rel ated par a
powe Lower bo Upper bo
Speed of Lowest spe/Highest s
movement O movement mmovement
. directio X, dYrecti o X, Y dire
0
Speed of Lowest spe/Highest s
movement O movement mmovement
directio Z directioZ directi

Gl& Xnnn YMoanzl e moves t o

(Xnnn, Ynnn)Oat a speed of

G-code c¢comma|
Gl& ZnnNozz|l e moves to the

a spe@ed of

Based on the aboythetotal energy consumptiof©  of the axis movemenmodule
is modelled as the integral of pow@r  overits time consumptiond , as expressed in
Equation (5.18).

0 0 Qo (5.18)
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542Ener gy ¢ o noshuantpetriioanl processing

Thi s spercetsieonet sesner gyma o e If latinhwwed t enmrioacle ssi ng n
The module has two working states: the i/

The foll owi ng mofderhleisegt we camamgiesd out

I n this study, the number of maherappap
power ¢ 'modtdbLhieiieni ti al heati nly,stwdtied ei & hae

powetrhhéemt preservatiln.Asctcaotred iinsg oddesf itnhesim@

to instruct t he mat Babbadt hpr oacpepsasri@nnga nrpoodw

0 are boththel ataedet™ toeefmpteh iasTuhnuesd, ual ned.

0 are respectively moYel be dsExgsuvatibiedafnun c t
Equatbh2ddo obtainatadlkeafiucdseh@psquati ons, &
is used to measure, U heofaptphaer ematt eproivael r sf e e

di f fer eemmp eraaYgulrse sts h oTvarb3.7eth é ar get t&mper at
t hGecode combadd& aMHO %Y 8i manuassiygned with
val ues. Tthleeavglktet@&mperwathhrda he range frc
poi ntthreaf er i al to the maxi mum temperature
the dec¢odedc @mma ntdos ianrseh evasteithhgeh B € 1r 1 a | prc
modulde f ftearegndt t é¥mper at ur es

Based on thkeesphbtyinowmeng andnsestihomp pl i edf it o ¢
the famhetiaonontsdhi pal dul. &t e Elgqeatdolaafnidc i ¢
Equa thi2d)n.

0 QY (5.19)

C

QY (5.20)
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Tabsl7d nf or manteiacsnu rfionrg t he talpgpdareental p pwercs
modul ediufnfdemrent process parameters

Par ameter ran

Apparent p Rel ated p3a
Lower b Upper bo

lnitial 0 _ Maxi mum t e
Targ¢ Mel ting ,
_ . Y . , Iof materi a
0 emper mat eri a
Heat pre P modul e

M10O04Y $:Set the tarYeof t maper i

Gcode commprocessing modul e

M109°YS :He a't the modul e t oY th

Based on,tthtee ealrogyeg c 0@ soinpreatoer i al proc
model |l ed as t-hatsegmabdbf of hpowemeofEagauadt inoon
(521}

0 B . 0 Qo 0 Q6 (5.22)

543.Ener gy ¢ o0 nostuormpptoihoenat i ng

I n this section, ntohdes |féairegty np choenastononpgl ise n
preselmttednodul e has two working states:

preser valthieonf osltlaotwei.ng mofderhleisegdawe® camagi e

I n this st udcyg mptohnee artmiomtlmguel re sofi €. dEMfi &€ na pp i
power @motthee in the initial, hehitliaegtse e

power in the heat pr ésercwatridd m-gsotdaet e biesm&
to instruct t h¥eabBsédutltee hempa@amamdi naopwebst

rel attelde ttoar get Y tod mptelriag ume d ull ea.n dT hamr e f o

respectively mode’l| eals asxbBghues tHi2ignniEeg o ati o h
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52RTo obtain the functional rel ationshi ps:s
measure the apparoentccpepwmeati ngu nnboedru | dei f f
targetattudvemselrhe t ar g évti n etrolpedre@ tcwrivbh & Y¥osS i
an#Mi®0OYoS i s manually assigned wWYtils dieftf avi
the range from current room temper dturcean

be heated t o. -cTohdeen,c anmnea ndoesf ianreed uUGsed t o i

to different tYarget temperatures

0 QY (5.22)

0 QY (5.23)

Tabd8d nf or manteiacsnu rfionrg t he talmegarpeomte ng o werad |
modul e under different process parameter

Rel at e Parameter rang
Apparent
paramet| | owbbpun Upper bou
Il nitiall O
Targe¢ Current Maxi mum t emp
He at . Y
0 t empert temperat|{component he
preser

M14Q°YS:Set the tar fredfc d mppree rat
Gcode comimodul e

M190Y)SHeat the modul e toY the {

Based on thAkespbtyhnhmengiés siiomp prieitehd dt o ¢
t he coefEqucaitBddantkEgoatb2q®dhe t ot al ene®©gy cC
of ctohmep omeeantitisngnodel | ed asi ntheg s alma @b diud eest
as exprEgusad@2dinn

