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Sayin Yazarlar;

Dergimize 4 dilde (Tiirkge Tr, ngilizce En, Rusca Ru ve Ukraynaca Ua) yazi kabul etmekteyiz. Tiirkge,
Rusga ve Ukraynaca yazilarda Ingilizce 6zet yazilmasi zorunludur.

ULUSLARARASI 3B YAZICI TEKNOLOJILERI VE DiJITAL ENDUSTRI dergisi,

IJ3DPTDI, Endiistri 4.0 — dijital endiistri teknolojileri, 3B yazici teknolojileri, katmanli-eklemeli imalat
teknolojileri ve uygulamalar1 yani miihendislik, bilim, teknoloji gibi tiim disiplinlerle ilgili
arastirmalarin sonuglarini yaymak icin agik, hakemli, disiplinlerarasi, uluslararasi, bilimsel, akademik,
online bir dergidir. ij3dptdi, Miihendislik, Teknoloji ve Bilimin Endiistri 4.0 daki uygulamalari, tiim
arastirmalari, gozden gecirme makalelerini, kisa bilgi paylagimlarini ve 6nemli ilerlemeleri sunan teknik
notlar1 online yayinlamak i¢in yazarlar1 davet eder.

Endiistri 4.0, Dijital Endiistri, 3B Yazicilar {izerine tiim bilimsel miihendislik arastirma ve teknoloji alan1
konulari;

3B baski icin tibbi uygulamalar; dokularin ve organlarin biyografik baskilari, 3B vaskiilarize
organlarin olusturulmasinda karsilasilan zorluklar, Ozellestirilmis implantlar ve protezler, diisiik
maliyetli protez pargalari, cerrahi hazirlik i¢in anatomik modeller, sentetik cilt, kafatas1 degisimi, tibbi
donatimi, kemik, 6zel iiretilen sensorler, kisisellestirilmis ilag dozu, benzersiz dozaj sekilleri, kompleks
ilag salinim profilleri v.d.

3B yazici uygulama alanlari; tibbi ve dis hekimligi uygulamalari, dis hekimligi uygulamalar1 ve
materyalleri, yumusak robotik sistemleri, robot tutucu sistemler, bina uygulamalari, kalip / kalip
uygulamalari, mimarlik uygulamalari, model uygulamalari, hizli prototip uygulamalari, gorsel sanat
uygulamalari, tekstil uygulamalari, dijital fabrikalar, mimari model uygulamalari ve malzemeleri,
endiistriyel uygulamalar ve malzemeler, gida uygulamalar1 ve malzemeleri, sanatsal uygulamalar ve
malzemeler, tarama yontemleri ve modelleme v.d.

Endiistri 4.0 ve dijital sanayi; biiylik veri, yapay zeka, dijital yasam dongiisii, sensor motorlari,
artirllmis gergeklik, gorsellestirme, sistem simiilasyonu, kablosuz iletisim, BIT giivenlik, dijital is, blok
zinciri, veri Glivenligi, 6zerk robotlar, sistem entegrasyonu, nesnelerin interneti (IoTs), siber giivenlik,
bulut bilisim, dijital fabrika v.d.

3B yazic1 tasarim, modelleme ve analiz; 3D yazici tasarimi, ekstruder tasarimi, 3B baski i¢in {irlin
gelistirme, seramik sistemleri tasarimi, gida sistemleri tasarimi, elektronik bilesenleri, mekanik pargalar,
standart bilesenler v.d.

3B yazic1 malzeme ve mekanik ézellikleri; polimer malzemeler, esnek malzemeler, biyo malzemeler,
metalik malzemeler, toz malzeme iiretim yontemleri, aga¢ malzemeler, kompozit malzemeler v.d.

3B yazic1 program kontrol teknolojileri; kontrol programlari, tasarim programlari, 3D tarama
teknolojileri, DMLS teknolojileri, SLA teknolojileri, SLS teknolojileri, FDM teknolojileri, dijital iiretim
teknolojileri, diger 3B yazic1 teknolojileri v.d.

1j3dptdi, online yayinlanan bir dergidir ve yilda 3 defa yaymlanir.

1.periyot Ocak-Nisan
2.periyot Mayis-Agustos
3.periyot Eyliil-Aralik
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Dear author,

Our Journal accepts articles in 4 languages (Turkish Tr, English En, Russian Ru and Ukrainian Ua).
Articles in Turkish, Russian and Ukrainian must have an abstract in English.

International Journal of 3D Printing Technologies and Digital Industry

ij3dptdi, is an open access peer-reviewed, interdisciplinary international platform for disseminating
results of relevant research related to all the disciplines of engineering, science, technology etc on
Industry 4.0 - digital industry technologies, 3D printer technologies, additive manufacturing
technologies and applications . ij3dptdi, invites all research, review articles, short communications &
technical notes that describe significant advances research in the areas of Engineering, Technology,
Science on Industry 4.0, Digital Industry, 3D Printers, additive manufacturing;

All scientific engineering research & technology area on Industry 4.0, Digital Industry and 3D
printers;

Medical applications for 3D printing; bioprinting tissues and organs, challenges in building 3D
vascularized organs, customized implants and prostheses, low—cost prosthetic parts, anatomical models
for surgical preparation, synthetic skin, cranium replacement, medical equipment, bone, tailor-made
sensors, personalized drug dosing, unique dosage forms, complex drug-release profiles ect.

Aplication fields; medical and dental applications, dental practices and materials, soft robotics systems,
robot gripper systems, building applications, die/mold applications, architecture applications, models
applications, rapid prototype applications, visual arts applications, textile applications, digital
factories, architectural-model applications and materials, industrial applications and materials, food
applications and materials, artistic practices and materials, scanning methods and modeling ect.

Digital industry; big data, artificial intelligence, digital life cycles, sensors actuators, augmented reality,
visualization, system simulation, wireless communication, ICT security, digital business, block chain,
data safety, autonomous robots, system integration, internet of things (IT’s), cyber security, cloud
computing, digital factory ect.

Design, modelling and analysis; 3D printer design, extruder design, product development, ceramic
systems design, food systems design, table system design, electronics components, mechanic
components, standard components ect.

Mechanical properties of filaments; polymer materials, flexible materials, bio materials, metallic
materials, wood materials, composite materials ect.

Program — control technologies; control programs, design programs, 3D scanning technologies, DMLS
technologies, SLA technologies, SLS technologies, FDM technologies, Digital production technologies,
other 3D printer technologies ect.

ij3dptdi, Its publication frequency is 3 issues per year.

1.Period January-April
2.period May-August
3.period September-December
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YBaxkaemblii aBTOp,

HAaIll )KypHaJI MPUHUMACT CTaThW Ha 4-X s3bIKaX (TYPelKOM, aHTJIHHCKOM, PYCCKOM H YKPAaWHCKOM).
Cratbu Ha TYpELKOM, PYCCKOM M YKPAaMHCKOM SI3bIKaxX JOJDKHBI COMPOBOXKAATHCS aHHOTAlMEW Ha
AHTJIINHCKOM SI3BIKE.

Me:xayHapoaHblii :KypHaJ TexHoaoruii 3D-neyaTu u uudposoii HHAyCTpUA

IJ3DPTDI — »3T0 peneH3upyeMoe H3JaHHE C OTKPBITHIM JIOCTYIIOM, MEXIUCIUTLTHHAPHAS
MEXJyHaponHas IuiatrgopMa Juis  OOMEHa pe3yJbTaTaMd HUCCIICJOBAHMH TI0 HHXKCHEPHO-
KOHCTPYKTOPCKHM pa3paboTKaM, TEOPETHYECKUM HCCIIEOBAHNSM, YCOBEPIIEHCTBOBAHUIO TEXHOIOTUN
Wupyctpun 4.0, B TOM YUCIIie — TEXHOIOTHH 1TH(POBO MPOMBINIICHHOCTH, 3D-1eyaty, aJuTHBHOTO
IpOU3BOJACTBA M pa3paboTku npunoxenuit. 1J3DPTDI  mpuHmMMaer uccienoBaTenbcKUe CTAThbH,
0030pHBIC CTAaThU, KPaTKHUE COOOIICHHUS M TEXHHUYECKUE 3aMETKH, KOTOPBIC OMUCHIBAIOT 3HAYMMEIC
pe3yNbTaThl WCCIENOBAaHUA B OOJACTH MAIIMHOCTPOEHUS, TEXHOJIOTHH, TEOPETHYECKOW OCHOBBI
naayctpun 4.0, mudpoBoil mpombiuieHHOCTH, 3D mevarn, mpowW3BOACTBA MHOTOKOMITOHEHTHBIX
MaTepHaIoB.

TemaTuka KypHa/ia BK/IKYaeT BCe HAYYHO-TeXHHMYECKHE HCCJIeJOBAaHUS U 0030pP TEXHOJIOTUii
HNupycrpuu 4.0, nudposoii npombiienHocTd u 3D neyartn.

Menununckue TexHojoruu 3D-medyaTu: OHONPHUHTHHT — BOCHPOM3BEICHHE OOBEMHBIX MOJENeH
TKaHE! U OPraHoB, CO3/IaHUE TPEXMEPHBIX BACKYJIIPU3UPOBAHHBIX OPraHOB, HHAUBUY AJIU3UPOBAHHBIX
UMIDUTAaHTAaTOB M TIPOTE30B, CHHTETHUYECKOH KOXKH, KOCTEH, 3aMEHBI 4YacTell ueperna, y/CIIeBICHUE
TEXHOJOTMM  TMPOTE3MPOBAaHUs, pa3paboTKa  aHATOMHYECKUX  MOJENEeH Ui  THOATOTOBKH
XHPYProB,TECTOBBIX XHUPYPTHUECKUX OIepaluid, MEAMIUHCKOro 00OpyIOBaHUS; H3TOTOBICHHE
JATYNKOB C 3aIaHHBIM HA0OPOM XapaKTePHCTHK, CO3/IaHHE YHUKAIBHBIX JIEKaPCTBEHHBIX IIPETIapaToB C
UHAUBUAYAJIBbHBIMHU JO3UPOBKAMU, CJIOKHBIX MHOTOKOMIIOHECHTHBIX JICKAPCTBEHHBLIX CPEACTB.

OO0nacTu mnpUMeHeHUsl: MaTepuaibl M OO0OpyAOBaHME JJIsI MEAMLIUHBI W CTOMAaTOJIOTHH,
POOOTHU3UPOBAHHBIE CHCTEMBI HA OCHOBE OMOJIOTHYECKHUX MTPOTOTHIIOB, POOOTH3NPOBAHHBIE 3aXBATHEIC
YCTPOHCTBA, CTPOUTENBHBIE MaTepHaibl, Npecc-POpPMbI, MOJEIA W MPOTOTHIIBI B apXUTEKTYpe,
MOJICJINPOBAaHUE PEAIbHBIX OOBEKTOB, IPOTOTHIIMPOBaHME, cdepa BHU3YAIBHOIO HCKYCCTBa,
TEKCTHIIbHAS TPOMBIIIJICHHOCTh, IIU(POBBIC 3aBOJIBI, IPWIIOKEHHSI 1 MaTePHAJIbI JJIsl apXUTEKTYPHOTO
MOJICJIMPOBAHKSI, TPOMBIILICHHbIE O0pa3llbl W MaTepualibl, CO3JAaHUE IMHUIIEBHIX MPOAYKTOB,
TEXHOJIOTHH XYA0KECTBEHHOH 00pa0OTKM MaTepuasnoB, METOJbl MOJECITUPOBAHUS U CKAHUPOBAHUS U
T.IL

HudpoBas mHaycTpuUs: OONbLINE AJaHHBIC, NCKYCCTBEHHBIH HHTEIIJICKT, >KU3HEHHBINA IIUKJI IU(POBBIX
TEXHOJOTHH, TPHUBOAHBIE MEXaHM3MBl JAaTYMKOB, pACIIMPEHHAs pPealbHOCTh, BH3yalH3allUd,
MOJIETTMPOBAHUE CUCTEM, OECIIPOBOIHAS CBSI3b, I T-0€301acHOCTS, 31eKTPOHHAs KOMMEPIIHs, OJI0KYEHH
TEXHOJIOTHH, 0€301aCHOCTh IaHHBIX, aBTOHOMHBIE pOOOTHI, CUCTEMHAasl HHTETpals, HHTEPHET BelleH,
KnOepOe30nacHOCTh, 00IaYHble BEIYMCICHHS, TH(POBOE TPOU3BOACTBO.

JAu3zaiin, MojeqMpoBaHue W aHAIW3. MojenvpoBanue aius 3D medartw, skcrpyzaepa; paspaborka
pPa3HOOOpa3HBIX  TPOAYKTOB,  NPOEKTUPOBAHHME  CHUCTEM  KEPaMHYECKOTO0  IPOW3BOCTBA,
YCOBEPIICHCTBOBAHUE TEXHOJIOTMH MPOU3BOJCTBA MHUILEBBIX MPOAYKTOB, IPOEKTUPOBAHUE IIPEIMETOB
Me0enu, 3JIeKTPOHHBIX KOMIIOHEHTOB, MEXaHUYECKUX AeTajel, CTAaHIapTHBIX KOMIIOHEHTOB H T.II.

Mexanuueckne CBOWCTBA HHUTEH: IMMOJIMMCPHBIC MaTcpualibl, rubkue MaTepHualbl, 6I/IOMaTepI/IaJ'IBI,
HU3aCivd U3 MeTajljia U JPpEBCCHUHBI, KOMIIO3UIITMOHHBIC MATCpUAJIbI.



TexHosorun ynpaBjieHUs] MPUJIOKEHHSIMU: KOHTPOJIbHBIC MPOTPAMMBI, MPOCKTHBIC MPOTrPaMMBI,
texHosorun 3D-ckanmpoBanus, TexHoidorun DMLS, SLA, SLS, FDM, mudpoBsic TEXHOJIOTHH
MPOM3BOJICTBA, IPyTHe TeXHONOTHH 3D-nieyaTv U T.11.

[NepuoauaHOCTh BBIXOJIA XKYpHAIa — 3 pa3a B TOJI:

1-i1 BBITyCK — SIHBapb-ampeb;
2-11 BBIITYCK — Maii-aBTyCT;
3-11 BBIMYCK — CEHTSOPb-1eKa0pb.
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IHIanoBHMIi aBTOPE,

HaIll )KypHaJI IPUMae CTaTTi Ha 4-X MOBaX (TYpelbKOIO, aHTIIHCHKO0, POCIHCHKOI0 Ta YKPaTHCHKOIO).
CraTTi TypenbpbKOr, POCIHCHKOK Ta YKPaiHCHhKOK MOBOKO TOBHHHI CYNPOBO/KYBATHCS AHOTAIIIEO
aHTTIHCHEKOI0 MOBOIO.

Mi:xHapoaHuii ;kypHaa TexHoJiorii 3D-gpyky i undposoi ingycrpii

IJ3DPTDI — me perieH30BaHe BHIAHHS 3 BIAKPUTHM JOCTYIIOM, MDXIUCIMIUTIHAPHA MDKHAPOJIHA
mwiarpopma uisi OOMiHY pe3yJbTaTaMu JOCTIDKEHb 3 IHXCHEPHO-KOHCTPYKTOPCHKUX PO3POOOK,
TEOPETUYHUX NTOCIIIKEeHb, YIOCKOHAIEeHHS TexHomorii Iamyctpii 4.0, B TOMy 9HCIi — TEXHOJOTIH
1uppoBoi MpoMHCIOBOCTi, 3D-ApyKy, afUTUBHOrO BHPOOHHITBA i po3podku gomartkis. 1J3DPTDI
MpUiiMae JOCTIHI CTaTTi, OTJISAAO0BI CTATTi, KOPOTKI MOBIJOMJICHHS 1 TEXHIYHI 3alMCKH, SIKI MICTATh
3HAUyIli pe3yJbTaTH AOCHIKEHb B Taly3i MallMHOOYAYBaHHS, TEXHOJIOTil, TEOPETWYHIH OCHOBI
ingyctpii 4.0, mudposiit mpomucioBocti, 3D ApyKy, BUpOOHHIITBA 6araTOKOMIIOHEHTHHX MaTepialiB.

TemaTuka sKypHaJIy 0XOIJIIO€ BCi HAYKOBO-TEXHIUHI JOCTiIKEHHS Ta OrJIsA TexHoJorii Inaycrpii
4.0, uudposoi npomucaoBocti i 3D apyky.

Meaununi Texnouiorii 3D-apyky: GionpiHTIHT — BIATBOpEHHS 00'€éMHHMX MOZeJel TKaHWH i OpraHiB,
CTBOPEHHS TPUBHUMIPHUX BacKYJSIPU30BAHUX OPraHiB, iHAMBIAyali30BaHMX IMIUIAHTATIB 1 MPOTE3iB,
CUHTETUYHOI IIKipW, KICTOK, 3aMiHM YacTHH dYepena; 3/CHIeBICHHS TEXHOJOTil MpOoTe3yBaHHS,
PO3pOOIICHHsSI aHATOMIYHMX MOJEJIeH A MiArOTOBKH XipypriB, TECTOBHX XipypriuHHX OIepalii,
MEAUYHOTO OOJaHaHHS; BUTOTOBJICHHS NATYHMKIB 13 3aJaHUM Ha0OPOM XapaKTEPHCTHK, CTBOPEHHS
VHIKaIBbHUX  JIKAPCHKUX  TpemapariB i3  IHAWBIAyaIbHUMH  JO3yBaHHSMH;  CKJIaJHUX
0araTOKOMITOHEHTHUX JTIKapChKHUX 3aCO0iB.

Cdepu 3acTocyBaHHA: MaTepiand Ta OONaJHAHHS IJIS METUIIMHH 1 CTOMATOJIOTii, pOOOTH30BaHi
CUCTEMH Ha OCHOBI 010JIOTIYHHX MTPOTOTHUITIB, pOOOTH30BaHI 3aXBaTHI MPUCTPOI, OyAiBEIbHI MaTepiaiy,
npec-QpopMu, MOJIENI i POTOTUIIH B apXiTEKTYpi, MOJICIIOBAHHS peallbHUX 00'€KTiB, MPOTOTUITYBAHHS,
cdepa Bi3yalbHOT'O MUCTELTBA, TEKCTUIILHA IPOMHUCIIOBICTD, IN(POBI 3aBO/IM, JOAATKH Ta MaTepiaan
JUTSL apXITEKTYPHOTO MOJICTIOBaHHS, POMHUCIIOBI 3pa3KH i MaTepiajiy, CTBOPEHHS Xap4OBHX MPOIYKTIB,
TEXHOJIOTIT XyJJO’KHbOI 00pOOKH MaTepialiB, METOAM MOJICIIOBAHHS Ta CKaHYBaHHS 1 T.II.

Hudposa ingycrpis: Benmuki naHi, IITy9HWH IHTENEKT, >KUTTEBUU MK MU(POBUX TEXHOIOTIH,
MPUBOJHI MEXaHI3MHU [aTYMKIB, PO3IIUPEHA pEANbHICTh, Bi3yaii3allis, MOJEIIOBaHHS CHCTEM,
0e3nporoBuii 3B's30k, [T-Oe3neka, elNEKTPOHHA KOMEDIlis, OJIOKYCHH TEXHOJOrii, Oe3leka naHuX,
aBTOHOMHI po0OOTH, CHCTEMHa iHTerpallis, iHTepHeT peueil , kibepOe3meka, XMapHi OOYHCIEHHS,
nppoBe BUPOOHUIITBO.

JAu3zaiin, MoaeaoBaHHs i aHai3: MojenmoBanHs s 3D pyKy, ekcTpynepa; po3pooKa pisHOMaHI THUX
MPOAYKTIB, TPOEKTYBaHHS CHCTEM KEPaMi4HOrO BHMPOOHMITBA, YAOCKOHAJIEHHS TEXHOJOTI]
BUPOOHUITBA XapUOBHX NPOJYKTIB, MPOEKTYBAaHHS MPEIMETiB MeOJIiB, €JIEKTPOHHUX KOMIIOHEHTIB,
MEXaHIUYHUX JeTajeH, CTaHIaPTHUX KOMIIOHEHTIB 1 T.II

MexaHiuHi BJIaCTHBOCTI HUTOK: IOJIIMEpHI MaTepiaiu, THY4Ki MaTepianu, Giomarepianu, BUpoou 3
MeTaly i IepeBUHH, KOMITO3HIIIHHI MaTepiau.

TexHoJiorii ynpaBaiHHA ToaaTKaMu: KOHTPOJIbHI MPOTpaMH, NPOEKTHI MporpaMu, TexHouorii 3D-
ckanyBanHs, TexHosorii DMLS, SLA, SLS, FDM, nudpoBsi TexHOoIOTiT BUPOOHUIITBA, 1HIIT TEXHOIOTI1
3D-npyKky i T.IL

[lepionnuHicTh BUXOAY KypHaIy — 3 pa3u Ha pikK:
1-# BUIycK — Ci4eHb-KBITEHB;

2-11 BUITYCK — TPaBEHb-CEPIICHb;

3-11 BUITyCK — BepeceHb-TPy/ICHb.
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ABSTRACT

The development of lightweight structures that utilize minimal material while maintaining desired
mechanical properties has become increasingly significant with advancements in manufacturing
technologies, attracting the attention of researchers. Additive manufacturing methods have enabled the
rapid production and testing of new design prototypes, thereby accelerating research in this domain.
This study aims to investigate new designs through the functional grading approach applied to auxetic
structures. Drawing on established structural patterns from the literature, three patterns were selected
for this study. These patterns were modeled with varying wall thicknesses in line with the functional
grading approach, and static analyses were conducted using the Ansys Workbench program. For the
static analysis, a uniform deformation value was applied to each structure, and the reaction forces at the
fixed end were used as the comparison criterion. When the re-entrant, rcw-honeycomb, and elliptical
patterns were redesigned using the functional grading approach, their weights increased by 13%, 9%,
and 12%, respectively. However, the reaction forces, which serve as an indicator of the structures' load-
carrying capacity, showed increases of 68%, 56%, and 43%, respectively. These results underscore the
effectiveness of the functional grading approach in enhancing the load capacity of auxetic structures.

Keyword: Auxetic Structure, Functionally Graded Structure, Static Analysis

1. INTRODUCTION The advantages of using auxetic materials in
One of the main topics of research and engineering applications are:

development (R&D) activities is developing

structures that offer a lightweight design with e Enhanced energy damping: Auxetic
minimal material use while meeting the desired materials expand laterally under stress,
mechanical properties. One sub-topic in this absorbing impacts and shocks more
context is "auxetic" materials or structures. The effectively than conventional materials.
term auxetic comes from the Greek word e Increased flexibility and range of motion:
"auxetikos," meaning "that which tends to Useful in applications like sports equipment,
increase" [1]. Auxetic refers to materials or auxetic  materials provide increased
structures exhibiting a negative Poisson's ratio. flexibility and range of motion.

They expand under tensile stress and contract e Improved mechanical properties: Auxetic
under compressive stress. These structures materials exhibit greater stiffness, strength,
typically consist of repeating units designed to and toughness, making them useful in
deform in a specific way when subjected to structural applications.

external forces. This unique property makes e Better fit and comfort: Conforming to the
auxetic materials useful in applications such as shape of the body or object they contact,
protective clothing, biomedical implants, and auxetic materials provide a better fit and
textiles. improved comfort, useful in medical devices

or wearable technology.
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e Improved filtration and insulation: Auxetic
materials can be designed with unique pore
structures that enhance filtration and
insulation properties, useful in applications
like air filters or thermal insulation.

The properties of auxetic structures and their

advantages largely depend on their geometry.

Various geometric unit structures have been

presented in the literature and continue to be

developed.

Uzun [2] emphasized the need for smart
materials today, pointing out that materials with
new and varied properties are being developed.
This study examines the new properties
obtained when conventional materials have a
negative Poisson's ratio and their advantageous
properties during use. In B. Oztiirk's [3] thesis,
compression and flexure tests were performed
on sandwich structures with different cell
shapes. Horizontal honeycomb, vertical
honeycomb, cubic, horizontal truss, vertical
truss, skeleton, and gyroid geometries were
used, each with fixed dimensions of
Smmx5mmx5mm. The samples, made using
PLA and CFR-PLA, showed that vertical truss,
vertical honeycomb, and cubic geometries had
the best compressive strength and modulus of
elasticity. Increased relative density slightly
improved mechanical properties. A.T. Ozen [4]
produced "re-entrant”" auxetic structures using
additive manufacturing. He also created a
similar "curved geometry" structure. Tensile,
compression, and microhardness tests showed
that adding boron nitride to PLA improved
mechanical properties. Reducing the angle
between branches increased the negative
Poisson's ratio to -0.30. B. Ergene and B. Yal¢in
[5] compared traditional honeycomb structures
with negative Poisson's ratio auxetic re-entrant,
hybrid re-entrant, honeycomb, and chiral
structures. Honeycomb structures showed a
positive  Poisson's ratio depending on
deformation rate. Cell orientation and beam
thickness affected energy absorption, with
increased wall thickness improving
compressive and tensile strengths. H.Y.
Sarvestani et al. [6] tested three core structures
using PLA and found that the re-entrant
structure absorbed 33% more energy. Quasi-
static uniaxial tensile tests showed that the RCA
structure had higher tensile properties and
auxetic effect compared to re-entrant
honeycomb when loaded in the X direction. A.
Alomarah et al. [7] proposed the re-entrant
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chiral auxetic (RCA) structure, combining

hexagonal re-entrant and anti-tetrachiral
honeycombs.  Six samples made of
photopolymer and aluminum alloy were

fabricated by additive manufacturing and
conventional methods. X. Liv [8] noted that
improving mechanical properties of auxetic
structures often compromises their negative
Poisson's ratio. His study proposed two new
auxetic cellular structures that maintained
negative Poisson's ratios while improving
Young's modulus and yield strength. C. Li [9]
designed three functionally graded 3D auxetic
structures, finding that they reduced dynamic
deflections compared to structures with positive
Poisson's ratios. Functional grading affected
natural frequencies and dynamic displacement.
A. Alomarah et al. [10] found that the RCA
structure outperformed other honeycombs in
strength and specific energy absorption when
loaded in the Y direction. Only tetrachiral
honeycombs outperformed the RCA in the X
direction. Y. Zhou [11] focused on improving
metamaterial performance through unit cell
innovations. His study developed a re-entrant
combined-wall (RCW) honeycomb structure,
which increased Young's modulus by 120% and
decreased Poisson's ratio by 43%. I.K. Tiirkoglu
[12] noted that additive manufacturing
advancements allow for printing auxetic
structures with negative Poisson's ratios,
enhancing energy absorption and durability. A.
Yousefi et al. [13] investigated 3D printed
auxetic structures using soft and hard polymers
under various loads, showing that additive
manufacturing is suitable for fabricating auxetic
structures with high energy absorption and
Young's modulus. Y. Zhang et al. [14]
investigated the hardness of re-entrant
structures, predicting that factors like entrance
angles and wall thicknesses will guide future
studies. O. Giilcan et al. [15] discussed
functionally graded structures (FGS) and their
applications in industry, noting that additive
manufacturing  allows  for  optimizing
mechanical properties. A.A. Karaca [16]
compared finite element analysis and
experiments on stainless steel auxetic
structures, showing close results and proving
accuracy for auxetic structures. C. Kaboglu [17]
studied a sandwich composite with a PA 12 core
and glass fiber reinforced Polypropylene for
automotive bumpers, emphasizing its negative
Poisson's ratio and suitability for aircraft and
automotive industries. M.D. Demirbas et al.
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[18] analyzed static behavior of structures with
negative Poisson's ratio using ABS and PLA
cores, noting their potential in high-force, low-
temperature applications. F. Murat et al. [19]
proposed integrating functionally graded
structures into implants for better mechanical
performance in biomedical applications. Y. Zhu
et al. [20] developed a new tetra-incomplete
chiral honeycomb structure, showing improved
Poisson's ratios, elastic and shear moduli. D.
Han et al. [21] investigated elliptical perforated
plate-based structures, finding that specific
energy absorption can be increased by reducing
mass while maintaining auxetic behavior. H.
Jian et al. [22] designed a lightweight structure
combining elliptical perforated plates and re-
entrant structures, demonstrating improved
mechanical properties and utility performance.
Pascoa et al. [23] Proposed a new method to
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investigate the effect of functionally graded
structures through experimental and theoretical
studies. Hu et al. focused on novel types of arc-
shaped auxetic pattern by carrying out
experimental and theoretical studies [24] and
3D auxetic textile structures [25].

Some common examples of auxetic structures
include auxetic foams, auxetic honeycombs and
auxetic lattices can be seen in Table 1. The table
generally shows the preferred patterns for 2-
and 3-dimensional auxetic structures and the
test samples designed with these patterns.
Considering the patterns in this list, the sample
patterns to be discussed in this study were
decided and those suitable for the functional
rating approach were determined.
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Table 1. 2D and 3D Auxetic Structure Patterns

Name Ref. Name Test . Ref.
Specimen
. . Hexagonal L
Sinusoidal
Slotted [12] I];Ioneycorn - [5]
Hexagonal . '
Anti-tetra
Il;Ioneycom [12] Chiral [10]
Oval Core
Strutural-
Re-entrant [12] Auxetic [21]
Elliptic
Double
Arrowhead [12] Elliptical [21]
Tetrachiral Re-entrant
[12] Elliptical [22]
Re-entrant
Chiral
Re-entrant [3] Auxetic (7], [10]
(RCA)
Hexagonal E;tirril
Honeycom ‘ [3] Honeybom [22],[10]
b
b
Tetra-
missing
P Honeycom
b
Triangular e 3] Origami [26]
RCW
Re-entrant «;;;1,;' [6] Honeycom [11]
o b
Star-
Triangular
Rectangula o Auxetic
T ‘ [6] Honeycom [13]
b
Hexagonal
Honeycom [6] Gyroid [13]
b
Chiral 3 [27]
Re-entrant [5] Dimension
(28]
Truss
Chiral - [3]
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When the studies in the literature are examined,
it is seen that it is generally aimed to improve
mechanical properties with new elements added
to existing patterns. In this study, it is aimed to
approach the subject from a different
perspective. It is planned to obtain new auxetic
structures by reorganizing existing structures
with a functionally graded approach. A
functionally graded structure (FGS) describes a
material system whose mechanical, thermal or
electrical properties change gradually and
continuously in a controlled manner throughout
the volume of the structure. In other words, a
FGS is a composite material consisting of
multiple layers with different material
properties arranged to provide a specific
performance or function. The concept of
functionally graded was first introduced in the
1980s to address the limitations of traditional
homogeneous materials in certain applications
[29]. By varying the properties of a material in
a controlled manner, FGS can offer better
performance in terms of strength, stiffness,
toughness and other mechanical properties and
can be tailored to specific applications. FGS
have a wide range of potential applications,
including in the aerospace, automotive,
biomedical and energy industries. For example,
FGS can be used in aircraft and spacecraft
components to reduce weight while maintaining
strength and  stiffness. In  biomedical
engineering, FGS can be used in implantable
devices to improve biocompatibility and reduce
the risk of implant failure. Overall, functional
graded structures are an important area of
research and development in materials science
and engineering and are being studied and
optimized for various applications.

Limited manufacturing possibilities, which is
one of the existing disadvantages of eutectic
structures, have been overcome to a great extent
with the rapidly developing manufacturing
technologies in recent years. The production of
both auxetic and FGS with 3D printers has
become very popular in recent years. With this
technology, it is possible to use different
materials with different properties in the same
structure. In this way, the design of structures
according to the desired properties of the
materials has been made possible by using
different 3D printer technologies such as
stereolithography (SLA) or fused deposition
modeling (FDM).
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In the studies conducted in the literature on
eutectic structures, polymer-based materials
have been preferred more than metal-based
materials. Polymers are engineering materials
that are becoming more and more widely used
in our country and in the world. The main
reasons for this are ease of production, cost and
obtaining lighter structures. In addition to such
advantages, while high temperature and energy
are required to produce metal-based materials,
this need is less in polymers.

One of the disadvantages of polymers is that
their operating temperature range is slightly
more limited than metal-based materials.
Nevertheless, it is a great advantage that
polymer-based materials do not need support
structures in additive manufacturing compared
to metal-based materials. Within the scope of
the advantages mentioned above, polymer-
based materials are frequently preferred in
additive manufacturing methods. Looking at
additive manufacturing applications, it is seen
that PLA (polyactic acid) is more widely used
than other material types.

PLA is a material that is generally classified as
a biodegradable thermoplastic polymer. It is
derived from sugar beets, corn starch or slow-
release plant materials. Therefore, it is
considered an environmentally friendly
material. PLA is often used in 3D printers
because it has a low melting point (usually in
the range of 180-220 degrees) and can thus be
easily printed. It is non-toxic and offers a high
print quality despite having a low tensile
strength. The mechanical properties of PLA are
relatively low compared to other polymer
materials. For example, the tensile strength of
PLA is usually 60-70 MPa [30], while the
elongation at break is in the range of about 5-
10%. However, it has a high hardness (usually
around Shore D80), the decay or degradation
time can vary depending on environmental
conditions, and is available in many colors and
options [31]. In conclusion, PLA was chosen for
its excellent stiffness, tensile strength, and gas
permeability, which are comparable to those of
synthetic polymers, making it one of the most
promising materials to replace petroleum-based
polymers [30].
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In this study, some patterns from the literature
on auxetic structures were selected as examples.
Previous studies have generally focused on the
design of patterns with auxetic properties, their
mechanical performance, testing with different
materials, or using various manufacturing
methods. In this study, patterns that can be
easily produced with 3D printers using the FDM
method were modeled with different wall
thicknesses under a functional grading
approach. As future manufacturing studies and
experimental tests are expected to use FDM-
based methods, PLA, a material suitable for this
method, was selected. Although the existing
process in the literature was followed regarding
the method, material, and pattern, the use of the
functional grading approach in the design
makes this study distinct from previous ones.
The selected patterns were designed in 3D and
their static analyses were performed using the
Ansys program. The analysis results were then
used to compare the static performance of the
functionally graded patterns with normal
patterns, and the findings were discussed.

2. METHOD

2.1 Functionally Graded Structures
Functionally graded structures (FGS) result in
property changes that gradually increase or
decrease when applied to structures. Such
changes can be achieved by gradual variations
in material, thickness or density. Due to these
characteristics, functionally graded structures
offer significant advantages through their
mechanical properties that vary based on their
location. A functional grading method will be
applied to geometries available in this study,
and their wall thickness will be gradually
increased.

2.2 Auxetic Structures

Auxetic structures behave unusually due to their
negative Poisson's ratio. Owing to this property,
when a compressive force is applied to the
structure, it starts to contract instead of
expanding. Likewise, when they are subjected
to tension, they begin to expand instead of
contract.

The mechanical properties of PLA used for
parts to be used in the analyses are shown in
Table 2.
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Table 2. Mechanical Properties of PLA [32]

Density (kg/m?) 1300
Young modulus (Pa) 2,34x10°
Poisson ratio 0,33
Bulk modulus (Pa) 2,29x10°
Shear modulus (Pa) 8,79x108
Tensile yield strength 4,19x107
(Pa)

Tensile ultimate 5,95x107
strength (Pa)

2.3 Modelling and Analysis of Auxetic
Structures

The parts chosen for analysis were created using
the SolidWorks computer-aided design
program. Functional graded structures were
designed alongside the given geometries using
this program. Afterwards, the solid modelled
parts were transferred to Ansys Workbench, one
of the finite element method programs, for
analysis. As a result, the structures will be
analyzed, and the results will be evaluated. A
size of 75x75x75 mm was chosen to ensure each
designed geometry could achieve 3 complete
core structures, facilitating comparisons. The
bottom and top layers of the models were
designed to be 3 mm thick, with wall thickness
set at 1 mm. All functional graded parts were
designed to gradually increase in thickness,
from 1 mm at the bottom to 1,2 mm and 1,4 mm
at the top core structures. These dimensions
were selected to avoid exceeding the
manufacturing constraints of fused deposition
modeling (FDM) and to ensure clear geometry.
The project has focused on the theoretical
aspect so far. These values have been adopted
to provide guidance for future experimental
studies.

Figure la. displays the re-entrant structure,
which is the most commonly encountered
geometry of auxetic structures among the parts
to be solid modelled and analyzed. The
computer-aided design program Solidworks
was used to create a model measuring
75x75x75x75 mm through solid modelling
creation and cutting via extrusion. Figure 1b.
shows the newly developed model with
functional grading. The wall thickness of the
model was gradually increased from 1 mm to
1,2 mm and finally to 1,4 mm from the bottom
to the top. The second geometry in Figure Ic.
was selected due to the RCW honeycomb
structure's features, such as effective Young's
modulus and high resistance to compression
(increase of 120% and 140%) in comparison to



Ozen et. al., /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 8:3 (2024) 303-315

classical re-entrant structures. The RCW
honeycomb structure with functional grading
also can be seen in Figure 1d. The third type of
geometry, the elliptical structure, is given in
Figure le. The literature review led to the

(a) Re-entrant

© @

(c) RCW honeycomb

(e) Ellipse

¢ _©

selection of this structure due to its energy
absorption feature [21]. Figure 1f. shows the
elliptical structure with functional grading
applied.

(b) Functionally Graded Re-entrant

(d) Functionally Graded RCW honeycomb

(f) Functionally Graded Ellipse

Figure 1. Selected auxetic structures

2.4 Finite Element Analysis of the Auxetic
Structures

The static analysis of the structures modelled in
the SolidWorks computer-aided design
program was carried out in the Ansys
Workbench finite element method program.
Prior to conducting static analysis, the PLA
material's properties listed in Table 2 were
defined in the Ansys engineering data library.
To perform static analysis, the SolidWorks parts
saved with SLDPRT extension were transferred
to the Ansys Workbench Design Modeler
module. Each defined part was meshed using

309

equal element sizing. Therefore, each
experimental part was meshed with an element
size of 0,8 mm. The bottom surface of each
analyzed geometry was fixed and 0,5 mm
displacement was defined from the top surface
towards the part. Following the analysis, the
structures' total deformation (mm), equivalent
stress (MPA) and reaction forces (N) were
obtained and evaluated. To reveal the negative
Poisson's ratio of the parts more distinctly, the
analysis results of the parts were scaled up by a
factor of 12. This helps to better understand how
the geometry will behave when compressed.
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3. RESULTS AND DISCUSSIONS

In this study, the basic mechanical behaviors of
auxetic structures when they were redesigned
with the functional grading approach were
investigated. Using 3 basic patterns selected
from the literature, they were redesigned to have
different wall thicknesses, each with a
functional grading approach. These models
used in the finite element program were
subjected to static testing to remain in the linear
region under equal boundary conditions and
loading conditions. To determine the load-
bearing capacity of each structure, an equal
amount of displacement (0.5 mm) was applied
to each structure and the displacement
characteristics and stress values of the
structures were examined. Static analysis
outputs such as the weight of each structure and
displacement, stress and reaction force are
shown in Table 3.

The comparison focused specifically on the
relationship between reaction force and weight.
Because an equal amount of displacement was
applied to each structure and similar
displacement results were obtained, although
there were slight differences depending on the
shape and displacement characteristics of the
structural elements of the structures. Since static
analyzes are performed in the elastic region,
stress values remain far from the yield limit.

When the results are examined in this respect,
functionally graded structures give better results
in terms of load-bearing capacity compared to
the original structures. Even if there are losses
at certain rates in terms of lightweight design or
increases in stresses, the fact that there are
significant  increases  in  load-bearing
capabilities shows that functionally graded
designs are preferable options. For example,
although the FG re-entrant structure increased
by 13% in weight and had a negative feature in
terms of lightness, it increased by 68% in its
load carrying ability. Due to this improvement
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in load carrying ability, the increase in weight
remains insignificant. Likewise, although FG
rcw honeycomb and FG ellipse structures
experienced a 9% and 13% increase in weight,
respectively, their load carrying capabilities
increased by 55% and 43%, respectively.
Displacement characteristics are also one of the
outputs that are considered important in auxetic
structures and evaluated in the results. In this
respect, when each building is evaluated on its
own, the following can be said. While in the
original designs, the elements in the buildings
show a proportional change in shape from top
to bottom, in the functionally graded structures,
the upper parts with higher wall thickness (in
the designs in this study, the wall thickness of
the functionally graded structures increases
from bottom to top) move with a rigid behavior
and the deformation change starts from the
lower parts. This feature is important in terms
of providing a different displacement character
to the structures. In this way, displacement
becomes a controllable output. If the amount of
displacement due to deformation change can be
controlled through different studies, it will be
possible to obtain steerable structures by
ensuring that the structures change deformation
in the desired direction.