O B _ 0Qd. O Qb (5.24)
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544Ener gy ¢ o noshwampetriioanl f eedi ng

I n this section, nmdcdeld ateirmgpyt ec@@adiumg@t mod
preselheeamodul e has two wor ki s avts dadmet cetsua lt
feeding amount and the standby |Isnt &tog ht avo
states, rtehmerivmesdiun g with stable power so a

at anyntitmes study, the number of O.Mater i

apparentthp@wWwedube i s 0defsi ndeids c&s & t5id,03n tnh e

mat efreieadi ng modul e haospetrwadihitoynmee sl ed il i hge abif

described as foll ow

The fiafstf eéedoien ghao me ryatam@gineired| extrusi o
jetting (MJ), direangehemgryi satpiolemestel® & Mrf d
technohegimas ert al f eeydn cmlgr oomooduusl ley rwintsh t

mo deuAlc cor di ne otdee tctdeom@ muht er iTalb3.9%teheeal | anpgp a rr
powdr ot hi si st arsekl & teeedd igd@pitnh eX, Y TdH ulse,citsi on

model hfewn @atsiOgn acf expgesthedn i n

05 QO (5.25)

To obtain the functional relationship,

powedr sof material feedin@.atThdei fffed@rdemtg fre:

Gcodemma@l® Xnnn Ynnod Esnmmanual ly assigne

The vaOue ofet within the range from the
rate of the material feeddegcomthahegtiriTice
the module to feed t HOe nBaatseerdi adn atth ed i€ xfpe
pol ynomi al regr es smaoadte hmee t fhuordc tiiso naBptpul ai el da
G2% Thus, thehcteoeefitsndiiemmtl liyn obt ai ned.
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The second type of feedibngpdep&8f@thivdmmgi &
fusPB8Band sheet | aongiineast,i oans Stele ddhcrudosl sne & hien m

f eedsitnamgti dam ct ual feeding amount, t he mod.

construction of two asjaceme¢ i@y @dtdant mé n
previous power matefidienlgt hmdeixtt T ileuysetr htehe a

powd®r oft hmateri al f eeerdd ngt snodel at ed par a
consumption ofo maftoerr i mand e ffléaytedm)s loanesdea m v

t echnotlhoeg iaepspa We rctanp dweermeasured by using

Basd on t ihe okbadkevagy co@soampmaoar i al feedi
as the su4dnnofe gt laé avniardpuol weesr, oaf€ e apGi2epns e d

O B _ 0 Qb (5.26)
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Tabs9d nf or manteiacsnurhiengappar enteapewieals éedi ng modul e ( @&Hoedr® edp rf & @,r en 2

Appar e Parameter range Applied AM te
Rel ated par amet
power Lower bot Upper boly Materi al( M)t u
Material | etti
Lowest speegHi hest spe€g '
Rate of materi al - _ r‘npd J _ r‘n: Direct energy
mat eri amhodgmat er i amod g i i
directions | ' | Pol ymerisati on
in X, Y dirlin X, Y dir
0

Binder jetting
Ti me consumpti on

0 Fi xedstant Powder bed fus
for one | ayer

Sheet | ami nat.

Gcode |[GIF'O Xnnn YnnnNdcEzmime moves to the tar gnatt efc@dead idn gp.at Bhd Xtnotng | Y

commanii s mime rate of material feediOng or the speed of axis movem
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545Ener gy c o noshuunxpitliioanr y component s

Thi s smprcestohme sener gy mode sfuanp gt lo@a auxi | i ar
mo d uAlse di s cSuescstBidd®kien auxi |l i ary components

based on tPbPetwoitsnofieash tyspe are descr

The f i ractonpymeadonot or and hconnet rsotlatthubse
printing process, such as ®hdsan sphagr fu
connectivity. kEehlegusnenicnogmpeovneenntwshen t he. mac
According awnbesxbes| merhai rctoanipm nae ndtsabbhe ap
matwlet heri n hetyamddeye mbbeogghout the manu

The secoadomypeeeids t o support s tibhbceotod i prg
system. When an ANMptoaektlse gutmtsitl trtueenea enmgad
Me an whiel ea,pptariemdr eaosves fromt stankdbghe@owle
up the Tmachimode i s duepf imoeddet s sThieusiyact e a
di fferencaet hses-ape pidwe d

Based on,tthlee aaixove arupnphcomplooeint tshAp oavretri r
meter is ushae totméaspPavenbepowerofi aét
prockises tot al t i me ocfontshimg tsmoalquu ael to th
consumpt ioofn the entire AMhpgr ocoetsasl. eTnheerrgey
O ot haeuxiliary components is model |l &@dd as
tot al ti medo co,nsampeiEmuad(SEHT hien valouei of

det erbny ntede running sequentbost haenrd ftoiumme ntoc

0 0 0 o (5.27)
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Abovehaealtot al eneOgyofcomsae mpmnt ome AM pr

i nt e gbgagauta (Bihdtnk g u a (52 ¢, rO i's modell ed as the

consumed by all five t ¥Egasat(®2d@nmodul es, a:
O O (0] O ©O (0] (5.28)

55. Predictive model of materi al

The omal er i al c ons umpnioidoenf Foeadn tbhee dciad eccud Layt
T h utshceo n ¢ enpot duedElq u a 1(4i8)d MB e c t4i. Bns3 us ed parse dihcet i
mod®lue to diffleieuwmsye dmaitnerdiaflfserent AM t e
calculation of tBda) depenpadwmitgpgeand. &

materi al . The volume calcul ation ofseach

Fused depositions madeloimmogna GEBMEIh MX t r L
t echnohleo gnyamh@ek t0o mmo n |l iyR UM ed h n opd colgyyl acst i ¢ a
thermopl asAsc s holimgn®ét he amount of mat e
millimetres of | engtk,odehicommasdp bewyi cexd
AE 0As di s ctuhses ecdo nicne pEga & t(4i8pd e Id ecnfdhtee svol ume
mat eri al kconsaamiptdionnpl acenédhFReDM fp ratke esy anjow
ofw i € al cutlhartogéudguha t(5.209n i n nwhemrmdt es the di
materi al f/bldeemmeonti te s a nt chseu plpdnacetdr i lmdme nteact

di s pl aocfe naexnits . mov e ment

R b (52 9
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Nozzle

Material filament 2>

G1 Fnnn Xnnn Ynnn E¢g

Build platform
Fiugb5®: Vol ume cal c «loatsiuawpnt oFoDnvhatt eea h md | ¢

The mamescioanmon!| y powddr i hé®BFeashmmnl ogy i
powdAesr .s howuy B7,n t he pdwdsupgplair ed locasywve T hen,
the | aser or rtihrax mampbpyn hed a kie s,d mo \sedtrhia edti |
powder on the prededda,netdhd omdmpaudmpt.i dm d
cal cul ateqgu athiBAArugMhoer denotes thel val dmedo
i n each di spl ace,mednetn ootfe sa xti seh edosveeneconetr t o &
heald™enotes the alndbyddendtheé s kinleessdi st ance

each displacement.

® 0D Ub (5.3 P

Powder roller Laser beam
Layer;

Layer,

Material f/

powder
Gl Fnnn Xnnn Ynnn E¢g

~l—

Fiugb54: Vol ume <cal c cloatsiuonpnt oFoBnfmatt eea h rad | ¢

The manoeroinramo n| ydiurseecdt ienne DEW eelpoasli 6 gy ni
powdAesr .s hdwug B8t he materi al feeding is sy
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i n,YX di r exuriionngsr it mtei n gh ep rpoocwedsesr,s tato @ e s pua)
pl atform througehnmdel & epdo vbdye rt hfee el daesrer or e
the consumption of solidif iEeqduapg(6.3dthe whies €
w denotes tholvg@gloivdiedofin each displ Bacem
denotes t htehhedis@ameber t d,8r"thahopes mtickenbeedyse

Jbdenotes the distamaeh odi axliac enmeretment i

|
% | / Laser
Material powder
125 .
A

G1 Fnnn Xnnn Ynnn EZg

Build platform
Fiugh8: Vol ume cal cueloatsiuonpdtBoenmbh el Dgly

Si mi lpaorwdtea b@B)dndsircerct energyteeposbbi
both sheet | amination and sgtol ysmdrnidoatyit dna
predefined tool paths of each sf @nhers.e T hneor

technol ogies al soEgusa&tbhBdre same met hod i n

Materi al fechnbgbgWMdjge etsi hoyi d nratheer i @l i
pl atform. FAug=S,hbwneiare mul ocphedpei pet hi
All print headsnaar gpxoviedmelrye sml@iltrie@an s tu
202DYring the prhieat ednigp b ested eeact e ¥ & b yp rf ibrett
heaodnst be desi matdhnegr mal or pi &apelécHihieq o
the mateur atlstbrga(@iMoil g¢glot f or m t.heSi3mMDc @ bt e
feedisnygnchronous with,Yaxdisr ensctviisodeéeed as than X
vol ume of spuedrpbk pédpceermenit d b adwa liscelculatéd
asshown inEquation (5.3 }, where ®  denotes the average volume of liquid supplied

perunit displacemerand /Jb d enot es t haex i i soassnse nstp |ianc e m
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Based on hteh et oatbaBdwev,0fftumat eri al conalmppi o

heamatdoecro nasl mme elsls di spl acement s.