Functionally graded materials (FGMs) have
spatial variations in composition and structure,
resulting in tailored mechanical properties like
strength, stiffness, and weight. When applied to
auxetic structures, FGMs enhance overall
performance. The study shows that FG auxetic
structures significantly improve load-bearing
capacity, crucial for high strength-to-weight
ratio applications such as aerospace and
biomedical implants. Additionally, FG auxetic
structures exhibit unique and controllable
displacement characteristics, making them ideal
for applications requiring precise movement or
energy absorption, like protective gear and
flexible electronics.
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Figure 2. Deformation and stress results of re-entrant and FG re-entrant model with 0.5 mm displacement in the
compression direction

(a) Deformation (RCW honeycomb) (b) Stress (RCW honeycomb)

(¢) Deformation (FG RCW (d) Stress (FG RCW honeycomb)
honeycomb)
Figure 3. Deformation and stress results of RCW honeycomb and FG RCW honeycomb model with 0.5 mm
displacement in the compression direction
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Figure 4. Deformation and stress results of ellipse and FG ellipse model with 0.5 mm displacement in the
compression direction

Table 3. Analysis results of auxetic structures

Weight Difference Total . Equivalent Difference For?e Difference
(kg) (%) deformation stress (%) reaction (%)
(mm) (MPa) N)
Re-Entant | 179 0,51143 4,259 57,38
Geometry
Punctionally %13 %59 %68
0,136 0,50719 6,783 96,37
Entrant
Geometry
RCW
Honeycomb 0,151 0,52034 13,827 321,3
Geometry
Functionally %9 %359 %55
Graded REW | 5 0,51068 22,061 5002
Honeycomb
Geometry
Ellipse 0,234 0,56699 40,08 29188
Geometry
Functionally %13 %21 %43
. 0,266 0,57888 48,828 4189,5
Ellipse
Geometry

4.CONCLUSION

In this study, the mechanical behaviors of
auxetic structures were examined after they
were redesigned using a functional grading
approach. The results show that functionally
graded auxetic structures have much better
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load-bearing capacity than the original designs,
even though they have a small increase in
weight. This improvement is especially clear in
the FG re-entrant, FG rcw honeycomb, and FG
ellipse structures, which saw large increases in
their ability to carry loads—68%, 55%, and
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43%, respectively—while only gaining a little
extra weight. These results suggest that the
small weight increase is worth it because of the
big improvements in performance, making
functionally graded designs a good choice for
situations where strength and load-bearing
capacity are important.

Additionally, the study pointed out that
functionally graded auxetic structures have
unique displacement characteristics. The way
they deform can be controlled by changing the
design. This ability to control deformation
creates new possibilities for custom mechanical
responses in applications that need precision
and flexibility, such as in aerospace, medical
implants, protective equipment, and flexible
electronics.

In conclusion, using functional grading in
auxetic structures not only improves their
mechanical properties but also allows for new
and creative design options for high-
performance applications. Future research
could focus on optimizing these structures for
specific uses, especially by controlling how
they deform to get the desired results.
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ABBREVIATIONS

ABS Acrylonitrile Butadiene
Styrene

CFR-PLA Carbon Fiber Polylactic Acid

FDM Fused Deposition Modeling

FGS Functionally Graded Structure

PLA Polylactic Acid

R&D Research and Development

RCA Re-entrant Chiral Auxetic

RCW Re-entrant Combined-Wall

SLA Stereolithography
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ABSTRACT

A digital twin is quickly becoming a necessary component of manufacturing. When combined with
Internet of Things (IoT) technology, it is possible to fulfil Industry 4.0's requirement for a digital
transformation to create a smart factory. Many IoT devices, such as sensors, detect physical phenomena
in their environments, collect data, and communicate. Digital twins that mimic the features and
capabilities of real physical IoT devices can also be realized. Digitalization using digital twin requires
not only IoT sensors but also software tools for virtualization. However, there are limited number of
practical applications for the digitalization of large and complex systems. In this work, a smart factory
model is used to develop its digital twin. Because the simulation software of industrial automation
system manufacturers is licensed and different systems are incompatible with each other for digital twin,
CoppeliaSim digital twin software, which is open source and can work independently of the industrial
automation system model, was used in this study. The corresponding physical sensor data is transferred
to CoppeliaSim in real time. Moreover, three scenarios were realized by achieving bilateral data
transmission and control between the physical and digital twin models. Instant status monitoring
presents the performance of digital twinning. While most of the digital twin studies in the literature are
carried out either by transferring data only from the virtual system to the physical system or only from
the physical system to the virtual system, in this study, simultaneous data exchange was implemented
between the real and virtual systems.

Keywords: Digital Twin, Internet of Things, Smart Factory, Industry 4.0, CoppeliaSim.

1. INTRODUCTION increasingly digital. IoT connects physical
The quality of life and the advantages that items to the Internet so that they may be
technological developments offer to the human managed remotely, making production
beings are seen through the revolutions in processes smarter and more efficient [2-3]. IoT
industry. The most recent stage of the industrial technology converts data taken from the
revolution, known as "Industry 4.0," is centred physical world into a digital form with
on deploying cutting-edge technologies to developed sensors. The transfer of those data to
digitalise production processes [1-2]. The the virtual environment ensures the
traditional manpower-based factories continue digitalization and named as "digital twinning"
to be replaced by smart factories or smart of the physical world [4]. Using digital twin
working environments that are digitalized and technology, a synchronized virtual
therefore they are able to reduce the unskilled representation of a real-world object is created
manpower. The ever-increasing production and in a digital environment [1, 4-5]. The object
efficiency requirements with reduced costs is a transferred to the virtual environment is a real-
reality that every manufacturing company time measured data. In this way, it is possible to
demands. The Internet of Things (IoT) has made easily and effectively monitor and analyze the
it possible for Industry 4.0 to become performance of the physical object in the digital
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environment [6]. The digital twin is widely
applied in various industry sectors, including
agriculture, electricity generation, healthcare,
and smart factory environments [7]. Because it
enables free design testing and early problem
discovery, a digital twin is the recommended
technology  for  enhancing  production
integration and quality [8].

While the digital twin embraces big industry
manufacturing processes, there are also small-
scale system models mentioned in the literature.
For example, Park et al. [9] studied about
reinforcement learning and the realization of a
digital twin of the micro smart factory model. In
[10], a digital twin of a real-life painting robot
arm is created using the CoppeliaSim
simulation software [11]. In [12], another digital
twin study carried out in the Gazebo simulation
software is related to the localization of the
robot [13]. It was also shown that digital twin
technology was used in the Gazebo simulation
software of an autonomous mobile robots [14].
In the study of Al-Geddawy et al. [15], a digital
twin of a low-cost system was realized in a
different simulation environment called
RoboDK [16]. Similarly, the UR3 robot arm is
observed, whose digital twin was realized in
CoppeliaSim [17].

As mentioned above, digital twin studies in the
literature have increased recently and mostly
simulation studies of small-scale systems such
as robot arms or one-way control from the
simulation to the real system have been
provided. The aim of this paper is to raise
awareness about the creation of a digital twin of
a large-scale factory model while maintaining
bidirectional control between physical and
simulation systems. Thus, the remaining of this
paper is organized as follows: Section 2
explains the working system of the smart
factory and its creation in the simulation
software. Section 3 shows the communication
method between the software and the smart
factory. Section 4 presents the experimental
studies and results. Section 5 briefly evaluates
and discusses the study with the results. Finally,
the paper terminates with discussions and future
works in Conclusion section.
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2. PHYSICAL AND DIGITAL TWIN
MODELS OF THE SMART FACTORY
Computer-aided design (CAD) and simulation
programs are needed to create a smart
production system and to realize a digital twin
of this system based on real data. There are
many designs and simulation software
developed to build a digital twin of the real
system in virtual environments. CAD modeling
software (e.g., SolidWorks [18], AutoCAD
[19], SketchUp [20]) is consulted to create an
exact replica of the designs of physical objects
in the real world and the designs in the virtual
environment [21]. Those environments are
generally CoppeliaSim, Matlab [22], Gazebo,
RoboDK. In this study, SolidWorks having the
most common library, is preferred as the CAD
program. The distributed control architecture of
the open-source CoppeliaSim robotic simulator
software (formerly known as V-REP) is built on
an integrated development environment. Each
object/model in CoppeliaSim can Dbe
independently controlled using an API
(Application Programming Interface) client, a
plug-in, and an embedded script. CoppeliaSim's
versatility and suitability for multi-robot
applications stem from these properties. The
programming languages Lua [23], Octave [24],
Matlab, C/C++, Python, and Java are also
supported. According to Rohmer et al. [25],
CoppeliaSim is utilised as a digital twin, for fast
algorithm development, factory automation
simulations, and rapid prototyping and
validation. Programmable Logic Controller
(PLC) is used to control production lines,
motors and robotic systems in smart factory
environments.

2.1. Physical Twin of Smart Marble Factory
In this study, we aim to build a digital twin of a
marble factory. For this purpose, we use a smart
marble factory scale model shown in Figure 1
in our Smart Factory Systems Application and
Research Center (AFSUAM) laboratory. In this
section, a brief information is given about the
working principle of our model. It consists of
two production lines and three workstations.
The first workstation of the smart factory
model, shown in Figure 2, will be used to create
its digital twin. The first workstation has
conveyors, ovens, temperature sensors, distance
sensors, direct current (DC) encoder motors,
PLC, relays, microprocessor (MPU) and robot
arms. In the first workstation, the slabs of
marble are placed on the production line with
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the help of a robot arm, manually filled with
epoxy process to close the cracks on the front
surface, mesh and epoxy processes are applied
again to the back surface for durability, and
drying processes are carried out to dry the
applied epoxy. In the rest of the article, the first
workstation of the smart factory scale model is
simply called a physical twin.

A . .
Figure 1. Smart factory scale model in AFSUAM
laboratory.

Starting Point -
Lift Conveyor

il o | . ———
Figure 2. The first workstation of smart factory
scale model: Locations of ovens and lift conveyors.

The electrical connection schematics of the
motors, drives, sensors, MPUs, PLC and central
data acquisition and control unit used in the
physical twin of the first workstation of the
smart factory model photographed in Figure 1
and Figure 2 is drawn in Figure 3. The 8 DC
motors were used for the 8 conveyors. For the
sensors, the 3 MAX6675 K-type thermocouples
and the 11 IMEI12-08NPSZCOS model
inductive proximity sensors were used, which
are efficient and offer high performance.
Arduino Uno was used as the MPU and Python
was preferred for programming language.
Mitsubishi FX5U PLC module with high input
output speed was used for data collection and
control operations. An API is required to ensure
communication between the simulation
program CoppeliaSim and the PLC system. For
this communication, the Python programming
language is used as the API between the
personal computer (PC) on which CoppeliaSim
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is run and the PLC where the smart factory
model is controlled. Therefore, a double-sided
control of the factory model is provided in the
virtual environment with real-time data.

PLC E* . ]
P e ESS— _|

|

e

] By [l [l el
ot [shes]

Oven 1
B L298N MOTOR DRIVER

l PROXIMITY SENSOR
K-TYPE THERMOCOUPLE

Figure 3. Electrical connection schematics of the
equipment in the smart factory scale model.

1

B moTOR
MPU

As shown in Figure 4, the connections of the
equipment used in the physical twin are as
follows. For the 24V supply voltage of the PLC,
the red (+) and blue (-) cables of the SMPS
(Switch Mode Power Supply) are connected to
the L (+) and N (-) pins of the PLC, respectively.
The DC encoder motors used for conveyors
have six cables (red, black, green, blue, yellow,
white). For the motor power, red (+) and black
(-) cables are connected to the outl and out2
inputs of the motor driver, respectively. The
yellow and white cables are for the encoder A
and B outputs of the motor, respectively, and
these outputs are connected to the digital inputs
of the PLC. The blue and green cables are for
the encoder supply and ground and are
connected to the 5V and ground pins of the
MPU, respectively. The enable, inl, and in2
pins of the motor driver are connected to the
MPU pins through the brown, green, and purple
cables, respectively. The MAX6675 K-type
thermocouple has five wires (black, red, yellow,
blue, green). The red and black cables are for
the 5V supply and ground connections of the
MPU, respectively. The yellow, blue, and green
cables are for 'sck’, ‘cs’ and ‘so’ connections of
the MPU, respectively. The temperature values
received from the MPU are converted to values
in the range of 0-255 in the MPU code, and
these values are applied as voltage to the analog
input (Built-in Analog Input) of the PLC. The
proximity sensor has three cables (black, blue,
brown). The connections of the proximity
sensor are as follows, brown (+) and blue (-)
cables are connected to the (+) and (-) poles of
the SMPS, respectively. The cable that transfers
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proximity sensor data is the black cable, and it
is connected to the digital input of the PLC.

Figure 4. Physical twin connections between
sensors, motors/drivers, MPU, PLC input and
outputs.

The Mitsubishi FX5U PLC is used to control all
subsystems in the physical twin and receive all
sensor data and is programmed with the ladder
method. As shown in Figure 4 and explained
above, the input and outputs of PLC are
connected to the sensors and motors/drivers
used in the physical twin. The physical twin has
a three degree-of-freedom robot arm at the
starting and ending points. In addition, there are
a total of twelve conveyors, six conveyors on
the upward line and four conveyors on the
downward line and excluding two lifting type
conveyors at the starting and ending points. Lift
type conveyors are conveyors that have the
ability to move up and down. The operation of
the conveyors is carried out by DC encoder
motors integrated into the conveyor. DC
encoders are electromechanical devices that,
when the motor shaft they are linked to moves,
generate digital electrical signals. There are
three ovens placed on the conveyors in the
upward line. These ovens (i.e., FRNHT-I,
FRNHT-2, FRNHT-3) are placed on the third,
fifth, and sixth conveyors, respectively. The
temperature sensors are integrated into the three
ovens. The proximity sensors used to detect the
marble slabs are integrated into each conveyor.

The operation of the lift conveyors and oven
lines of the physical twin is shown in the
working diagram given in Figure 5. In this flow
diagram, the decision-making process is carried
out by checking whether the proximity sensors
on the system detect the product or not.
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Is the
product on
the lift
conveyor?

}
1;1

YES

Lift conveyor in NO
down position

Lift conveyor in
up position

Is the
Drying process not NO AT YES Drying process
started FRNHT-1? started
4
Is the
rying process not NO product in
Eaned FRNHT-2?
Is the
Drying process not NO CeE Drying process
FRNHT-3? started

1

Is the
product on
the lift
conveyor at
the end
point?

Lift conveyor in Lift conveyor in
up position down position

Figure 5. Flow diagram of lift conveyors and oven
lines in the first workstation of the smart factory
scale model.

The robot arm being at the starting point of the
first workstation places the marble block on
which the epoxy has been applied and which is
desired to be dried, onto the transport tray on the
first lift type conveyor. The lift type conveyor is
in the down position before the starting
moment. Proximity sensors connected to the
conveyor move to the up position after detecting
the marble placed on the transport tray on the
conveyor. Once the proximity sensors detect the
product, the motors start, and the conveyor
starts moving. When the transport tray leaves
the lift conveyor, it is detected by proximity
sensors and the conveyor is allowed to return to
its down position. When the transport tray
moving on the conveyor reaches the oven areas
on the third, fifth, and sixth conveyors,
respectively, the drying process is started thanks
to the proximity sensors. Drying processes take
place within the time and temperature specified
by the user. After the drying process is
completed, the marble comes out as a semi-
finished product. When the transport tray
reaches the lift conveyor at the end point, the
conveyor, which is normally in an up position,
comes to a down position as a result of the
proximity sensors detecting the semi-finished
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product. The semi-finished product on the tray
is taken with the help of a robot arm and placed
on smart transport wagons. After the semi-
finished product is picked by the robot arm, the
transport tray returns to its starting position via
the downward conveyors to place the new
product on it.

2.2. Digital Twin of the Physical Twin

In this section, a digital twin of the physical
factory model created in the real environment is
designed in the simulation (virtual)
environment for monitoring and double-sided
control. The digital twin of the smart factory is
realized using the CoppeliaSim simulation
software. All parts of the physical twin in the
real environment are drawn on Solidworks and
uploaded to CoppeliaSim in Unified Robotics
Description Format (URDF) and Standard
Triangle Language (STL) format. After the
designed drawings are loaded into the
simulation environment, the dimensions of the
materials used in the physical twin are applied
in the simulation environment and the design of
the real system is established by combining the
drawings. The length of the lift conveyors is 35
cm. The five of the upward conveyors is 35 cm
long, the remaining is 70 cm long. Six of the
downward conveyors are 70 cm long and the
remaining is 35 cm long. The width of all
conveyors is 26.3 cm. The ovens are 35 cm
deep, 25 cm long, and 17.8 cm wide. The
established simulation environment, as shown
in Figure 6, shows the locations of the
equipment (conveyors and ovens) used in the
system, where the physical twin is replicated on
the CoppeliaSim simulation software.

Starting Point -
Lift Conveyor

Endpoint -

Lift Conveyor

Figure 6. Simulation of the first workstation of the
smart factory scale model on CoppeliaSim.

After the installation in the simulation
environment, the necessary tools such as
sensors and conveyor movement providers are
integrated into the system with the help of
simulation tools in environment. The tools are
written in the Lua programming language, and
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they are ensured to work according to the
requirements in the physical twin.

3. COMMUNICATION BETWEEN THE
PHYSICAL AND DIGITAL TWIN

After the installation of the real system in the
simulation environment, bidirectional data flow
and control must be ensured between the real
and virtual systems in order to fully establish
digitalization [26]. Firstly, in order to enable
data flow between the real and virtual systems,
the PC on which the CoppeliaSim simulation
runs and the PLC that enables the real system to
operate must communicate. An API is written
using the Python language so that CoppeliaSim
can communicate with the PLC used in the
physical twin. Python is a useful programming
language that contains the necessary libraries of
PLC and CoppeliaSim simulation. As shown in
Figure 7, the PLC-PC communication and PC-
CoppeliaSim communication are carried out
using the necessary software and hardware.

3.1. PLC-PC Communication

Mitsubishi PLC uses GX-Works3 as the
program interface. In the PLC part of the
communication, the SeamLess Message
Protocol (SLMP) communication protocol is
used on GX-Works3. In the PC part of the
communication, the "HslCommunication"
library of the Python language is used. The
HslCommunication library is a library that
supports industrial communication protocols in
the Python programming language [27]. With
this method, PLC and PC communication is
provided on the software. In terms of hardware,
the Ethernet ports are used for maintaining
communication between the PLC and the PC.

3.2. PC—CoppeliaSim Communication
For the software-based communication between
the PC and CoppeliaSim, the "sim" library of
the Python language and the following
necessary communication codes are used with
sim.simxStart(.);

e connectionAddress
connectionPort
waitUntilConnected
doNotReconnectOnceDisconnected
timeOutInMs

e commThreadCycleInMs
In the CoppeliaSim, it is communicated with the
simRemoteApi.start(connectionPort) code.
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With this method, the PC and CoppeliaSim are
communicated.

PC-Python and PC-Python and FX5U
PLC Communication

\] Using SLMP Protocol

CoppeliaSim
Communication

A ]
i

CoppeliaSim ™ 1—

1

Figure 7. PLC-PC and PC—CoppeliaSim
communication diagrams.

Many of the fundamental functional
applications of industrial software
development, including Mitsubishi PLC
software, are integrated  with  the

HSLcommunication Library, an industrial IoT-
based computer communication architecture
implementation. An example part of the Python
code for PLC-PC and PC-CoppeliaSim
communication via the HslCommunication
plugin can be seen in Figure 8. In this code, first,

"sim" library is imported with

HslCommunication plugin and Arduino MPU is
connected to PC via the serial COMS port by
determining the IP address and baud rate. Then,
using the “MelsecMcNet” node of the
HslCommunication plugin, the motor velocity
data, temperature and proximity sensor values
are read from Arduino’s pins to send commands
to the client CoppeliaSim.

sim, serial, time
HslCommunication MelsecMcNet, SoftBasic
arduino = serial. ial(port='COM8", baudrate=9600, timeout=.1)

": melsecNet = MelsecMcNet("192.168.1.10", 4601)

clientID = sim.simxStart('127.0.6.1', 19999, , 500, 5)

and(command) : arduino.write(f"{command }".encode())

a=sim. simxGetFloatSignal(clientID, "velocity_datal”,sim.simx_opmode_oneshot)

send_command(a[11)

x1 = melsecNet.ReadInt32("Do")

x2 = melsecNet.ReadInt3

Ps_x@=melsecNet .ReadBoo’

Ps_x1=melsecNet .ReadBoo’

Ps_x2=melsecNet .ReadBoo’

Ps_x3=melsecNet .ReadBoo’
('Temperature 1,2,

printReadResult(x1)

printReadResult(x2)
('Proximity 0,1,2,3 :*

printReadResult2(Ps_x@)

printReadResult2(Ps_x1)

printReadResult2(Ps_x2)

printReadResult2(Ps_x3)

arduino.readline().decode('utf-8').stri

sim.simxSetStringSignal(clientID, "vel , str(line), sim.simx_opmode_blocking)

Fgure 8. A part of a long Python code with
HslCommunication library for PLC-PC and PC—
CoppeliaSim communication.

4. EXPERIMENTAL STUDIES AND
RESULTS
After the communication infrastructure

between physical and digital twin has been
completed, experimental studies are carried out
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for three different scenario examples to
demonstrate the operability of the system. The
scenarios performed are listed as follows:

e Controlling the physical twin through
the digital twin

e Controlling the digital twin through the
physical twin

e Providing simultaneous double-sided
control between the physical and the
digital twin

4.1. PLC-PC Communication

As an example for the first scenario, as seen in
Figure 9, when the proximity sensors used in the
digital twin detect the product placed by the
robot arm on the first workstation, the DC
encoder motors connected to the conveyors in
the physical twin are started and then the speed
values of the motor are recorded according to
the voltage change. The proximity sensors in
CoppeliaSim determine that the DC encoder
motor in the real system moves or does not
move, depending on whether it detects the
product or not.

Proximity
sensor

AP
= 0f1
=
0/1

@
g =5
Product is detected or not (0/1)

Motor in real system, works when
proximity sensor is 1 and stops
proximity sensor is 0.

Figure 9. The relationship between the proximity
sensors in the digital twin and the motors in the
physical twin.

4.2. Controlling the Digital Twin Through
the Physical Twin

As an example for the second scenario, as seen
in Figure 10, when the proximity sensors used
in the physical twin detect the product placed on
the lift conveyor with the help of the robot arm,
the “True” or “False” values are sent to the
digital twin and then the lift conveyors in the
simulation environment move or not move
according to the “True” or “False” wvalues,
respectively. As shown in Figure 11 and Figure
12, the proximity sensor in the real system
ensures that the lift conveyor in CoppeliaSim
moves or does not move, depending on whether
it detects the product or not.
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Conveyor is up/down

o according to TRUE or FALSE

TRUE/FALSE

TRUE/FALSE
CoppeliaSim ™

Product ra

Q

Product is detected or
not from active forward

side of sensor

Figure 10. The relationship between the proximity
sensors in the physical twin and the lift conveyors
in the digital twin.

* 0.0000 [V e
Proximity Sensar: [

s True

Figure 11. The lift conveyor in CoppeliaSim is
controlled with the proximity sensors in the real
system. In the “True” state, the lift conveyor moves

to the upward position.

False i /

Figure 12. The lift conveyor in CoppeliaSim is
controlled with the proximity sensors in the real
system. In the “False” state, the lift conveyor moves
to the downward position.

4.3. Double-Sided Control

Physical and the Digital Twin
The physical twin can be controlled via the
digital twin and the digital twin can also be
controlled via the physical twin, as shown in
Figure 13. As an example for the third scenario,
the example scenarios applied above are
implemented simultaneously in a single
scenario. In this scenario, the temperature data
obtained from the temperature sensors in the
oven lines, the speed data obtained from the DC
encoder motor connected to the conveyor, and
the data obtained from the proximity sensors
used to detect the positions of the marble slabs
received from the physical twin are transferred
to the CoppeliaSim interface, and the digital
twin is operated according to these real data.
The interface shown in Figure 14 is created

Between the
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using the "xml" language in CoppeliaSim. On
the other hand, the speed values of the motors
can be adjusted as desired via the digital twin,
and in this way the speeds of the real motors in
the physical twin can be controlled. Thus,
instant status monitoring and simultaneous
double-sided control of the physical and digital
twin is provided.

Physical Twin

Real smart faclory
model
Digital Twin
CoppeliaSim
smarl factory
model PLC
rcPyhonlle—p  SINE
% communicalion
Ethernel

Figure 13. Double-sided control block diagram.

, 2.4260

S > o Praximity Sensor:
. B ' True
Figure 14. Implementation of the digital twin in
CoppeliaSim with the real oven temperatures,
motor speeds and proximity sensors’ data coming
from the smart factory scale model.

4.4. DC Encoder Motor Data

Via the CoppeliaSim interface, the voltage
values in the range of 0-12 Volts are applied to
the DC encoder motor used in the physical twin,
and the speed data of the motor in radians per
second and the current data drawn by motor can
be plotted as shown in Figure 15.
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Figure 15. Speed change of the DC encoder motor
in rad/s and current drawn by the motor when the
voltage is applied in the range of 0-12V.

4.5. Oven Temperature Data

The real temperature values in the oven lines are
sent to the digital twin via the physical twin and
displayed on the CoppeliaSim interface. As
shown in Figure 16, the temperature values
recorded every second show the temperature
values in the laboratory environment of the
smart factory model.

Temperature of Ovens
T T T

[ OvENTTEMP
|==OVENZTEMP
29 OVENSTEMR

et o s
v . ;
v Woraanns v

23 v I I 1 L I L
6 8 9 10 1
Second

Figure 16. Recorded temperature data of three

ovens transferred from the physical twin to the
digital twin.

5. EVALUATION AND DISCUSSION
While most digital twin studies in the literature
[1-8] are carried out either by transferring data
from the virtual system to the physical system
only, as we did in the first experimental
scenario, or from the physical system to the
virtual system only, as we did in the second
experimental scenario, we can simultaneously
exchange data between the real and virtual
systems, as we have shown in the third
experimental scenario in this study. To
exemplify this, with the two studies we
conducted in the third experimental scenario,
we simultaneously transferred the motor
velocity data from the virtual system to the real
system and loaded the temperature data from
the real system to the virtual system.
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As seen in Figure 15, although the DC motor
draws a maximum current of 0.18A until 5V
voltage is applied, the rotation speed of the
motor shaft is Orad/s as seen from the encoder
data. When the voltage is applied to the motor
step by step from 5V to 12V, the current
consumed increases gradually from 0.14A to
0.28A and the rotation of the motor shaft
accelerates from Orad/s to O9rad/s in
approximately linear. According to the different
voltage values sent from the CoppeliaSim
interface, the movement of the real motor in the
physical  twin  could be observed
simultaneously. On the other hand, as seen in
Figure 16, the values of three different
temperature sensors were measured every
second between 23 and 30 centigrade degrees
for 11 seconds. The sensor data on the real
physical twin was sent to the CoppeliaSim
interface and temperature changes could be
observed simultaneously. Although it is stated
that double-sided data transfer between the
physical and digital twins is performed
simultaneously, there is a negligible time delay
of around a few milliseconds due to the Ethernet
communication between the PLC and the PC.

6. CONCLUSION

In this study, a synchronized digital twin of the
first workstation of the scale model of the smart
marble factory located in AFSUAM has been
created in the CoppeliaSim simulation software.
The communication of the digital twin with the
PLC of the smart factory model and the PC on
which the CoppeliaSim program is running has
been carried out using an API. In order to test
the overall system, three different scenarios
have been implemented on the system.
According to the results of these scenarios, the
control of the real system through the
simulation environment, the control of the
simulation environment over the real system,
and the control of both scenarios as a single
scenario were achieved simultaneously between
the virtual and the real system. We believe that
with this digital twin model and double-sided
simultaneous control method we have
developed, different system designs for the
smart factory model can be realized faster and
easier.
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The current study is restricted to a single marble
factory workstation model. There are several
obstacles to overcome before this digital twin
can fully capture the scope of the smart factory,
with its numerous interconnected workstations
and intricate manufacturing procedures. More
research is needed to create a digital twin model
that fully captures the smart factory because of
problems including growing data volumes,
network congestion, and processing power
demands. In-depth testing to assess the
scalability and performance of the digital twin
across the board in the smart marble plant can
be carried out by addressing more
comprehensive scalability testing. This means
that further research can be done in the future
that calls for the system to manage bigger data
amounts, more devices, and more intricate
physical interactions. In addition, in the smart
factory model, it will be possible to detect and
immediately  intervene in  production
malfunctions that may occur in the future, as
well as to monitor the real-time status of the real
system and perform product performance
analysis.
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ABSTRACT

Although additive manufacturing (AM) technology has many advantages in manufacturing complex
geometries, it is not always possible to have desired results and performance due to its inherent
limitations. This situation becomes crucial in manufacturing of lattice structures that are commonly used
in aerospace, biomedical, etc. arecas. The lattice structure design is easier with AM technologies,
therefore process and lattice parameters must be carefully reviewed especially on biomedical properties.
Titanium alloys are widely used for additive manufacturing of those implants with laser powder bed
fusion (LPBF) technology. By doing so, we are able to achieve porous, lightweight and durable bone
implants that aim to reflect bone properties. Due to these benefits of lattice structures and their ease of
design, many studies focus on lattice structures, but their design, manufacturing and implementation
features have not been completely deduced. As such, lattice topology and design may affect mechanical
properties of the parts and manufacturing quality. In this aspect, three different strut-based lattice
topologies (octahedron, dodecahedron and star), as potential bone implant structures were selected and
tensile test specimens accommodating these topologies were manufactured with Ti6Al4V powder using
laser powder bed fusion (LPBF). All the manufactured specimens were subjected to tensile tests and the
results were reported.

Keywords: Additive Manufacturing, Lattice Structures, Laser Powder Bed Fusion, Ti6Al4V, Tensile
Test, Orthopedic Bone Implants.

1. INTRODUCTION

Additive manufacturing (AM) is one of the Lattice structures are a form of periodic porous
continuously  developing, popular and structures which are unique three-dimensional
widespread production methods. Traditional cell structures formed by continual unit cells
manufacturing methods may be unsuitable for and can be easily manufactured with LPBF [4].
the production of complex lattice structures. Unit cells are specified by the geometrical
However, AM technologies ensure to achieve dimensions and bonding of their elements
this goal [1]. Laser powder bed fusion (LPBF) which are linked at specific interchange
is one of the most commonly used AM sections. These sections are related to their
technologies that use thermal laser energy to topological features [5]. Lattice structures can
melt and deposit alloy powders layer by layer be classified as many aspects and the most
[2]. 3D complex geometries are freely produced common types are strut-based and triply
as near net shape components by the CAD data periodic minimal surfaces (TPMS) [6]. In this

of the part [3].

326


mailto:doruk.gurkan@gedik.edu.tr
https://orcid.org/0000-0001-8507-8592
https://orcid.org/0000-0002-4491-0490
https://orcid.org/0000-0002-6109-435X

Gurkan et. al., /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 8:3 (2024) 326-336

study, it was focused on the strut-based lattice
structures.

Strut-based lattices can be easily optimized and
their features altered due to the desired
specifications with unit cell and process
parameters [7]. Mechanical, acoustic, thermal,
dielectric, damping, biocompatibility and many
other properties are obtained in this way [8].
Especially biomedical studies can be beneficial
with lattice structures and their features.
Metallic orthopedic implants are desired to be
close in mechanical and biocompatible
properties of human bone. Reducing the
stiffness through lower values and less elasticity
modulus are the utmost objectives during
manufacturing implants because of alloy
characteristics [9]. Titanium and its alloys are
widely used because of their biomedical
adaptation and Ti6Al4V is one of the common
alloys [10]. However, titanium has a high
elasticity modulus (~90-110 GPa) and it must
be reduced for biomedical applications due to
the stress shielding phenomenon. Stress
shielding causes an elastic modulus miss-match
effect between the Ti implant and the bone
tissue and bone tissue is damaged over time
which causes unable to sustain its function [11-
12]. The porous and lattice structures of
titanium parts can reduce mechanical properties
to appropriate levels and prevent stress
shielding. However, since it is not clear to what
extent unit lattice designs and porosity ratios
will decrease the mechanical properties, the
reduced properties of newly developed lattice
designs should be investigated with standard
mechanical tests such as tensile and
compression tests [13-14].

Several different design approaches were
examined in the literature to conclude tensile
testing of lattice structures because the
repeatability of manufacturing is challenging
for AM lattice structures [15-16]. Some issues
may occur such as recoater blade damages
during manufacturing when the design of lattice
structures is not suitable and the uniformity of
parts is affected this way [17]. This situation
also affects the tensile test properties due to the
incompatibility of manufacturing. Researchers
studied different methods to overcome these
problems. Dingye et al. [18] reported that
manufacturing lattice tensile test structures as
different cross sections and build directions.
They showed these design parameters affect
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tensile properties. Also, some successful
designs were manufactured without defects and
introduced for tensile test implementation.
Ananda et al. [19] designed lattice structures
with several lattice topologies. Their design was
provided with a 6 mm hole on the grip section
to prevent any torsional stress on the lattice
structure. Yang et al. [20] used heat treatment
on their lattice structure design. However, the
authors did not report the effect of these
procedures and compare them with not
implemented specimens.

It can be seen that the repeatability of the
manufacturing of tensile test specimens and
their test fulfillment were inadequate and
needed further research due to design aspects.
Manufacturing of lattice tensile test specimens
are challenging process despite of many studies
in this area. Strut-based topologies may be more
challenging when they are produced as thin strut
diameters. In this aspect, two different groups
of tensile test specimens with different support

designs were introduced in this study.
Dodecahedron, star and octahedron lattice
structures manufactured as tensile test

specimens and their design effects were
discussed both on manufacturability and
mechanical test feasibility.

2. MATERIAL AND METHOD

The tensile test specimens accommodating
three different lattice structures were
manufactured by laser powder bed fusion
(EOSINT M280-200W) using Ti6Al4V powder
as octahedron, star and dodecahedron topology.
The chemical composition of Ti6Al4V (EOS
Ti64) powder supplied by the same company is
given in Table 1. Process parameters were
selected from default parameter sets (i.e., skin
exposure type) included in EOS PSW software.
Specifically, 170 W laser power, 1250 mm/s
scan speed, 30 pm layer thickness and 100 pm
hatch distance were used during the
manufacturing of the test specimens.
Manufacturing was carried out Z-axis for all
parts and designs.

Table 1. The chemical composition of Ti6Al4V
powder (%) [22]

Ti Al V. Fe O N C H Y

88 6.7 45 02 01 01 01 0.1 0.2

Tensile test specimen designs were completed
in accordance with ASTM-E8/E8M-16a
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standard [23-25], as shown in Fig. 1. The
thickness of the specimen was 2.5 mm. Three
different lattice structures were chosen as
dodecahedron, octahedron and star. Siemens
NX version 12.0 (Siemens AG, Germany) was
used for the design of strut base structures. In
this study, two different design strategies were
followed, as shown in Fig. 1. In the first design

(a)
Figure 1. Schematic representation of the revised dimensions of the tensile specimens in accordance with the
ASTM-E8/E8M-16a standard. All dimensions were the same for both design groups (a-star center latticed, b-
dodecahedron center latticed, c- octahedron center latticed, d-star full lattice, e-dodecahedron full lattice, f-
octahedron full lattice. The thickness of the specimen was 2.5 mm.

(b) (©

However, the samples were broken due to the
recoater blade crash during manufacturing
process of specimens (a), (b) and (c), thereby
new support structures were designed and
included in those specimens using Magics
software. The details for these supports are
given in the next section.

All the lattice structures were produced as thin
strut build which has not been mostly studied in
the literature. The strut diameter was chosen as
0.25 mm and the unit cell dimensions were
chosen as 1.25 mm x 1.25 mm x 1 mm (x, y and
z, respectively). In this way, the topological
pore size has been increased.

On the other hand, the following corrections
were made after the raw design for full lattice
structures (i.e., Fig. 1(d), (e) and (f)).

Some of the open-ended profiles on the tensile
specimens are secured to avoid the need for
support structures [26]. It has been seen that the
design of the descending form of stair steps is

(d)
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strategy (i.e., Fig. 1(a), (b) and (c)), tensile test
specimens have lattice structures at gauge
section while in strategy two (i.e., Fig. 1(d), (e)
and (f)), the entire body of specimens have been
covered with lattice structures. Here note that 2
mm volume support structures were included in
these designs.

TR
1000000000000 MR 00N0IN
15
34.261
64.261

10

N —> Support
(e) ®

important both for production and performing a
suitable tensile test (Figure 2).

18000004

ITTITITIT

)@ ¢

Figure 2. Constructing the openings (B, C, D) in
the picture to the structure indicated by A is shown
on the right (octahedron).

Likewise, there were some outward struts in star
lattice specimens. Thus, a similar modification
procedure was also applied to this specimen, as
shown in Figure 3.

Such disturbances occur during the lattice
construction of the raw design due to the
topological effects of lattice structures [7].
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Therefore, these types of defects did not occur
in dodecahedron lattice topology (Figure 4). In
order to preserve the common design method,
changes were made as same as other lattice
topologies.

Figure 3. In star lattice structure, the parts that do
not closed-contact the parts from the bottom or
sides (I and II) and the parts that do not close
contact from the bottom point (III).

Tensile tests were performed using a calibrated
universal mechanical tester (Instron 8872,
Instron, USA). All the tests were performed at
a constant strain rate of 0.1 mm/min and
specimens were placed centrally.

Figure 4. The final version of the dodecahedron
lattice structure with stair steps.

The elastic modulus was calculated using slope
of the linear elastic section in the stress-strain
curve. Non-linear sections were not taken for
calculation. Here note that Excel program was
used for all the calculations.

electron

On the other hand, scanning

microscopy (SEM) investigations on the
manufactured specimens were completed via
Zeiss EVO LS 10 (Zeiss, UK) with a secondary

electron detector.
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3. EXPERIMENTAL FINDINGS
3.1. Contact Support Structure Design of

Center Latticed Structure

During the manufacturing process, multiple
recoater blade crashes occurred due to thin
sections of the lattice structures. Consequently,
due to the low stiffness of the samples, all the
samples were broken and the manufacturing
process was interrupted. These failed
manufacturing results are given in Figure 5.

Figure 5. Failed manufacturing of tensile test
specimens

To prevent this situation, first the shell support
structure was designed. This support structure
did not contact the tensile specimen and there is
an approximately 0.15 mm gap between the
support structure and the test specimen. Based
on the manufacturing experience, it was thought
that this support structure might not provide
enough strength to the test specimen to
withstand the forces coming from the recoater.
To guarantee the success of the second
manufacturing, two contact support structures
were created in the second support design, as
seen in Figure 6. These supports were placed in
the direction which is perpendicular to the
recoating direction, and they have contacts in
the radiused portions of the specimen whereas
there is no contact between the support structure
and test specimens in the gauge portion. Note
that approximately 0.15 mm clearance was
provided in this section. As such, the
manufacturing of all the specimens was
completed successfully, as shown in Figure 7.
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ontact Support

i n ice topology
) | i

Figure 6. Contact support structures (a) and their
relationships with lattice topology (b).

Support
structures

Test < s

specimen

‘ )
Figure 7. Manufactured tensile test specimens with
contact support structure design.

Detailed inspection of the support structure-
tensile test specimen interface was performed
by the SEM. As can be seen from Figure 8§,
clearance between the support structures and
test specimen gradually increases from the
direction of the building platform to the top of
the specimens due to residual stress in the
support structures. This phenomenon allows us
to easily remove the support structures from the
specimen.

3.2. Tensile Tests

Three test specimens for each design were
manufactured and tested. Stress-strain curves of
tensile test specimens of center latticed structure
design can be seen in Figure 9. The fractured
test samples were given in Figure 10.

Figure 8. The support structure of center latticed sample design (Lattice-bulk structure transition (a), support
structure-specimen transition (b), wide support structure separation lines (c) and tight support structure
separation lines (d)).

As can be seen from the graphs, the high
resonance problem experienced during the
tensile tests and the resulting faulty graph
curves occurred during this test phase. With all
these evaluations, it was decided to not interpret
the tensile test results. As can be seen in the
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figure below, the samples fractured at the lattice
transition zone except octahedron-2 specimen.
The thin strut diameter and design aspect
prevented obtaining the desired results from
tensile tests.
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Figure 9. Stress-strain curves of tensile test specimens with center latticed structure design.

Stress-strain curves of full lattice structure designs
samples were given in Figure 12.

were given in Figure 11. The fractured test

Figure 10. Fracture points of parts at the end of the tensile tests. Octahedron (a and b), star (¢ and d) and

dodecahedron
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(e and 1).
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Figure 11. Tensile test results of full lattice structure design

Octahedron-3 specimen also showed a high
resonance problem and it can be seen in center
latticed design structures. These types of
problems might be related to thin strut diameter
and topological characteristics. The higher
porosity of the lattice structure may have caused
much more resonance problems for octahedron
topology. Fracture of the star-4 specimen
occurred near the center which means that this
design eliminated the stress concentration
problem [27]. This was a difficult problem to
solve for thin strut diameter design specimens,
but it has been successful as can be seen in this
example. Test results were shared in Table 2.
Fractures of other parts did not occur near the
center as same as star-4 specimen, therefore
similar example was found in the literature and
the test results can be evaluated [20].
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It was seen that similar results were obtained in
the literature studies when the results were
evaluated and that the appropriate -elastic
modulus was provided for bone implant
applications [20, 28-30]. Star, dodecahedron
and octahedron lattice structures showed the
best results respectively when the elastic
modulus was evaluated. Star lattices showed
elastic modulus values between 10.8-14.8 GPa..
These results make them a good cortical bone
implant material candidate. [31]. Dodecahedron
lattices was between 7.7-7.8 GPa, while
octahedron lattice was between 2.5 GPa. These
lattices are more likely suitable for cancellous
bone applications.
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Figure 12. Star-4 (a), octahedron-3 (b), dodecahedron-4 (¢), star-3 (d), dodecahedron-3 (e) and fracture example

()
Table 2. Tensile test results of full lattice structure design
Maximum Maximum . Elastic .
Specimen Tensile Stress  Tensile Strain roaaxcil?l?;ll; modulus Fracture(ol}ll)ongatlon
(MPa) (mm/mm) (MPa) °
Octahedron-3 13.25 0.04 0.86 2460.8 0.6
Star-3 231 0.03 1.44 14823.47 3.1
Star-4 247.24 0.03 1.54 10824.84 33
Dodecahedron-3 157.1 0.25 0.98 7843.24 2.8
Dodecahedron-4 141.35 0.25 0.88 7789.96 2.6

Fracture surface images were obtained by SEM
investigations (Figure 13). The presence of
shallow dimples and the formation of flat planes
(smooth) indicate brittle fracture for octahedron
lattice and the overall fracture morphology
caused this appearance [32]. Numerous dimples
and high tear ridges show higher ductility for

Figure 13. Fracture morphology SEM images of octahedron (
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star and dodecahedron and also show high
toughness [33]. There are also cleavages in
these lattice structures which provide quasi-
cleavage tensile failure mechanism [34]. Star
lattice has higher quasi-cleavage behavior than
dodecahedron lattice.

a), dodecahedron (b) and star (c).
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4. RESULTS
The tensile test is less preferable than the

compression test because of the necessity of
proper design for thin strut lattice structures.
Successful manufacturing is related to proper
design optimizations and secondary
modifications such as post-process treatments.
In this study, Ti6Al4V strut-based lattice
structure designs and tensile test properties were
examined for biomedical applications. Design
effects
star and octahedron lattice

optimization were shown.