@ ® OJb (531

G1 Fnnn Xnnn Ynnn E€5
<

lOne print head

g
S—|

Build platform

Fiug59: Vol ume cal cul ati onMXfecrmatod roiga |

Bi nder jteedhmaglatdByn)d saas mAs hs H dtvg EVGB J
fabricaelescjteywteilryg | ighe dl pogwdleddy t Dol | ow
predefi nelli noeltphhd hmsastyerrc harl o f oevesd i wiigt hYsa x i
di r ecd i aesmefinped as the volume of bondedwders in each displacement of axis
movementThe value ofw  isalsocalculated by using q u a t(5.3d@dn | n trhi s
denotes t htehpal i a e Neeandootfe s t h e a h Bbydeern ottheisc k
di stance of axi s moveBmesnetd ionmn dhabceht adbiadvpel v
Bw of materi al consumpt i oma ti esroindsleans ais Iso f

di spl acement s.

G1 Fnnn Xnnn Ynnn E€g

<
l One print head
Solidified material L
: Qa Material powder
Build platform

Fiugbee, O Vol ume <cal cul at i onBJo ft emsahtneorl ioagly
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Tabill®dRel|l gpptagchmet er s i n the predictive model of materi al consumpti on
AM techn|Materi a Rel ated parameters Predicti Vv
n /b
Materi al Wi re Length of deposited X g
I H_
( ME) Di ameter of mater:i ) g P ) w Te T
di spl acement of axis
n b 0"Y
Powder be ) )
PowdernDi ameter of Di stance of axi _
(PBF) . . Layer thi
t her mal prindisplacement
Direct ¢ . ,
_ Di ameter of Di stance of axi _
deposit Powder _ Layer thi
el ectron beajdi splacement
( DED)
_ Di stance of axi | w n ) "Ib
Sheet | a Sheet | Di ameter of _ Layer thi
di spl acement
. ) ) . Di stance of axi )
Pol ymer i Liqui(Di ameter of ) Layer thi
di spl acement
Bi ndet ti _ Di stance of axi ,
Powder Di ameter of _ Layer thi
(BJ) di spl acement
b @
Materi al , , , . . : : - ,
( MJ) Liqgui(¢Di stance of axi s m(Average volume of liquidnaterial supplied per| ® w Jb
di spl acement unit displacement
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Based onTab®le€abmomar,i ses all rel ated par a
consumptions in di fffoer emtc hA M Mth ecosht rinasl cdpgoi gey
calcul ati o® @& cuastelsntidutconcepEgalat48pdel
The total mass of mat begiadlcud @atn edmpthir@mu gdha
mat eri al addnshey cumuBwat ofvemaboé uifidale fmead ckir
dengsiitiyguat(d8puns € hpeuotded s itthpgaboo ér iFolr some 1
whereetmhws@snknown, a density met ervailsuea popl

par ameter

5.6.Ex p er ianmeenats ur e npeanrtasmeotrfe i heed i c t

mo dse |

The preedtaiusinredhded et amd ceaedlplrioncgedur es tfiome ,p
energy and mat drthizsde c ¢tohpeh v mmiert etnlse pr edi ct
arssummatrlninsagdche formasTofcltearel wd iadgd,taans e at
deposition meaedgdwderg I eBM)eaucsh moonl o(g e d svaar ¢
exampbelpartamétfierran tththaet prsédfdi bteigtvlme mmareud f &
fl owtshtewfo AM technol ogies afMdebesphapnedt a
classified into three tympas: par ametters
experiments,damndar bpyamm@ldree trewursni ng sequences
ot hfei ve modul es. Basedamet tchasn, ccilaesasw hfiyi cchaet

parameters needdeo bdefmeasntedel ated pr o

Fiug®eldi spl ays the manufacturi sg.,afrfhatwe oi ¢
treahedugh the materi al processing tmodaul
constructilbayerf bhdéagegi Mg rtshrough axi s move
directi omat eemmaas itthieon on the current | ay
to the thme gthtl @afer through axins ohahneememncet

ofanew | ay@mmencé&€de AM procwheanlils hcapgneprhse € d
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During the AM pr oicierscl, cdormpggeh e anba dhwgl easn d
compoha&lnge®e participate in the printing.

ma& hichhear acteri stics.

Heating of material processing

(nozzle heater, hotend)

<
<«

A4

Construction of current layer in
X, Y directions

Axis movement to the next

layer height in Z direction

Fiugbd 1 Manufacturing flow of FDM

Fiugbhel 2 Three types of parameters for t





















































































































































































































































































































































































































































































