Dodecahedron,
topologies were used and manufactured by
LPBF. The following observations were made
after the study.

The proposed designs were successfully
completed and their manufacturing was
performed with two different support structures

Both designs were compared and their
advantages and disadvantages were discussed.
It was seen that full lattice structure designs
were more suitable for tensile tests. Undesirable
situations occurred on center latticed structure
design during tensile tests and test results could
not be obtained. It was seen that the star lattice
topology had better mechanical performance
than the other two lattice topologies after
examining results from the full lattice structure
design. Dodecahedron and octahedron lattice
topologies followed star lattice topology
respectively. It was seen that all three lattice
topologies were suitable for biomedical implant
applications due to their mechanical properties.
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ABSTRACT

The main discussion is about the differences compared to other methods. The aim is to observe the
advantages and disadvantages of the stent produced using the MEW manufacturing technique and to
apply the production principles. This study presents the design of a mesh-patterned stent and details the
production stages using a Mew manufacturing method. Melt Electro Writing (MEW) method is a 3D
writing method that is progressing and developing day by day with its use in many fields from industry
to medicine. With this method, semi-flexible structures can be produced with rigid polymers.
Polycaprolactone (PCL) material is preferred due to its low melting temperature and degradable
structurein this production technique based on electrohydrodynamic principles to produce highly
efficient, micron fibers . New methods and solutions are emerging in line with the studies carried out in
this field. Stents made of nitinol are the most commonly used stents. Nitinol stents cannot be removed
again as a result of placement. For this reason, various difficulties may occur in cases of recurrent
blockage in the same area. It is also disadvantageous in terms of material and production costs. In the
ongoing studies, it is observed that the focus is on stents that can be absorbed by the body and perform
mineral supplementation. Biodegradable stents provide absorption by melting in the vessel. In this study,
a stent with a grid pattern design made of Polycaprolactone (PCL) material was produced with a melt
electro writing device with a rotary table. The comparison of the 316L metal stent produced by
conventional production methods with the same dimensions and designs and the stent produced by
MEW method from PCL material is explained by simulation and analyses, and it is shown in which
cases it is more efficient and in which cases it is dysfunctional. It has been shown that stents produced
with polycaprolactone (PCL) in MEW method are more efficient in terms of flexibility, biocompatibility
and biodegradability than 316L metal stents produced by conventional methods. While PCL stents are
suitable for short-term applications with their flexibility and biocompatibility advantages, 316L stainless
steel stents can be preferred for situations requiring long-term performance and mechanical durability.
The specific advantages and disadvantages of both materials are important points to be considered
during stent selection. In addition to the modification and improvement of PCL materials, it has been
observed that design is one of the most important factors in stent efficiency, and future studies can
contribute to the development of stents that provide better performance, especially by focusing on the
ability and technology of MEW devices to produce every design based on design-oriented production.

Keywords: Melt Electro Writing, Cardiovascular Stent, Cardiovascular Stent Manufacturing
Techniques, Cardiovascular Stent Production with Melt Electro Writing Method.

1.INTRODUCTION Comparisons are made with metal stents, which
This study presents the design of a mesh- are among the traditional methods. It is
patterned stent and details the production stages concluded that PCL stents have a bright future
using a Mew manufacturing method. The ease in terms of processing parameters and
of production and the functionality of the biocompatibility, indicating they will have a
material are discussed, and the advantages and larger market share in the industry in the future.
disadvantages of PCL material are identified. While PCL stents are suitable for short-term
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applications due to their flexibility and
biocompatibility advantages, 316L stainless
steel stents may be preferred for situations
requiring  long-term  performance  and
mechanical durability. The unique advantages
and disadvantages of both materials are
important points to consider during stent
selection. Future studies focusing on the
modification and improvement of these
materials may contribute to the development of
stents with better performance.

Stents are used to restore circulation by
expanding the vessel after occlusion of the
vessels. It is widely used because it has
advantages over other methods applied to open
the veins. It is frequently used in the brain,
kidney and leg vessels, as well as in the heart
vessels.

One of the most commonly used stents is stents
made of nitinol. It is not possible to remove
nitinol stents again as a result of their
placement. For this reason, various difficulties
may occur in cases of recurrent occlusion in the
same area. It is observed that the focus is on
stents that can be absorbed by the body and
supplement minerals in the ongoing studies.
Biodegradable stents dissolve in the vessel and
provide absorption. However, the excessive
accumulation of minerals contained in the
material in the body also poses different risks.
The general purpose of the studies is to
eliminate the risk by minimizing it.

Melt Electro Printing (MEW) technique is a
frequently used and continuously developed 3D
printing technique in this field. It enables the
production of cardiovascular stents with rigid
polymers with high resolution flexible
structures. Especially in the MEW method, it is
seen that stents produced with Polycaprolactone
(PCL) are efficient in terms of flexibility,
biocompatibility and biodegradability. 4D
printing and smart materials could positively
change the future of cardiovascular stent
design [13-15].
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Figure 1. Stent, balloon and stent-balloon design.

Stents, which can be produced in different sizes
and thicknesses according to the wvascular
structure in which they are used, are generally
produced in 2-4 mm thickness and 10-30 mm in
length. Before the procedure, there is a deflated
stent balloon in the stents in the shrunken form.
The balloon, which is attached to a long thin
tube, is 1-2 mm wide. Stent, Balloon and Stent-
Balloon Design is shown in Figure 1.

Figure 2. Stent application in the occluded vessel.

The stent, which is placed in the occluded part
of the vessel, provides the crushing of the
elements that cause the obstruction by inflating
the balloon. The main purpose is to remove the
obstruction and provide blood flow at standard
values. During the procedure, the crushing or
fragmentation of the elements that cause
occlusion in the vessel is perceived as damage
by the body and creates an intervention reflex in
that area. Therefore, narrowing may occur in the
same area after a short time. The placed stent
prevents re-narrowing. Stent application in the
occluded vessel is shown in Figure 2.

It is essential not to damage the vein during the
procedure. The stent to be used should be
selected according to the vascular structure. It is
important that the stent is flexible and can be
placed. In addition, it must have the strength to
meet the pressure in the vein. It must have
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biocompatibility, corrosion resistance, back
collapse strength and high fatigue strength.

Cardiovascular Stents are used to restore
circulation by expanding the vessel after
occlusion of the wvessels. It is widely used
because it has advantages over other methods
applied to open the veins. It is frequently used
in the brain, kidney and leg vessels, as well as
in the heart vessels.

With the development of materials science,
treatment techniques and new manufacturing
processes, a variety of stents have been
developed. In this way, the development has
shifted from the initial bare metal stents (BMS)
to drug-eluting stents (DES) and bioabsorbable
stents (BRS) made of biodegradable polymers
or metals [10]. The MEW method provides a
great advantage in terms of integrating
biodegradable or drug-eluting properties
through polymeric materials used in stent
manufacturing. MEW (MEW) method in the
production of stents is developing day by day
with the studies carried out and its preferability
is increasing. MEW method is a technique
using biological tissue production. Cell-
encapsulated hydrogels and (sub)micrometer
fibres are used as raw materials. This method
enables the production of mechanically durable
structures by combining bioprinting and MEW
techniques . As a result of the processing of
thermoplastic biopolymer materials, especially
PCL, under high voltage by reaching the
required parameter values, a micron-scale, high
resolution and precise product emerges.
Basically, the MEW technique provides high-
resolution production using melt extrusion and
electrohydrodynamic fibre extraction. High
yields are achieved by processing micro-nano
ribbons in layers. Melt electroprinting (MEW)
is a solvent-free (i.e. without volatile
chemicals), high-resolution three-dimensional
(3D) printing method that enables the
production of semi-flexible structures with
rigid polymers [3].

The material generally used in MEW
production technique 1is polycaprolactone
(PCL). PCL material is widely used especially
in medical applications and tissue engineering
field due to its biocompatible and biodegradable
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properties. In addition, its low melting
temperature and good processability make it
suitable for use in MEW technique.

Looking at the studies in the literature, it is
observed that one of the important factors in
stent efficiency is the design structure, based on
the comparison of PCL material and finite
element analyses between the most commonly
used grid pattern, ellipse pattern and circle
pattern designs. Based on the current MEW
Device technology, the grid pattern stent,
which is the most optimal pattern that can be
produced in these devices, will be designed and
manufactured with the standard and workflow
sequence shown in the study, and the finite
element analyses will be compared by
simulating the stents with 316L material
produced by the traditional production method
with the same dimensions of the grid pattern and
the stents produced from PCL material.

1.1. Stent Types

Stents vary according to their application areas,
according to the practitioner system, according
to their structure and according to their design.
According to the application areas; There are
four types of stents: Carotid, Coronary, Renal
and Peripheral stents. According to the
implementing system; There are two types of
stents: balloon and self-opening stents.
According to their structure; There are three
types of stents: Drug-eluting stents, Bare metal
stents, and Dissolvable stents. According to
their design; There are five types of stents: Grid,
Circular, Spiral, Cylindrical and Special type
stents. In this study, stents that can be expanded
with a balloon with a grid pattern design will be
produced. Stent types are shown in figure 3.
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Figure 3.Types of stent

1.2.Melt Electrowriting (Mew) Production such as PCL. Widely used in manufacturing,
Technique PCL is preferred in terms of thermal efficiency,
Melt electroprinting (MEW) technique is called mechanical suitability, design flexibility and
a new manufacturing technique that is biocompatibility. The MEW technique creates
developing day by day used for 3D printing. micron-scale  fibers,  ensuring  precise
Semi-flexible structures can be produced with production with high resolution. In summary, it
rigid polymers. The most important rule in this can be said that it is a production technique
technique can be said to be able to apply the based on electrohydrodynamic principles to
most appropriate printing parameters. It is of produce high-efficiency, micron fibers. Melt
great importance that it can be highly functional electrowriting technique shown in figure 4.

in the processing and production of biomaterials

Air Compression

Heating Head
7 axis Polymer Melting
| High Voltage
-
&;y .
Nano-Micro
Fiber Item
X axis
Figure 4. Melt electrowriting technique.
1.3.Traditional Bare Metal Stent Production are specified by standards. Traditional Bare
Technique Metal Stents can be manufactured with 316 L
With the spread of cardiovascular diseases, the stainless steel, CoCr (Cobalt-Chromium)
demand for the production and use of different Alloys, Nitinol (Nickel-Titanium) or Ti
stents has increased. The common point of the (titanium) alloys. Alloys containing iron, such
studies is to achieve more efficient and safe as 316L, degrade as a result of a decrease in
results. With material science, treatment corrosion resistance in long use. Due to their
techniques and new manufacturing techniques, behavior in the body environment, the
the transition from simple Bare Metal stents to producibility of more resistant and durable
Drug-eluting stents and Biodegradable stents stents with CoCr alloys has been specified.
has been achieved. The leading brands of However, both the excellence in corrosive
commonly used stents are approved by the resistance, high strength results and material
necessary organizations. Again, many of them lightness reveal that stents produced with Ti and
are stents made of stainless steel tubes that Nitinol alloys are more efficient. Although the
expand with balloons. These stent designs, densities and weights of 316L and CoCr alloys
which are between 8-38 mm in length, can be are higher than Nitinol and Ti Alloys, their
manufactured as open or closed cell. The processing costs are lower [4,5].

mechanical behavior and strength of these stents
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Table 1. Mechanical strength of materials used in the production of traditional bare metal stents.
Material  Intensity Elongati Yield Tensile  Young's Tempe
(g/cm3) on at Strength  Strength Modulus rature
Fracture (MPa) (Mpa) (GPa) cO)

(%)
Nitinol 6.45 50 690 895 83 1310
Titanyum 4.429 14 786 950 110 1660
CoCr 10 20 560 960 210 1454
316L 8 40 310 668 193 1390

Mechanical strength of materials used in the
production of traditional bare metal stents
shown in Table 1.

For example, 100 pum thick stainless steel sheet
plates are laser cut using cut-out geometry. The
plates are formed into cylindrical form and
joined by laser spot welding. Or it can be
manufactured by cutting Steel Cylinder Tubes _—
of appropriate size and thickness using laser. Figure 5. Traditionally manufactured 3161 steel
Afterwards, the final product is reached by stent.

electropolishing. Traditional bare metal 3161

steel stent shown in Figure 5.

2.MATERIALS AND METHODS

2.1.Device Selected For Production

In this study, Melt Electro Writing device was used for production. Melt electro writing (MEW) device
and its technical specifications are shown in figure 6 and table 2 respectively.

7 e = @

-

@

|
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(A) Melt Electro Writing Device (B) Rotary Table
Figure 6. (A) Melt electro writing (MEW) Device, (B) Rotary table.
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Table 2. MEW device technical specifications.

Melt Electrowriting Technology

Pneumatic Driven Extrusion

Melt Electrowriting High Voltage Range

0kV- 15kV DC
Melt Electrowriting Current Range 0 pA- 150 pA
Printing Pressure Resolution 0.1 psi

Air Pressure Range

0 kPA- 800 kPA

Z Resolution Per Microstep

1 um

XY Resolution Per Microstep

1 um

Printhead Tempature Range

Room Temperature - 265°C

Layer Resolution

<10 um

Collector Rotation Speed Range

0-5000

2.2. Stent Design

Stent sizes vary according to the vascular
structure where the stent will be placed and the
needs of the patient. When the products of the
manufacturers are examined, it is seen that the
diameter of the stents varies between 2.0 mm
and 5.0 mm, while their length varies between 8
mm and 38 mm, and the wall thickness varies
between 0.1 mm and 0.3 mm. However, smaller
or larger diameters and different lengths and
wall thicknesses may also be available if
required. The choice of diameter depends on the
diameter of the intervened vessel. Which length
is used depends on the length of the lesion and
the anatomy of the vessel in the area where it
will be placed. Thickness can affect the stent's
durability and ability to maintain patency. In the
1SO25539-2:2012  standard, the design,
performance and size requirements of standard
stents are specified. During stent placement,
doctors usually use angiographic images and
imaging techniques such as intravascular
ultrasound (IVUS) to determine the optimal
stent diameter and length. Since each patient's
anatomy is different, personalized planning is
important. In this study, a grid pattern stent
design with a diameter of 3 mm, a length of 30
mm and a wall thickness of 0.125 mm was
selected. In the selection of this pattern, the
most optimal production between the
functionality of the stent product and the
capabilities of the device used was taken into
consideration. Among the most commonly used
grid pattern, ellipse pattern and circle pattern
designs, based on the comparisons of PCL
material and finite element analysis; It is
observed that one of the important factors in
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stent efficiency is the design structure [6]. In
this study, it was concluded that the most
suitable pattern that can be produced in various
trials according to the movement and speed of
the nozzle in xyz directions, the voltage of the
rotary table and the rotational speed
parameters in the current MEW device used for
stent production may be in the form of a grid.
The selected design was drawn with the help of
the Solidworks program and modeled in 3D.

The stent design was made in the Solidworks
program as defined below.

e Drawing the circle with a diameter of 3 mm,
which forms the cylindrical diameter of the
stent.

e In order to create the geometry of the stent
design, drawing a clockwise 1-revolution
arc with a diameter of 3 mm and a length of
30 mm, perpendicular to the circle wall,
with an initial angle of 180 degrees.

e With the Sweep command, the drawn
spring is brought to the solid cylindrical
solid form with a thickness of 0.125 mm,
which is the wall thickness of the design.

e In order to create the geometry of the stent
design, drawing a I-revolution, 3 mm
diameter and 30 mm long arc perpendicular
to the circle wall, counterclockwise with an
initial angle of 180 degrees.

e With the Sweep command, the drawn
spring is brought to the solid cylindrical
solid form with a thickness of 0.125 mm,
which is the wall thickness of the design.

e Selective reproduction of arcs in solid form
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with geometry duplication at 360 degree
equal intervals.

The two-dimensional version of the stent design

(A) Open Display Of The Stent

is shown in Figure 7, and the design stages listed
above are shown in Figure 8.

(B) Folded Closed Form Of The Stent

Figure 7. Design of the stent with diamond pattern.

El I Heli/Spiralz

2] 12 Helixsspirait

6 ]
= | Il-;‘-ﬂ CirPattern

Figure 8. Stent design workflow chart.

2.3.Use Of Pcl In Melt Electrowriting
Technique

Most thermoplastic materials can be used in the
MEW production technique. However, due to
its low melting temperature and degradable
structure, Polycaprolactone (PCL) is the most
commonly used material. PCL is known as a
biodegradable and biocompatible polymer with
high mechanical strength properties. PCL

polymer, which has advantages such as less
immune reactivity after implantation and
suitability for mechanically supporting bone
cells, has flexibility in design and is widely
used in biomedical applications [1,2,7]. The
Physical Properties of PCL Material are shown
below in Table 3.

Table 3. Physical properties of pcl material.

. .. Elastic
Polymer Solvent Melting o Glass Trans1t1:) n Modulus
Temperature (°C) Temperature (°C)
(GPa)
Chloroform:
Hexafluoroi,
PCL sopropanol, -60 0.3-0.6
Dichloromethane,
Toluene
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The long-term degradation time of the PCL
material, which is in the class of synthetic
polymers, its ability to be produced in different
pore sizes and its easy shaping behavior can also
be listed among the reasons for preference.
These features cause more functional results in
the human body in line with the stent structure
and usage purposes. Criteria such as Polymer
Melting Temperature (°C), Glassy Transition
Temperature (°C), Young's Modulus (GPa),
Solvent Polymer Used, Unit Structure are in

accordance with the MEW production
technique compared to other polymers. For
these reasons, in this study, PCL material was
determined as the production material.

The long-term degradation time of the
Polycaprolactone (PCL) material, which is in
the class of synthetic polymers, its ability to be
produced in different pore sizes and its easy
shaping behavior can also be listed among the
reasons for preference.

2.4. Stent Production With Melt Electrowriting Technique
The diamond patterned stent commonly used in this study is made of PCL material with a width of 3
mm and a length of 30 mm by Melt Electro Writing method. The work flow chart for production is

shown in figiire 9.

ATTRACTION

1

THE HEATED POLYMER IS
LOWED THROUGH THE NOZZLE
WITH AIR PRESSURE.

THE HIGH VOLTAGE ELECTRIC
FIELD CREATED ON THE TABLE
CREATES AN ELECTROSTATIC

MELT ELECTRO WRITING
(MEW) MANUFACTURING
TECHNIQUE

PCL ON THE NOZZLE CAUSES W
THE POLYMER DROPLET TO
FORM A TAYLOR CONE

4

A MICRO-SCALE FIBER
ATTRACTION OCCURS FROM
THIS CONE TO THE TABLE.

THE STRUCTURE IS SHAPED
ACCORDING TO PRINTING
PARAMETERS AND AXIS
MOVEMENTS

THE ELECTRIC FIELD ENSURES

A STEADY

FLOW OF MATERIAL

s

THE APPLIED HIGH VOLTAGE

PROVIDES STABILIZATION

AND BALANCES THE
INSTABILITY THAT MAY

JCCUR IN PRINTING, Z

Figure 9. Work flow chart for melt electro writing technique and stent manufacturing process.

Melt Electro Writing (MEW) method can be
used in stent production. As a result of the
processing of thermoplastic  biopolymer
materials, especially PCL, under high voltage
by reaching the required parameter values, a
micron-scale, high-resolution and sensitive
product emerges. Basically, the Melt Electro
Writing (MEW) Technique provides a high-
resolution production using melt extrusion and
electrohydrodynamic fiber drafting. High
efficiency is achieved by processing micro-
nano strips in layers.

The production process is respectively; The
heated polymer is flowed through the nozzle
with air pressure, the high-voltage electric field
created on the table creates an electrostatic
attraction. The polymer on the nozzle causes the
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droplet to form a Taylor cone. From this cone to
the table, a micro-scale fiber attraction occurs.
The applied high voltage provides stabilization
and balances the instability that may occur in
printing. The electric field ensures that the flow
of material occurs in a constant manner. The
structure is shaped according to the printing
parameters and axis movements.

The most important element in the MEW
Technique can be defined as the determination
of the correct parameters. The melting
temperature of the polymer, the applied
pressure and nozzle feed speed, the speed of
movement of the print head on the axes used,
and the distance between the nozzle and the
table directly affect the quality of production.
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Figure 10. Melt electrowriting technique stent production principle.

Melt electrowriting technique stent production
principle is shown in Figure 10. In order for the
stent or any material to be produced by the
MEW method, the 3D design of the relevant
material must be made in a computer
environment and a 3D design file must be
created. After the 3D design file is created, the
G-codes that determine the movements of the
MEW  production device, the working
conditions, and the position of the part on the
table are determined with another interface
program and transferred to the MEW device. G-
code can be defined as a programming language
that guides work on all CNC machines. G-code
stands for  "Geometric = Code".  This

111

programming language is used to command a
machine or device what to do or how to perform
a process during production. The G-code tells
the machine or device how much it will move
on which axis, how much the movement speed
will be and which path it will follow for
manufacturing In standard 3D printers or electro
writing devices, additive layers are created on
the table and the specified shape or product is
revealed with G-code commands. For flawless
manufacturing, G-codes suitable for the design
and device should be written and transmitted to
the device. An example of the Standard MEW
Technique G-Code is shown in Figure 11.

Figure 11. example of g-codes entered into the device for production by melt electro-writing technique

After entering the correct parameters, the
molten polymer in the heater printhead is
properly printed directly on the table. Printing is
carried out via software compatible with the
MEW device and a computer connection.
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Designs saved in the appropriate format can be
produced by transferring them from the
computer to the device.
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The production of cylindrical microfiber stens
produced by the MEW Technique is carried out
with a rotating tubular thrust bed connected to
the rotary system. While the rotary table, which
is placed in place of the standard table, performs
a constant rotational movement in the direction
of the entered speed and direction, the print
head moving in the direction of the x-axis on the
table performs production as in the basic
principle. In this system, it is important to
optimize the table rotation speed and printhead
speed based on the number of layers in order to
realize the production at the desired quality.
After being designed in 3D in the computer

environment in accordance with the MEW
device, grid pattern stents produced from PCL
material with diameters of 2 mm, 3 mm and 4
mm, 30 mm length and 0.125 mm wall
thickness were produced with G-codes
produced by entering the parameters such as
placement, nozzle temperature, rotary table
rotation speed, placement of the stent on the
table, feed rate of the nozzle in the x, y direction,
etc., together with the shape obtained in
accordance with the MEW technique. Examples
of grid pattern stents of different diameters
produced in the MEW device are shown in
Figure 12.

(A)  2mm PCLSTENT (B}

3 mm PCL STENT

(C)y  4mm PCLSTENT

Figure 12. Stent models made of PCL material with (A) 2 mm, (B) 3 mm and (C) 4 mm diameter, 30 mm length
and 0.125 mm wall thickness with a grid pattern produced in the MEW device.

2.5. Finite Element Analysis (FEA)

The high prevalence of cardiovascular diseases
has increased the demand for the use of different
stents. It is important to design and manufacture
safer stents for coronary angioplasty to prevent
stent narrowing. However, prototyping and
mechanical testing of new stent designs are
challenging, time-consuming and costly
procedures. Therefore, parametric models and
finite element simulations are used to help
designers improve stent designs [12].
(FEA) to predict Equivalent Von-Mises

Stress, Radial Recoil and Factor of Safety using
ANSYS work bench software. Stent of different
geometry are modeled using SOLIDWORKS
and then structural analysis is performed

on Stents of seven different materials viz. SS
316L
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Stent, Cobalt Chromium L-605 Stent, Bio-
Degradable Stent (PCL), Nitinol Stent
(Austenite), Elgiloy Stent, Tantalum Stent,
Cobalt Chromium MP35 N Stent under normal
blood pressure. The ‘Radial recoil’, Equivalent
‘Von-Mises Stress’ and ‘Factor of Safety’ of
various stent materials using same stent design
and same boundary conditions are compared.
The results reveal that the L-605 Cobalt
Chromium has low radial recoil and 316 L
Stainless Steel is having highest factor of
safety among the selected stent materials[19].

The designed stent design was subjected to
static simulation in Ansys programme using
316L and PCL material values. The ISO 25539
standard is a standard that specifies general
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requirements and test procedures for stents. It
includes different tests used to evaluate the
mechanical properties of stents as well as
biocompatibility, safety and efficacy. To test the
durability of stents against external influences,
their resistance under a certain force is
evaluated. these tests are performed with loads
ranging from 10 N to 100 N. Adhering to the
above-mentioned standards, it was aimed to
investigate the stresses at the grid intersections

on the -y and +y surfaces when pressure is
applied from the inside, assuming that the
balloon in the stent is inflated, assuming that
there is a blockage in the upper and lower parts
of the vessel. The ends of the design were
considered fixed and subjected to a force of 10
N distributed along the stent from the designed
outer surface points [8]. The fixed surfaces and
applied forces are shown in Figure 13.

o 0,008 (m)
0,0045

Figure 13. Fixed points and applied forces for FEA static analysis.

Equivalent Elastic Stress (Von Mises) and Displacement results of the finite element analysis performed

in Ansys are shown in Figure 14.

o
L —
0,004

0,008 (m)

Figure 14. 316L material displacement results for FEA static analysis.
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Figure 15. PCL material displacement results for FEA static analysis.
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Figure 16. 316L material Von Mises results for FEA static analysis.
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Figure 17. PCL material Von Mises results for FEA static analysis.
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3. FINITE ELEMENT ANALYSIS (FEA)
RESULTS

Detailed information and results of the
simulation and finite element analysis of the
identical design of a metal stent with a grid
pattern made of 316L material, which is one of
the commonly used stent types, and a stent with
a grid pattern made of biodegradable PCL
material with biocompatibility by MEW
method are shown in Table 4. The ends of the
design were considered fixed and the design
the PCL stent can undergo severe plastic
deformation under applied loads and potentially
lose its structural integrity. The maximum
displacement value of 1.4681 m is very high,
which is an advantage in terms of flexibility in

biomedical applications, but a major
disadvantage in terms of mechanical durability.
PCL Stent Advantages, Biodegradability
provides an advantage for long-term

implantation. It offers flexibility thanks to its
low elastic modulus and has high adaptability in
intravascular applications. Disadvantages, High
deformation and low mechanical strength can
lead to rapid deterioration of structural integrity.
Due to the very low yield stress, there is a risk
of structural failure when exposed to high loads.
316L Stent, Advantages: High mechanical
strength and low deformation characteristics
provide long-term stability. The high yield
stress indicates that the stent can maintain its
structural integrity even under high loads.
Disadvantages, Non-biodegradability may lead
to possible complications in long-term
permanent implantations. It is more limited in
flexibility than PCL, which may lead to
adaptation  difficulties in  intravascular
applications. Although the PCL stent offers
some advantages due to its biodegradability, it

was subjected to a force of 10 N distributed
along the stent from the grid intersection points
on the upper and lower outer surfaces. PCL
Equivalent (Von-Mises) Stress 3,086e+010 Pa,
316L  Equivalent (Von-Mises)  Stress
3,0382¢+010 Pa, PCL Result Displacement
Maximum  1,4681 m, 316L  Result
Displacement Maximum 2,8986e-003 m results
were observed. According to these results; the
following conclusions were reached. The
results of the finite element analysis show that
has major disadvantages in terms of mechanical
durability due to its low yield stress and high
deformation capacity. This may cause the stent
to lose its structural integrity and functionality
in a short time. However, its biodegradability
turns this disadvantage into an advantage.

The 316L stent, on the other hand, offers a
longer-lasting and more stable option with its
high mechanical strength and low deformation
properties. However, its non-biodegradability
may pose potential risks in long-term
implantations. Therefore, additional strategies
such as biocompatible coatings or surface
modifications may need to be considered in the
design of the 316L stent. This adds to the
already high cost and manufacturing difficulty.
In conclusion, both materials have advantages
and disadvantages in specific applications.
Depending on the field of application and
duration of use, the choice of material and stent
design should be optimised. In the field of
biomedical engineering, supporting such
designs with further analyses and experimental
verifications will contribute to the development
of safe and effective implants.

Table 4. Analysis Results

316L STENT PCL STENT
MASS 2,3783e-005 kg 3,7196e-006 kg
VOLUME 2,9901e-009 m*  2,9901e-009 m*
DENSITY 8.007,89 kg/m™3  1.021,01 kg/m"3
MESH NODE COUNT 157209 157209
NUMBER OF MESH ELEMENTS 69870 69870
MESH PASS RATE 0,272 0,272
MAXIMISED LAYERS 5 5
GROWTH RATE 1,2 1,2
TARGET MESH QUALITY (DEFAULT) 5,e-002 5,e-002
APPLIED FORCE 10N 10N
YIELD STRESS 200 MPa 30 MPa
EQUIVALENT (VON-MISES) STRESS 3,0382e+010 Pa 3,086e+010 Pa
RESULT DISPLACEMENT MAXIMUM 2,8986e-003 m 1,4681 m
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4. CONCLUSION AND EVALUATION

In this study, the design of a stent with a grid
pattern and its production with the mew
production method is described together with its
stages. the ease of production and the
functionality of the material are explained, and
a comparison with the metal stent, which is one
of the leading traditional methods, is made. the
reason for not going into detail in the finite
element analysis is that the main purpose of the
study is the production of stents from PCL
material by MEW method and also to open the
door to detailed scans and analyses that we will
perform in future studies.

In future studies, it is aimed to produce different
models and production techniques together, to
produce medicated and timed stents in
coordination with the medical and biomedical
fields and to test them in the laboratory
environment. In the future, when biodegradable
medicated stents are produced for vascular
damage and treatment, timely and most accurate
treatment can be applied in diseases.

Based on the results of this study, it is
understood that the MEW method has a bright
future in terms of advantages in terms of ease of
production, processing parameters and
biocompatibility and will have a higher share in
the sector in the future. In terms of
disadvantages, it is seen that it is not possible to
work in every design with the current
possibilities due to deficiencies such as low
mechanical strength results and the inability of
the device to produce every design in
production.

Since the production of the most optimal design
will best serve the general purpose of the
material, the method that can produce the design
in the easiest and most efficient way comes to
the fore. This problem will be eliminated with
the development of MEW devices in the future.
Maximum benefit will be achieved with devices
that can produce the most ideal designs.

When we reach the point where we can produce
the design we want with technological
corrections such as easier movement of the print
head in different axes in line with device
mechanical and software developments,
development of the rotating drum system and
optimisation with software, it will become
possible to make instant and fast productions
suitable for the wvessel structure, occlusion
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structure or usage structure with the MEW
method. The ability to produce all design
models in devices will lead to the emergence of
more efficient and effective designs, faster
development of existing technology through
trial and error, and easier fight against diseases
in the field of medicine [11].

Design-oriented development of the devices
used in MEW Technique will provide
maximum benefit with more specific designs of
this method, which already provides high
efficiency.

Stainless steel is the most popular material for
conventional stents and has excellent
mechanical behaviour during deformation.
However, stents made of stainless steel remain
permanently in the body and can cause
complications or lead to blockage of the vessel.
To overcome these shortcomings,
biodegradable stents that dissolve and
disappear in the body over time should be
developed [16].

In conclusion, the choice of stent should be
balanced according to the specific requirements
of the application. While PCL stents are suitable
for short-term applications with their flexibility
and biocompatibility advantages, 316L stainless
steel stents may be preferred for situations
requiring  long-term  performance  and
mechanical durability. The specific advantages
and disadvantages of both materials are
important points to be considered during stent
selection. Future studies focusing on
modification and improvement of these
materials may contribute to the development
of stents with better performance [17-18].
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0z

Bu calismada, eklemeli imalat teknolojisi kullanilarak {iretilmis diiz ve kavisli polimer matrisli
kompozitlerin kisa-kiris mukavemetleri karsilastirmali olarak incelenmistir. Siirekli filaman imalati
yontemiyle iiretilen tek yonlii siirekli karbon fiber takviyeli kompozit kisa-kirigler, geometrik olarak
birbirinden farkli iic numune grubu olarak siniflandirilmig ve iiretimlerinin ardindan {i¢-nokta egilme
testine tabi tutulmustur. Kuvvet ve deplasman verileri test sirasinda elde edilip, grafiksel olarak kuvvet-
deplasman ve gerilme-deplasman egrileriyle test gidisat1 gdzlemlenmistir. Ozgiil mukavemet kavrami
da ¢alismaya dahil edilerek, kisa-kiris mukavemeti karsilagtirmasina nesnellik kazandirilmigtir. Kavisli
kompozit kisa-kiris, esdeger dzelliklere sahip diiz bir kirise gore az bir miktar daha diisiik mukavemete
sahipken, enerji depolama kapasitesinde artis meydana gelmistir. Kavisli kirisin kalinlig1 %50 oraninda
ve icerdigi karbon fiber orani 2 kat1 arttirildigindaysa, mukavemet degerini %19 arttirmis goziikse de
0zgiil mukavemet degerinde %23 diisiis meydana getirmigtir. Caligsma, eriyik biriktirmeli modelleme
temelli yeni bir teknik olan siirekli filaman imalat1 teknolojisiyle iiretilen kompozitlerin, heniiz yeterli
seviyede arastirtlmamis mekanik performanslarini anlamaya yonelik katki sunma, farkindalik yaratma
ve gelecekteki mithendislik uygulamalari igin yol gosterici nitelikte olma gayreti igindedir.

Anahtar Kelimeler: Eriyik Biriktirmeli Modelleme, Siirekli Filaman Imalati, Kisa-Kiris Mukavemeti,
Katmanlar Aras1 Kayma Mukavemeti, Kavisli Yapilar, Stirekli Fiber Takviyeli Kompozit.

SHORT-BEAM STRENGTH COMPARISON OF ADDITIVELY
MANUFACTURED FLAT AND CURVED CARBON FIBER-
REINFORCED POLYMER MATRIX COMPOSITE MATERIALS

ABSTRACT
This study presents a comparative analysis of the short-beam strength of flat and curved polymer matrix
composites which were manufactured by using additive manufacturing technology. Unidirectional
continuous carbon fiber-reinforced composite short beams which were manufactured through the
continuous filament fabrication method, had been classified into three geometrically distinct sample
groups and then subjected to three-point bending tests. Force and displacement data were obtained
during the test, and the test progression was observed graphically along the force-displacement and
stress-displacement curves. The concept of specific strength was also included into the study to provide
an objective basis for comparing short-beam strength. Although the curved composite short-beam
exhibited slightly lower strength than a flat beam with equivalent properties, its energy storage capacity
increased. However, when the thickness of the curved beam was increased by 50% and the carbon fiber
content was doubled, its strength increased by 19%, although a 23% decrease in specific strength was
observed. This study aims to contribute to the understanding of the adequately unstudied mechanical
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performance of 3D-printed composites with continuous filament fabrication, which is a new technique
based on fused deposition modeling, to raise awareness, and to provide guidance for future engineering

applications.

Keywords: Fused Deposition Modelling, Continuous Filament Fabrication, Short-Beam Strength,
Interlaminar Shear Strength, Curved Structures, Continuous Fiber Reinforced Composite.

1. GIRIS

Eklemeli imalat (EI), yaygm olarak bilinen
adryla 3 boyutlu (3B) baski, malzeme bilimi ve
miihendisligi alaninda devrim yaratmistir.
Yapilarin katman katman imalatina dayanan bu
teknik, geleneksel iiretim yontemleriyle {iretimi
zor veya imkénsiz olan hem karmasik ve
Ozellestirilmis hem de optimize edilmis yiiksek
performansl yapilari diisiik maliyetle tiretmeyi
miimkiin kilmigtir [1]. Partikiil veya kisa fiber
formunda fiberlerle takviye edilmis polimer
kompozit 3B baski filamenti gelistirme ve 3B
yazicilara entegre etme ulusal literatiirde de
kendine yer bulmaktadir [2]. Uzun ve siirekli
fiberlerin termoplastikler igine entegrasyonuyla
birlikte daha yiiksek performanslt polimer
kompozit pargalarin iretilebilirligi  igin,
filament malzeme gelistirme yaninda 3D baski
cihazlar1 ve tekniklerinin de gelistirilmesini
gerektirir. Cesitli EI teknikleri arasinda daha
yeni ve gelistirmeye acgik bir teknoloji olan
siirekli filaman imalati (SFI) teknigi, eriyik
biriktirmeli modelleme (EBM) teknigiyle
tiretilen polimer yapilarin siirekli fiberlerle
takviye edilerek polimer matrisli kompozit
formunda basilabilmesinin Oniinii acan ¢ok
yonli ve erisilebilir bir yontem olarak One
cikmustir. Ikili nozul igeren bir ekstriidere sahip
baski cihazlar1 kullanan bu teknik, tasarim
esnekligiyle birlikte malzeme verimliligi ve
fiber yonelimi ile dagiliminin hassas kontrolii
yoluyla mekanik ozellikleri Ozellestirme ve
tyilestirme imkan1 gibi 6nemli avantajlar sunar.
Bir nozul, eriyik termoplastik veya kisa/partikiil
takviyeli termoplastik malzeme birikimi i¢in
kullanilirken, diger nozul; siirekli karbon, cam
veya aramid fiber demeti igeren polimer
kompozit filament tarafindan beslenir [3].
Siirekli  fiberlerin entegrasyonu, 3B baski
yapilarin mekanik 6zelliklerini artirarak, iistiin
0zgiil mukavemet, sertlik ve dayaniklilik saglar
ve bu yapilar1 havacilik ve otomotiv endiistrisi
uygulamalar1 i¢in oldukca arzu edilir hale
getirebilir [4].

El yontemiyle iiretilmis siirekli ve uzun
fiberlerle gii¢lendirilmis kompozitlerin c¢esitli
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yikleme  kosullar1  altindaki  mekanik
performanslarimin  degerlendirilmesi, hem
gercek sanayi uygulamalarindaki potansiyel ve
sinirlamalarimi  anlamak, hem de 3D baski
cihazlar1 ve malzemelerinin glincellenmesi i¢in
kritik 6neme sahiptir. Bu baglamda; kilit bir
parametre, kompozit malzemenin katmanlar
arasi kayma mukavemetinin (KAKM) bir
Ol¢iitii olan kisa-kiris mukavemetidir (KKM).
ASTM D2344/2344M-22 standardi [5], diiz ve
kavisli polimer matrisli kompozitlerin tig-nokta
egilme testi yoluyla kisa kiris mukavemetini
belirlemek i¢in standartlagtirilmig bir yontem
saglar. Gergek sanayi uygulamalarinda, diiz
veya kavisli kisa-kirig formuna uyan yapilarin
tasarimi ve Uretimi i¢in dayanimi Olgebilmek
adina basitlestirilmis bir model yaratir. Hasar
moduna bagli olarak, malzemenin kayma
kuvvetlerine ve kayma kaynakl1
delaminasyonlara karsi direncinin giivenilir bir
Ol¢iistinii sunar.

Literatiir incelendiginde,
durumdaki  Markforged® endiistriyel ve
masaiistii  baski cihazlar1 ile SFI metodu
Ozelinde yogunlagsmis bir aragtirma birikimi
goziikmektedir. Daha dnce yayinlanan derleme
makalelerde, SFI temelli 3B baski teknolojiyle
iiretilmis stirekli fiberli kompozit malzemelerin
cesitli yliklemeler altindaki mekanik 6zellikleri
ve etki eden baski parametreleri iizerine
yapilmis caligsmalar kapsamli bir sekilde
incelenmis ve smiflandirlmistir [6-8]. SFi
yontemiyle iretilen 3B baskili siirekli fiber
destekli kompozit malzemelerin KKM ve/veya
KAKM degerlerinin analiz edildigi ¢alismalar
[9-13] incelendiginde, tretilen kisa kiriglerin
hem diiz formda oldugu hem de diiz bir numune
iiretiminde optimum bask1 yatagi yerlesimi
olan, numune ylizeyi iizerinde (flat) basildigi
belirlenmistir. Yazarlarin bilgisi dahilinde, 3B
yaziciyla Uretilmis siirekli fiber destekli kavisli
polimer kompozit malzemelerin KKM
degerlerinin analiz edildigi ve diiz form ile
karsilastirmali olarak sunuldugu bir c¢aligsma
literatiirde mevcut degildir.

ticarilesmis
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Deneysel sonuglarin  karsilagtirmali  olarak
sunuldugu bu caligmada, siirekli ve tek yonlii
karbon fiberlerle takviye edilerek EBM’ye
dayali SFI teknigiyle iiretilmis diiz ve kavisli
kisa-kiris formundaki polimer kompozitlerin
maksimum kuvvetleri, KKM degerleri ve hasar
modlar1 incelenmistir. Karbon fiber demetlerini
kavisli yapidaki kirise gomebilecek sekilde,
baski yataginda kenar {izerinde yerlesim (on-
edge) yontemi uygulanmigtir, Devaminda,
kavisli kisa-kiris modelin kalinlig1 ve igine
gomiilen siirekli karbon fiber miktari arttirilarak
liciinci  bir kiris konfiglirasyonu daha
kargilagtirmali c¢alismaya dahil edilerek, bu
parametrelerin test c¢iktilarina olan etkisi
gosterilmistir. Testleri yapilan tiim kisa-kiris
numunelerinin kuvvet-deplasman ve kisa-kirig
gerilmesi-deplasman grafikleri de gdsterilip
yorumlanmig; devaminda da maksimum kuvvet
ve KKM degerleri ve bunlarin ortalamalari
tablolarla karsilastirilmigtir. Yapilan {ig-nokta
egilme testleri sonucu meydana gelen hasarlara
ait resimler de incelenmistir.

2. MATERYAL VE METOT

Ug-nokta egilme testleri ve bu testlerde
kullanilmig numunelerin {iretimleri sirasiyla,
Queen’s University Belfast Makina ve
Havacilik ve Uzay Miihendisligi Fakiiltesi’'nde
yer alan Malzeme Test ve Ogrenci Tasarim
Laboratuvari biinyesinde gergeklestirildi.

Uretimler igin kullanilan Markforged Mark
Two masaiistii 3B yazic1 [14], termoplastik ve
fiber filament makaralan tarafindan ayr1 ayn
beslenen iki 1sitilmis nozul kullanarak, siirekli
ve uzun fiber takviyeli termoplastik iiretme
kabiliyetine sahiptir. Termoplastik ve SFI fiber
nozullar i¢in calisma sicakliklar1 sirasiyla,
yaklagik 275 °C ve 250 °C'dir. Termoplastik
malzeme olarak, bir poliamid tiiri olan,
geleneksel naylon malzemesinden daha giiclii
ve sert yapidaki Nylon White kullanilmistir.
Karbon fiber takviyesi i¢in kullanilan 3B
yazicinin diger filamentiyse aslinda bir gesit
onceden geleneksel naylon emprenye edilmis
karbon fiber demetidir ve kat1 halde 0.3 mm
capinda filament formda bulunur. Filament
biitiinliglini olusturan igindeki naylon, fiber
nozulundan gecerken sicaklik etkisiyle erir ve
icindeki siirekli karbon fiber demeti, istenen
baski alanina daginik bir sekilde gomiiliir.
Karbon filamenti, aliiminyum 6061-T6 kadar
sert ve ondan daha yiliksek mukavemet
degerlerine ulasabilir. 1.4 g/cm® yogunluga, 60
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GPa ¢ekme elastisite modiiline ve 800 MPa
¢ekme mukavemetine sahiptir [15].

Diiz ve kavisli numunelerin
boyutlandirilmasinda kullanilan temel
parametre numunelerin kalinlik (%) degeridir. L,
numune uzunlugu ve b, numune genisligi olmak
iizere, ASTM D2344/2344M-22 standardina [5]
gore, L=6.0xh ve b=2.0xh olarak atanmustir.
Kavisli numunelerde L uzunlugu, minimum
veter uzunlugu olarak tanmimlanir. Kavisin
egrilik yarigap1 70 mm olmalidir.

‘D’, diiz kisa-kiris ve ‘K’, kavisli kisa-kirig bir
numuneyi simgeleyen harf kodlaridir. ‘T1’, 4.2
mm /4 degerini simgelerken, ‘T2’ ise %50 daha
kalin ve iki kat1 miktarda karbon fiber takviyeli
bir numune yaratacak sekilde, 6.3 mm
kalinhgindaki 4 degerine ait kodlardir. Bu
tanimlamalar 1s18inda, ‘D-T1’, ‘K-T1” ve ‘K-
T2’ kod gruplariyla simgelenmis {i¢ farkli
numune grubu bu caligmada retilmistir.
Boyutlandirma bilgilerine dayanarak {i¢ farkli
numune grubuna ait boyut degerleri Sekil 1’de
gOsterilmistir.

Kavis Bilgileri
R 70 mmy; 20.7°

63
i

12.6
mm |

Kavis Bilgileri
R 70 mm; 31.3%

Sekil 1. Numune boyutlandirmasi ile iistten ve
yandan numunenin i¢ yapisi: (a) D-T1, (b) K-T1 ve
(c) K-T2.
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Eiger yazilmma [16] gonderilen STL
formatindaki ¢izimler kullanilarak, asagidaki
Cizelge 1°de yer alan baski girdileriyle Sekil
1’de yer alan her numune grubu igin listten ve
yandan numune i¢i baski oryantasyonlari elde
edilmistir. STL dosyasi elde edilirken, kavisli
numunelerin 3D baskiyla iiretiminde kritik olan
acisal tolerans degeri 1° secilerek yiiksek
¢Ozlniirliikte baskir tercih edildi. Baski
yataginda on-edge insa sekli kullanilarak,
kavisli numunelerin hem destek kullanimi
olmadan iiretilmesi hem de numuneler iginde
tek yonlii silirekli karbon fiber yonelimi
saglandi. Dliz numuneler, 4 boyunca 0.125 mm
baski katman kalinligiyla iiretime izin veren flat
konumlu insa edilmeye uygun olmakla birlikte,
kavisli numunelerle saglikli bir karsilastirma
icin on-edge olarak iiretildi. Sonug olarak, tim
numune gruplari, Sekil 1°de yer alan yandan
oryantasyon goriintiilerinde gosterildigi gibi, b
boyunca 0.125 mm baski katman kalinlig
degeriyle {retilerek yogun karbon fiber
gomilimii b boyunca saglandi. Bununla
birlikte, Cizelge 1’de belirtilen ¢ati/taban
katman say1s1 degeri, baski cihazi i¢in minimum
5 olmasi gerektiginden, b boyunca numunenin
ist ve alt kisminda 0.625 mm kalinliginda
Nylon White malzemesinden hem iyi bir ylizey
piirtizliliigli hem de igerideki karbon/naylon
katmanlart i¢in su sizdirmazlik saglayan,
bolgeler olusturuldu. On-edge inga metoduyla,
sirastyla “T1° ve ‘T2’ h degerleri igin toplamda
2 ve 4 tek yonli karbon fiber takviyeli katman
elde edilebildi. Baski cihazina ait minimum
takviye edilen genislik kriteri, en kiigiik takviye
edilen alan ve minimum fiber uzunlugu gibi
siirlamalar ile tek yonlii fiber olusturma
acisindan 6nemli es merkezli fiber se¢imi bu
degerlerin elde edilmesinde etkili olmustur
[17]. Numune orta kismi ile iyi bir ylizey
plriizliligi ve su sizdirmazlik i¢in 6nemli ve 2
olarak atanan duvar katmanlar1 Nylon White ile
%100 kat1 dolgu ile doldurulmustur. Sekil 1°de
yer alan bitisik iki baski katmanina ait tist
oryantasyon goriintiilerinde (numune kesiti),
mavi ¢izgiler karbon/naylon nozul bolgelerini
ve beyaz cizgiler de Nylon White bolgelerini
gostermektedir.
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Cizelge 1. Baski girdileri.

Parametre Girdi
Dolgu Tipi Kat1 Dolgu
Dolgu Yogunlugu %100
Duvar Katmani Sayis1 2
Cati/Taban Katman 5
Sayist
Fiber Oriintii Alam Tium Grup
Fiber Dolgu Tipi Es Merkezli Fiber
Es Merkezli Fiber 1 (T1 igin)
Sayist 2 (T2 igin)
Destek Kullanimi Hayir
Brim Kullanimi Evet

Eiger yazilimiyla 6ngoriilen, Cizelge 2’de yer
alan baski ¢iktilar1 kontrol edildikten sonra, her
bir numune grubu igin 5 adet {iretim
gergeklestirilmistir. Cizelge 2’de, v, her bir
numune igerigindeki Nylon White hacmini
verirken, vy karbon/naylon hacmini
vermektedir. Stirekli fiber destekli bolgenin
hacim orani olarak tanimlanabilecek V; v/nin
(vmtvy)’ye orani olarak bulunur. V. ifadesinin,
literatiirde  geleneksel metotlarla {iretilen
kompozit malzemeler i¢in kullanilan fiber
hacim oram1 (V) ifadesiyle karistirilmamasi
gerekir. Cilinkii, V. ifadesine karbon filamenti
icinde bulunan naylon hacmi de dahil
edilmektedir. Her bir numune grubunun bir
numunesine ait, brim i¢in kullanilan Nylon
White miktar1 hari¢, kiitle (m) degerleri de
cizelgede ayrica belirtilmistir.

Cizelge 2. Numune gruplarina ait baski ciktilari.

Numune Om of Vi m
Grubu [em’]  [em’]  [%] gl
D-T1 1.89 0.32 14.5 1.07
K-T1 1.90 0.33 14.8 1.10
K-T2 3.53 1.59 31.1 3.89

‘K-T1’ numune grubu, diiz numune grubuyla
ayni1 & ve b degerlerine sahip olmakla birlikte, L
degeri, kavisli numune i¢in minimum veter
uzunlugu olmasindan dolay1 V, ve m degerleri
az bir miktar daha bilyliktir. ‘K-T2’ numune
grubunun, ‘T1’ kalinligindaki kavisli numune
grubuna gore, 4 yaninda b ve L degerleri de %50
oraninda artmistir. Bu artislar, V., ve m
degerinde, sirasiyla 2.1 ve 3.5 kata varan
belirgin artislar1 da beraberinde getirdi.

Sekil 2’de, yapilan 3B baski iiretimleri farkli
acidan c¢ekilen fotograflarla belgelenmistir.
Sekil 2(a)’da kavisli numunelerin imalatlarina
dair genel goriiniimle birlikte, plastik filament
ve fiber SFi filament nozul girisleri
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gosterilmistir. Sekil 2(b)’de imalat anina ait
yandan goriiniimle birlikte, karbon fiber SFI
filament makaras1 goriilmektedir. Sekil 2(c)’de,
‘T2’ h degerine sahip bir kavisli numunenin
karbon fiber demetlerinin numune igine
gomiliimii ve yayilimi gosterilmistir. 3B yazici,
baski sirasinda herhangi bir baski katmanimni
olustururken her iki nozul es zamanli olarak
calismaz. Oncelikle fiber SFI filament nozulu
aktive olur ve siirekli fiber takviyeli bolgeler
olusturulur. Devaminda da plastik filament
nozulu aktive olur ve o baski katmanina polimer
kisimlar1 ekler ve son seklini verir. Sekil 2(c),
karbon fiberlerin yerlestirilmesinden sonrasini
ve fiberler etrafina ve ortasina Nylon White
eklenmesinden Oncesini gosterir ki, plastik
ilavesinin daha sonra eklenmesiyle, Sekil 3’te
gosterildigi gibi, karbon fiber demetlerinin
dagilimini daha diizgiin bir forma doniistir.

o f T - 3
Plastik Filament
(> Nozul Girisi ‘

-l

A !

a B —
— _— ——

Sekil 2. 3D baskiyla iiretim anina ait (a) genel
gbriiniim, (b) yandan gériiniim ve karbon fiber SFi
filament makarasi ve (c) karbon fiber demetlerinin
eklenmesi ve yayilimi.
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Sekil 3. T1 kalinlik degerine sahip bir numunenin
karbon fiber takviyeli naylon ve Nylon White
malzemelerinin nihai yerlesiminin goriinimd.

On-edge imalata dayali olarak, baski yatagiyla
genis bir temas yiizeyi olmadigindan, baski
sirasinda olusabilecek egilme sorununu ¢ozen
bir ¢esit kenarlik kullanilir. Bask: yatagindaki
numunelerin tabanlarin1 ¢evreleyen brim adi
verilen bu yapilar Sekil 2(a) ve Sekil 2(c)’de
belirgin sekilde gdziikmektedir. Ik dért baski
katmaninda numuneyle birlikte basilan brim
yapilar, iretimin ardindan herhangi bir alet
kullanmadan el  yordamiyla kolaylikla
numuneden ayrilabilecek yapidadir.

Uretimleri tamamlanan her bir numune grubuna
ait kisa-kiris numunelerinin genislik ve kalinlik
degerleri kumpas kullanilarak 6l¢iildii. Cizelge
3’te bu degerler listelenmistir.

Cizelge 3. Kisa kiris numunelerine ait 6l¢iilen
genislik ve kalinlik degerleri.

Numune Kodu b [mm] h [mm]
D-T1-1 8.35 4.35
D-T1-2 8.35 4.26
D-T1-3 8.35 432
D-T1-4 8.30 432
D-T1-5 8.34 427
K-T1-1 8.26 431
K-T1-2 8.26 431
K-T1-3 8.35 431
K-T1-4 8.29 4.25
K-T1-5 8.32 431
K-T2-1 12.54 6.45
K-T2-2 12.63 6.42
K-T2-3 12.50 6.47
K-T2-4 12.57 6.40
K-T2-5 12.62 6.42

Olgiimlerin tamamlanmasinin ardindan, ASTM
D2344/2344M-22 standardi [5] rehberliginde,
Sekil 4°te gosterildigi gibi tig-nokta egilme testi
yapildi. Lloyd LSS test cihazi [18] ve alt ve {ist
seklinde iki parcali {ig-nokta egilme aparati
kullanildi. Test igin 62 HRC sertlikte gelikten
imal edilen, sirasiyla 6.0 mm ¢apinda ve 3.0 mm
capinda, yiikkleme ve destek silindirleri
kullanild1. Tki destek silindiri arasindaki agiklik
degeri, numunenin kalinligina baghdir ve 4.0xA
degerine sahip olmalidir. Testler, yiikleme
silindiri 1.0 mm/dakika hizla kirislerin tam
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ortasindan basma kuvveti uygulayacak sekilde
yapildi.

16.8 mm (T1 i¢in)

| SN 25.2 mm (T2 icin) §

Sekil 4. Test diizenegi ve kavisli bir numunenin
diizenek tizerinde yerlesimi.

Her bir test boyunca 10 Hz 6rnekleme hiziyla
kuvvet (P) ve deplasman verileri toplandi.
Testin herhangi bir anindaki kisa-kirig gerilmesi

(F):

F =0.75P/bh (D
formiiliiyle elde edilir. Test sirasinda, hasardan
once elde edilen maksimum kuvvet, P, ile
simgelenirse, KKM (F") asagidaki gibi
hesaplanir:

F$Ps = 0.75 P,,/bh 2)
Test sonucunda elde edilen F***, katmanlar arasi
kayma, cekme ve basma etkisinde egilme hasar1
ve elastik olmayan deformasyon hasarlari i¢in
gegerlidir. Bununla birlikte, elde edilen Fbs,
ancak katmanlar aras1 bir kayma hasari
mevcutsa KAKM olarak da tanimlanir.

3. DENEYSEL BULGULAR

Kavisli  kisa-kiris performansindan once,
kargilagtirma yapmak agisindan diiz kisa-kirig
performansini referans deger olarak elde etmek
onemlidir. ‘D-T1’ numune grubuna ait kuvvet-
deplasman ve gerilme-deplasman grafikleri
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Sekil 5’te gosterilmistir. Tim numuneler, P,
degerlerine ulastiktan sonra keskin bir sekilde
kuvvette sifira  dogru kayip yasayarak
katastrofik hasara ugradi. Ortalama 1.2 mm
deplasman degerine kadar lineere yakin bir
yonelim izleyen egriler, devaminda hasara
kadar lineer olmayan bir ilerleme gosterip
hasara ugramistir. Hasar anina kadar ulastigi
maksimum  deplasman  degerleri, F**
degerlerine goére daha genis bir sagilim
gostermistir.

1600

1400

1200

1000

800

Kuvvet [N]

600

Kisa-Kiris Gerilmesi [MPa]

400

200

0

0 0.3 0.6 0.9 12 1.5 1.8 2.1
Deplasman [mm]

Sekil 5. Diiz ve T1 kalinligina sahip numunelerin
Kuvvet-Deplasman ve Kisa-Kiris Gerilmesi-
Deplasman egrileri.

Cizelge 4’te ‘D-T1’ numune grubunun her bir
numunesine ait P,, ve F*** degerleri gosterilmis
ve numune grubuna ait elde edilen ortalama
degerlerle standart sapmalar1 vurgulanmistir.
Numune gruplari arasinda daha efektif bir
karsilastirma icin, 6zgiil mukavemet (F**/p) de
her bir numune igin hesaplanarak ortalama
degeriyle birlikte cizelgeye dahil edilmistir. p,
yogunluk degeridir ve Cizelge 2’de yer alan m
ve baski igin toplam harcanan malzeme hacmi
(vmtvy) kullanilarak hesaplanmistir.

Cizelge 4. Diiz ve T1 kalinligina sahip numunelerin
P, F*% ve F*%/p degerleriyle birlikte ortalama
sonuglar1 ve standart sapmalart.

P b F%/)p
Numune Kodu [N] [MPa]  [kN.m/kg]

D-T1-1 1559 32.2 66.5
D-T1-2 1472 31.0 64.1
D-T1-3 1562 325 67.1
D-T1-4 1463 30.6 63.2
D-T1-5 1541 32.5 67.0
Ortalama 1519 31.8 65.6
Standart Sapma 43 0.8 1.6
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‘K-T1’ numune grubuna ait kuvvet-deplasman
ve gerilme-deplasman grafikleri Sekil 6’da
gosterilmistir. Genel egilim olarak, ulasilan F***
az bir miktar daha diisiik goziikiirken, ayni
zamanda  hasardan  Onceki = maksimum
deplasman degerleri, diiz kisa-kirig
numunelerine gore belirgin sekilde daha
yiiksektir. Bu durum, kavisli numunelerin ayni
kalinliktaki diiz numunelere gore daha fazla
enerji depolayabildiginin bir 6l¢iitii sayilabilir.
Sekil 5 ve Sekil 6’daki her numune egrisinin
altindaki alan hesaplanarak, ‘D-T1’ ve ‘K-T1’
icin elde edilen enerji degerlerinin ortalamalari
sirastyla 1.47 mJ ve 1.52 mJ elde edilmistir.
Kavisli kiriste yaklasik %3 enerji depolama
artis1  olmustur. Hasardan hemen O6nceki
boliimdeki egrilerin egilimi, diiz numunelerle
benzerlik gostermektedir.

1600

:
=

1400

1200

e
G

__ 1000

w2

73
Kisa-Kiris Gerilmesi [MPa]

0 0.3 0.6 0.9 12 13 1.8 2.1
Deplasman [mm]

Sekil 6. Kavisli ve T1 kalinligina sahip
numunelerin Kuvvet-Deplasman ve Kisa-Kirisg
Gerilmesi-Deplasman egrileri.

Maksimum  degerler bu degerlerin
ortalamalar1 acisindan daha  belirgin
kargilagtirmak yapmak i¢in, ‘K-T1’ numune
grubu i¢in de Cizelge 5 hazirlanmistir. Kavisli
numunelerde, diiz numunelere gore, F*”* ve
ozgiil F** degerlerinde, sirastyla %2 ve %4
diisiis gerceklesmistir. ‘K-T1’ grubu standart
sapmasi, diiz numunelerinkine gore daha iyi bir
degerdir.

Ve
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Cizelge 5. Kavisli ve T1 kalmligina sahip
numunelerin P,,, F** ve F**/p degerleriyle birlikte
ortalama sonuglar1 ve standart sapmalari.

P Fsbs F‘sbs/p
Numune Kodu N [MPa]  [kN.m/kg]

K-T1-1 1463 30.8 62.5
K-T1-2 1478 31.1 63.1
K-T1-3 1475 30.7 62.3
K-T1-4 1456 31.0 62.8
K-T1-5 1541 32.2 65.4
Ortalama 1483 31.2 63.2
Standart Sapma 30 0.5 1.1

‘K-T2’ numune grubuna ait kuvvet-deplasman
ve kisa-kiris gerilmesi-deplasman grafikleri
Sekil 7°de gosterilmistir. P,,, F** ve deplasman
verilerinde belirgin artis gozlemlenmis ve
malzemenin  enerji depolama  kapasitesi
artmistir. Hasar anina kadar ulagilan maksimum
deplasman degerleri ve F*” degerleri, diger iki
numune grubuna gore dar bir sagilim
gdstermistir. Bu durum, El ile {iretilmis polimer
kompozit malzemeler igin kalmhk ve V,
artistyla birlikte daha tahmin edilebilir bir kisa-
kiris performansi sunmustur. Hasardan hemen
onceki boliimdeki egrilerin egilimi de daha
diizgiin ve bu performans analizini destekler
durumdadir. Diger numune gruplarinda oldugu
gibi, ‘K-T2’ i¢in de hasarin keskin bir kuvvet
disiisiiyle gerceklestigi goriilmiistiir.

4400
4000
3600
3200
2800

2400

ret [N]

Kuvy

£ 2000

1600

@

3 8
Kisa-Kiris Gerilmesi [MPa]

1200

800

w

400

0 0
0 0.6 12 1.8 2.4 3 3.6

Deplasman [mm]

Sekil 7. Kavisli ve T2 kalinligina sahip
numunelerin Kuvvet-Deplasman ve Kisa-Kiris
Gerilmesi-Deplasman egrileri.

Cizelge 6°da ‘K-T2’ numune grubuna ait limit
degerler incelendiginde, ¥, miktarindaki artis,
‘K-T1” numune grubuna gore mukavemet
degerini %19 arttirmis goziikse de Ozgiil
mukavemet degerinde %23 diisiis meydana
getirmigtir. Standart sapma degerleri de Sekil
7’deki egrilerin egilimini destekler sekilde, tim
gruplar i¢inde en diisiik degerlere sahiptir.
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Cizelge 6. Kavisli ve T2 kalinligina sahip
numunelerin P, F** ve F**/p degerleriyle birlikte
ortalama sonuglar1 ve standart sapmalart.

Pm Fsbs F'sbs/p

Numune Kodu IN] [MPa]  [kN.m/kg]
K-T2-1 4008 37.2 48.9
K-T2-2 3989 36.9 48.6
K-T2-3 3990 37.0 48.7
K-T2-4 3931 36.7 48.2
K-T2-5 4016 37.2 48.9
Ortalama 3987 37.0 48.7

Standart Sapma 30 0.2 0.3

Sekil 8’de testler sirasinda karsilasilan tek hasar
modu, ‘K-T1-1° numunesi Ozelinde
gosterilmistir. Diiz ve ‘T2’ kalinlikli kavisli
numunelerde de sekildeki gibi ¢ekme
gerilmesinin  baskin oldugu egilme hasar
gbzlemlenmistir. Oncelikle, Nylon White duvar
(h boyunca) ve c¢ati/taban katmanlart (b
boyunca) tarafindan cevrilen ve gerilmeyi
domine eden numune i¢ kismindaki karbon
fiber demetleriyle takviyeli naylon katmanlarin
¢ekme mukavemetinin asilmasindan kaynakli

fiber kirilmalari meydana gelmistir. Bu
durumun devaminda, zaten gerilme yiikli
durumdaki ve yeterince plastik uzama

gerceklestirmis esnek fakat zayif mukavemete
sahip alt Nylon White duvar ve cati/taban
bolgelerinde de kirilmalar meydana gelerek
sekildeki  hasar  goriintiisii  olusmustur.
Numunelerin  kesmeye uygun olmayacak
sekilde ¢ok kiiciik olmasi yaninda, Nylon White
cati/taban katmanlarin daha kritik numune ig
kesit ylizeyini Ortmesi nedeniyle ileri seviye
goriintiileme teknikleri kullanilarak olasi bir
katmanlar arasi kayma delaminasyon hasari
gdzlemi yapilmamigtir ve bu hasar olasiligi

thmal edilmistir.
-
Karbon Fiberlerde
Karilma

Hasar Mndu Egilme-(ekme

Nw"

Nylon Whitc Duvar
Katmanlarda Kirtlma

Sekil 8. Hasar modu.

4. SONUCLAR

Bu calismada, EBM tekniginin ileri bir siireci
olarak tamimlanabilecek SFI  kullanilarak
iiretilen diiz ve kavisli tek yonlii karbon fiber
takviyeli kompozit kisa kirislerin dayanim
performansi deneysel olarak incelendi. 70 mm
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egrilik yaricapina sahip kavisli kompozit kisa-
kiris, esdeger 6zelliklere sahip diiz bir kirise ¢ok
yakin KKM degerine ulasabilmistir. Az bir
miktar diigiisle mukavemetini koruyarak,
hasardan Once bir miktar daha fazla enerji
depolayabilecek sekilde deplasmana sahip
olmustur. Kavisli numunenin kalinligi %50
oraninda ve igerdigi karbon fiber miktar1 iki
katina ¢ikarilirken egrilik yaricapt  sabit
tutuldugunda, boyutsal degerlerindeki artisa
bagli olarak mukavemet degerinde belirgin
artisa ulagilmistir. Bununla birlikte, daha
saglikli bir karsilagtirma amaciyla elde edilen
0zgill mukavemet degerleri incelendiginde,
karbon fiber oraninin iki katina g¢ikarilmasi
ancak ve ancak kalinlik degerinde artigla
gergeklestirilebildigi i¢in, 6zgiil mukavemet
degerinde belirgin diigiis gdzlemlenmistir.
Kavisli tek yonlii numunelerin flat olarak baski
yatag1 iizerinde iretilebilme imkani, bu ters
orantili durumu aksi yone degistirebilir.

Bu calismada, farkli numune geometrileri
arasinda mekanik performansin saglam bir
karsilastirmasi1 sunularak cesitli miihendislik
alanlarinda SFI ile iiretilmis kompozitlerin
tasarimi ve uygulanmasi icin degerli bilgiler
saglannistir. El yontemiyle iiretilmis siirekli
fiber takviyeli polimer matrisli kompozitler
iizerine biiyliyen bilgi birikimine katkida
bulunuldu. Ozellikle, havacilik ve otomotiv
alanindaki endiistriyel uygulamalarda
karsilagilan yapisal sinirlamalar nedeniyle,
yeterince uzun olmayan kavisli kompozit kirig
yapilarin eklemeli imalat yontemiyle de
iiretilebilirligi ve eksik olan yonler hakkinda
farkindalik yaratilmistir.

Ultrason teknigiyle goriintiileme ydnteminin,
3B baskiyla iiretilmis ve 6zellikle delaminasyon
hasar1 gozlemi igin yararli olabilecek bir teknik
oldugu onerilmektedir. Gelecek caligmalarda,
kisa-kiris  performansinin  farkli  egrilik
yarigaplarina sahip kavisli yapilar iizerinde de
incelenebilecegi ve ultrason teknigiyle hasar
analizinin ¢alismalara dahil edilebilecegi
tavsiye edilmektedir. Ayrica, tek yonli kavisli
yapilart flat olarak baski yataginda da
iretebilecek ve farkli malzemelerle aym
takviyeye izin verebilecek sekilde hibrit
kompozit yapilarin gesitli yiiklemeler altinda
davraniglarmin incelenmesini saglayacak 3D
baski ekstriiderleri ve cihazlarinin tasarimi
iizerine yogunlasilmasi da tasarimcilar igin
oOnerilerdir.
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ABSTRACT

Building production with additive manufacturing techniques increase. This technique accelerated
building construction works. Building production with additive manufacturing techniques increase. This
technique accelerated building construction works. Building construction using additive manufacturing
techniques draws attention because it requires less skilled labor, can be built in a shorter time, reduces
costs, and contributes to sustainability. On the other, this technique enables the on-site production of
buildings and the construction of complex building designs. This study aims to investigate the effect of
using sustainable materials on building energy consumption in constructing complex-designed
buildings. The effect of using geopolymer, a sustainable material, on building energy performance in
square and free-form buildings was investigated. Additionally, the buildings in these forms were
modelled with single-layer and double-layer walls, and the impact of layers on energy consumption was
examined. On the other side, the effects of building forms in different directions were also examined. In
the study, the effects of different scenarios were examined using the building energy simulation
program. As a result of the study, it was determined that the building form was effective in the energy
consumption of the building. It was also found that in the free-form building, the exterior wall orientation
affected the building energy consumption. When the exterior walls of buildings of the same form and
orientation were made double-layer instead of single-layer, a 60% decrease in heating energy
consumption and a 12% decrease in cooling energy consumption was observed. The study is important
in terms of the relationship between free building form and energy consumption.

Keywords: Geopolymer, Additive Manufacturing, Building Energy Consumption, 3D Printed Building,
Industry 4.0

1. INTRODUCTION provided by fossil resources. In Europe, 60% of
The world population is estimated to reach 8.5 the total energy is consumed by buildings in
billion in 2030 and 9.7 billion in 2050 [1]. cities [6]. In addition, in the EU directive on
Urbanization accelerates due to population improving the energy performance of buildings
growth. Housing demand is expected to in 2018, it was stated that 50% of the energy
increase by 60% with increasing urbanization. consumed in EU countries was spent on heating
It is estimated that there will be a 75% increase and cooling buildings [7]. In Turkey, while the
in CO; emissions with the increase in urban final energy consumption of buildings was 19.5
areas [2]. One of the most important causes of MTEP in 2000, this value increased by 66% in
climate change is CO; emissions. Reducing this 2015 and reached 32.4 MTEP. The share of the
emission in the construction sector is important building sector in final energy consumption
for reducing the effects of climate change [3]. reached 32.8%, surpassing the industrial sector.

Therefore, it is important to reduce the energy
The energy consumed for heating and cooling consumption of existing and newly constructed
buildings and the energy consumed in industry buildings. Additionally, it is estimated in the
constitute 40% of the total energy consumed [4- studies that energy consumption will increase
5]. In addition, 65% of this energy consumed is by 50% in 2050 compared to 2018 [8]. The
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construction industry is looking for solutions to
reduce energy consumption [9]. This situation
shows the importance of new construction
technologies.

Industrial revolutions have changed the
production methods of all sectors, as well as the
construction industry. The first radical changes
in the construction industry began with the
settled life. The other radical change was the use
of cement and steel. The radical change
expected today is building construction with
digital production techniques. The world is
experiencing a big transformation with Industry
4.0. It is predicted that with the widespread use
of industrial robots containing automation and
artificial  intelligence  in  construction,
production speed will increase, and less energy
will be used. Research shows that the
construction industry has serious potential and
there will be radical changes in the construction
industry within ten years [10-12]. In addition, it
is estimated that with the development of digital
production technologies, there will be
developments in  building materials,
components, and design freedom [13-15].

Digital production is a technique in which
computer-aided design and  production
technologies are used together. This technique
is important in the construction industry in
terms of its suitability for on-site production and
allowing the construction of complex designs.
In some research, it is suggested the use of
additive manufacturing, a digital production
technique, in building construction [16-17]. 3D
printing based on extrusion is one of the most
widely used techniques in  additive
manufacturing. The materials used in structures
constructed with extrusion technique are
different from the materials used in traditional
construction techniques. The concrete-like
material to be used in the extrusion technique
must have sufficient extrusion capacity [18].
Therefore, the mortar created for printing must
be fluid, have sufficient setting time and
mechanical strength [19]. Research conducted
in recent years suggests the use of geopolymer
in 3D printing [19-20].

Geopolymer materials are formed by activating
aluminosilicate materials such as fly ash,
ceramic waste, metakaolin, and silica fume [21-
24]. Geopolymer has high application potential
due to its high chemical and thermal resistance,
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ability to be obtained from industrial and waste
products, contribution to the economy, and
prevention of environmental pollution [20].
Research shows that approximately 820 million
tons of construction waste is generated in
Europe every year [25-26]. The use of
geopolymer, developed from waste materials as
an alternative to Portland cement used in
construction, stands out with its contribution to
the environment [27-28] (Figure 1).

Since the 1980s, geopolymer materials have
been viewed as alternatives to Portland cement
because of their low CO, emissions and
performance advantages. Researchers have
suggested the use of geopolymers in structures
due to their properties such as high strength,
temperature resistance and durability [29-30].
Geopolymer has potential for use due to its
chemical and thermal resistance, rapid
mechanical  strength  development, and
economic and environmental benefits such as
being a waste product [31]. These materials are
resistant to acid attack, fire and high
temperatures [32-34]. Since its discovery,
geopolymer materials have also attracted
attention as a promising material for building
restoration. It is also used for concrete repair at
airports, railways and military bases in
Australia [34].

There are studies in the literature examining the
use of geopolymers in building production. In a
study, the static strength of fly ash-based
geopolymer mortar after 3D printing was
investigated. At the end of the study, it was
concluded that the static strength of the
geopolymer mortar was high. The study also
stated that it is possible to use traditional
construction methods and 3D printing
techniques together [35]. In another study on
mortars, the technical properties and application
methods of mortars produced from cement, fly
ash, silica fume, blast furnace slag, fine
aggregate, superplasticizer, viscosity modifier,
and fiber materials used in the extrusion
technique were investigated. The effects of the
properties such as tensile, stress, viscosity, etc.
of these mortars with different properties on 3D
printing were investigated. As a result of the
study, they concluded that geopolymers were
promising for extrusion mortar in 3D printing
from technical, environmental, and economic
perspectives [36].



Haydaraslan /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 8:3 (2024) 361-369

2

Portland cement
production process

Cement production

i
Energy
usage process

’ |

NG/ E

Cement Water
il &

‘

Concrete

Geopolymer
production process

Urbanization

Construction waste

‘-— Precursor Aclivalor ==

VAN ’ BB
.4 3

Geopolymer

Recycling

Figure 1. Portland cement and geopolymer production process

In another study, a slag-based geopolymer
material was developed for use in the
construction of buildings with 3D printing. The
pressure strength of the geopolymer material
developed in the study was increased. In the
study, it was shown that the production of large
structural elements was possible [37].

In 1997, the additive manufacturing technique
was used for the first time in building
construction [38]. Studies were conducted
examining the potential use of this technique in
buildings. In a study examining the contribution
of the technique to  environmental
sustainability, it was stated that it would also
contribute to the freedom of designs [11]. The
additive manufacturing method allows building
facades to be designed in free forms [39].
Building construction process are long in
traditional construction methods. This situation
causes an increase in the need for housing. The
potential of this technology, enables building
production with additive manufacturing
techniques, has accelerated studies on this
subject. In this study, it was examined that the
potential of using sustainable materials in the
construction of buildings produced with
additive manufacturing techniques. For the
study, the square and free form building plans,
thought to be printed with 3D printing, were
created. The geopolymer material was used in
the production of these buildings. In the study,
the changes in energy consumption according to
different building plans were examined.

2. MATERIAL AND METHODS

In this study, the relationship between the use of
sustainable materials in building production and
building design was examined. Four different
scenarios were created: Two of the scenarios

363

were for a building have a square plan, with
single and double-layer walls, and the other
scenarios were for a building have a free-form
plan, with single and double-layer walls. These
scenarios were modelled through the building
energy simulation program. Then, the effects of
changes in the building surface and wall
properties on the energy performance of the
building were examined.

2.1. Reference Building

Two plans were created in the study to examine
the relationship between the use of sustainable
materials and building design. The first of these
plans is square, the other is free form. The
square planned building is the reference
building. = These buildings are open-plan,
detached residences. It is assumed that the
buildings were created using a 3D printer
extrusion technique. Geopolymer, the most
used material in 3D printing of buildings, was
used in building production [27-40]. The
reference building in the study is in Istanbul
where is in the II. Degree day zone according to
the TS 825 Standard for Thermal Insulation
Rules in Buildings [41]. Building technical
specifications were created by considering
climatic conditions (Table 1).

2.2. Sustainable Mortar Properties Used in
3D Printing

In the study, geopolymer material was used in
3D printed buildings. Geopolymer materials are
obtained by activating materials such as fly ash,
ceramic waste, metakaolin, and silica fume [21-
24]. A study was conducted with slag-based, fly
ash-based, metakaolin-based, and lime alkali-
activated slag-property geopolymer materials.
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Table 1. Reference building properties

Meteonorm Istanbul ~ Occupancy 4 persons
Meteorological 2024
data IPCC AR4 A1B Indoor 21 °C
Scenario temperature
Building Materials Properties
Uextemal wall 0.57 W/mzK Uﬂoor 0.57 W/mzK
Uceiling (Unused Attic) 0.38 W/mZK Uwindow 1.8 W/mZK
Infiltration 0.8 (n/h)
It was concluded that fly ash-based
geopolymers are more advantageous in terms of
carbon emission and cost compared to
geopolymers with other properties [27-40].
Therefore, fly ash-based geopolymer was used Square smgle layer  Square double layer

in this study (Table 2).

Table 2. Geopolymer technical properties

Properties kwmk  CouKegK)  p Kgm?)
Geopolymer
(fly-ash) 1,35 891 2199

2.3. Numerical Simulation

There are passive and active measures that can
be taken during the building design phase to
increase the energy efficiency of buildings.
Passive measures aim to reduce the building's
energy needs through maximum use of
renewable energy sources. Active measures are
related to the mechanical systems of buildings
[9]. Design support systems have been
developed to examine the effects of these
measures on the energy efficiency of the
building [42]. One of these systems is the
creation of building energy simulations. Some
programs have been developed to create
building energy simulations. The most widely
used program in recent years and the one that
produces the most realistic results is the
DesignBuilder building energy simulation
program [43-45]. This program can analyse
issues such as the building's energy efficiency,
CO; emissions, and comfort conditions [46]. In
the study, passive measures were examined
using the DesignBuilder building energy
simulation  program.  Building  forms,
orientations, and wall layer scenarios were
created for the study. The base areas and
volumes of the scenarios created in the study are
the same. The scenario plans were given in
Figure 2.
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Figure 2. The scenario plans

3. RESULTS and DISCUSSION

3.1. Effect of Building Plan Design

For the study, square and free form building
plans were created to examine the effect of
building form on energy consumption. The
effect of building form on heating and cooling
energy consumption was investigated. Annual
energy consumed for heating and cooling was
calculated. The study also examined the
relationship between form and direction. The
obtained results are given in Figure 3.

In the free-form structures, wall surface areas
vary depending on the direction. This situation
affected the energy consumption of buildings at
different rates. When the square plan building
was accepted as the reference building, the
energy consumed for heating purposes
increased by 5.29%, 5.42%, 6.18%, 6.22%,
5.72%, 5.30%, 5.25% and 5.07% at FF 0°, FF
45°, FF 90°, FF 135°, FF 180°, FF 225°, FF
270°, FF 315° values, respectively. The square
form was more compact than other forms.
Therefore, the energy required to heat this form
was less than other forms. When the surface
area of the building in relation to the outside
environment increased, the amount of energy
required for heating increased. According to the
different direction analysis results, the lowest
heating energy consumption was in the square-
shaped building, while the highest energy
consumption was in FF 135°. This was related
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Figure 3 (a). Effect of building form on energy consumption for heating (b). Effect of building form on energy
consumption for cooling

to the fact that the largest surface of the free
form building in this direction was in the north.
Increasing the surface width in the direction
where the least sunlight comes increased the
heating load. The results obtained showed that
the heating energy requirement varied
according to the building form. Studies on
building form in the literature confirm this
situation. Rashdi and Embi [47] studied the
changes in the electrical energy required for
cooling buildings in hot climates when the
building form is T, L, U, I, ellipse and round. At
the end of the study, it was stated that I-shaped
buildings consume less energy for cooling than
L-shaped buildings. They emphasized that this
situation is related to the expansion of the
building surface area.

When the square-formed building was accepted
as the reference building in the study, the energy
consumed for free-form buildings in different
directions varied. When the square form was
accepted as the reference, there was an increase
0f 4.85%, 4.38%, 5.06%, 2.92%, 5.92%, 6.11%
compared to FF 0°, FF 45°, FF 90°, FF 135°, FF
270°, FF 315°, respectively. Compared to the
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reference, there was a decrease of 0.39% and
0.27% at FF 180° and FF 225. It is expected that
the amount of energy required for cooling will
be less in buildings with compact structures.
The cooling load was calculated to be less in the
FF 180° direction, where the surface area
received less sunlight. This shows that
increasing the surface area of the building
relative to the outside environment reduces the
amount of energy required for cooling. In the
literature, Kocagil and Oral [48] examined the
effect of building form on the heating and
cooling loads of buildings in hot-dry climate
regions. Six different forms and four different
architectural plans were used in the study.
Among the studied forms, the lowest heating
and cooling load was in the inner courtyard plan
and the highest was in the L-type plan. This
situation is related to surface areas.

However, the variability of the glass ratios on
the surfaces also affects the cooling load. Neves
and Marques [49] studied the effect of changing
the wall-to-glass ratio on building energy
consumption in Sao Paulo, which has a hot
climate. In the study, the cooling load was
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reduced by 40% by changing the window/wall
ratio. According to the analysis of this studies
results, the lowest cooling energy consumption
was in FF 180°, while the highest energy
consumption was in FF 315° The results
showed that building form and orientation have
an impact on the amount of energy required to
cool the building.

3.2. Effect of Building Exterior Wall Layer

In the study, the effect of using single or double
layers in building walls on energy consumption
was investigated. Annual heating and cooling
energy consumption was calculated for
different forms of buildings in case of single or
double-layer wall use. Additionally, the
situation where the buildings were in different
directions was also examined (Figure 4 (a), (b).
The study showed that the energy consumed for
heating was reduced if the walls were double
layered in all models. This was related to the
fact that the heat transfer through the double-
layered wall was less than the single-layered
wall [50]. In the case of double-layer walls,
heating energy consumption decreased by
3.52%, 5.49%, 8.18%, 8.88%, 7.38%, 5.19%,
3.84%, 2.96% at FF 0°,FF 45°, FF 90°, FF 135°,
FF 180°, FF 225°, FF 270° and FF 315°,
respectively, compared to the reference
building. In a compact square-plan building
spent less energy for heating. In addition, the
differentiation of the building form in different
directions changed the distribution of the
heating load according to the directions. The
study showed that cooling energy consumption
was reduced when the walls were double-
layered instead of single-layered in all models.
In the case of double-layer walls, cooling
energy increased by 9.20%, 6.44%, 4.55%,
2.24%, 2.00%, 11.21%, 11.50% at FF 0°, FF
45°, FF 90°, FF 135°, FF 225°, FF 270°, FF
315° respectively, compared to the reference
building. There was a 0.12% decrease at FF
180°. When the heating and cooling loads of
single-layer and double-layer walls at the same
directions were compared; the double-layer
wall heating loads of FF 0°, FF 45°, FF 90°, FF
135°, FF 180°, FF 225°, FF 270° and FF 315 are
65.41%, 65.99%, 65.48%, 64.87%, 64.68%,
64.99%, 65.55%, 65.97%, 66.20% less than the
single-layer heating load, respectively. When
the cooling load was examined, a reduction of
11.39%, 7.71%, 9.83%, 12.02%, 12.11%,
11.14%, 9.38%, 6.96%, and 7.21% was
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observed in the double-skinned wall,
respectively. It was observed that the amount of
energy spent on heating and cooling decreases
at all angles in the double-layered wall.

4. CONCLUSIONS

In the construction industry, building
construction times are insufficient for shelter.
The reason for this is that the construction
period of the structure is long with traditional
construction methods. In addition, the
construction sector accounts for 40% of total
energy consumed. Additive manufacturing
technologies have high potential for reducing
energy consumption. Developments in building
production  technology = with  additive
manufacturing have accelerated the work in this
field. Building production with additive
manufacturing is important in terms of fast and
on-site production, reduced labor force, cost
reduction potential and contribution to
sustainability. Additionally, this technology
enables designers to implement flexible
designs.  Flexible designs that overcome
application difficulties can both increase the
comfort conditions of users and provide
aesthetic solutions. In this study, the
relationship between the use of sustainable
materials in building production and building
design was examined. The results obtained in
the study are summarized below.

o The results showed that the building form is
effective on the heating energy consumption
of buildings.

e Compact building forms provide advantages
in reducing the energy needs for heating and
cooling.

e In climates where heating energy is high,
large surfaces of free building forms should
be oriented south, and in cold climates,
north.

e Positioning large surfaces is important to
reduce energy consumption in free-form
structures. Whether the building walls are
single-layer or two-layer affects the energy
consumption of the building.

e Heat transfer is reduced in the double-
layered wall, which reduces the energy
consumption of the building.



Haydaraslan /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 8:3 (2024) 361-369

250

=

§ = m m ] ] m m m ]
200

£

=

= 150

>

en

qg 100

g{) B 5] [} (] = B [} (] =
£ 50

<

(o]

T

0
Square FF 0° FF 45° FF 90° FF 135° FF 180° FF225° FF270° FF 315°
Wall Layer and Directions B Single Layer B Double Layer
(a)

_ 16

5

: NI R *
§ 14 B i w L @ o)
< H o ] (]

S 12

3

on

R

s

3 10

Square FF 0° FF 45° FF 90° FF 135° FF 180° FF 225° FF270° FF 315°
Wall Layer and Directions W Single Layer B Double Layer

(b)

Figure 4 (a). Effect of building form and number of layers on energy consumption for heating (b). Effect of
building form and number of layers on energy consumption for cooling

The study results are important in terms of the
relationship between additive manufacturing
technologies and sustainable material use. It
also provides guidance on the importance of
building orientation in the freeform design of
buildings. = However, since traditional
construction methods have been used for many
years, buildings can be constructed with readily
available equipment and less cost. Digital
fabrication techniques require high research and
development. Although the application is easy
in digital production, the initial investment cost
is high. Therefore, there are still challenges in
additive manufacturing techniques.
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ABSTRACT

A comparative analysis of Material Extrusion and VAT Photopolymerization 3D printing is done using
various geometrical models, including square base pyramid, co-centric circular stamps, and lattice
structures. The pyramid with Council of Scientific and Industrial Research (CSIR) and National Physical
Laboratory (NPL) logos, texts printed by both techniques is studied for its dimensional accuracy as per
the process parameters. The 3D printed specimen by Material Extrusion measured an average layer
thickness of ~ 104 um and VAT Photopolymerization measured a layer thickness of ~ 54 um. The
calculated void volume of the printed pyramid due to the staircase effect is ~ 2.9 % for the Material
Extrusion and ~ 0.14 % for the VAT Photopolymerization. Mechanical properties of ASTM D638
tensile test samples based on build orientation showed anisotropy for Material Extrusion, whereas VAT
Photopolymerization printed test samples are isotropic. The degree of anisotropy (DOA) of 0.35,
modulus of elasticity (MOE) of 1.7 GPa and ultimate tensile strength (UTS) of 62 MPa are measured
for the Material Extrusion printed test sample. The ZXY build-oriented test sample showed the lowest
values compared to all the other build orientations. Comparatively, the MOE and UTS for the VAT
Photopolymerization printed samples are equal for all build orientations and are ~ 950 MPa and ~ 39
MPa, respectively. The applicability of the present comparison of 3D printing techniques is
demonstrated through functionality studies of printed stamps for ring electrodes and lattice structures as
templates. The active area of the Fused deposition modeling (FDM) printed ring electrodes for
maximum resolution is 17 times larger compared to that of Digital light processing (DLP) printed
stamps. Additionally, the mean pore size for FDM-printed lattice structures was found to be ~ 650 um,
while the lattice structure printed by DLP using Polyurethan acrylate resin exhibited a pore size of ~ 220
um. This analysis evaluates the dependence of stamp size due to print resolution specific to the
technique. The importance of this research lies in addressing the growing demand for optimized 3D
printing processes in manufacturing applications, such as sensors, electrodes, and structural components.
By comparing dimensional accuracy, surface finish, print resolution, and mechanical properties, this
study offers valuable insights into how the selection of printing techniques and process parameters can
significantly influence the final product's performance.

Keywords: Additive Manufacturing, Staircase Effect, Build Orientation, Test Artifact, FDM Vs DLP,
Printing Parameters, Ring Electrode.

1. INTRODUCTION and service as per American Society for Testing
Additive Manufacturing (AM) is a freeform, and Materials (ASTM) F42 Technical
direct digital, rapid, and additive fabrication of Committee [1]. As per ASTM 52900:2021,
prototypes, tools, patterns, and concept parts as additive manufacturing is categorized into
well as functional devices for direct application seven distinct processes; binder jetting, directed
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energy deposition, material extrusion, material
jetting, powder bed fusion, sheet lamination,
and vat photopolymerization [2]. For the
application and functionality of the printed
models and for industrial production, certain
criteria should be met, like surface finish,
dimensional tolerance, mechanical properties,
density, physical, and chemical properties [3].
Fused deposition modeling (FDM), based on
material extrusion, is the most widely practiced
additive manufacturing (AM) technique,
involving precisely controlled layer-by-layer
deposition of thermoplastic polymer through a
heated nozzle. This method produces objects
with a dimensional accuracy of the order ~100
um by extruding molten material onto a build
stage, where it solidifies and forms layers that
adhere together [4].

Despite its simple process and moderate
accuracy, FDM competes with alternative
polymer-based AM technologies such as
Powder Bed Fusion (PBF) and VAT
photopolymerization (VPP). Due to its ease of
deposition and accessibility, a variety of
feedstock materials have been developed and
are still emerging. Starting from basic
thermoplastics like Polylactic acid (PLA) and
Acrylonitrile butadiene styrene (ABS) and
engineered plastics like Polyether ether ketone
(PEEK) and Polyetherimide (PEI) to
biopolymers, the library of materials is huge [5].
It caters needs of several industries like
prosthetics, implants, and surgical tools in the
medical industry [6], functional and carbon
composites for energy storage [7], sensors [8],
biopolymers for tissue engineering, and
prototype designing of several components in
the acronautical and automobile industries [9].

Despite several advantages associated with the
FDM technique and its application for several
fields, the technique suffers from poor surface
finish, weak mechanical strength of build parts,
and build orientation-dependent anisotropy in
physical and mechanical properties. These
drawbacks are mostly related to the method of
deposition [10]. The layer-by-layer deposition
makes volumetric gaps on the surface and
internal filling. The build orientation brings
structure instability along one axis, and the
viscoelastic nature of the polymer during
extrusion brings interfacial bond instability
based on the temperature of extrusion and
speed. Also, the dimensional accuracy is
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influenced by print speed, nozzle, and bed
temperature [11].

VAT Photopolymerization (VPP) based AM
technique creates 3D models by selectively
curing a resin, layer by layer in a VAT using a
light source forming complex geometries with
very high resolution [12]. Digital light
processing (DLP) is a preferred choice for
creating 3D models with applications requiring
complex geometries and intricate features with
high resolution, speed, and smooth surface
finish [13]. Unlike FDM, DLP prints 3D models
by curing each layer through flash projection
rather than mechanical movement. This
effectively reduces the complexity of printing.
Also, resolution of less than 50 um can be
achieved with great and intricate details [14].
The curvature effects and voids seen in FDM
printing are eliminated largely by this mode of
printing. Different resins starting from standard,
structural to elastomeric resins are available as
per application [15]. Resins being in liquid form
can be easily mixed with several additives like
nano-powders, carbon, and ceramic materials
making composites for 3D printing [16].
Despite these advantages, resin printing is
limited only to prototyping in fields like
dentistry, jewelry, and medical implants and
applications in antenna designing and
fabrication, low to high dielectric materials for
the electronic industry [17-18]. The feasibility
of printing multi-materials using VAT
photopolymerization has also hindered the
advancement of this technique. The resin
material used for printing is thermosetting
which is brittle in nature and has mechanical
properties not suitable for fatigue, wear, and
tear [19]. It offers fewer material options than
other 3D printing technologies. Post-processing
requirements can be complex and time-
consuming. The disposal of unused resin, and
handling  chemicals and photopolymer
components raises environmental problems
[20].

To print a quality product in terms of
dimensional accuracy and mechanical stability
by additive manufacturing, 3D printer, and
process parameters must be optimized. For 3D
printing, hardware conditions like tolerances of
stepper motors, load bearing of the gears and
railing, and thermal expansion of material used
for building printers play major roles in the
reproducibility of printed parts [21]. This is
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generally optimized by the manufacturer of the
machine. At the user end, process parameters
play a crucial role in the dimensional tolerance
and surface finish of the printed models. There
are several process parameters that can be
optimized when it comes to FDM like layer
thickness, layer/raster width, raster angle,
printing speed, nozzle and bed temperature,
build orientation, infill pattern, infill
percentage, and outer layers [22].

Ferretti P et al. established a relation between
optimization for fabrication of lower defect-free
3D models [23]. Gao X et al. highlight the
mechanical anisotropy of FDM-printed parts by
changing the raster angle and build direction
[22]. Bakhtiari H et al. study the influence of
FDM printing parameters on the compressive
properties and surface roughness of PLA
specimens [24]. Bouzaglou O et al. studied the
effect of material selection, printing factors
such as path (layer thickness and raster angle),
build (infill and building orientation), and
temperature parameters (nozzle or bed
temperature) on mechanical properties [25].
Many of the researchers worked on the Design
of experiment (DoE) such as the Taguchi
method, full factorial, and response surface
methodology (RSM) for optimizing the process

parameters and minimizing the number of
experiments [26].

Factors affecting DLP printing are divided into
two categories: one is related to the machine,
and the other is related to the photocurable
resin. Machine-related parameters are layer
thickness, light emitting diode power, flux
uniformity, etc. Resin-related parameters are
penetration depth, critical energy, viscosity, etc.
Brighenti R et al. showed the printing process
parameters of DLP on  mechanical
characteristics and concluded that the built
specimen strength is dependent on the post-
printing curing process [27]. Zhang Z et al.
investigated the effect of printing layer
thickness on model accuracy and found that
decreasing the layer thickness from 0.10 mm to
0.05 mm increases the accuracy of the DLP 3D
printing model [28]. Jiang T et al. studied the
forming performance and characteristics and
found that as the layer thickness increases from
0.02 to 0.22 mm, the dimensional accuracy first
increases and then decreases for the DLP
printed specimen [29]. Sector wise strength and
weakness of FDM and DLP printing have been
shown in Table 1.

Table 1: Sector wise strength and weakness of FDM and DLP printing.

Sector FDM

DLP

Automotive & Aerospace | and functional parts.
Suitable for jigs,

custom tools.

Cost-effective for large prototypes

fixtures,

Limited in large-scale parts.
Ideal for precision components like small

and X
gears, valves, and aesthetic parts.

Medical Devices
and prosthetics.

Used for creating medical models

Superior for micro-scale medical devices
like dental molds, surgical guides, and
hearing aids.

Consumer Goods &

Ideal for small, high-detail items like
phone cases, wearables, and electronic

Suitable for scaled-down models of
buildings and construction elements.

) Useful for rapid prototyping of large | housings.
Electronics . . . .
consumer products. High precision enables creation of detailed
product  designs for  miniaturized
electronics.
Jewelry & Fashion Limited use due to lack of fine detail. Preferred for small, intricate designs like
More useful for accessory molds or | . . .
. rings, necklaces, and detailed accessories.
larger costume designs.
. ful fi inti 1 .
Architecture & ;Jrziiltlec turalorrno delI; r::lt(lingro tot arégse Best suited for fine-scale models that
Construction P ypes. require accurate texture and finish (e.g.,

window grills, facades).

Education & Research

Accessible, low-cost solution for
teaching, student projects, and early-
stage R&D.

Suitable for rapid prototyping and
model validation.

Excellent for research requiring micro-
precision components.

Suitable for academic research focusing
on photopolymers and high-detail
components.
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As 3D printing is accomplished through layer-
by-layer deposition and needs a file
understandable by the printer, the CAD model
must be tessellated. For this, the 3D model is
converted to an STL file so that the printer can
slice and convert it to the G-code file, the
machine language that the printer can
understand. Inherently the process induces
several defects like chordal effect during
tessellation and staircase formation for oblique
and curved surfaces due to layer-by-layer
deposition along with air gaps and many other
voids due to raster angle and infill pattern [30].
Both the FDM and DLP techniques show the
staircase effect, and it can be minimized by
decreasing layer height. As the typical feature
resolution of FDM is 100-150 pm and for DLP
it is 50-100 pum, the staircase effect is more
prominent in FDM printed models as compared
to DLP printed models [31].

From molecular structures in chemistry,
architectural marvels like Egyptian pyramids,
and the construction of other polyhedral, square
pyramids form the basic building block [32]. It
is also used to represent the hierarchy in ecology
[33]. When it comes to standards in physical
measurements, it represents measurement
traceability for an unbroken chain of

measurement for quality. The traceability
pyramid creates an efficient and economical
way for each lab or individual to access
calibration standards.

A square pyramid has five vertices, eight edges,
and five faces with four isosceles triangles
making dihedral angles with the center line
passing through the base [34]. These slant
triangular faces are good for studying layer-by-
layer deposition in terms of understanding the
effect of these process parameters on surface
roughness, dimensional accuracy, volumetric
voids, and staircase effects. Even though there
are in-depth studies and detailed reviews on
FDM process parameters optimizing the
dimensional accuracy and physical properties
and very few studies on DLP process
parameters for optimization of conditions for
accurate 3D printed models. Except for the
NIST test artifact which studied the dependence
of process parameters for both the techniques
independently, there are not many studies
comparing both the techniques and the
dependence on process parameters for
dimensional tolerances, surface roughness,
print resolution, and mechanical anisotropy of
the 3D printed models (Table 2).

Table 2: The different artifacts used in literature for optimization of printing parameters.

Tech. Parm. Artifact Output Ref

Pyramid, cube, and | Surface quality, shear, and

FDM Layer thickness hemisphere over a | tensile strength, build time, | [35]
platform accuracy, and precision

Printine speed ISO ASTM 52902-2021
FDM & speed, specimen feature with | Geometrical Accuracy [36]
Layer height .

coarse resolution holes

FDM and | NIST standard test | Dimensional Uncertainty [37]

DLP artifact quantification
Orthogonal test

DLP Exposure time Samp le.s, flowers with Resolution [38]
cylindrical small
features

DLP Separation force Cyhpdncal geometry, Cross—gectlon geometry and [39]
Lattice structure separation speed

F)]I)}l\’/[ and | _ Dental model Trueness and precision [40]

FDM and | Printing speed, | Square base pyramid | Roughness, dimensional | Inthis work

DLP Exposure time artifact accuracy, surface finish, print

resolution
In the present study, we investigated the 3D- analysis and standardization of Material

printed square base pyramid with Council of
Scientific and Industrial Research (CSIR) and
National Physical Laboratory (NPL) logos and
texts on triangular facets for comparative
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Extrusion and VAT photopolymerization AM
techniques. We compared both techniques with
respect to the layer thickness, edge sharpness,
text resolution, and staircase effect. We also
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studied interlayer bonding and mechanical
strength based on build orientation through
stress-strain analysis using standard tensile test
samples and analyzed the uniqueness and
versatility of both the techniques. To compare
and study the dependence of print resolution,
tolerances, and uniformity on the functionality
of 3D printed models by both the techniques,
two case studies, one using ring electrode
stamps and the other using lattice structure have
been demonstrated and analyzed.

2. MATERIAL AND METHODS

3D printing of square base pyramids with CSIR,
NPL logos, and text is done by adopting FDM
and DLP printing techniques. A 3D printer
having a Hamera-based all-metal dual extruder
is used for FDM-based printing of pyramids.
The printer has a large build volume of 300 x
300 x 500 mm® and the capability of high-
temperature extrusion up to 400 °C. For DLP
printing, an LD-002R resin printer by Creality
containing a VAT of build volume of 120 x 65
x 165 mm® and a UV LED of 405 nm
wavelength and 30 W power is used. For post-
processing of printed resin models, a UW-01
washing and curing is used.

Polylactic acid (PLA) spool from Sigma-
Aldrich is used for FDM printing and
Polyurethane acrylate (PUAR) resin bought
from Anycubic is used for DLP 3D printing. For
slicing and setting process parameters during
3D printing, Simplify3D slicer software for
FDM and Chitubox for the DLP technique is
used.

STL files of text and logos of both CSIR and
NPL and a square-base pyramid are used for 3D
printing. The size of the square-based pyramid
is 5 cm®. Arrangement and orientation of STL
files of individual logos and text onto the
triangular faces of the square base pyramid are
done using the gizmos option available in
Simplify 3D. A layer thickness of 100 um is
chosen as it offers a balance between print
quality and speed [31]. A rectilinear infill
pattern with 100% density is chosen to improve
the strength of printed parts. A speed of 60
mm/sec to improve the dimensional accuracy
and print resolution. Extrusion multiplier is
adjusted to 0.9 to avoid over deposition and
match with the speed of printing [41]. As PLA
is used for FDM printing, an extruder
temperature of 200 °C and bed temperature of
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50 °C are used as printer parameter settings
during slicing.  Similarly, for DLP resin
printing, the optimized process parameters are
50 um layer height as it is minimum lift possible
with stepper angle of the stepper motor, being a
flash printing technique, the infill density is 100
% by default. For proper adhesion to the build
plate an initial layer exposure time of 50 sec
first 8 layers followed by 6 sec for rest of the
layers is chosen [42]. Table 3 below
summarizes all the process parameters used for
3D printing of the CSIR-NPL pyramid and their
comparison for both the FDM and DLP printing
techniques.

Standard tensile test samples are fabricated by
both the FDM and DLP techniques for studying
mechanical properties. Tensile specimens were
made in accordance with the ASTM D638
(Type 1IV) standard, with dimensions of length
115 mm, width 19 mm, thickness 4 mm, and
waist length 32 mm. The samples were tested
till failure to investigate their mechanical
properties.

Concentric ring electrode stamps were modeled
using Blender. Three different sizes, small (S),
medium (M), and large (L) are made to ensure
optimal resolution for both FDM and DLP 3D
printing techniques. Lattice structrue of 1 x 1
cm? are printed by both FDM and DLP
technique. Similar process parameters optimzed
for printing square base pyrmaid are used for
printing ring electrode stamps and lattice
structures.

Microscopic analysis of printed models is done
using an MXG6R optical microscope by
AmScope Ltd. The layer height distribution is
done using the stylus profilometer, Ambios,
model XP-200 with a tip diameter of 2.5 pm and
tip force of 1.9 mN. La Jarden clay is used for
taking imprints of the triangular face edges for
their sharpness study. Image J software is used
for the edge sharpness and layer thickness. The
mechanical testing of FDM and DLP printed
test samples is done using universal testing
machine, Instron 5967 with a load measurement
accuracy of £ 0.5% having a capacity of 5 kN.
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3. RESULT AND DISCUSSION
3.1. Slicing and Process Parameters

Figure 1: STL files of CSIR, NPL logos, text, and
the CSIR-NPL pyramid, and the sliced images of the
pyramids for FDM and DLP printing. (a) STL files
of the square base pyramid and individual STL files
of logos and text files, (b) STL file of merged CSIR-
NPL pyramid. Image of pyramid sliced in slicer
software (c) Simplify 3D (d) Chitubox.

Figure 1 shows the STL files of the CSIR-NPL
pyramid with individual files consisting of
CSIR, NPL logos, their text files, and the square
pyramid along with the slicing of the combined
STL files required for both the FDM and DLP
techniques.

Figure 1a shows the individual STL files of the
CSIR-NPL pyramid. Logos required for the
creation of the STL file are taken from the
following web links [43-44]. These image files
are saved as JPG files and are converted to
scalar vector graphic (SVG) files using the
image online converter. The text files are
created using PowerPoint and are converted to
JPG and further into SVG files [45]. The square
pyramid used for this study is taken from
Thingiverse [46]. All these SVG files are
converted into STL files using the svg2stl
converter [47].

Figure 1b shows the unified STL file of the
CSIR-NPL pyramid with logos and text files
aligned onto the triangular faces of the square
pyramid. These individual files are partially
embedded into the square pyramid to avoid the
separation of these from the pyramid during
slicing, and to optimize the printing parameters.
The 3D printed pyramid used for the current
study is of dimensions with a square base of 5
cm and a vertical height of 5 cm.

The orientation of all logos and text files with
the face of the pyramid is done in the slicer
software. In the present case, all the logos and
text STL files are aligned onto the faces of the
pyramid and are exported into a single STL file,
ready for slicing. ‘Allow single extrusion’ of the
thin wall behavior option available in slicer
software is used such that the gap in the narrow
regions is filled with a single extrusion layer
rather than raster infill where regular infill is not
possible. This allows improvement in the
resolution of printing, and smoothness. The
small text found in logos can also be printed
using this option.

Figures lc and 1d show the slicing of the CSIR-
NPL pyramid STL file generating G code files
required for both the FDM and DLP printing.
Table 3 summarizes all the process parameters
used for 3D printing of the CSIR-NPL pyramid
and their comparison for both the FDM and
DLP printing techniques.

Table 3: Comparison of printing parameters of
FDM and DLP printed 3D pyramid.

Parameters FDM DLP
Hamera all
. metal Creality
Machine extruder LD-002R
printer
Material PLA PUA.R
Resin
Slicer Simplify 3D Chitubox
Layer height 100 pm 50 pm
Infill pattern Rectilinear Corgll)llete
Infill percentage 100 % 100 %
Speed 60 mm/s 6 sec/layer
Time 6 h 50 min 3 h 30 min
No. of outer
3 -
walls
Top/bottom layer 5 -
Extrusion 0.90 :
multiplier
Nozzle travel
speed (XY) 120 mm/s
Bottom layer
- 10
count
Bottom . layer ) 60's
exposure time
Other layer
. - 6s
exposure time
Lift up speed - 65 mm/min
Lift up distance - S mm
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3.2. Layer Thickness
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Figure 2: Optical image and statistical distribution
of layer height, stylus profilometry measurement of
FDM and DLP printed pyramid. Optical image of
layer profile of (a) FDM, (b) DLP printed samples,
and inset showing their thickness distribution
respectively; Stylus profilometry analysis of (c)
FDM and (d) DLP printed samples.

For a detailed analysis of the layer thickness of
the FDM and DLP printed models, the surface
of the 3D-printed pyramid is analyzed for their
layer width and uniformity. Figure 2 shows the
optical images of the face of the pyramid
showing layers, along with profile analysis.
Figure 2a shows the optical image of the printed
layers by FDM along with the distribution
analysis as shown by the histogram in the inset.
From the histogram analysis, the layer width is
estimated to be ~ 104 pm with a standard
deviation of 5 %. Similarly, Figure 2b shows the
optical image of the printed layers on the face
of the pyramid printed by the DLP technique
and the histogram analysis. From the above
analysis, the layer width is found to be ~ 54 pm
with a standard deviation of 4 %.

Figure 2c and 2d shows the stylus profiling of
the surface shown in Figures 2a and 2b. The
average width of the layers of the FDM printed
pyramid measured is ~ 130 pm and that of the
resin printed pyramid is ~ 85 pm. From the
above profiles, the layer width and distribution
are more compared to that of optical image and
histogram analysis. This increase in width is
attributed to the tip convolution effect of the
stylus profiler. Also, the layer height from the
stylus profiler, which corresponds to roughness
is the same for both the FDM and DLP printed
models. Even though the DLP printed models
have lower layer thickness and less distribution,
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due to the tip with a large area of cross-section,
the tip convolution during stylus profilometry
won't be able to resolve the roughness
variations. Also, it can be observed that the
layer width is uniform, and the resolution is
better for DLP printing by 50%. This establishes
the superiority of the DLP technique over the
FDM technique for smoothness, resolution, and
surface finish [48]. The finer layer width and
high resolution achieved with DLP printing
make it ideal for industries requiring detailed
and precise surface finishes, such as medical
devices, and jewelry where intricate and
uniform designs are essential. In contrast, FDM
technique, despite its larger layer width, makes
it suitable for applications in architecture,
construction, automotive, and aerospace sectors
[7-9].

3.3. Edge Sharpness And Print Resolution

1000um
—

Figure 3: Edge sharpness measurement and print
resolution of FDM and DLP printed pyramids:
Optical image of imprint of the edges of the pyramid
taken using molding clay (a) for FDM printing, (b)
for DLP printing. Text resolution of the NPL logo (c¢)
by FDM, and (d) by DLP.

Figures 3a and 3b show the sharpness of the
edges of the pyramid. As FDM is a mechanical
movement-based extrusion printing, during
slicing, the tessellation is done such that there is
a coordination between extrusion speed and the
movement of the nozzle. This coordination
makes the tip move slowly at the edges and the
contours have a more circular finish/edges [11].
Figure 3a shows the optical image of the edge
imprint taken using the clay molding technique.
From the optical image, the convergence of two
faces has a wide rounding with a diameter of
620 pm.
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Figure 3b shows the optical image of the face
edge imprint taken for the DLP-printed
pyramid. In comparison to edge sharpness for
FDM, the convergence of two faces of the DLP
printed pyramid has a sharp edge with a
sharpness cross-section of 253 pm as shown in
Figure 3b. As DLP printing is a flash printing
technique where the whole layer of the model is
printed in a flash by curing the resin using UV
light, the edges are defined thoroughly, and the
resolution and the sharpness of the edges are
high. From the above comparison, it is observed
that the FDM-printed pyramid is more rounded
at the edges of the faces compared to the DLP-
printed pyramid and is 150% more rounded at
the edges.

Figures 3¢ and 3d show the resolution of the
small text achieved under FDM and DLP
printing. In similar lines about the behavior of
3.4. Build Orientation and Its Effect On
Mechanical Properties

the nozzle movement compared to flash printing
of the DLP technique, the text is well defined in
DLP printing compared to FDM printing [49],
[50]. Allow single wall extrusion to a certain
extent improves the resolution of the text
printed by FDM. Also, the resolution in LCD-
based DLP printing, decided by the pixel
density, is proven to be better compared to the
extrusion-based FDM printing. From Figure 3d
(iii) compared to 3c (iii), the text with a smaller
font ‘INDIA” is better resolved in the DLP
model. Also, the edge sharpness of the letter 'N”
can also be distinguished clearly in DLP
printing compared to FDM as observed in
Figure 3¢ (i) and 3d (i). The superior sharpness
possible with DLP finds applications in
designing fine features in biomedical fields like
microfluidic channels, and artificial organs.
Whereas FDM is useful for rapid prototyping of
large consumer products [6, 49, 51].

(‘d) ASTM D638 test samples
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Figure 4: The image of ASTM D638 tensile test samples, Modulus of elasticity (MOE), Ultimate tensile strength
(UTS), and stress-strain analysis of the FDM and DLP printed specimens. (a) Image of ASTM D638 sample after
testing, (b) MOE, (c) UTS of samples printed in different orientations on the build plate, and (d) The stress vs
strain analysis of vertically printed FDM and DLP test sample.
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Figure 4 shows the comparison of the
mechanical properties of both the FDM and
DLP printed tensile test samples and the effect
of build orientation on these properties. Figure
4a shows the optical image of tensile test
samples printed by both the FDM and DLP
techniques with three axes of build orientation
namely XZY, ZXY, and XYZ respectively
where the long axis is represented by the first
letter of the notation followed by preceding long
axes as per the nomenclature followed by
ASTM 52921:2021 standard [52]. From the
image, it can be observed that all the samples
are tested for their tensile strength and are
subjected to breaking and the breaking of all the
samples has happened across the waist. Figures
4b and 4¢ show the modulus of elasticity (MOE)
and ultimate tensile strength (UTS) of FDM and
DLP printed test samples. Figure 4b shows the
plot of MOE with respect to build orientation
for both FDM and DLP test samples. The
schematic of the test samples represents their
build orientation during printing. The zoomed
inset from the waist of the schematic depicts the
orientation of printed layers with respect to the
build platform. From the inset, it can be
observed that for FDM, the XZY sample has
layer-by-layer deposition in the ZY plane along
the width (w) with the infill along the length.
For the XYZ test sample, the layer-by-layer
deposition is along the thickness (t) of the
sample with infill along the length.
Equivalently, the XZY sample has more
filaments stranded and aligned along the length
compared to that of XYZ. This makes the test
sample with XZY orientation having MOE and
UTS large compared to the XYZ FDM test
sample. Whereas the ZXY test sample of FDM
has low MOE and UTS compared to the other
two orientations due to layer-by-layer
deposition along the length in the z-direction
having low interlayer bond strength compared
to XZY and XYZ-oriented test samples. For
DLP printed test samples, the MOE is low
compared to FDM test samples and is equal for
all build orientations. Figure 4c shows the UTS
plot with respect to the build orientation for both
FDM and DLP test samples. In summary, it can
be observed that MOE and UTS for the FDM
test samples are maximum for XZY orientation,
followed by XYZ orientation, and least for ZXY
orientation [53]. Whereas the MOE and UTS for
the DLP printed samples are almost equal for all
build orientations [54]. The MOE and UTS of
XZY and XYZ FDM test samples are ~ 1.7 GPa,
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62 MPa respectively, whereas the ZXY test
sample has MOE and UTS ~ 1.5 GPa, 40 MPa
respectively [55]. The UTS of the ZXY FDM
test sample is similar compared to that of the
UTS of DLP test samples ~ 40 MPa. Also, the
MOE and UTS of DLP test samples are similar
irrespective of build orientation, hence the
tensile properties are isotropic for DLP test
samples. The anisotropy in tensile properties for
FDM printing is attributed to the dependence on
build orientation and can be measured
quantitatively by the degree of anisotropy
(DOA) represented by D.. DOA is given by the
percentage of the difference between the
maximum and minimum UTS and, is calculated
following the equation: D, = [(UTSxzy- UTSzxy)
/ UTSxzy] % 100% [22]. The DOA for the FDM
printed model is calculated to be 0.35 and for
the DLP printed model is 0.0035. The near-zero
value for DOA of DLP test samples establishes
that DLP-printed 3D models have low MOE
and UTS with isotropic behavior irrespective of
build orientation as compared to FDM-printed
models. As layer-by-layer deposition is normal
to the print direction for ZXY samples of both
the FDM and DLP test samples, this build
orientation is suitable for comparison of
interlayer bonding by both techniques. Figure
4d shows the stress-strain curves of tensile test
samples printed with ZXY orientation. From
Figure 4d, both the samples show equal tensile
strength at the maximum load which suggests
that the interlayer bonding is equal for both the
FDM and DLP printed test samples. It can also
be observed from the stress-strain curves that
DLP printed test samples have a breaking point
without any yield whereas FDM printed test
samples undergo yielding beyond the strain of
0.02 and have yield over an elongation of 4 %
before breaking. In the case of the FDM printed
sample, for the layer-by-layer deposition of
fused thermoplastic, the interface between the
layers is decided by both the layer thickness and
raster width. Whereas for DLP printing, the
curing of photopolymer takes place both in-
plane and along normal. As the polymer
entanglement is more in the DLP sample and
isotropic [56], [57], it shows plastic behavior
from the beginning with more strain and
undergoes failure abruptly at maximum tensile
stress. Hence the DLP printed test sample is
more brittle than the FDM sample. The ultimate
tensile strength calculated from the stress-strain
curves for both the FDM and DLP test samples
is ~ 40 MPa. The high anisotropy of FDM-
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printed parts, along with a higher modulus of
elasticity, makes FDM suitable for applications
that require strength along specific orientations,
such as load-bearing parts, test jig in
automobile, and aerospace industry. Whereas
DLP-printed parts, being isotropic, offer
uniform mechanical properties in all directions,

3.5. Staircase Effect and Surface Finish

FDM (Single Filament)

making them ideal for applications requiring
consistent strength and flexibility across
different orientations, such spare parts for
automobile industry, and consumer electronics
[8, 58-59].

FDM (Dual Filament)

(c)

DLP (Clear resin)

D

Geometry

Staircase
structure

Individual layers

Figure 5: Image of 3D printed CSIR-NPL Pyramid printed using single filament, dual filament FDM, and DLP
3D printer and the staircase effect analysis. Pyramid printed via (a) single filament FDM, (b) dual filament FDM
printing, (c) DLP printing technique, and (d) schematic of staircase effect present in 3D printed models with inset

showing one such staircase.

Figure 5 shows the image of 3D-printed
pyramids with FDM and DLP techniques and
the staircase effect. Figures 5a and 5b show the
3D printed pyramid by single filament and dual
filament extrusion FDM respectively. Figure S5a
shows the pyramid printed with PLA filament
(white) and the logos colored with different
colors. In single filament printing the printing
process is simplified with a single STL file and
the distinction between individual STL files
will not be there. Figure 5b shows the pyramid
printed with dual filaments of PLA (white and

green). It shows the capability of multi-material
printing with FDM, which is not possible with
DLP resin printing. Also, the complexity of
process parameters during slicing increases as
the G-code is modified to control the movement
of the dual head during printing. Figure 5Sc
shows the pyramid printed by the DLP 3D
printing technique using PUAR clear resin.
Figure 5d shows the schematic of the staircase
effect present in a 3D-printed pyramid along
with the inset showing one such staircase. The
actual pyramid from the STL file to be printed
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is shown in the background with red color and
the stacked layered pyramid shows the
achievable model by 3D printing technique. The
staircase effect comes into account when the
surface of the build model is either oblique or
circular with an angle, 0 < 8 < 90 where 6 is the

angle between 7 and d. 7is normal to

oblique/curved surface and dis the vector
normal to the build plate.

Based on layer thickness and tessellation
density, the volume error can be calculated. For
the present 3D pyramid, the triangular surface
has no curvature, and the tessellation is done
such that the volume error is simply dependent
on layer thickness. From the dimensions of the
pyramid and layer thickness used for both FDM
and DLP techniques, the offset of the layer for
each step resulting in the staircase effect is

3.6. Functionality Of Models Printed by
FDM And DLP Technique

calculated to be 50 pm and 25 pm respectively.
Based on this, the volume error between two
layers is calculated. The estimated volume error
following the process parameters for both FDM
and DLP printed pyramids are 2.9 and 0.14 %
respectively. Comparatively, the volume error
for the DLP printed pyramid is low by 40 % of
that of the FDM printed pyramid. This shows
the higher surface finish and better print quality
of the DLP-printed pyramid. DLP's low void
volume and superior surface finish make it
particularly suitable for applications in dental
models, intricate jewelry, and biomedical
application. Whereas, FDM having a higher
void volume and visible staircase effect, is more
appropriate for applications in architectural
models, and industrial tools where the focus is
on functionality and strength over aesthetic
precision [54, 60].
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Figure 6: Stamps printed by DLP and FDM techniques along with co-axial ring electrode and their analysis.

Stamps of different sizes (S, M, L) printed by DLP, Figures 6(a) — 6(c) and Figures 6(g) — 6(i) by FDM technique.
Ring electrode imprints of DLP stamps, Figure 6(d) - 6(f) and FDM stamps, Figures 6(j) — 6(1). Figures 6(m), and
6(n) show the comparison of the active area, electrode area, and outer-to-inner electrode ratio of FDM and DLP

printed stamps.

To understand the effectiveness of the present
study, co-centric circular stamps of different
sizes are printed using both techniques for the

deposition of ring electrodes [61-62]. These
ring electrodes find applications in sensors,
LEDs, and memory devices [63-64]. Such co-
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centric circular patterns can also be used in
printing Fresnel lenses for optical devices and
metamaterial applications [65]. Particularly for
optical sensors, the behavior of the device is
determined by the active area available for
exposure to the incident light. The active area
for ring electrodes is defined as the area
available between two co-centric electrodes for
external stimulation. Minimum, the active area,
lesser the noise, higher the charge collection
efficiency, and greater the responsivity. The
size of the ring electrode decides the
compactness and device density.

Figure 6 shows the co-centric circular stamp
models printed using both FDM and DLP
techniques and their imprint for ring electrodes.
Figures 6a to 6c show stamps with three
different sizes printed using the DLP technique
denoted by S-DLP, M-DLP, and L-DLP,
respectively. Similarly, Figures 6g to 6i show
different-sized stamps denoted by S-FDM, M-
FDM, and L-FDM, respectively, printed using
the FDM technique. Both the S-DLP and S-
FDM stamps are printed such that the printing
conditions are optimized for the highest
resolution possible with these printers. For DLP
printed stamp, the highest resolution is achieved
by optimizing the diameter of the inner circle
through exposure time and lateral width
determined by no: of excited pixels. Similarly,
for FDM the highest resolution for the inner
electrode is achieved by optimizing the
minimum no: of strands required for printing. In
the case of S-DLP and S-FDM, the optimized
diameters achieved are 0.3 and 0.8 mm
respectively. For determining the electrode
size, the outer electrode diameter is considered,
and the diameter of 1 and 3 mm is observed for
S-DLP and S-FDM stamps respectively.

Figures 6d to 6f represent the ring electrode
imprints produced by stamping all three DLP
printed models from small to large, respectively
using a blue dye. Similarly, figures 6j to 6l
represent the ring electrode imprints produced
by stamping FDM printed models. Active area,
the size of the electrodes, and the ratio of the
outer to inner electrode area are compared for
both techniques to understand the functionality
of the printed electrodes in terms of print
resolution, uniformity, and roundness.

Figure 6m, shows the bar diagram analysis of
both the active area and the outer electrode area

381

of the imprints produced by stamps using both
techniques. In the bar diagram, the grouping of
both FDM and DLP for the active area and
electrode size is shown along the x-axis. The y-
axis represents three different-sized stamps for
imprints and the z-axis represents the values of
these parameters. From the analysis, it is found
that the active area of the FDM imprints is 17
times larger compared to DLP-printed
electrodes for all stamp sizes. Similarly, the size
of the FDM-printed ring electrode is ~ 6 times
that of the small stamp and 3.5 times that of the
medium and large stamps printed by the DLP
technique. Hence the device density of the
DLP-printed ring electrodes can be 3 to 6 times
larger compared to FDM-printed ring
electrodes. This study emphasizes the
importance of comparing both techniques to
understand the functionality of printed models.

Figure 6n compares the ratio of outer to inner
electrodes of different stamps for both DLP and
FDM techniques. From the analysis, it can be
observed that the ratio for all the stamps for both
techniques is the same, except for M-DLP and
M-FDM where M-FDM is greater by 1.5 times.
As the active area is proportional to stamp size,
suggests that the outer electrode area is larger
compared to other stamps.
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Figure 7: Functionality study of Lattice structure
printed by FDM and DLP techniques. Lattice
structure printed by (a) FDM and (b) DLP technique
with inset showing the pore size distribution, (c)
ZnO filled FDM lattice template with inset showing
the photodetector fabricated using FDM lattice
template, and (d) Carbonized DLP printed lattice
structure with inset showing the distribution of pore
size.

Another functionality of the present study can
be found in designing lattice structures which
can find applications as templates hosting
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nanomaterials, fillers for realizing sensors,
resonators, and filters [8, 66-67]. Also, chemical
and thermal modification of such lattice
structures can be used for applications as
electrodes for batteries, fuel cells, and catalytic
converters [68].

Figure 7 shows the lattice structures printed by
both FDM and DLP 3D printing techniques
with optimized pore size for high resolution
along with their functionality. Figure 7a shows
the lattice structure printed by FDM using PLA
thermoplastic with an inset showing a
histogram analysis of pore distribution. The
mean pore size calculated from the analysis is ~
650 um. Similarly, the lattice structure printed
by DLP using PUAR resin with histogram
analysis of the pore distribution is shown in
Figure 7b, and from the analysis the pore size is
~ 220 pm. Dimension and layer number of
different sizes of ring electrode and lattice
structure for both the techniques are given in the
Table 4.

Table 4: Details of stamps and lattice structure
printed by DLP and FDM techniques.

Ring Electrode
Parameters FDM DLP
Conﬁgurat s | M L S M L
ion

Inner’rmg sl < o o _ o

radius w| o t Q A )
— — on —

(pm)

Outerring | o | “ - o “
radius 2| X | v | ] 49| &
(pm) A R A AR N
Total

numberof | S| & | T | & | & | &
layer
Layer -
height = @
(um)

Lattice structure
Pore Size 650 pm 220 pm
Number 20 40
of layer

Figure 7c¢ shows the lattice structure used as a
template hosting ZnO nanoparticles. Such
templates filled with nanomaterials have
potential applications for fabricating out-of-
plane optical sensors, strain sensors, and
triboelectric generators. The inset shows the
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device configuration of the out-of-plane
photodetector.  Figure 7d  shows the
carbonization of the lattice structure as shown
in Figure 7b. Being a thermosetting polymer,
the carbonization at 1200 °C results in a
conductive lattice structure having potential
application as an electrode for batteries and fuel
cells. The inset of Figure 7d shows the
histogram analysis of the pore size after
carbonization, indicating the pore size is ~ 160
um and a shrinkage in lattice size by ~ 27 %.
The distinguishing aspects of the comparative
study are the quantification of void volume due
to the staircase effect and comparing both
techniques for specific applications like stamps
for electrode printing. Also, the edge sharpness
is another distinct aspect that plays a major role
in designing mechanical parts for tool matching
and  compatibility = with  the  hosting
system. Further the comparative study can be
optimized for selective adoption of the
technique and models for specific application
which pertains to minimizing staircase effect,
optimizing tessellation, better slicing and also
instrument parameters like LED affluence,
pixel density and material properties like
minimizing warping and photoinitiator for high
resolution.

4. CONCLUSION

A simple artifact based on a pyramid is used for
comparative analysis of FDM and DLP printing
techniques. The dependence on process
parameters during slicing is studied for surface
finish and print resolution.

e Dimensional Accuracy: The FDM-printed
pyramid exhibited an average layer thickness of
~104 pum, whereas the DLP-printed pyramid
had a much finer layer thickness of ~54 um.

o Staircase Effect: The void volume due to the
staircase effect was calculated to be ~2.9% for
FDM and only ~0.14% for DLP, indicating
better surface finish and dimensional accuracy
in DLP-printed samples.

e Edge Sharpness and Print Resolution:
DLP-printed samples exhibited superior edge
sharpness and print resolution compared to their
FDM counterparts. This resulted in more
precise and cleaner geometries, particularly
noticeable in fine-feature details.

e Mechanical Properties: Mechanical testing
showed that the MOE for FDM-printed samples
was 1.7 GPa, with UTS of 62 MPa, exhibiting
anisotropic behavior. In contrast, DLP-printed



Bisht et. al., /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 8:3 (2024) 370-386

samples demonstrated isotropic properties with
an MOE of ~950 MPa and UTS of ~39 MPa.

e Degree of Anisotropy (DOA): The FDM-
printed samples showed a DOA of 0.35,
indicating significant orientation-dependent
mechanical properties. DLP samples, however,
exhibited more consistent isotropic behavior
across the structure.

¢ Electrode Dimensions: Systematic analysis
of co-centric ring electrodes printed using FDM
and DLP revealed that the active area of FDM
imprints was 17 times larger compared to DLP-
printed electrodes, indicating substantial
differences in resolution and feature size across
all stamp sizes.

e Lattice Structure Analysis: FDM-printed
lattice structures showed a mean pore size of
~650 pm, while the DLP-printed lattice
structures using PUAR resin had a significantly
smaller pore size of ~220 um. This highlights
the variability in structural characteristics and
print quality depending on the chosen printing
technique.
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0z

Bu c¢alismada, CeO,-Y,0s stabilize ZrO, (CYSZ) seramik kaplamalar, Al,O3; ve TiO, eklenmis olarak,
plazma piiskiirtme yontemi ile bag katmanli AISI304 paslanmak celik altliklar iizerine biriktirilmistir.
ALOs; ve TiO; ilavesinin CYSZ kaplamanin aginma davranigina etkisi arastirilmigtir. Asinma testi
oncesinde kaplamalarin ortalama yiizey piiriizliiliigliniin 0.2 pm'den az olmasini saglamak amaciyla
zimparalama ve parlatma islemleri yapilmistir. ASTM G99-04'e gre aginma testi, pin-on-disk cihazinda
30 mm s hizinda gergeklestirilmistir. Test, minimum 8000 dongii ile kuru bir durumda yapilmustir.
Asmma testinde 4N ve 8N degisken yiikler ve 6 mm ¢apli AL,Os bilyalar kullanilmistir. Kaplamalarin
yiizey Ozellikleri ve aginma 6zellikleri, kaplama ve asinma testleri yapildiktan sonra taramali elektron
mikroskobu (SEM) ve enerji dagilimli X-151m1 spektroskopisi (EDS) kullanilarak analiz edilmistir.
Numunelerin aginma orani mekanik profilometri kullanilarak degerlendirildi. Malzemelerin mikro
sertligini degerlendirmek i¢in mikro Vickers test ekipmani kullanilmigtir. CYSZ igerisine ilave edilen
bilesikler sertlik degerinin artmasina neden olmustur. Al,O; 'lin seryum-itriya stabilize zirkonyaya
(CYSZ) dahil edilmesinin asinma direncinde bir artisa yol agtigini, ancak TiO;'nin dahil edilmesinin
aginma direncinde dikkate deger degisime neden olmadig1 bulunmustur.

Anahtar Kelimeler: CYSZ, Kompozit Kaplama, Asinma, Yiikiin Etkisi.

INVESTIGATION OF WEAR BEHAVIOR OF COMPOSITE CYSZ
COATING UNDER DIFFERENT LOADS

ABSTRACT

In this study, CeO,-Y,0s stabilized ZrO, (CYSZ) ceramic coatings, with Al,O3; and TiO, added, were
deposited on bond layer coated AISI304 stainless steel substrates by plasma spraying method. The effect
of Al,O3 and TiO» additions on the wear behavior of CYSZ coating was investigated. An investigation
was conducted to examine the impact of incorporating aluminum oxides (Al,Os3) and titanium dioxide
into YSZ coating on its wear characteristics. Prior to conducting the wear test, the coatings underwent
sanding and polishing procedures to verify that the average surface roughness was below 0.2 um. A pin-
on-disk device was subjected to wear testing in accordance with ASTM G99-04, with a rotational speed
of 30 mms-1. The testing was conducted under dry conditions, with a minimum of 8000 cycles. The
wear test utilised varied loads of 4N and 8N, with 6 mm diameter Al,Os balls. After conducting the
coating and wear tests, the surface properties and wear characteristics of the coatings were examined
using scanning electron microscopy and energy-dispersive X-ray spectroscopy. The wear rate of the
samples was assessed using mechanical profilometry. The microhardness of the materials was assessed
using Micro Vickers testing equipment. The compounds added into CYSZ caused an increase in the
hardness value. The results demonstrated that the addition of Al,O; to cerium-yttria stabilized zirconia
(CYSZ) resulted in enhanced wear resistance, while the addition of TiO2 significantly reduced wear
resistance.

Keywords: CYSZ, Composite Coating, Wear, Applying Load.
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1. GIRIS
Asmnma  makine pargalarmin  kullanim
Omirlerini  kisitlayan en Onemli hasar

mekanizmalarindan birisidir. Aginma hasarlart
ylizey miihendisligi teknolojileri kullanilarak
azaltilabilir. Bu teknolojilerden en 6ne ¢ikan ise
pargalar1 aginmaya dayanikli malzemeler ile
kaplamaktir. Fiziksel ve kimyasal buhar
biriktirme, lazer kaplama [1-2], 1s1] piiskiirtme
[3] ve elektrokimyasal kaplama [4] islemleri ile
asinmaya dayanikli kaplamalar {iretilebilir.
WC-Co, AlLO; gibi asmmaya, korozyona
dayanikli metal-seramik kaplamalar termal
puskiirtme teknolojileri ile basarili sekilde
iretilmektedir[5], [6]. Bu  kaplamalar
endiistride yaygm olarak kullanilmaktadir.
Termal piiskiirtme ile firetilen kaplamalar
siklikla gaz tlirbin motorlarma uygulanir [7],
[8]. Gaz tiirbin motorlar1 hava [9] ve deniz [10],
[11]tasitlarinda, enerji santrallerinde [12],
yaygin olarak kullanilmaktadir. Atmosferden
emilen hava yanma odasinda yakit ile karigir.
Motordaki panellere bagli olan saft yiiksek
hizlarda dondiiriilerek aracin hareketi igin
gerekli olan itki kuvveti elde edilir. Yanma
odasinda sicaklik 1200 °C’lere  kadar
yiikselir[13]. Motorun bu boliimiindeki pargalar
genelde Ni esash siiper alagimlardan dretilir.
Fakat Ni esasli siiper alagimlar tek basina
kullanilmaz. Ni esasli siiper alagimlardan
tretilmis  pargalarin ~ siiriinme  dayanimini
arttirmak ve korozyondan korumak i¢in termal
bariyer kaplama (TBK) adi verilen seramikler
ile kaplanir. TBK sistemi bag katman, seramik
ist katman ve termal olarak biiyliyen oksit
tabakast (TGO) olmak {izere {i¢ farkli
katmandan olusur. TGO bag katman ile seramik
tist katman arasinda servis sartlarinda olusan bir
tabakadir. Bag katmanda aliiminyumun oksijen
ile reaksiyonu sonucu olusur. Kritik kalinliga
kadar (<10um)[14] oksijen bariyeri gorevi
goriir. Fakat kritik kalinlig1 gegtikten sonra bag
katman-seramik {ist katman arasinda termal
genlesme uyumsuzlugu nedeniyle gerilmeler
meydana gelir [15]. Boylece seramik iist
katman bag katmandan ayrilir. Bag katman
genellikle Ni  veya Co esashh metalik
malzemelerden {iretilir. Temel gorevi althigi
oksidasyondan korumak, termal genlesme
uyumsuzluklarini tolere etmektir. Seramik {ist
katman ise yiliksek sicaklik faz kararliligi,
yiiksek sinterlenme direnci, diisiikk termal
iletkenlik, iyi kirilma toklugu gibi ozellikler
gosteren seramiklerden {iretilir. En yaygin
termal bariyer kaplama malzemesi itriya ile
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stabilize edilmis zirkonyadir (YSZ)[16]. YSZ
Ni esasl siiper alasimlar ile uyumlu termal
genlesme katsayisi, diisiik termal iletkenlik gibi
termo-fiziksel 6zellikleri ile en uygun malzeme
olarak degerlendirilebilir [ 17]. Fakat 1200 °C ve
iizeri sicakliklarda YSZ de tetragonal-
monoklinik faz doniistimleri olur [18]. Bu faz
doniisiimleri sonucu bir hacim genlesmesi
meydana gelir. Kaplamalar erken hasara ugrar.
YSZ’ ye CeO; eklentisi bazi termo fiziksel
ozellikleri gelistirerek yiiksek sicaklik altinda
tetragonal-monoklinik ~ faz  doniistimlerini
durdurur [19-20]. Ilaveten, YSZ’ nin termal
genlesme katsayisini metalik altlik malzeme ile
daha uyumlu hale getirir. Boylece TBK’larin
servis omrii arttirilir[21]. Ayrica CeO; yaglayici
ozellige de sahiptir. YSZ ye CeO, katkist
TBK’larin asinma davranigina da olumlu etki
edebilir [22].

TBK’larin tek hasar mekanizmast faz
dontigiimleri  degildir.  Servis  sartlarinda
erozyon, asinma, sirtiinme kaynakli mekanik
hasarlar da alabilir [23]. Atmosferden motor
igerisine emilen hava ile birlikte ugusan
partikiillerde emilir. Bu partikiillerden bazilar1
yanma odasindaki TBK’lar {lizerinde camsi
eriyik olarak birikir. Korozyona sebep olur.
Bazi partikiiller ise TBK’lara yapismaz.
Kaplamaya g¢arparak kumlama etkisi gosterir.
Bu yabanci partikiiller zamanla kaplamay1
asindirir. Bu nedenle TBK’larin asinma
direnglerinin gelistirilmesi 6nemlidir. YSZ’ye
AlL,O3, TiO, gibi katkilarin  eklenmesi
sinterlenme  direnci, yiliksek sicaklik faz
kararliligi, camsi1 eriyik ve sicak korozyon
dayanimimi gelistirir. Plazma piiskiirtmeli YSZ
agirlikca (ag.) %10-20 [24] oraninda porozite
icerir. Poroziteler erozyon asinma igin oldugu
gibi cams: eriyik ve sicak korozyon dayanimi
icin dezavantajdir. ALOs, TiO, gibi katkilar
YSZ’nin porozite yiizdesini diisiiriir. Camsit
eriyik ve sicak korozyon tuzlarinin kaplama
iclerine dogru gecmesini engeller. Bdylece
plazma piiskiirtmeli YSZ’nin korozyon direnci
gelistirilmis olur. Benzer iyilestirme etkisi
plazma  piskiirtmeli CYSZ i¢in  de
gbzlemlenmistir [25].

Shin at al. [26] plazma piiskiirtme ile tiretilmis
Y SZ kaplamanin porozite miktarinin artmasi ile
erozyon davranigmin  zayifladigint  rapor
etmistir. Chen at al. [27] ise YSZ+ALO:;-
40TiO2 ve YSZ+ ag. %92 AL,Os -ag. 40% TiO»
kompozit kaplamalar1i plazma piiskiirtme ile
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liretmis ve aginma testleri sonucunda kompozit
kaplamalarin aginma dayanimlarmmin daha iyi
oldugunu bildirmiglerdir. Bu gelismeyi ise
porozite oraninin diismesi ve YSZ ile ALOs -
40% TiO; reaksiyonu sonucu olusan ara fazlara
baglamiglardir. Fakat YSZ’ye bu kadar yiiksek
oranlarda yapilan katkilar termal iletkenligi
arttirir ve termal sok-¢evrim Omriinii azaltir. Bu
nedenle bu katkilarin orant smirli olmalidir
[28]. Srikanth ve Bolleddu [29]grafen oksit
ilaveli aliimina-titanyum oksit kompozit
kaplamalarin mikro yap1 ve aginma dayanimi
ozelliklerini incelemiglerdir. Kompozit
kaplama igerisindeki grafen oksit ilavesi
arttikca daha disiik siirtiinme katsayist ve
asinma dayaniminin arttigin1  bildirmislerdir.
Mehar ve Sapate[30] Al,Os3 -3 TiO, kompozit
kaplamanin igerisine ag. %10, %20 ve %30
olmak {izere 3 farkli oranda YSZ ilave edip
asinma dayanimi iizerine etkilerini
incelemiglerdir. Yapilan ¢alismada, YSZ orani
artikca siirtlinme katsayisi diigmiistir. Tim
caligma kosullarinda Al,Oj; -3 TiO; kaplamaya
nazaran ag. %30 YSZ igeren kaplamada
agindirict aginma oraninda yaklagik iki kat
azalma oldugu bulunmustur. Franco ve
arkadaglar1 [31] YSZ termal bariyer kaplamanin
asinma dayanimini oda sicakligi, 500 °C ve 750
°C gibi degisen sicakliklarda test etmislerdir.
Yapilan ¢alismada, asinma mekanizmasi olarak
25 °C'de siinek deformasyon, 500 ve 750 °C'de
kirilgan deformasyon ve 1000 °C'de yine siinek
deformasyon olustugunu bulmuslardir.
Degerlendirilen  tiim  numunelerdeki  bu
davranig, termal gerilimlerle ve kristalografik
fazlart nedeniyle mekanik ozelliklerindeki
degisikliklerle dogrudan bagintili oldugu tespit
edilmistir. ZrO>—Y»0; kaplamalarda 750 °C'ye
kadar asinma testlerinden Once ve sonra
sertliklerinde O6nemli bir farklilik
gostermemistir. Ancak, 1000 °C'de yapilan
testler sirasinda tetragonal-ZrO, fazinin amorf
faz pahasina artmasi, kaplamalarin sertliginin
ve dolayistyla asmmma  performanslarmin
artmasi tegvik edilmistir. Bai ve arkadaslari [32]
YSZ kaplamanin SisNs ve AlOs3 asindiriciya
kars1 25 ile 800°C arasinda degisen
sicakliklardaki asinma davranisini
incelemislerdir. Test sicakligi arttikga asinmisg
yiizeydeki monoklinik-ZrO,nin tane boyutu ve
molar fraksiyonu tiim durumlarda azaldigi
goriilmiigtir. Ana asmnma oOzellikleri, tlim
sirtinmeli kayma testleri icin ylizeye yakin
kirilma ve pargalanmay1 iceriyordu. Iki tip tribo
cifti arasindaki asmmma mekanizmalarindaki
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fark, tribo kaynakli etkilesimlerden
kaynaklandigi bulunmustur. Al,O; asindirici
kayma ile karsilastirildiginda, mekanik olarak
karigtirllmig  katman igerisinde amorf bir
yapinin O6nemli Ol¢lide olugsmasina neden
olmustur. YSZ kaplamanin SizN4 asindirici
kargisinda daha iyi bir asmma direnci
sergiledigi gbzlemlenmistir.

Bu calismada alternatif bir seramik kaplama
malzemesi olan serya-itriya ile stabilize edilmis
zirkonya kaplamalar AlLO;-TiO, gibi ilave
edilen kompozit karisgimlar plazma piiskiirtme
ile iiretilmistir. Uretilen kaplamalarm farkli
yiikler altinda asinma davraniglari
arastirilmistir.

2. MALZEME VE YONTEM

2.1. Malzemeler

Caligsmada, altlik olarak lazer kesim yontemi ile
25.4 mm capinda kesilen AISI 304 Ostenitik
paslanmaz ¢elikler kullanilmistir. Baglama
katmaninin mekanik yapismasini gelistirmek
icin althik kuponlarinin yiizeyleri 200 grit
allimina ad1 verilen ince bir asindirici malzeme
ile kumlanmistir. Kumlama islemi 30 cm
mesafeden, 1 dk boyunca numunelerin tek
ylizeyine uygulanmustir, Zimparalama
isleminden sonra paslanmaz celigin ylizey
plriizliligli Veeco WYKO NT1100 mekanik
profilometre  kullanilarak  &lgiilmiis  olup,
kumlama isleminin ardindan piiriizsiizliikte
dikkate deger bir artis saglanmistir. Althik
malzemesi, yiizey piriizliligii acisindan
358.68 nm'lik bir Ra degeri sergilerken, kum
plskiirtme sonrasinda altllk malzemesinin
ortalama yiizey piiriizliiligii 2.7 pm civarinda
Olciilmiistiir. Bag tabakanin {iretiminde Sulzer
Metco AMDRY 997 (Ni 23Co 20Cr 8.5A1 4Ta
0.6Y) ticari tozu, seramik {ist katmanda ise
Sulzer Metco'nun ticari olarak sundugu CYSZ
(205 NS, ZrO, 24Ce0O; 2.5Y,03), yine Sulzer
Metco firmasindan 105 NS ticari ALO3 (2 ag.%
Si0,-98 ag.% AlL,Os) ve TiO; tozlar
kullanilmigtir.  Sekil 1 tozlarm  SEM
goriintiilerini gosterilmistir. Uretilen kompozit
kaplamalarin karigim oranlari Cizelge 1°de
verilmigtir. Bag katman iiretimi yiiksek hizli

oksi-yakit (HVOF) yontemi ile kaplama
isleminde Metco'nun DJ-2600 tabancasi
kullanilarak, Cizelge 2'de belirtilen

parametreler gdz oniinde tutularak yapilmistir.
Kaplama igleminde kullanilan tabanca, 3
eksenli CNC makinesinin merkezi ekseni
boyunca konumlandirilmistir. Altik malzemeler
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ise 16 adet numune tutucuya sahip bir doner
tablaya baglanmistir. Bdylece tabancanin
hareketi ve numunelerin  hizinin  hassas
kontrolii, gerekli kalinliklarda kaplamalarin
elde edilmesine olanak saglamaktadir.

Cizelge 1. Kompozit kaplamalarda kullanilan
tozlarm agirlik¢a karigim miktarlar
Numune Adi | Hammadde tozlar:

CYSZ AL Os Ti0;
CYSZ 100 - -
CA 83 17
CT 97 3
CTA 80 17 3

Sekil 1 Biriktirilen tozlan mikro yapisi a) Bag
katman, b) YSZ, ¢) CYSZ, d) Al,Os tozu

Yiksek hizli alev jeti hava-propan gazi
karigiminin oksijenle yanmasindan elde edildi.
HVOF yontemi ile 85 + 15 um'lik gerekli bag
tabakast kalinligin1 elde etmek igin metal

yiizeyde 12 pasoda biriktirilmistir. Seramik iist
katmanin kaplanmasinda kullanilan birincil ve
ikincil gazlar ve lretim parametreleri Cizelge
3'te verilmektedir. Kaplama oncesinde YSZ,
alimina ve titanyum dioksit kompozit tozlar
bir karistiricida (turbula) alkol igerisinde 4 saat
karigtirildi. Sonrasinda etiivde kurutulan tozlar,
Sulzer Metco 9 MB plazma tabancasi
kullanilarak bir plazma sprey katmani iizerinde
basarili bir sekilde kaplanmistir. Kaplama
isleminde kullanilan tabanca, 3 eksenli CNC
makinesinin ~ merkezi  ekseni  boyunca
konumlandirilmis olup, hareketli tabanca,
numunelerin doner tabla {izerine esit sekilde
kaplanmasint  kolaylastirmistir.  Sekil 2’te

kaplamalarin  iiretimini = gosteren  resim
verilmektedir.
e Gha CYSZ+TiO2
Al203
Bag katman Bag katman Bag katman Bag katman

.3 S
Sekil 2. Kaplamalarin iiretim adimlari

Cizelge 2. HVOF islem parametreleri

Malzemeler  Basing

Akis orant
(Bar) (SCFH)

Amdry 997  Oksijen

Propan Hava Oksijen

Islem parametreleri
Propan Hava Sprey Toz Sprey
mesafesi besleme  agisi

(mm) (g/s) (®)
10.3 6.2 7.2 24 40 50 250 50 90
Cizelge 3. APS kaplama parametreleri
Parametreler
Akim (A) Birincil Ikincil Tasty1ct Sprey Tabanca  Donme Voltaj
Gaz, Gaz, Gaz Mesafaesi Hiz1 Hizi(Hz) )
Ar(scth) Ha(scth) Ar(scth) (mm) (mm/s) rpm
500 90 15 13.5 75 200 40 60




Mikro yapisal Incelemeler

Uretilen kaplamalarin yiizeyi ve kesitleri
elektron mikroskobu ile incelenmistir. Bu
amacgla kaplamalara Oncelikle metalografik
taglama ve parlatma islemleri uygulanmistir.
Kesitlerin incelenmesi i¢in kaplamalar elmas
kesici ile kesilip sonra parlatma islemi
uygulandi. Numunelerin mikro yap1 testleri
farkli boyutlarda opsiyonel EDS Phenom XL
SEM cihazi ile gerceklestirilmigtir. Asinmig
parcalar SEM ile de incelenmistir. SEM
caligmalarinda asmmma tipinin 6zelliklerini
anlamak i¢in farkli dedektorler kullanilmigtir.
EDS analizleri aginma izleri igin haritalama
yontemi kullanilarak gergeklestirilmistir.

2.2. Asinma ve Sertlik

Yiizeyin durumu, kaplamalarin tribolojik
Ozelliklerine etki eden baslica faktordiir.
Numunelerin ~ kaplama  sonrast  ylizey
puriizliligi degerleri 1.5 ila 2.4 um arasinda
degistigi Olglilmiistiir. Asmma testi Oncesi
kaplamalarin  ortalama yiizey piiriizliilik
degerleri Ra 0.2’den kiiciik esit olmasi igin
zimparalama ve parlatma iglemleri uygulandi.
Yiizey piiriizliligl, 5 pm yarigap kullanilarak
ylizey tizerinde en az bes farkli yerden 6l¢iimler
alinarak hesaplanmistir. Daha sonra numune
ylizeyleri, yaglarin veya istenmeyen kalintilarin
giderilmesi i¢in aseton kullanilarak iyice
temizlenip  kurutulmustur. Asmmma  testi
kaplamalara, ASTM 99-04’e¢ gdére 6000 mm
alimina asindirict bilya ile 8000 ¢evrim
uygulanmistir. Asinma testi kuru bir ortamda 30
mm s hizinda galisan bir pin-on-disk cihazi
(Tribo Tester, Fransa) kullanilarak
gergeklestirilmistir. Sekil 3, mekanik
profilometreden alinan aginma izinin 2 boyutlu
profilini  gostermektedir. Asinan hacmin

Asmma Profili

————= 0,00

bulunabilmesi i¢in ilk olarak profilometreden
elde edilen asimnma grafigi OriginLab Pro
yazilimi yardimiyla tekrardan ¢izilerek egrinin
altinda kalan alan hesaplanmigtir. Sonrasinda
elde edilen alan asman gevre ile carpilarak
hacim degerine  ulasilmistir.  Asagidaki
Denklem (1) yardimiyla asinma miktar
bulunmustur.

, , mm3
Hacimsel asinma miktart =

Hacim (mm?3) (1)

Asinan yol (m) x uygulanan yik (N)

APS  teknolojisinde iiretilen kaplamalar,
plskiirtme hiz1 arttik¢a giderek daha sert hale
gelmektedir. Kaplamadaki oksitlerin varligt
¢ogu zaman sertligini arttirirken yapigma
mukavemetini azaltmaktadir. Kaplama
katmanlarinin sertligi gdzeneklilik, katmanin
heterojen yapisi, uygulanan gerilim degerleri
gibi faktorlere bagl olarak dalgalanmaktadir.
Sertlik dlgtimleri, Bulut Makina'nin Tiirkiye'de
grettigi HVS1000 mikro Vickers cihazi
kullanilarak kaplamalarin yiizeyinden elde
edilmistir. 300 gramlik bir kiitle i¢in yiikleme
stiresi 15 saniye olarak belirlenmistir. Sonug,
numunenin yiizeyinde 12 farkli noktada rastgele
test edilen 10 sertlik degerinin aritmetik
ortalamasinin hesaplanmasiyla elde edilmistir.
Bu hesaplamada en yiiksek ve en kiiglik 6lgiim
degerleri  dikkate alinmamstir.  Olgiim,
kenarlarda gerilim olusmasina ve kayan ug
numuneyle temas ettiginde uygulanan yiikiin
esit olmayan bir sekilde dagilmasma yol
acabilecek hatalar1 6nlemek icin kenarlardan
asgari 3 mm uzak bir mesafede
gerceklestirilmistir.
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-0,08
-0,10
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-0,124
-0,14

Area=-0,14858
FWHM=1,26199
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——CA4N|

Sekil 3. Profilometre grafikleri



3. DENEYSEL BULGULAR

3.1. Mikro yap1 incelemeleri

Sekil 4’de kaplama sonrasinda g¢ekilen SEM
mikro yapi resimleri gosterilmektedir. Resimler
incelendiginde APS yoOnteminin karakteristik
Ozellikleri olan yar1 ergimis veya ergimemis
pargaciklar, bosluklar ve catlaklar
goriilmektedir. Sekil 4a’da ozellikle c¢amur
catlaklar1 c¢ok fazla olustugu goriilmektedir.
Aliimina ilave edilen sekil 4b numunesinde
siyah bolge sert ve yogun olan Al,Oj5’tiir. Sekil
4c ag. %3 TiO; ilave edilmis CYSZ nin ylizey
resmine ait olup bosluklu bir mikro yap1
goriilmektedir. Sekil 4 d’de tiim tozlarin
karigtm1 olan CTA kompozit numunesinin
ylizey SEM resmi verilmistir.

Sekil. 4 Yiizey elektron mikroskobu goriintiileri;
a)CYSZ, b) CA, ¢)CT, d)CTA, a’)CYSZ yiizey
ptrtizliilik mikro resmi, b”)CA yiizey piiriizliiliik
mikro resmi, ¢’)CT ylizey piiriizliiliik mikro resmi,
d’) CTA yiizey piiriizliiliik mikro resmi

Genel olarak kaplamalarin yiizey SEM resimler
benzerlik gostermektedir. Sekil 4a’-d’ ise ayn
kaplamalarin  ortalama yiizey piiriizliligi
degerleri ve ylizey piriizligli resimleri
verilmektedir. CYSZ’nin ylizey piriizlilik
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degeri 3.5 pum iken kompozit kaplamalarin
ylizey plriizliliikleri artmistir. Al,Os ilavesi ile
CYSZ’nin yiizey piriizliligi %35 artarken
TiO; ve AlL,Os - TiO; ilavesi ise yaklasik %60
oraninda artiga neden olmustur.

Sekil 5’de APS yontemi ile iretilen
kaplamalarm  ylizeylerinden alman EDS
haritalama  sonuglar1  verilmistir.  EDS

haritalama sonuglarinda CYSZ igerisine ilave
edilen tozlarin dagilimlan ve varliklar1 kontrol
edildi. Sekil 5a’da CTA kompozit numunesine
ait resimler yakindan incelendiginde; turuncu
ile gosterilen bolgelerin aliimina, mor bdlgenin
ise TiO, oldugu anlasilmaktadir. Sekilde
Aliimina tozunun yaklasik 30 um genisliginde
oldugu goriilmektedir. Kaplamay: olusturan
diger elementlerin yapidaki agirlikca ylizde
yogunluklari; oksijen 33.56, zirkonyum 32.4,
seryum 16.6, aliiminyum 15.09 ve itriyum 2.31
civarinda oldugu bulunmustur. Incelenen
bolgede oksijen ile en fazla bag yapan
elementin %52.8 oranla aliiminyum oldugu
anlagilmaktadir. Sekil 5b’de CYSZ igeresine
%17 oraninda aliimina ilave edilen kompozit
kaplamanin ylizey EDS sonuglar1
goriilmektedir. Benzer sekilde oksijen ile en
yiiksek oranda bag yapan elementin aliiminyum
(%40.4) oldugu anlagilmaktadir. Sekil 5c’de
CYSZ igerisine ag. %3 TiO, ilave edilmis
kompozit kaplamanim EDS haritalama sonuglar
incelendiginde; TiO>’nin dagilimi daha net
ortaya c¢ikmaktadir. Genel olarak kompozit
kaplamalarda tiim elementlerin varliklar
ispatlanmis  olup dagilimlarinin  homojen
oldugu bulunmusgtur.

Sekil 6’te iiretilen kaplamalarin kesit SEM
resimleri  verilmigtir. Sekil 6a’da CYSZ
kaplamanimn kesit resminde seramik iist
katmanin yaklagik 200 pm bag katmanin ise 70
um civarinda oldugu goriilmektedir. Ayrica
CYSZ kaplamanin detay resminde yatay ve
dikey c¢atlaklar ve bosluklar gorilmektedir.
Sekil 6b’de aliimina ilave edilmis kaplamanin
kesit SEM resminde siyah boélgeler aliimina
oldugu anlasilmaktadir. Aliiminanin CYSZ ile
homojen sekilde dagilim gosterdigi
sOylenebilir. Detay SEM resminde kaplamanin
yatay sekilde uzandig1 goriilmektedir. Sekilden
kompozit kaplamanin kalinliginin yaklagik 188
pum  bag katmanin kalinhigmnm ise 78 pm
oldugu olciilmiistiir. Sekil 6c’de az miktarda
(ag. %3) CYSZ igerisine ilave edilen TiO>’nin
kiigiik  gri  bolgeler  olusturdugu  ve
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topaklanmadan dagilim gosterdigi
goriilmektedir. Seramik iist kaplamanin tabaka
kalinligr 187 pm iken bag katmanin kalinlig
yaklagik 70 pm olarak 6l¢tilmiistiir. Sekil 6d’de
kaplamay1 olusturan tabakalar detayl sekilde
verilmistir. Sekilde bag katman kalinligi 70 um,
kompozit seramik katman kalinlig1 ise 220 um
olarak bulunmustur. Sekil 6d incelendiginde
ALLO; ve TiOz’nin CYSZ icerinde dagilarak

b)CA kaplama, c) CT kaplama, d)CTA kaplama

basarili bir sekilde biriktigi sOylenebilir. Tim
kesit SEM resimlerinde bag katman iizerinde
termal olarak biiyliyen herhangi bir oksit
tabakasi goriilmemistir. Onceki

calismamamizda [33] elde ettigimiz APS
kaplamalarin SEM resimlerine benzer sekilde,
bu calismamizda da lamelar mikro yap1 ve
poroziteler iceren, yar1 ergimis yapilar elde
edilmistir.
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Sekil 5. EDS haritalama sonuglart; a)CTA kaplama b) CA kaplama, c) CT kaplama

Sekil 7°da kaplamalarm sertlik degerleri
verilmektedir. CYSZ kaplamanin sertlik degeri
535+11 HV iken aliimina ve TiO; ilavesi sertlik
degerinde yaklasik %33’likk bir artisa neden
olmustur. Yapilan c¢alismada [34], APS ile
kaplanan aliiminanin tek basmna sertlik degeri
1491 HV bulunmustur. Aliiminanin sert ve
yogun yapisindan dolay1 CYSZ igerisine ilavesi
sertlik degerini artirmasi  beklenen  bir
durumdur. CTA numunesinin sertlik degeri ise
987+11.5 HV olarak ol¢iilmiistiir.
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Sekil 7. Kaplamalarin Vickers sertlik sonuglari
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Sekil 8 a’da 4 N ve 8N yiikk uygulanan
numunelerin profilometreden almman aginma
oranlar1 sonuglar1 verilmektedir. Her iki yiik
icinde en az asinan numune CYSZ olmustur.
CYSZ 4 N yiik altinda yaklasik 0.16 mm’
Nm10~ agmirken yiik 8N oldugunda 0.31 mm®
Nml10>’lik bir asmnma sonucu vermistir.
CYSZ’nin sertlik degerinin diisiik olmasina
ragmen asinma miktarinin da diisiik olmasi
CeO, yaglayici etkisi ile agiklanabilir. CeO,
yapist geregi yaglayici etkiye sahip olmasi
asinma sirasinda ylizeyin kaygan davranmasina
neden olmustur. Nitekim, Sekil 8b’deki
sirtinme katsayis1 sonuglari bu durumu
desteklemektedir. Tiim numuneler i¢in ayn1 yiik
altinda siirtiinme katsayisi ile aginma katsayisi
arasinda ters bir iliski bulunmaktadir. Aym
numune i¢in 4N yiik altinda siirtiinme katsayisi
yiiksek 8N altindaki numunelerin siirtiinme
katsayisina kiyasla daha yiliksek oldugu
bulunmustur. Siirtiinme katsayisindan alinan
sonuglarin  aksine, 4N yik altindaki
numunelerin aginma miktart 8N yiik altindaki
numunelere  kiyasla daha az asindigi
hesaplanmustir.

CYSZ numunede uygulanan yiik arttiginda
stirtiinme katsayisinin diigmesi de yaglanmis bir
ortam olustugunu desteklemektedir. CYSZ
icerisine ag. %3 TiO, ilave edildiginde asinma
miktarinin 4N yiik altinda 1.01 mm® Nm10?
oldugu, yiik artiginda aginma miktarinin artarak
1.4 mm® Nm10~ hesaplandig1 goriilmektedir.
Aliimina ilavesi sonrasinda elde edilen CA ve
CTA kaplamanin agmmma miktarlarinda 6nemli
bir artis gozlemlenmistir. CA kaplamanin
asinma miktar1 4N yiik altinda 18.8 mm’Nm10-
> iken yiik 8N arttiginda yaklasik %90 oraninda
artarak 34.4 mm®Nm10°~ olarak hesaplanmistir.
Sert aliimina ilavesinin hem asinma miktarin
hem de siirtiinme katsayisini artirmas1 CYSZ’ye
gore asmma mekanizmasmin  degistigini
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gostermektedir. 4N yik alinda CA
numunesinin siirtiinme katsayisi 0.84 iken yiik
artiginda 0.75 olarak bulunmustur. CA
icerisine ag. %3 TiO; ilave edilmis numunede
ise asinma miktar1 4 N yiik altinda 18.1 mm’
Nm10~ iken 8N yiik altinda bu deger 21.2 mm?
Nm10° olarak bulunmustur. CA ve CTA
numunelerinde 4N yiikk altinda aginma
miktarlar1 birbirine ¢ok yakin ¢ikmigken 8N
yik altinda TiO, ilaveli numunenin aginma
miktar1 daha diisiik ¢ikmistir. Tek bagina CYSZ
icerisine TiO, ilavesi asmma miktarini
diistirmezken aliimina ile birlikte kaplandiginda
8N yiik altinda aginma miktarini yaklasik %40
iyilestirdigi  sOylenebilir. Her ne kadar
CYSZ’nin asmma miktar1 diisik olsa dahi
AlL,O3 ve TiO; ilavesi sertlik degerini dnemli
oranda artirtlmisgtir.
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Sekil 9°da kaplamalarin farkli yiikler altinda
8000 g¢evrim sonrasinda elde edilen siirtiinme
katsayist grafikleri goriilmektedir. CYSZ’ nin
siirtlinme katsayis1 her iki yiik i¢inde yaklasik
200 cevrimden sonra bir azalma gosterip
sonrasinda tekrar artmaya devam etmistir (Sekil
9a). Siirtinme katsayis1 yaklastk 1000
¢evrimden sonra yavas yavas kararli hale geldi
ve onemli bir degisim gozlemlenmedi (Sekil 9
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b-c). Bu kararli aginma asamasi olarak da
bilinen ikinci siirtinme ve asinma asamasi
olarak bilinmektedir [35]. Yaklasik 500-800
cevrim arasinda 4 N yiik uygulanan numune ile
8 N yik uygulanan numunenin grafikleri
arasindaki mesafe agilmigtir. Her iki yiik i¢in
CYSZ’nin siirtinme katsayis1 grafigi 8000
cevrimde iist iiste gelmistir. Al,Os ilave edilmis
CYSZ numunenin  siirtinme  katsayisi
grafiklerine bakildiginda (Sekil 9b), 4N yik
altinda yaklagik 1000 ¢evrimden sonra kararli
hale gelmistir. 8N yiik altindaki numunede
5520. ¢evrim de belirgin bir inig ve ani bir gikig
goriilmektedir. Bunun muhtemel nedeni kopan
bir pargacigm hareketinden olabilir. CT
numunesi her iki farkl yiik i¢in 1000 ¢evrim
sonrasi kararli hale gelmigtir. CTA numunesi de
yaklasik 500 ¢evrim sonrasinda uygulanan her

iki yiik i¢in kararli hale gelmistir. Uygulanan
yikiin artmasiyla yiiksek temas basinc1 ve
stirtiinme 1sis1yla tribo-oksit olugsumu gdzlenir
ve bu durum siirtiinme katsayisinin azalmasina
ve asinma kaybinin artmasina neden olmustur
[36]. Artan yiik ile birlikte yiizeyde olusan
tribo-oksit tabakasi deforme olursa kompozit
kaplamanin yiik tasima orani diiserek abrasif
asinmaya baglh yiizey hasarlar1 meydana
gelmistir. Hem ilave edilen sert TiO,, AlOs
partikiilleri, hem de asinarak kopan partikiiller
asinma oraninin ve siirtinme katsayisinin
degismesine neden olmustur. Diger bir ifadeyle
sert kalmtilar asindiric1  pargaciklar  gibi
davranarak siirtiinme katsayisinin artmasina
neden olmustur [37].
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Sekil 9. 4N ve 8N yiik altinda olusan siirtiinme katsay1 grafikleri a) CYSZ kaplama, b) CA kaplama, ¢) CT
kaplama, d) CTA kaplama

Benzer bir ¢alismada Ji ve arkadaslari [38]
asman parcaciklarinin tekrardan sivanarak
siirtiinme katsayisini artirdigini bildirmislerdir.
Sekil 10°da asmnma sonrast 4N ve 8N yik
altinda olugsan asinma izleri ve izlerin EDS
sonuclar1 goriilmektedir. Sekil 10 a-d) 4N yiik
altinda CYSZ, CA ve CT, CTA numunelerine
ait asinma SEM resimleri ve hemen {istiinde
EDS sonuglar detay resmi olarak verilmistir.
Her bir SEM resimlerinde plastik deformasyon
ve yorulma c¢atlaklar1 belirgin bir sekilde
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goriilmiistiir. Ayrica, 4N yiik altindaki her bir
kaplamanin EDS sonuglarinda Al elementine
rastlanmigtir. Sekil 11 d-h) 8N yiik altinda
CYSZ, CA, CT ve CTA kaplamalarina ait
asinma SEM resimleri ve hemen altinda EDS
sonuglar1 verilmistir. Uygulanan yiik 4N’dan
8N’a c¢ikarildiginda aliimina oraninin arttig1
tespit edilmistir. Bu durum asindiricidan
kaplama yiizeyine aliimina gegisi oldugunu
gostermektedir.  Cilinkii  adezif  asinma,
malzemelerin  birbirine temas ettigi ve



Avci ve Karabas /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 8:3 (2024) 387-398

birbirleriyle siirtiindiikleri durumlarda ortaya resimleri de kaplamanin bag katman
¢itkan bir asmma seklidir. Bu siirtiinme tutunmasinin  siki  oldugunu herhangi
sonucunda, malzemelerin  yiizeylerindeki oksitlenme olmadigini gostermistir. Uretilen 4
atomlar arasinda cesitli etkilesimler meydana farkli kompozit kaplamanin sertlik degerlerini
gelir ve malzemelerin ylizeylerinde hasarlar CYSZ igeresine ilave edilen TiO; ve Al>Os sert
olusabilir. Ozellikle 4N yiik altinda adezif parcaciklarin artirdigr gdzlemlenmistir.
asinmadan sz etmek daha dogru olacaktir. Tki yliksek sertlik degeri CTA adli numune de elde
malzeme arasindaki yapisma ve siirtiinme edilmistir. Kompozit kaplamalar iki farkli yiik
kuvvetleri ne kadar yiiksekse, asinma da o kadar altinda kuru aginma deneyine tabii tutulmustur.
belirgin olusmustur. Yiik 8N’a artirildiginda 4N vyiikk altinda siirtiinme katsayisi
adezif agimmanin yani sira abrezif aginma da numuneler i¢in yiiksek c¢ikarken yiik 8N’
meydana gelmistir. Zira SEM resimlerinde bazi artirildiginda siirtiinme katsayis1 diismiistiir. 4N
kopan pargaciklarin varligindan s6z etmek ve 8N yiik i¢in aginma kaybi incelendiginde,
miimkiindiir. AlLOs3 ihtiva eden numunelerin daha fazla
agimdigr goriilmistiir. Ayrica, yiik arttiginda
4. SONUC asinma miktarinin arttigr bulunmustur. Yiikiin
CYSZ, CYSZzZ/ ALO;, CYSZ/ TiO, ve 8N’a ¢ikarilmasiyla tribo-oksitlerin
CYSZ/AL,0O3/TiO; kaplamalar paslanmaz ¢elik parcalanarak ara ylizeye aktarilmasi adezif
iizerine atmosferik plazma spreyleme yontemi asinmanin yani sira abrasif asinmaya sebep
ile basariyla kaplanmistir. Kaplamanin mikro olmus ve kaplamanin aginma miktar1 artarken,
yapisal ve mekanik o6zellikleri incelenmistir. stirtlinme katsayisinin azaldig tespit edilmistir.

Yapilan EDS  analizlerinde kaplamalar
olusturan tozlarin basarili bir sekilde dagilim
gosterdigini ispatlamistir. Yiizey ve kesit SEM
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izi ve EDS sonuglari, g) CT 8N yiik altinda asinma izi ve EDS sonuglari, h) CTA 8N yiik altinda aginma izi ve
EDS sonuglari

396



Avci ve Karabas /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 8:3 (2024) 387-398

KAYNAKLAR

1. Zhicheng, L., Jiangzheng, S., Chuang, H., Fan,
W., Dejun, K., “Effect of laser power on
microstructure and tribological performance of
WC—-10C04Cr coating”, International Journal
Applied Ceramic Technology, Vol. 20, Issue 5,
Pages 28472859, 2023.

2. Zhu, L., Pengsheng X., Qing, L., Guiru, M., Yuan,
R., Zhichao, Y., Peihua, X., Zhe, L., “Recent
research and development status of laser cladding: A
review” Optics & Laser Technology, Vol. 138,
Pages 106915, 2021.

3. Yuan, J., Zhan, Q., Huang, J., Ding, S., Li, H.,
“Decarburization mechanisms of WC-Co during
thermal spraying: Insights from controlled carbon
loss and microstructure characterization”, Materials
Chemical Physis, Vol. 142, Issue 1, Pages 165-171,
2013.

4. Qi, W., Ding, D., Luo, W., Jin, W., Kou, Q., Ge,
C., Xiao, S., “Production of al-mn/wc composite
coatings with electrodeposition in AlCI3—NaCl—
KCI-MnCI2 molten salts”, Coatings, Vol. 13, Issue
7, Pages 1246, 2023.

5. Pulsford, J., Venturi, F., Kamnis, S., and Hussain,
T.,“Sliding wear behaviour of WC-Co reinforced
NiCrFeSiB HVOAF thermal spray coatings against
WC-Co and AlI203 counterbodies”, Surfaces and
Coatings Technology, Vol. 386, Pages 125468,
2020.

6. Bang, J., Lee, E., “Enhancing wear resistance of
A390 aluminum alloy: A comprehensive evaluation
of thermal sprayed WC, CrC, and A1203 coatings”,
Coatings, Vol. 14, Issue 7, Pages 853, 2024.

7. Gaur, U.P., Kamari, E., “Applications of thermal
spray coatings: A review”, Journal of Thermal Spray
and Engineering, Vol. 4, Pages 106—114, 2024.

8. Hardwicke, C. U., Lau, Y. C., “Advances in
thermal spray coatings for gas turbines and energy
generation: A review” Journal of Thermal Spray
Technology, Vol. 22, Pages 564-576, 2013.

9. Guo, L., H., Wenting, C., Wenbo, Zhaolu, Jian,
X., Yiqgian, H., Yang Wu, G., Lihua, G., Dongqing,
L., Zhao, Z., Liangliang, W., Yuyi, G., Tichao, Z.
Qianhui, Q., Hongbo G., “Progress on high-
temperature protective coatings for aero-engines”,
Surface Science and Technology, Vol. 1, Issue 1,
2023.

10. Guo, L., Zhang, X., Liu, M., Yang, S., Dai, J. W.,
“CMAS + sea salt corrosion to thermal barrier
coatings”, Corrosion Science, Vol. 218, Pages
111172, 2023.

397

11. Bogdan, M., Peter, 1., “A comprehensive
understanding of thermal barrier coatings (TBCs):
applications, materials, coating design and failure
mechanisms”, Metals, Vol. 28, Pages 101728, 2024.

12. Konter, M., Bossmann, H. P., “Materials and
coatings developments for gas turbine systems and
components”, Modern Gas Turbine Systems: High
Efficiency, Low Emission, Fuel Flexible Power
Generation, Peter Jansohn editor,High Efficiency,
Low Emission, Fuel Flexible Power Generation,
Pages 327-380, Woodhead Publishing Series in
Energy, 2013.

13. Roche, J., Alvarado-Orozco, J.M., Gomez, P.A.,
Cano, 1. G., Dosta, S., Toro,A., “Hot corrosion
behavior of dense CYSZ/YSZ bilayer coatings
deposited by atmospheric plasma spray in Na2SO4
+ V205 molten salts”, Surfaces and Coating
Technology, Vol. 432, Pages 128066, 2022.

14. Avci, A., Eker, A.A, Eker, B., “Microstructure
and oxidation behavior of atmospheric plasma-
sprayed thermal barrier coatings”, In xergetic,
Energetic and Environmental Dimensions, Ibrahim
Dincer, C. Ozgur Colpan, Onder Kizilkan editors,
Pages 793-814, Elsevier, 2018.

15. Wei, Z. Y., Cai, H. N., Meng, G. H., Tahir, A.,
Zhang, W., “An innovative model coupling TGO
growth and crack propagation for the failure
assessment of lamellar structured thermal barrier
coatings”, Ceramic International, Vol. 46, Issue 2,
Pages 1532-1544, 2020.

16. Jun, B., Jonsson, N., Jordan, E. H., Cooper, R.
C., “CMAS deposition rate and sequence effects on
cyclic life in gradient testing”, SN Applied Science,
Vol. 5, Issue 5, Pages 138, 2023.

17. Ozgelik, A., Akdogan Eker, A., Karabas, M.,
Avci, A., Kiiglikyildirim, B. O. “Enhanced CMAS
and hot corrosion degradation of YSZ thermal
barrier coating with nano powders”, Surfaces and
Coatings Technology, Vol. 481, Pages 130624,
2024.

18. Li, B., Wu, J., He, X., Wang, B., Guo, L., “Sc-
doped Gd2Zr207 coating on YSZ thermal barrier
coatings to resist CMAS + molten salt attack”,
Ceramic International, Vol. 48, Issue 8, Pages
11662-11671, 2022.

19. Akin, I, Yilmaz, E., Sahin, F., Yucel, O., Goller,
G., “Effect of CeO2 addition on densification and
microstructure of AI1203-YSZ composites”, Ceram
International, Vol. 37, Issue 8, Pages 3273-3280,
2011.



Avci ve Karabas /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 8:3 (2024) 387-398

20. Rejab, N. A., Azhar, A. Z. A., Ratnam, M. M.,
Ahmad, Z. A., “The effects of CeO2 addition on the
physical, microstructural and mechanical properties
of yttria stabilized zirconia toughened alumina
(ZTA)”, International Journal Refractors Metals
Hard Materials, Vol. 36, Pages 162—166, 2013.

21. Roche, J., Gémez, P. A., Alvarado-Orozco, J.
M., Toro, A., “Hot corrosion and thermal shock
resistance of Dense-CYSZ/YSZ bilayer thermal
barrier coatings systems applied onto Ni-base
superalloy”, Journal Eurepan Ceramic Soceity, Vol.
40, Issue 15, Pages 56925703, 2020.

22. Ali, M. K. A., Xianjun, H., “Exploring the
lubrication mechanism of CeO2 nanoparticles
dispersed in engine oil by bis(2-ethylhexyl)
phosphate as a novel antiwear additive”, Tribology
International, Vol. 165, Pages 107321, 2022.

23. Pimenov, D. Y., Silva, L. R. R. Ercetin, A.,
Mikolajczyk, O.T., Giasin, K., “State-of-the-art
review of applications of image processing
techniques for tool condition monitoring on
conventional ~ machining  processes”, The
International Journal of Advanced Manufacturing
Technology, Vol.130, Pages 57-85, 2024.

24. Li, B., “Study on Porosity of thermal-sprayed
commercially pure aluminum coating”, Materials,
Vol. 16, Issue, 2023.

25. Bal, E., Karabag, M., “Effect of molten glass on
degradation of stabilized zirconia thermal barrier
coatings”, Journal of the Korean Ceramic Society,
Vol. 60, Issue 2, Pages 331-343, 2023.

26. Shin, D., and Hamed, A., “Influence of micro—
structure on erosion resistance of plasma sprayed
7YSZ thermal barrier coating under gas turbine
operating conditions”, Wear, Vol. 396-397, Pages
34-47,2018.

27. Chen, K., Song, P., Hua, C., Z., Ying, Huang T.,
Li, C, Lu, J., “Effect of YSZ-dopant on
microstructure and hardness property of the A1203—
40%TiO2 plasma sprayed coating”, Material
Research Express, Vol. 5, Issue 8, Pages 086504,
2018.

28. Saral, U., Toplan, N., “Thermal cycle properties
of plasma sprayed YSZ/AI203 thermal barrier
coatings”, Surface Engineering, Vol. 25, Issue 7,
Pages 541-547, 2009.

29. Srikanth, A., Bolleddu, V., “Microstructural,
mechanical and tribological characteristics of
reduced graphene oxide (rGO) reinforced
nanostructured Al203-13wt. %TiO2 coatings”,
Journal of the Australian Ceramic Society, 2024.

398

30. Mehar, S., Sapate, S.G., “Contact severity maps
for plasma sprayed YSZ modified A1203-3% TiO2
coatings”, Ceramic International, Vol. 50, Issue 8§,
Pages 13003-13013, 2024.

31. Franco, D., Vargas, F., Lopez, E., and Ageorges,
H., “Wear behavior at high temperature of ZrO2—
Y203 (YSZ) plasma-sprayed coatings”, Journal of
Material Science, Vol. 59, Issue 1, Pages 20-37,
2024.

32. Bai,L., Zhang, H., Wan, S., Yi, G., Sun, H.,
“Tailoring wear and tribo-induced interaction of
YSZ coating sliding against Si3N4 and Al203
counterparts”, Wear, Vol. 518-519, Pages 204628,
2023.

33. Avci, A., Karabag, M., Akdogan Eker, A.,
Akman, E., Aslan, C., “Hot corrosion and CMAS
degradation of laser-glazed YSZ coating with
optimum parameter”, Proceedings of the Institution
of Mechanical Engineers, Part L: Journal of
Materials: Design and Applications, Vol. 237, Issue
11, Pages 2722-2734, 2023.

34. Avel, A., “Termal bariyer kaplamalarin
oksidasyon ve sicaklik korozyonu davranislarinin
incelenmesi”, Yiksek Lisans Tezi, Yildiz Teknik
Universitesi Istanbul, 2015.

35. Zhang J., “Effect of WC-12Co content on wear
and electrochemical corrosion properties of Ni-
Cu/WC-12Co composite coatings deposited by laser
cladding”, Surfaces and Coatings Technololgy, Vol.
393, Pages 125807, 2020.

36. Giiltekin, D., Duru, E., Akbulut, H., “Effect of
heat treatment and applied load on mechanical and
tribological properties of Ni-B-CeO2 composite
electroless coating”, European Journal of Science
and Technology, Issue 34, Pages 573-578, 2022.

37. Zhao, Y., Wang, H., Zhang, L., Xiaofeng L.,
Guo, Z., Zhang, J., Yi, D., Liu, B., Bai, P., “Study on
the microstructure and properties of WC-12Co
cemented carbide fabricated by selective laser
melting”, Journal of Materials Research and
Technology, Vol. 20, Pages 3512-3521, 2022.

38.Ji, W, Yuan, Y., Zou, B., Dai, S., and Zhang, H.
“Friction and wear behaviour of cemented carbide
tool materials sliding against Al203 and Si3N4
ceramics under dry condition”, Ceramic
International, Vol. 44, Issue 14, Pages 17486—17491,
2018.



INTERNATIONAL JOURNAL OF 3D PRINTING
TECHNOLOGIES AND DIGITAL INDUSTRY

ISSN:2602-3350 [Online)
URL: https://dergipark.org.tr/ij3dptdi

e

ERGIYIK BIRIKTIRME YONTEMIYLE
URETILEN PVA NUMUNELERIN BASMA
DAYANIMININ BULANIK MANTIKLA TAHMINI

PREDICTION OF COMPRESSIVE STRENGTH OF PVA
SAMPLES PRODUCED BY FUSED DEPOSITION
MODELING USING FUZZY LOGIC

Yazarlar (Authors): Ebru Kuruoglan'®', Osman Saltik"*", Koray Ozsoy

Bu makaleye su sekilde atifta bulunabilirsiniz (To cite to this article): Kuruoglan E.,
Saltik O., Ozsoy K., “Ergiyik Biriktirme Yéntemiyle Uretilen PVA Numunelerin Basma
Dayaniminin Bulanik Mantikla Tahmini” Int. J. of 3D Printing Tech. Dig. Ind., 8(3): 399-
406, (2024).

DOI: 10.46519/ij3dptdi.1548680
we

Erisim Linki: (To link to this article): https://dergipark.org.tr/en/pub/ij3dptdi/archive



https://dergipark.org.tr/ij3dptdi
https://orcid.org/0009-0003-9161-5341
https://orcid.org/0000-0003-3967-3061
https://orcid.org/0000-0001-8663-4466
https://dergipark.org.tr/en/pub/ij3dptdi/archive

ERGIiYIiK BIRIKTiRME YONTEMIYLE URETILEN PVA
NUMUNELERIN BASMA DAYANIMININ BULANIK MANTIKLA
TAHMINI

Ebru Kuruoglan®~', Osman Saltik *"='*, Koray Ozsoy ®

*Isparta Uygulamali Bilimler Universitesi, Teknoloji Fakiiltesi, Mekatronik Miithendisligi Boliimii, TURKIYE
®Isparta Uygulamali Bilimler Universitesi, Isparta OSB MY O, Makine ve Metal Teknolojileri Béliimii, TURKIYE

* Sorumlu Yazar: osmansaltik@isparta.edu.tr

(Gelis/Received: 11.09.24; Diizeltme/Revised: 09.11.24; Kabul/Accepted: 09.12.24)

0z
Bu caligmada, Polivinil Alkol (PVA) malzemesi kullanilarak farkli igsleme parametrelerine sahip
numuneler liretilmis ve basma dayanimlari incelenmistir. Bu ¢alismanin amaci, PVA malzemesi
kullanilarak iiretilen numunelerin basma dayaniminin, nozul sicakligi, baski hizi ve doluluk oran1 gibi
isleme parametrelerine bagli olarak bulanik mantik modelleme yontemiyle tahmin edilmesidir.
Sonuglara gore, basma dayanimi biiylik ol¢iide doluluk oranina baglidir; doluluk orani arttikca basma
dayanimi artmistir. Ancak baski hizinin artis1 basma dayanimini azaltmistir. Nozul sicakligi ise basma
dayanimin1 kismen azaltmistir. Calismanin en 6nemli katkilarindan biri, bulanik mantik modelleme
yontemi kullanilarak deneysel verilerin tahmin edilmesidir. Caligmada gelistirilen bulanik mantik
modeli, nozul sicakligi, baski hizi ve doluluk orani gibi parametreler ile basma dayanimi arasindaki
iligkiyi bagarili bir sekilde modellemis ve ger¢ek deneysel verilere yakin tahmin etmistir. Bu modelin,
geleneksel tahmin yontemlerine kiyasla daha yiiksek dogruluk ve tutarlilik sagladigi ortaya konmustur.
Ozellikle, PVA malzemeli numunelerin farkli isleme parametreleri altinda gosterdigi basma dayanimini
basarili bir sekilde tahmin edilmesinde etkili bir yontem oldugunu gostermistir. Sonug olarak, ¢aligmada
bulanik mantik modellerinin, deneysel verilerin tahmin edilmesinde etkili ve giivenilir bir yontem olarak
kullanilabilecegi ortaya konmustur. Elde edilen bulgular, PVA malzemeli numunelerin farkli igleme
parametrelerine bagli olarak basma dayaniminin tahminlenmesine yonelik 6nemli bilgiler sunmaktadir.

Anahtar Kelimeler: Polivinil Alkol (PVA), Ergiyik Biriktirme Modelleme (EBM), Basma Dayanimu,
Bulanik Mantik, Tahminleme.

PREDICTION OF COMPRESSIVE STRENGTH OF PVA SAMPLES
PRODUCED BY FUSED DEPOSITION MODELING USING FUZZY
LOGIC

ABSTRACT
In this study, samples with varying processing parameters were produced using Polyvinyl Alcohol
(PVA) material, and their compressive strengths were investigated. The aim of this study is to estimate
the compressive strength of samples produced with PV A material using a fuzzy logic modeling method,
depending on processing parameters such as nozzle temperature, printing speed, and filling ratio.
According to the results, the compressive strength is highly dependent on the filling rate; as the filling
rate increases, the compressive strength also increases. However, the compressive strength decreases
with an increase in printing speed. The nozzle temperature partially decreased the compressive strength.
One of the most important contributions of this study is the prediction of experimental data using the
fuzzy logic modeling method. The fuzzy logic model developed in this study successfully modeled the
relationship between parameters such as nozzle temperature, printing speed, and filling ratio with
compressive strength, predicting values close to the real experimental data. This model was shown to
provide higher accuracy and consistency compared to traditional prediction methods. It was
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demonstrated to be an effective approach for successfully predicting the compressive strength of PVA
specimens under different processing parameters. The study shows that fuzzy logic models can be used
as an effective and reliable method for predicting experimental data. The findings provide important
information for predicting the compressive strength of PVA specimens under various processing

parameters.

Keywords: Polivinil Alkol (PVA), Fused Deposition Modelling (FDM), Compressive strength, Fuzzy

Logic, Prediction.

1. GIRIS

EBM teknolojisinde kullanilan malzemeler,
geleneksel imalat siireclerinde test edilmis
termoplastiklerdir. Temel EBM termoplastik
malzemeler arasinda Akrilonitril Biitadien
Stiren (ABS), Polilaktik Asit (PLA),
Polikarbonat (PC), PC/ABS karisimi, epoksi,
epoksi regineler, poliamid (naylon), Polivinil
Alkol (PVA), termoset ve termoplastik
poliiretan yer almaktadir [1]. Literatiirde,
ozellikle PLA ve ABS gibi termoplastik
malzemelerin mekanik 6zelliklerinin kapsamli
bir sekilde incelendigi ¢ok sayida calisma
bulunmaktadir. [2-4]. PVA; genellikle PLA ve
ABS filamentlerle birlikte destek yapilarin
iretiminde ve destek yapilarin pargalardan
uzaklastirma islemlerinde kullanilir.
Endiistriyel olarak iiretilen suda ¢6ziinebilen bir
polimerdir [5]. Son yillarda, PVA ¢ogunlukla
discilik, ilac tasiyici, kontak lensler ve yapay
organlar olmak iizere biyo-yazict gibi medikal
alanindaki  uygulamalarda  kendine yer
edinmistir [6-7].

Bulanik mantik kavramimi ilk olarak 1965
yilinda Zadeh ortaya atmistir. Zadeh'in 'bulanik
kiime' kavrami, klasik sistem kuraminin
matematiksel yontemlerinin karmasik ve insan
faktoriinii iceren sistemlerde yetersiz kalmasi
sonucunda gelistirilmistir [8].

Bulanik mantik, standart sayisal sistemlerde
kullanilan sifir ve bir seviyeleri yerine tiyelik
fonksiyonlarini kullanarak daha hassas sonuglar
dretebilir. [9] Mamo vd., calismasinda, EBM
yontemiyle dort siire¢ degiskeni belirleyerek
ABS malzeme kullanarak, numuneler tizerinde
deneysel c¢alismalar  gercgeklestirmislerdir.
Ardindan, giris ve ¢ikis parametrelerine dayali
bulanik mantik tabanli bir tahmin modeli
gelistirilmigtir. Sonuglar, oOnerilen modelin
deneysel verilerle iyi bir uyum gosterdigini
ortaya koymustur [10]. Peng vd., caligmalarinda
katman kalinlig1, dolum hizi, ekstriizyon hizi ve
hat genisliginin imalat siiresi ve boyutlar

400

iizerindeki etkilerini hem deneysel hem de
bulanik mantik ile incelemislerdir. Sonuglar, bu
yaklasimin FDM siirecinin dogrulugunu ve
verimliligini artirabilecegini gostermistir [11].

Ng vd., caligmalarimda, EBM 3D baski teknigi
kullanarak i¢i bos PLA numuneleri i¢in
optimum PVA destek parametre ayarlarini
belirlemeyi amaclamislardir. Deneyler
sonucunda, en iyi PVA destek ayarlarinin
destek malzemesi kullanimi, baski siiresi ve
maliyeti azalttig1 gozlemlenmistir [12]. Moradi
vd., caligmalarinda, EBM yontemiyle PVA
malzemeli 3D baski yontemini arastirmislar ve
girdi parametreleri olarak dolgu orani (%10-50)
ile tarama deseni parametrelerini se¢mislerdir.
Calismada cikt1 olarak modiil, kopma uzamasi
ve agirlik Olglilmiistiir. Sonuglar, optimum
numuneler i¢in 6ngoriilen ve gergek yanitlarin
%15'in altinda bir tutarsizliga sahip oldugunu
ve bunun deneyler i¢in kabul edilebilir
oldugunu gostermistir [13].

Bu calismada, nozul sicakligi, baski hizi ve
doluluk orani gibi énemli imalat parametreleri

girdi olarak almarak ve PVA filament
malzemesi kullanilarak EBM yontemiyle
basma numuneleri imal edilmistir. Deney
tasartmi (DOE) igin  Taguchi yontemi

kullanilmistir ve bu deneyde ¢ikt1 olarak modiil
ile basma dayanimi Olglilmiistiir. Bulanik
mantik, her bir yanit i¢in gerekli olan hedeflere
ulagmak amaciyla iic girdi parametresini
optimize edecek sekilde diizenlenmistir. PVA
numuneleri igin basma dayaniminin bulanik
mantikla tahmini, bu calismada ilk kez ele
almmistir.  Calismanin  amaci, bu girdi
parametrelerinin iiretilen numunelerin basma
dayanimu iizerindeki etkisini degerlendirmektir.

2. MATERYAL VE METOT

2.1. Materyal

Caligmada, acik kaynak kodlu ve 400x300x350
mm imalat hacme sahip ZAXE Z3 marka/model
EBM tipi yazici kullanilarak PVA malzeme ile,
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basma numuneleri iiretilmistir. Cizelge 1’de
PVA filamentin teknik 6zellikleri verilmistir.

Cizelge 1. PVA filamentin teknik &zellikleri [14]

Filament Ad1 PVA
Baski Sicakligi (°C) 180-230
Yogunluk (g/cm3) 1,25
Cekme Dayanimi1 (MPa) 22
Kopma uzamasi (%) 360
Bulanik mantigin temelini, iyelik

fonksiyonlariyla belirlenen bulanik kiime
kavrami  olusturmaktadir. Bulamik kiime
icindeki her bir 6geye, 0 ile 1 arasinda degisen
ve liyelik fonksiyonu tarafindan belirlenen bir
iiyelik degeri atanir. Calismada, genellestirilmis
gbell {yelik fonksiyonunun a, b ve ¢
parametrelerinin - yer aldigi Denklem (1)
kullanilarak ~ bulamik  mantik  isglemleri
gerceklestirilmistir [15]. Burada x: giris degeri
veya bagimsiz degisken, a: fonksiyonun
genisligini  kontrol eden parametre, b:
fonksiyonun egimini veya seklini kontrol eden
parametre, c: fonksiyonun merkezini veya
zirvesini belirleyen parametrelerdir.

Gbell(x,a,b,c) = ;Zb €))
1+|?

2.2. Yontem

Calisma yontem boliimii basma numunelerin
standart tasarimi ve EBM cihaz1 ile imalati,
basma deneyi, bulanik mantik modelleme
kisimlarini kapsar.

2.2.1. Basma Numunesi Tasarimi ve imalati
Sekil 1, EBM ile iiretilen pargalarin ISO
604:2002 standardina gore basma testi icin test
numunelerinin sekil ve boyutlar1 verilmistir

[16].
,—'— i

I
15,000

Sekil 1. Basma numunesi (mm)

Sekil 2°de gosterildigi gibi EBM ile nozul
sicakligr (200, 220° C), baski hiz1 (30-60-80-
100 mm/sn), doluluk orani (%30-50-70-100) ile
16 farkli parametre ile basma numuneleri (Sekil
3) imal edilmisgtir.

Sekil 3. EBM basma numuneleri

2.2.2. Basma Deneyi

Basma testi, 10 kN kuvvet sensor kapasitesine
sahip bir test makinesinde (AGS-X, Shimadzu
Co., Kyoto, Japonya) Sekil 4'te gosterildigi gibi
gergeklestirilmigtir. Test sirasinda numuneler,
biri sabit digeri hareketli olmak {izere iki aparat
arasinda  sikistirmak  suretiyle = basma
dayanimlari MPa cinsinden Ol¢iilmiistiir. Test
hiz1 ASTM D695 standart: referans alinarak 1,3
mm/s olarak uygulanmistir. Deneysel hatalar
en aza indirmek amaciyla her kosul i¢in {ig
numune test edilmis ve elde edilen basma
dayanimi degerlerinin ortalamas1 almarak
sonuclar degerlendirilmistir.
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Sekil 4. Basma deneyi

2.2.3. Bulanik Mantik Modelleme
Sekil 5'te gosterildigi tizere, PVA malzemesi ile

dayanarak yapilan analizlerde, nozul sicakligi,
baski1 hizi ve doluluk orani gibi parametrelerin,
yani giris degiskenlerinin basma dayanimi
iizerindeki etkileri incelenmistir. Bu baglamda,
giris degiskenleri olan nozul sicakligi, baski hizi
ve doluluk orami ile ¢ikis degiskeni olarak
basma dayanimi arasinda bir iligki kurulmus ve
bu iliskiyi modellemek amaciyla bulanik
mantik kullanilmistir. Bu modelleme siirecinde
gbell iiyelik fonksiyonlar1 tercih edilmis ve
sistemin davranigini tanimlamak igin bir dizi
kural tabani olusturulmustur. Ozellikle, PVA
malzemesinin kullanildig1 deneylerden elde
edilen verilere dayali olarak, s6z konusu
sistemin farkli kosullarda nasil calisacagini
simiile etmek i¢in nozul sicakligi, baski hizi ve
doluluk oran1 parametrelerine bagli olarak
gelistirilen modelde toplamda 64 farkli kuralin
uygulandig1 bir bulanik mantik kural tabani

gergeklestirilen basma deneyi sonuglarina olusturulmustur.

Nozul_Sicaklss: (C) Tl

": :Y PVA

: = {mamdari)
Baski Hiz (mm/st) Lo

>Q< d Basma Dayammi (MPa)
Doluhuk Orans (%)

(a)

[#] Rule Editor: PVA = O X
File Edit View Options

53. If (Nozul_Sicakhd_(_C) is mf1) and (Bask_Hiz_(mm/sn) is mf4) and (Deluluk_Orani_{%}) is mfS) then (Basma_Day
54, If (Nozul_Sicakg_(_C} is mf1) and (Bask_Hiz_(mm/sn) is mf4) and (Doluluk_QOrani_{%}) is mf5) then (Basma_Day
55, If (Mozul_Sicakdi_(_C}) is mf1) and (Bask_Hiz_(mm/sn) is mf4) and (Doluluk_Orani_(%}) is mf7) then (Basma_Day
56, If (Mozul_Sicakdi_(_C}) is mf1) and (Bask_Hiz_(mm/sn) is mf4) and (Doluluk_Orani_(%}) is mf8) then (Basma_Day
57. If (Nozul_Sicakhdi_(_C) is mf2) and (Bask_Hiz_(mm/sn) is mf4) and (Doluluk_Qrani_(%) is mf1) then (Basma_Day
58. If (Nozul_Sicaklgdi_(_C) is mf2) and (Baski_Hizi_{mm/sn} iz mf4) and (Doluluk_Orani_(%) is mf2) then (Basma_Day
59. If (Nozul_Sicakhd_i(_C}) is mf2) and (Bask_Hiz_(mm/sn) is mf4) and (Doluluk_Orani_{%}) is mf3) then (Basma_Day
60. If (Nozul_Sicakhd_(_C) is mf2) and (Bask_Hiz_(mm/sn) is mf4) and (Deluluk_Qrani_{%}) is mf4) then (Basma_Day
61. If (Nozul_Sicakhd_(_C) is mf2) and (Bask_Hiz_(mm/sn) is mf4) and (Deluluk_Qrani_{%}) is mfS) then (Basma_Day
62, If (Mozul_Sicakld_(_C) is mf2) and (Bask_Hiz_(mm/sn) is mf4) and (Doluluk_Qrani_{%}) is mf5) then (Basma_Day
63. If (Mozul_Sicakldi (_C) is mf2) and (Baskl_Hiz_(mm/sn) is mf4) and (Doluluk_Qrani_(%}) is mf7) then (Basma_Day
64, If (Mozul_Sicakldi_(_C) iz mi2) and (Baski_Hizi_(mm/sn) is mf4) and (Doluluk_Orani_(%) is mf8) then (Basma_Day

(b)

Sekil 5. Bulanik mantik model a) Uyelik fonksiyonu, b) Kural tabani

3. ARASTIRMA BULGULARI

3.1. PVA Numuneleri Basma Deney
Sonuclari

EBM yontemiyle imal edilen basma

numunelerine uygulanan basma testi sonuglari
analiz edilmigtir. Bu analizlerde, her bir deney
kosulu i¢in nozul sicakligi, baski hizi ve doluluk
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orant parametreleri ile, ili¢ adet numune
lizerinde ayr1 ayri testler gerceklestirilmistir.
Her bir parametre kombinasyonu igin elde
edilen basma dayanimi sonuglari, bu ti¢ numune
iizerinden yapilan Ol¢limlerin  ortalamasi
almarak hesaplanmistir. Deney sonuglart
detayl1 bir sekilde Cizelge 2’de sunulmustur.
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Cizelge 2. Basma deneyi sonuglari

Baski |Doluluk | Nozul O;f‘sl;‘:a
No | Hiz Oram |Sicakhg: Dayamm
(mm/sn) (%) °C) (MPa)

1 30 30 200 2,39

2 30 50 200 5,33

3 30 70 220 11,77

4 30 100 220 17,23

5 60 30 200 1,82

6 60 50 200 3,55

7 60 70 220 10,07

8 60 100 220 12,14

9 80 30 220 2,17

10 80 50 220 5,90

11 80 70 200 7,60

12 80 100 200 10,34

13 100 30 220 2,63

14 100 50 220 5,10

15 100 70 200 8,40

16 100 100 200 10,28
3.2. PVA Numuneleri Bulamik Mantik
Sonuclari

PV A malzemeli numunelerin basma deneylerin
sonuglarina dayali olarak olusturulan bulanik
mantik modelin ¢iktilar1 detayli bir sekilde
sunulmustur. Nozul sicakligi, baski hizi ve
doluluk orani gibi 6nemli parametrelerin basma
dayanimi iizerindeki etkileri analiz edilerek,
bulanik mantik tabanli bir yaklagimla elde
edilen sonuglar irdelenmistir. Bask1 hizi, nozul
sicaklig1 ve doluluk orani ile basma dayanimi
iligki 3B ylizey grafikleri Sekil 6 ve Sekil 7°de
verilmistir.

ANALRRNNS SRy
\\\\\\\\Q\\\\\\\“‘\
T

Basma Dayanmm (MPa)

Doluluk Oram (%) w0 Baski nzi (mm/sn)

Sekil 6. Baski hizi, doluluk orani ile basma
dayanimu iligkisi
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10

Basma Dayanum (VMPa)

W ok a9 ® o

N
2
5

Nozul Sicakhig: ( C) 205

Sekil 7. Nozul sicakligi, doluluk orani ile basma
dayanim iligkisi

PVA malzemeli numunelerin doluluk orani ve
basma dayanimi arasindaki degisim Sekil 8'de
sunulmustur. PVA malzemeli numunelerin
basma dayanimi degerlerini doluluk orani
arttikca arttigin1  gozlemleyebiliriz. Bunun
sebebi; doluluk orani arttik¢a, parga icindeki
bosluklar azalir ve daha fazla malzeme
kullanilir. Ayrica daha yiiksek doluluk orani ile
baski sirasinda katmanlar arasindaki baglanma
iyilesir ve parca i¢indeki yiik dagilimi homojen
hale gelmektedir. Doluluk orani arttik¢a parca
icindeki destek yapisi da giiclenir. ~ Sonug
olarak PVA malzemeli numunelerde basma
dayaniminin doluluk oranina ciddi olarak bagl
oldugu anlamina gelmektedir.

Basma Dayamm (VMPa)

0 10 20 30 40 50 60 70 80 90 100
Doluluk Oram (%)

Sekil 8. Doluluk orani basma dayanimu iliskisi

2 L L L

Baski hizi ve basma dayanimi arasindaki
degisim  Sekil 9'da  sunulmustur. PVA
malzemeli numunelerin  basma dayanimi
degerlerini  baski hizi arttikca azaldigin
gozlemleyebiliriz.  Baski  hizi  arttiginda,
filament malzeme daha hizli sekilde katmanlar
iizerine birakilir ve bu durumda katmanlar
arasinda yeterli sicaklikta ve siirede baglanma
gergeklesmez. Bdylece katmanlar arasi bag
zayif olur. Ayrica yetersiz soguma siiresi, yiizey
kalitesindeki bozulmalar ve malzeme ¢ekmesi
gibi faktorler, EBM ile iiretilen PVA malzemeli
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parcalarin basma dayaniminin diismesine neden
olmustur.

Basma Dayanum (MPa)

30 40 50 60 70 80 920 100
Baski Hizi (mm/sn)

Sekil 9. Baski1 hizi basma dayanimi iligkisi

PVA malzemeli numunelerin nozul sicakligi ile
basma dayanimi arasindaki degisim Sekil 10°da

gosterilmistir. Basma dayanimi degerlerini
nozul sicakligi ile kismen azaldigim
gozlemleyebiliriz. EBM’de nozul sicakligi

arttiginda, malzemenin akigskanligi, katmanlar
arast yapisma, termal bozulma ve i¢ gerilimler
gibi faktorler nedeniyle basma dayanimi diiser.

7.9

7.8

77r

7.6 -

7.5F

740

Basma Dayammn (MPa)

AR

7

200 202 204 206 208 210 212 214 216 218 220

)
Nozul Sicakhg (C)

Sekil 10. Nozul sicakligi ile basma dayanimu iligkisi

Sekil 11’de PVA malzemeden yapilan basma
numunelerin basma dayanimi, farkli isleme
parametrelerinin  etkisi  altinda  tahmin
edilmistir. Bu parametreler arasinda nozul
sicakligi, baski hizi ve doluluk oranlar1 yer
almaktadir. Her bir parametre, belirli veri giris
degerlerine gore farkli kombinasyonlar halinde
kullanilmis ve numunelerin basma dayanimi
performansi {izerinde nasil bir etki olusturdugu
incelenmistir. Sonug olarak, ¢alismada bulanik
mantik modelleme ile farkli giris parametre
kombinasyonlarinin, basma dayanimini tahmin
etmede 6onemli bir rol oynadig1 gdsterilmistir.
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Sekil 11. Bulanik mantik modelleme tahmini

PVA malzemeli EBM yontemiyle elde edilen
3B baski pargalarin literatiir calismalari
incelendiginde, llieva etc., [17] ¢aligmasinda,
kismen hidrolize edilmis, sorbitol ile
plastiklestirilmis  polivinil alkol (PVA)
filamentler, 6zellikle parasetamol gibi model
ilaglar i¢in uygun bulunmus ve karakterizasyon
analizleriyle salim profilleri degerlendirilmistir.
Angjellari vd., [18] c¢aligmalarinda elmas
nanograniilleri dolgu maddesi olarak kullanilan
PVA bazli nanokompozitlerin 3B baskida
kullanimint aragtirarak yenilik¢i PVA-DND
miirekkepler  gelistirdiler. ~ Calisma, bu
nanokompozitlerin  basarili  bir  sekilde
basilabilir oldugunu ve farkli alanlarda genis
uygulama potansiyeline sahip oldugunu ortaya
koymustur. PVA’dan yapilan 3 boyutlu
yazdirilmis numunelerin mekanik 6zelliklerini
aragtirmak ve yazici parametreleri ile mekanik
ozellikler arasinda bir korelasyon kurmak i¢in
cesitli caligmalar yiiriitiilmiistiir [19-21].

4. SONUCLAR

Bu c¢alismada, PVA filament malzemesi
kullanilarak farkli isleme parametreleriyle imal
edilen basma numuneleri {izerinde kapsamli bir
basma deneyi gerceklestirilmistir. Deney
sonucunda elde edilen veriler, numunelerin
mekanik 6zelliklerini anlamak ve bu 6zellikleri

tahmin edebilecek modeller gelistirmek
amaciyla analiz edilmistir. Bu baglamda,
deneysel  sonuglarin  degerlendirilmesinde

bulanik mantik modelleme yontemi kullanilmis
ve elde edilen verilerin dogrulugu ile tutarlilig
iizerine odaklanilmuistir.

Elde edilen basma deneyi sonuglarina gore,
PV A malzemesiyle iiretilen numunelerin basma
dayaniminin biiylik 6l¢iide doluluk oranina
bagli oldugu bulgulanmigtir. Doluluk orani
artttkca numunelerin  basma dayaniminin
belirgin bir sekilde iyilestigi gdzlemlenmistir.
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Bununla birlikte, baski hizinin artmasiyla
birlikte numunelerin  basma dayaniminin
azaldig tespit edilmistir, bu da daha hizli bask1
stireclerinin numunenin yapisal dayaniklilig
iizerinde olumsuz bir etki yaratabilecegini
gostermektedir. Ayrica, nozul sicakliginin
artigiyla numunelerin basma dayaniminda kismi
bir azalma gozlemlenmistir, ancak bu etki
doluluk orani ve baski hizindaki degisiklikler
kadar belirgin olmamustir.

Calisgmanin genel amaci, deneysel verilerin
yiiksek dogruluk ve tutarlilikla tahmin
edilebilmesini saglayacak alternatif modelleme

yaklasimlarint  incelemek  olmustur. Bu
cercevede, bulanik mantik tabanli modelleme
yontemlerinin, deneysel verilerin tahmin

edilmesinde etkili ve gilivenilir bir yontem
olarak kullanilabilecegi sonucuna ulasiimistir.
Yapilan analizler, bulanik mantik modellerinin,
ozellikle degisken parametrelerin etkisi altinda
bulunan malzeme Ozelliklerinin  tahmin
edilmesinde 6nemli bir rol oynadigini ortaya
koymus ve bu modellerin, geleneksel tahmin

yontemlerine  kiyasla dstiin  performans
sergileyebilecegini gdstermistir.

CIKAR CATISMASI BEYANI

Yazarlar arasinda cikar ¢atismasi
bulunmamaktadir.
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ABSTRACT

Additive manufacturing methods, with their potential to revolutionize many areas, especially spare parts
production, enable the optimization of the supply chain in production processes with an on-site
production approach. The increased number of users of additive manufacturing methods and easy access
to material extrusion-based methods can potentially transform the manufacturing industry. In this study,
to investigate the production performance of fasteners, which are indispensable components of the
manufacturing industry, with additive manufacturing. This study focuses on the torque strengths,
hardness, and microscope images of bolts and nuts produced by material extrusion-based additive
manufacturing (MEX) using PLA (Polylactic Acid) and PET (Polyethylene Terephthalate) polymers
with different production parameters. Unlike conventional manufacturing methods, M8x50 DIN
(German institute for standardization) 933 bolts and M8 DIN 934 nuts were produced. The bolts
produced were positioned on the MEX device in two different positions. The torque forces applied to
the bolts were measured in mechanical tests. Hardness was measured, and bolt thread surfaces were
examined using a stereo microscope. Data on the usage limits of polymeric bolts were determined with
the data obtained.

Keywords: PLA, PET, Additive Manufacturing, Material Extrusion, Fastener

1. INTRODUCTION stand out with their potential to revolutionize
Most fasteners are made of low and medium- the traditional supply chain and have great
carbon steels[1,2]. Parts exposed to repetitive potential in many industries with their
vibrations may be damaged after specific decentralized production and supply structure
periods of time. Due to this fatigue, problems [9].

may occur in the use of steel materials [3-4]. For

these reasons, in the fasteners used today; Polymeric materials constitute the most widely
polymer materials are becoming widespread for used material variety in additive manufacturing
the raw material diversity of bolts and nuts, and methods, offering important opportunities for
new production methods have started to be tried spare parts production. The method in which
[5]. Among these new production methods, polymeric materials are most preferred is the
additive manufacturing methods have become material extrusion-based additive
popular in recent years with technical manufacturing method (MEX), which has the
advantages such as design flexibility, weight most users [10].

reduction with optimized structures and

materials, and shorter production time for fewer Polymers are increasingly used in various
production runs [6-8]. In addition, nearshoring industrial applications, especially in producing
is changing the understanding of the supply fasteners, due to their advantages over metal
chain, and factors such as reduced storage costs alloys, such as lightweight, corrosion
can create a faster and more flexible production resistance, flexibility, and ease of processing
process. Additive manufacturing processes [5]. Polymer bolts are becoming increasingly
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popular, especially in marine, chemical, and
outdoor applications where corrosion and metal
fatigue are significant problems. Lighter than
metal bolts, they are energy efficient and require
less maintenance, reducing long-term costs [11-
12].

Much research on metal fasteners has been
carried out in literature [13—15]However, there
are only a limited number of studies on fasteners
produced by the MEX method. Considering the
advantages of using polymeric materials in
fastener production with the MEX method, it is
critical to know the materials' performances in
this sense.

Harshitha et al. designed and analyzed bolts and
nuts produced using the MEX method
(International Standard Organization (ISO)
standard) using PLA (polylactic acid) and ABS
(acrylonitrile butadiene styrene) materials. In
the analyses performed, it was determined that
ABS is equivalent, and its shear stress is lower
than PLA material and the results were
confirmed in the tests performed on M12 bolts
produced by the MEX method [16]. Labesh et
al. similarly investigated the shear strength of
M12 bolts produced by the MEX method using
PLA and ABS materials. The analysis and test
results showed that the safety factor of the bolts
produced by the MEX method using PLA
material is stronger than those made of ABS
material [17]. These studies have shown that
PLA material performs well in bolt production
regarding shear load.

Eraliev et al. investigated the performance of
bolts produced by the MEX method using three
different materials under cyclic temperature
changes. Although ABS bolts were weaker than
PLA bolts at maximum preload, it was found
that ABS bolts loosened 2.5 times less than PLA
bolts at low-temperature cycling [18]. Alkhalaf
et al. investigated the elastic modulus and
dimensional stability of bolts produced by the
MEX method using PLA material. They
compared the mechanical properties of bolts
produced with different infill density [19].

Zhang et al. investigated the wear properties of
gears manufactured using nylon material using
the MEX method. They concluded that under
low to medium torque, the nylon gears produced
by MEX outperformed the injection molded
gears in terms of wear properties [20]. Chand et
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al. investigated the dimensional and mechanical
properties of nuts and bolts produced using a
multi-jet 3D printer. It was determined that the
dimensional deviations of the manufactured
products were within tolerance levels [13].

The studies generally focused on the shear
strength, wear and environmental conditions of
the fasteners produced with AM. PLA and ABS
materials have been intensively discussed.
These polymer-based materials are the most
widely used material types in the MEX method.
Another polymer that has become increasingly
popular in recent years is PETG (Polyethylene
Terephthalate Glycol-modified) and
(Polyethylene Terephthalate (PET)[21]. These
materials strike a balance between the easy
processability of PLA and the mechanical
strength of ABS [22-23]. Furthermore, PETG's
properties, such as low shrinkage rate, high
impact resistance, and chemical resistance,
make it an ideal choice for a variety of industrial
and personal applications[24]. Nazim et al.
investigated the performance of fasteners
produced with MEX using PLA, PETG, and
carbon fiber-reinforced nylon materials in
joining aluminum sheets. The samples
produced as rivets were used to join aluminum
sheets by thermo-mechanical deformation.
They found that the strength values of vertically
produced rivets were higher than PLA and
carbon fiber reinforced nylon. PETG has a
higher glass transition temperature (Tg) than
PLA. This has led to better performance in
fasteners due to better adhesion properties [25].

As aresult of the existing studies, this study was
carried out to obtain literature information on
the performance of fasteners produced with
PLA and PET. The wuse of additive
manufacturing methods in producing final
industrial products, using polymers instead of
metals to provide advantages in terms of
lightweight, corrosion resistance, etc., and
sustainability, is coming to the fore day by day.
Fasteners, which are indispensable components
of the manufacturing sector, are also affected by
this change. For this reason, using PLA and PET
materials in fastener production with the MEX
method will contribute to the material diversity
in this field.

Determination of the performance of fasteners
produced by the MEX method will guide the
usage areas. In this context, in our study,
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M38x1,25x50 bolts in DIN (German Institute for
Standardization) 933 standard and nuts in DIN
934 standard were produced by the MEX
method using PLA and PET (Polyethylene
Terephthalate) materials, and the hardness
properties of the samples were tested, and
torque tests examined performance. Additive
manufacturing produces anisotropic materials
and the properties change depending on the
direction[26]. For this reason, the effect of infill
pattern angle on torque properties was
investigated in this study. All production
parameters except the infill pattern angle were
kept constant for each material group in the
productions made with MEX. After the test, the
damaged surfaces were visualized with an
optical microscope.

2. MATERIALS AND METHODS

2.1. Materials

BASF's Ultrafuse PET and Ultrafuse PLA
materials were used to produce bolts and nuts
with the MEX. Filaments with a diameter of
2.85 mm were preferred in accordance with the
MEX device used. All filaments are natural and
do not contain any coloring agent.

The density values of the samples produced in
the MEX method with Ultrafuse PET material
are 1.329 gr/cm’, Tg value 71°C, and melt
volume rate 16.3 ¢cm?/10 min. The mechanical
properties of the samples produced with this
filament are tensile strength 33.4 MPa and
impact strength 18.4 kJ/m? (unnotched charpy).

The density values of the samples produced
with Ultrafuse PLA material in the MEX
method are 1.248 gr/crn3, Tg value 61°C, and
melt volume rate 21.2 c¢m’/10 min. The
mechanical properties of the samples produced
with this filament are tensile strength 34.7 MPa
and impact strength 13.2 kJ/m? (unnotched

charpy).

2.2. Design and Production

The drawings of the bolts with the dimensions
specified in Figure 1 (a) in accordance with the
M8x1,25x50 DIN 933 standard and the nuts
with the dimensions specified in Figure 1 (b) in
accordance with the M8x1,25 DIN 934 standard
were carried out with AutoCAD Fusion 360
Computer Aided Design (CAD) program.
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Figure 1. (a)Bolts Dimensions (b)Nuts Dimensions
The bolts and nuts whose solid models were
drawn were produced by the MEX method with
Ultimaker brand model 3 devices [27]. All bolts
were produced with two different infill pattern
angles, [0/90°] as shown in Figure 2 (a), [£45°]
as shown in Figure 2 (b) and positioned on the
table as shown in Figure 2 (c).

Each material group produced five pieces, each
with two different infill pattern angles ([-/+45]
and [0,90]). In the samples with [-/+45] infill
pattern angles, the nozzle head performed
extrusion at -45° and +45° angles, respectively.
Similarly, those with [0/90] infill pattern angles
were extruded at 0° and 90° angles,
respectively. Nuts were produced in a
horizontal position and with a circular pattern.
In the test phase, each material was tested with
a nut of its material. Polyvinyl alcohol (PVA)
support material was used to facilitate the bolts'
adhesion to the table and ensure their shape
stability.
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Figure 2. (a)Infill Patterns Angles [0/90] (b) Infill
Pattern Angles [-/+45] (c)Bed Table Position

The filament manufacturer's recommended
values were used for all printing parameters.
The fixed production parameters determined to
produce bolts and nuts are specified in Table 1.

Table 1. Fixed parameters for production

Parameter Value
Layer Height (mm) 0.2
Infill Density (%) 100
Bed Material Glass
Support Material PVA
Build Plate Adhesion Brim

For PET material, the nozzle temperature was
230°C, the bed temperature was 85°C, and the
print speed was 55 mm/s. For PLA material, the
nozzle temperature was set to 210°C, the bed
temperature was set to 60°C, and the print speed
was 70 mm/s.

The produced bolts and results are shown in
Figure 3 and Figure 4.

Figure 3. PET Bolts and Nuts Samples
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Figure 4. PLA Bolts and Nuts Samples

2.3. Post-Processing

After producing M8x1,25x50 DIN 933 bolts
and M8x1,25 DIN 934 standard nuts made of
different materials, the final surface treatment
was applied using the round die apparatus, as
shown in Figure 5. The purpose of the
application is to ensure that the fasteners are
connected by removing the burrs on the threads.

Figure 5. Round Dies Application

To check that the bolts produced after the final
surface treatment are easily connected with
nuts, controls were made with the gauge shown
in Figure 6.

These quality control procedures were
performed to check the correctness of the thread
pitch, thread angle, minor diameter (root), pitch
diameter, and major diameter (crest).
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Figure 6. Quality Check with Gage

2.4. Hardness Measurement

Hardness measurements were carried out with a
Frank brand Shore D hardness tester, shown in
Figure 7. The measured according to the ASTM
D2240 Standard Test Method for Rubber
Property-Durometer Hardness standard [28].
All measurements were made from bolt heads
with plate surfaces.

Figure 7. Hardness Measurement

2.5. Torque Test

Torque tests of the produced bolts were applied
until the bolts were damaged. The tests were
carried out to see the strength of the bolts and
nuts under safe load. During the test, bolts and
nuts were fixed on a fixed plate and tightened
with a torque meter. Torque measurements were
carried out with the Yamer brand digital torque
meter shown in Figure 8.

Figure 8. Torque Tests
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2.6. Stereo Microscope

After the torque test, the damage to the threads
of the bolts and nuts was examined with a stereo
microscope. Imaging was performed with Elite
brand SX45 stereo microscope.

3. RESULTS AND DISCUSSIONS

The hardness of the bolts produced by the MEX
method using PLA and PET materials was
measured according to the shore D scale. Figure
9 shows the results of all measurements
performed. The highest shore D value was
measured in bolts produced using PLA material.
The hardness values of the bolts produced with
PET material were measured lower regardless
of the production direction. According to the
Shore D test, a scale value of 100 corresponds
to a spring load of 44.45 N [28]. The highest
hardness value was measured as 71.64 on
average in PLA bolts produced with 0/90
orientation and this value corresponds to a load
of approximately 31.84 N according to the
standard. The lowest shore D hardness value
was measured as 60.08 on average in PET bolts
produced with -/+45 orientation, and this value
corresponds to a load of approximately 26.7 N
according to the standard.
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Figure 9. Shore D Hardness Results

When the results are analyzed independently of
the material type, it is seen that the bolts
produced in the 0/90 orientation have higher
shore D hardness values than the bolts produced
in the -/+45 orientation. In the deaths made from
5 points, approximately close values were
measured between those with -/+45 orientation
and those with 0/90 orientation in PLA bolts.
This showed that hardness values were not
affected by orientation in PLA bolts. In PET
bolts, a slight difference was observed in
hardness values depending on orientation. This
is thought to be related to the cooling of the
extruded polymer caused by the nozzle head's
path during the PET material's orientation
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changes. The pattern observed at 0/90
orientation includes a shorter time for the next
layer. This may have favorably affected the
interaction during the joining of the layers. The
production time for a single PLA bolt was 26
minutes for 0/90 and 28 minutes for the bolt
with -/+45 orientation. Similarly, the production
time for PET bolts is slightly lower for 0/90
orientation.

The hardness of the bolts produced with PLA
was measured to be higher than those produced
with PET, regardless of the production
orientation. The low Tg value of PLA compared
to PET material may cause it to be harder at low
temperatures [29]. In addition, PET material can
be more flexible when it is amorphous, and PLA
has a semi-crystalline structure due to the bonds
it has, which makes PLA more rigid at room
temperature [30]. PLA has a higher crystallinity
than PET, increasing the material's stiffness.
When PET remains in the amorphous phase, it
is more flexible and has a higher impact
resistance, while PLA exhibits a more rigid
structure [31]. All these properties caused PLA
bolts to show higher hardness properties than
PET bolts. Considering the results obtained, the
difference in polymer material affected the
hardness value more than the production
orientation.

In the torque test, the bolts were tested using
nuts made of the same materials. The bolts fixed
to the plates were tested with a torque meter.
The applied force was measured and recorded
with a digital display. Five specimens from each
test group were tested, and the results are shown
in Figure 10.
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Figure 10. Torque Test Results

Higher torque values were measured for bolts
with -/+45 orientation compared to bolts with
0/90 orientation. Regardless of the orientation,
higher torque values were measured in bolts

produced with PET material. PLA shows higher
stiffness due to its rigid structure, but it has a
brittle structure and is more likely to break when
excessive torque is applied [32]. Moreover, it
was observed that the torque value was low in
PLA samples with high hardness values. In this
case, it can be interpreted that the increase in
hardness gives a brittle structure feature. For
this reason, lower torque values were measured
for PLA bolts compared to PET bolts. PET
material also has higher impact strength than
PLA [23]. This may have enabled PET bolts to
withstand higher torques. The tough structure of
PET material allows it to perform more
deformations without breaking [33]. This may
be why PET bolts exhibit higher torque values
than PLA bolts. In addition, the technical data
sheet values of the PET and PLA materials used
also confirm this situation. The impact strength
of the ultrafuse PET samples was 18.4kJ/m?
[34] while it was 13.2kJ/m? for PLA samples
[35]. These test results show the foreseeable
force and safety load for the forces applied to
PLA and PET bolts.

After the torque test, the bolt threads were
visualized with a stereo microscope. The
images of PET bolts are shown in Figure 11.

(b)

Figure 11. (a) 0/90 PET Bolt (b) -/+45 PET Bolt

It was observed that the thread depths of the
bolts with a 0/90 orientation were less than
those of the bolts with a -/+45 orientation. This
may be the reason for the low torque values in
bolts with a 0/90 orientation, as it reduces the
adhesion in bolted connections.
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Figure 12 shows images of PLA bolts.
Similarly, less thread depth is observed in PLA
bolts with a 0/90 orientation. This situation
depends on the movement pattern of the nozzle
during production and the positioning of the
bolt to be produced.

(bl

Figure 12. (a) 0/90 PLA Bolt (b) -/+45 PLA Bolt

In the movement system of the nozzle, the
Ultimaker brand model 3 device used in
production is moved in the Cartesian system
with straight rods supported from the end. This
situation is known to limit the mobility. In the
newly developed CoreXY systems, corrections
have been made in this regard by using fully
supported linear rails [36,37].

4. CONCLUSIONS

Fasteners produced by additive manufacturing
methods appear to be particularly advantageous
in non-standard applications. This is especially
true when large or unusually shaped fasteners
are necessary to withstand low or medium
loads. In this respect, the MEX process offers
significant opportunities with its wide range of
materials.

Hardness values were measured as 69.96 with -
/+45 infill pattern angle and 71.64 with 0/90
infill pattern angle for PLA bolts. PET bolts
were measured as 60.08 with -/+45 infill pattern
angle and 66.04 with 0/90 infill pattern angle.
Hardness increases the material's resistance to
external influences and makes it more resistant
to problems such as wear and deformation. For
this reason, PLA bolts with high hardness
values may be more advantageous for these
applications.
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The study measured the torque value for PLA
bolts as 1.84 Nm with -/+45 infill pattern angle
and 1.69 Nm with 0/90 infill pattern angle. PET
bolts were measured as 2.12 Nm with -/+45
infill pattern angle and 2.07 Nm with 0/90 infill
pattern angle. Considering their properties,
polymeric bolts can withstand low and medium
loads in areas requiring corrosion resistance.
Cover assembly areas of water pumps,
decoration panel cover assemblies in the white
goods industry, and fasteners used in the toy
industry may offer opportunities for this
method.

Although polymer bolts offer many advantages,
challenges such as deformation, low thermal
conductivity, and fatigue over time can arise,
especially in high-temperature applications.
Therefore, further research and development
work is needed to make polymer bolts long-
lasting and reliable. In the future, with the
development of new-generation polymer
composites and the improvement of
manufacturing techniques, polymer bolts will
likely become more common and reliable.
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ABSTRACT

As the number of people working remotely increases, it is insufficient for organizations to protect the
boundaries of their digital networks. To protect these boundaries, organizations need adaptive solutions
that perform full authentication, authenticate every access request, and quickly detect and respond to
both on- and off-network threats. Within this motivation, zero trust is a next generation security strategy
based on the principle of “never trust, always verify”. In this study, the basic principles applied from
the transition processes to zero trust architecture are evaluated and the advantages of this architecture to
the security scope are examined. At the same time, the challenges that organizations that want to
implement zero trust architecture will face in this transition are evaluated. The transition to zero trust
architecture requires cumulative serious changes in the IT infrastructure of organizations. Zero trust
architecture aims to build a system in which all information assets, users and data flow are constantly
labeled as untrustworthy and therefore need to be constantly verified. The successful implementation of
the zero-trust approach in organizational structures provides advantages such as dynamic authentication,
increased endpoint security and strict control over data flows. However, it is also seen that challenges
such as network identity management and data monitoring arise during the transition and
implementation of zero trust architecture.

Keywords: Authentication, Cyber Security, Industry 5.0, Network Architecture, Zero Trust.

1. INTRODUCTION elements within the internal network are secure.
Today, cybersecurity threats are becoming However, this traditional approach is not
increasingly  complex and  traditional effective enough in today's distributed and
approaches are not sufficient to ensure the dynamic corporate structures and leads to
security of organizations' information systems security gaps [3]. The remote working model,
[1]. In the wake of digitalization, threats which has been widely used especially during
targeting corporate network systems are and after the pandemic period, has led to the
increasing in both scope and complexity [2]. spread of the working model by establishing
Given the rapid developments in the field of secure connections to corporate networks from
information technologies, particularly the different locations.

proliferation of business models such as cloud

computing, the use of mobile devices and Zero Trust Architecture was introduced as a
remote working, traditional “perimeter-based new generation security paradigm. Unlike
security” models" are inadequate. These models traditional network security approaches, the
draw strict boundaries between organizations' Zero Trust model does not assume that any layer
internal and external networks, ensuring that all of the network is secure and provides
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verification by independently evaluating each
access request sent to the network [4]. The basic
principle of this architecture is “never trust,
always verify”. The Zero Trust principle views
every entity as a potential threat, even within
secure boundaries, and is based on the fact that
all  entities must undergo continuous
authentication and authorization processes [5].
The main reason for the emergence of the Zero
Trust principle is to minimize security
vulnerabilities in companies and thus also to
take precautions against internal threats.
Especially in today's world, the widespread use
of remote companies, the increasing access to
services offered by cloud technology and the
constant connection of users to corporate
networks with various devices mean that the
network's cyber attack surfaces are expanding
and the number of attacks is increasing. In
contrast to traditional security approaches in
such architectures, the Zero Trust model aims to
implement the principles of least privileged

access by continuously checking
communications and data traffic between
systems.

Zero Trust has a security strategy that offers
protection against both insider threats and
external threats [4]. This architecture not only
authenticates users and systems, but also
implements a continuous security monitoring
process by evaluating various criteria such as
device health, user behavior and environmental
factors. In this way, an entity accessing the
system can access the system even if it is an
authorized wuser by performing separate
authentication for each resource it accesses [6].

Zero Trust Architecture has been introduced as
a new generation security paradigm and makes
significant contributions to meet the security
requirements of Industry 5.0 based on human-
machine collaboration [7]. Industry 5.0 aims for
humans to play a more active role in a
digitalized environment with human-machine
interaction. In this case, the impact of Zero
Trust Architecture on Industry 5.0 is especially
important in terms of human-machine
interaction and ensuring data security. Ensuring
data security is a very important element in the
digitalized structure of institutions. As the
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digital infrastructure of Industry 5.0 continues
to develop, it becomes more vulnerable to cyber
threats and becomes the target of attackers [8].
Since Zero Trust Architecture adopts the
approach of verifying access every time a user
or system requests access, the system's
resistance against these threats is increased.
This provides a solution to the security needs of
Industry 5.0 by ensuring the operational
continuity and security of human-machine
interaction in terms of data security.

The aim of this study is to assess the
requirements and implementation challenges of
the transition from traditional approaches to a
zero-trust architecture and the impact of this
process on organizational structures. In the
literature, studies in this area often focus on the
conceptual framework of zero trust. However, it
appears that the basic principles, advantages
and disadvantages, challenges and risk
management involved in implementing this
architecture are not sufficiently addressed. In
this study, the applicability of the basic
principles of the Zero Trust architecture, the
challenges in the transition process and the
benefits of this architecture are explained in
detail. The technical and operational challenges
faced by organizations currently implementing
or planning to implement the Zero Trust
Architecture are assessed and recommendations
for organizations to successfully manage this
process are presented.

2. ZERO TRUST ARCHITECTURE
Traditional network security is usually based on
a perimeter-based approach. In the perimeter-
based security model, the external and internal
boundaries of corporate networks are defined
and elements in the internal network are
considered secure. This approach is usually
supported by tools such as firewalls and
gateways [9]. However, the weak point of this
model is that attackers can move freely once
they infiltrate the internal network. Considering
internal computing assets as secure leads to
ignoring insider threats in particular. With the
proliferation of remote working, cloud-based
applications and mobile devices, the expansion
of network surfaces makes this traditional
model even more vulnerable.
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Unlike traditional network security models,
Zero Trust Architecture is a security paradigm
based on the principle that no entity is
considered secure by default and every access
request must be authenticated [5-6]. This
approach is a comprehensive security strategy
that enables organizations to combat insider
threats as well as external threats. Zero Trust
adopts an approach that can be summarized
with the motto “never trust, always verify” and
requires continuous monitoring and auditing to
minimize security breaches.

It is known as the zero trust model for each user
or system to undergo security verification.
When a user or system component requests

access to a resource, it 1s evaluated and
classified according to access policies. If the
request is accepted because of this classification
process, the user is classified as “Trusted” and
secure access is provided. There are many
logical components in the classification process
and these logical components constitute the
basic components of Zero Trust Architecture.
The logical components used to explain the
basic components of Zero Trust Architecture
and the process of providing secure access in
this architecture are given in Figure 1. The
components shown in the figure illustrate a
security model in which each access request is
continuously verified through authentication
and security policies [10].
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Figure 1. Core Zero Trust Logical Components [10].

2.1. Basic
Architecture
The basic principles of zero trust architecture
are based on providing a comprehensive
defense against insider threats, not limiting
security to threats from outside the network.
This approach is based on the idea that security
must be continuously verified at every point and
at every level. The basic principles of Zero
Trust are summarized as follows [8-9].

Principles of Zero Trust

e Never Trust, Always Verify: The basic
principle of Zero Trust is that every access
request must be verified. This verification is
not limited to user identity, but also takes
into account factors such as device state,
network segment, and even time and place.

o Least Privileged Access: Users and
applications should only be authorized as
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much access as they need to perform their
tasks. This approach minimizes the potential
attack surface and includes strict access
policies to limit the impact of breaches.

e Segmentation and Microsegmentation:
Zero Trust aims to prevent the spread of a
potential attack by dividing networks into
small segments. Each segment is
independently protected and isolated from
each other. This method provides an
effective defense, especially against insider
threats.

e Continuous Monitoring and Auditing:
Zero trust requires continuous monitoring of
every asset on the network and regular
auditing of security controls. This process
ensures that user behavior is analyzed and
anomalous activity is quickly detected.
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2.2. NIST SP 800-207 Framework

NIST SP 800-207 is a guide that conceptually
defines the Zero Trust Architecture and
describes how to implement it. This
documentation emphasizes that Zero trust
architecture should be considered not only as a
technology solution but also as a security
strategy. According to NIST SP 800-207, some
key components and principles need to be
considered for the successful implementation of
a Zero trust architecture. These components are
integrated into organizational structures to
ensure that each access request is evaluated
against security risk [10].

These components defined by NIST include;
e Policy Engine (PE),
e Policy Administrator (PA),
e Policy Enforcement Point (PEP)
e Data Feeds (DF) are included.

Before integrating zero trust architecture into an
organization, the organization's assets, data and
workflows should be determined. This provides
information about the current state of an
organization's data and network security before
the transition to ZTA. The process of
transitioning to ZTA is like other security
improvements. Implementing the Risk
Management Framework (RMF) steps will help
an organization reduce security risk and adopt
ZTA. The RMF steps involved in implementing
ZTA in an organization are shown in Figure 2,
including the creation of an initial inventory
followed by a regular maintenance and update
process. This framework, which includes steps
such as the creation of an asset inventory,
monitoring, evaluation and feedback, can help
continuous improvement to ensure security.

Risk Management Framework (RMS) Steps

Expansion of Strategy

! |
>p,e,,m >c9>>s.>> .mp.emem>> A>> Aumo,i,>> ritr

Assessment
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Business Process
Review

-/
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Figure 2. Zero Trust Architecture Deployment Cycle [10].

3. INTEGRATING
ARCHITECTURE
ORGANIZATIONAL STRUCTURES
Applying the Zero Trust architecture to
organizational structures is a complex process
that requires reassessing and transforming the
existing information technology infrastructure.
This architecture requires not only technology
solutions but also a restructuring of processes,
policies and  organizational  structure.
Successful  integration of Zero  Trust

ZERO TRUST

INTO
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Architecture into enterprise structures makes
security a central element, taking into account
the dynamic nature of systems and the ever-
changing threat landscape [12].

Transitioning to a zero trust architecture in an
enterprise is not only possible by upgrading the
existing security infrastructure in specific areas,
but by a fundamental shift in security strategy.
Unlike traditional security approaches, zero
trust architecture is based on the principle of not
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accepting all types of network traffic as secure.
Therefore, all assets of the enterprise IT
infrastructure (users, devices, networks and
applications) should be verified and audited at
every point where they interact with each other
[13].

The implementation of zero trust architecture in
corporate structures requires reviewing the
existing security policies of organizations and
reorganizing them to comply with this
architecture. This process involves not only
technical elements, but also human factors and
operational business processes. Implementing a
zero-trust  architecture will require the
restructuring of a number of processes such as
identity management, access control, endpoint
security, data flows and continuous monitoring
[13-14].

The transition to a zero trust architecture in the
enterprise should be gradual and step-by-step.
This transition process usually starts with the
implementation of a five-step assessment scope
[15].

1. Assessment of Existing Infrastructure:
Existing systems, network structures and
security policies should be
comprehensively analyzed and evaluated
for compatibility with zero trust
architecture.

2. Identity and Access Management: Zero
trust architecture is based on a security
strategy where identity management and
access control are at the center. For this
reason, it is necessary to optimize the
authentication processes of users and
devices and to reorganize access
authorizations to be least privileged.

3. Application and Data Security: While
securing data and applications, every data
flow and application traffic must be
continuously monitored and verified.
Micro segmentation and encryption play a
key role in this process.

4. Continuous Monitoring and Threat
Detection: Continuous monitoring and
analysis, which is one of the basic
principles of Zero Trust Architecture, is a
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critical element to ensure the security of
the corporate structure. All access requests,
network traffic and user behavior should be
continuously monitored, and abnormal
activities should be detected.

5. Human and Process Factor: In addition
to technological transformation, business
processes and the human factor in
corporate structures must also be reshaped
in accordance with Zero Trust principles.
Users must adapt to new access policies
and authentication procedures.

The process of integrating zero trust
architecture into organizational structures
requires not only the purchase of new

technologies, but also a change in mindset
throughout the organization. A shift from a
structure  where security is the sole
responsibility of IT teams to one where the
entire organization actively contributes [16].

For this process to be successful, the following
key elements should be considered [17].

e Gradual Transition: The transition to
Zero Trust Architecture should be
implemented gradually, not abruptly. A
gradual integration process should be
followed  before  the  existing
infrastructure  and  systems are
completely replaced.

e Compatibility with Legacy Systems:
It may not be possible to completely
eliminate legacy systems in
organizational structures. Therefore, it
is important to integrate the Zero Trust
Architecture with existing systems in a
compatible manner.

e Risk Management and Challenges:
Risks and challenges that may be
encountered in the implementation of
Zero Trust Architecture should be
carefully evaluated. Organizations
should pay attention to ensure business
continuity during the transition process
and ensure that users experience
minimal disruption.
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Zero Trust Architecture requires a fundamental
change in the security strategies of
organizations when implementing it into
corporate structures. This process should be
treated as a comprehensive transformation
process that affects not only technological
infrastructure, but also business processes and
user habits. The transition to Zero Trust
Architecture aims to go beyond traditional
security approaches and provide a proactive
security model to combat the growing threats in
the modern business world [15].

3.1. Process

The implementation of a zero trust architecture
in organizational structures requires a well-
defined and systematic process. This process

consists of a series of steps aimed at
continuously assessing and improving the
security level of information systems. The Risk
Management Framework (RMF) described in
NIST SP 800-37 Revision 2 provides the basic
methodology for this process. The RMF
provides a system lifecycle approach to
managing security and privacy risks and is
executed through a seven-step process as shown
in Table 1 [10]. This methodology ensures that
systems are planned, implemented, monitored
and updated in a secure manner. Following the
RMF steps given in Table 1 in the transition to
Zero Trust Architecture is critical to minimize
security risks.

Table 1. Process steps and breakdowns offered by RMF in the transition to Zero Trust architecture

Process

Sub Processes

Organizational and System
Preparation (PREPARE Step)

Identifying Resources and Roles
Defining Security and Privacy Objectives
Engagement of Key Stakeholders

System Categorization
(CATEGORIZE Step)

Categorization of Systems
Determination of Data Sensitivity

Control Selection (SELECT Step)

Selecting Safety Controls
Extra Safety Precautions

Control Implementation
(IMPLEMENT Step)

Implementation of Selected Controls
Structuring Access Policies

Control Assessment (ASSESS Step)

Security Testing and Evaluation
Continuous Monitoring and Threat Detection

System Authorization Authorization Decision
(AUTHORIZE Step) Risk Management Decisions
Control Monitoring (MONITOR Continuous Monitoring and Threat Detection

Step)

Security Updates

3.2. Prepare

The preparation phase is critical for the
successful implementation of the Zero Trust
Architecture in organizational structures. This
phase includes a comprehensive assessment and
planning process at both the organizational and
system level. The purpose of the preparation
phase is to align existing systems and processes
with zero trust principles and to create the
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necessary infrastructure for the transition [18].
In this phase, the overall security situation of the
organization is analyzed as shown in Table 2. In
addition, risks are identified and necessary steps
are taken to implement the zero trust
architecture. Assessment of business processes
and systems, at both strategic and operational
levels, is essential for the successful integration
of zero trust architecture.
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Table 2. Process steps and breakdowns of the
prepare phase in the transition to zero trust

architecture

Process

Sub Processes

Organization and
Mission/Business
Process Levels

Defining Mission and
Security Objectives
Review of Business
Processes

System Level

Evaluation of System
Architecture

Review of Existing Security
Controls

Risk Analysis

Identifying Threats and
Vulnerabilities
Prioritization of Risks

Organization and
Mission/Business
Process Level

Mission Driven Security
ZTA Applications Suitable
for Business Processes

System Level

Identification of Resources

and System Components
Selecting Appropriate
Safety Measures
Workflow Specific

Source Categories

Resources

General Infrastructure

Resources
Authorization System Components
Limit Connection Security

3.3. Categorize

A critical step in the zero trust architecture
planning process is to categorize corporate
resources and workflows according to their
security requirements. In this process, basic
security principles such as confidentiality,
integrity and availability are taken into
consideration and each resource and workflow
is categorized according to certain security
levels as given in Table 3. The categorization of
resources and workflows is the basis for the
effective implementation of a zero trust
architecture and helps to determine the security
controls to be applied to resources [19].

In this step, resources are categorized into Low,
Medium or High levels. These categories
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indicate what kind of measures should be taken
according to the security risk of each resource
and determine which level of security will be
applied in  business processes. This
categorization is done to ensure the security of
resources and optimize the level of protection
against potential threats.

Table 3. Process steps and breakdowns of the
categorization phase of the Zero Trust architecture

Process Sub Processes
Resource Owners Inputs of Resource
and Workflows Owners

Analysis of Workflows
System Technical Specifications
Administrators of Sources

Evaluation of Existing
Security Measures

Categorization of Low

Resources Moderate

according to High

Security Levels

FIPS 199 and FIPS  Confidentiality

200 Standards Integrity
Availability

3.4. Select

Within the Zero Trust Architecture, the select
step involves identifying and implementing
appropriate security controls to secure systems.
This step ensures that the most appropriate
security measures are defined for the systems
according to the risk levels. Security controls
should be tailored to the current threat
environment and adapted to the requirements of
business processes. In this phase, controls are
selected in line with the basic principles of zero
trust architecture as shown in Table 4 and the
technologies required to enhance the security of
business processes are identified. The selection
process should be meticulously planned so that
the security architecture adapts to the functional
requirements and existing infrastructure of the
organization [20].
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Table 4. Process steps and breakdowns of the select phase in the transition to Zero Trust architecture

Process

Sub Processes

Control Adaptation

Basic Safety Checks
Additional Safety Precautions

Control Overlays

Use of coatings
Adaptation of coatings

Inputs and Planning

Inputs of Resource Owners
Analysis of Business Processes

Continuous Monitoring and Updating

System Monitoring
Updates and Security Patches

Additional Resources

Federal CIO Handbook and TIC 3.0
NIST SP 800-53 and 800-53B

Tasks and Inputs

Input from System Administrators
NIST SP 800-37 Revision 2

3.5. Apply

Implementing security controls is a critical step
for the successful integration of Zero Trust
Architecture into organizational structures. The
Implement phase involves integrating the
security controls and policies identified in the
Select step into physical and digital systems.
This process provides the technical,
organizational and operational steps necessary
for the practical deployment of the zero trust
architecture (Table 5) [17]. The infrastructure
and tools required to manage and monitor
systems, users and applications according to
zero trust architecture principles come into play
at this stage. In the implementation process,
security controls are effectively implemented,
making a significant contribution to minimizing
risks in corporate structures.

Table 5. Process steps and breakdowns of the
implement phase in the transition to Zero Trust
architecture

Process Sub Processes

General Approach Implementation of
Selected Controls
Least Privileged
Access

Future Monitoring and  Continuous

Maintenance Monitoring and
Updating
Monitoring Solutions

Automation and Automation

Manual Operations Manual Operations

Duties and Managers and
Responsibilities Operators
Delegation of Tasks
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3.6. Evaluate

Once the Zero Trust Architecture has been
implemented, it needs to be evaluated regularly
to verify that the architecture is continuously
improving and achieving its security objectives.
The Assess step involves the process of
measuring the effectiveness of security controls
and collecting the necessary data for
improvement [18]. This step tests whether the
systems and security policies are suitable for a
dynamic zero-trust architecture and ensures that
they remain up-to-date and effective in an ever-
changing threat environment (Table 6). The
Assess process analyzes not only the accuracy
and effectiveness of the security controls
implemented, but also the impact of these
controls on system performance. This step
addresses issues such as how to respond to
cyber security incidents and how to detect
vulnerabilities in systems.

Table 6. Process steps and breakdowns of the Assess
phase in the transition to Zero Trust architecture

Process Sub Processes

Continuous Evaluation = Dynamic Threat
Environment
Evaluation on System
Performance

Continuous Evaluation
of the System
Evaluation of the
Management Process
Automatic Scanning
and Monitoring
Manual Evaluation
Red Team Testing
Penetration Tests

Two Main Evaluation
Processes

Automatic and Manual
Controls

Active Processes and
Tests
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3.7. Authorize
Authorization plays a critical role in the final
phase of Zero trust architecture

implementations. This step refers to the formal
assessment and authorization of whether a
system or application meets security
requirements. The authorization process
ensures that a system has appropriate security
controls in place before moving to the
operational phase [19]. In addition, considering
the dynamic nature of the zero-trust
architecture, security approvals are also
required during changes and updates to the
systems. This step is a process that maintains
the compliance of systems with security
objectives through continuous evaluation and
the ability to respond to dynamic changes, as
shown in Table 7.

Table 7. Process steps and breakdowns of the
authorize phase in the transition to Zero Trust
architecture

Process Sub Processes

Dynamic Approach Evaluation of systems
and processes
The dynamic nature of
zero trust architecture

Changes and Updates System changes
Process updates

Official Approval Safety assessment
Continuous
monitoring and
improvement

3.8. Monitor

Monitoring is a critical component of a zero
trust architecture. It involves continuous
monitoring of resources, data flows and
systems. Since the zero trust architecture
assumes that networks and systems are not
always trustworthys, it is necessary to ensure that
security controls are active at all times, not just
at specific times [20]. As given in Table 8, this
step ensures continuous monitoring of the
systems to detect new threats and react quickly
to potential security breaches. The monitoring
process allows early detection of security
breaches and creates a rapid defense mechanism
against threats. In addition, monitoring data will
contribute to the development of future security
policies.
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Table 8. Process steps and breakdowns of the
monitoring phase in the transition to Zero Trust
architecture

Process Sub Processes

Continuous Continuous monitoring of

Monitoring of  network traffic

Resources Continuous monitoring of
endpoint devices

Technology Available technology

Solutions Data analysis and automation

Action Reaction to security incidents

Triggering System improvements

Policy Observations and policy

Development Proactive policy development

4. TRANSITION CHALLENGES AND
RISK ASSESSMENTS

While the transition to a zero-trust architecture
offers significant advantages for many
organizations, it also poses a variety of
technical,  operational and managerial
challenges and risks. The core philosophy of
zero trust architecture - “never trust, always
verify” - represents a radical departure from
traditional security approaches. In this
transition, critical areas such as authentication
and authorization, endpoint security, protection
of data flows, and monitoring of enterprise
systems stand out [21]. These challenges
require organizations to restructure their
workflows and IT infrastructure, update
existing security policies, and adopt a new
cybersecurity culture. In the following sections,
the main challenges and risks in this transition
process are discussed and evaluated.

4.1. Principles for Network
Management

A zero trust architecture requires all resources,
users and devices to go through a dynamic
authentication and authorization process before
interacting with other entities on the network. In
traditional security models, security is typically
built at the perimeter of the network, and
entities inside the network undergo less
stringent controls. However, a zero-trust
architecture requires security policies to be
applied independently for each entity. In this
context, network identity governance is a
critical component at the core of a zero trust
architecture [22].

Identity
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e Dynamic authentication and
authorization: Under a =zero trust
architecture, each access request must be
independently authenticated. This dynamic
approach ensures that users, devices and
services are continuously authenticated
and authorized. In traditional network
models, entities are considered trusted
once authenticated, whereas in zero trust
architecture, each access request is
subjected to a separate authentication
process. In this way, every access request,
even on the internal network, is treated as
a threat.

e  Multi-factor authentication (MFA):
Advocates that the authentication process
of a zero-trust architecture should not be
limited to passwords. In particular,
additional security measures such as MFA
should be implemented before critical data
and systems are accessed. This is an
important mechanism that strengthens the
security layers of the zero trust architecture
and makes the authentication process more
secure.

e Identity management: Organizations
should effectively manage not only user
identities but also the identities of all assets
(devices, applications, services) on the
network. Each asset must be continuously
monitored and go through authorization
processes. Identity management is a
critical element, especially for large
organizations that use multiple identity
systems  within  the  organization.
Integrating authentication and
authorization processes into a centralized
structure  supports  the  successful
implementation of a zero trust architecture.

4.3. Principles on Endpoints

The security of endpoints is of utmost
importance for the successful implementation
of zero trust architecture. Endpoints are among
the areas where security vulnerabilities are most
common. Endpoints such as mobile devices,
IoT devices, virtual machines and sensors are
considered the weak link of the system. Since
these devices are part of the network, it is not
possible to provide a holistic security without
securing each of them [23].
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e All data sources and computing services
are considered as resources: In a zero
trust architecture, every device, every data
source and every service is considered
potentially untrustworthy. All resources,
including endpoint devices, should be
subject to the system's security policies.
This approach requires continuous
verification and authorization of endpoints.
Organizations should keep these resources
under strict security controls and monitor
the movement of each resource through the
system.

e Integrity and security status of resources:
The security of endpoints also depends on
keeping these devices protected with up-
to-date security patches. Organizations
should monitor and assess the security
status of all resources they own and use.
Each endpoint's configuration status,
software version, security updates, etc.
should be continuously checked, and
security  vulnerabilities  should be
responded to quickly when detected. This
process ensures system-wide security of
endpoints and increases their resilience
against potential threats.

4.4. Principles Applied to Data Flows

An important component of zero trust

architecture is to secure data flows. Every data

flow that takes place on the network is
considered a potential threat under a zero trust
architecture. Therefore, data must be secured
throughout the transmission process and
unauthorized access must be prevented. Zero
trust architecture mandates that data should only
pass through securely encrypted channels and

data integrity should be maintained [15].

e All communication is secure regardless
of network location: Zero trust
architecture considers all data flows as
untrustworthy, regardless of whether they
are internal or external. Therefore, all
communications in the network must be
encrypted and carried out over a secure
channel. Cryptographic security measures
should be used to ensure data integrity and
unauthorized access should be blocked
immediately.
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e  Access to individual corporate resources
is granted on a session-by-session basis:
In a zero-trust architecture, each access
request is authenticated and authorized on
a session-by-session basis. This means that
every data transfer and transaction process
is evaluated against security policies.
Session-based control prevents
unauthorized transactions and
unauthorized data access.

e Access to resources is determined by

dynamic policies: A zero-trust
architecture does not limit access
authorizations to resources to

authentication alone. Instead, it determines
access authorizations using dynamic
policies such as customer identity,
application state, service requirements and
environmental factors. This dynamic
nature allows enterprise security policies to
be more fine-tuned and flexible.

e Data collection and analysis: A zero trust
architecture requires organizations to
collect as much information as possible
about all entities on the network. The
current state of the network, data flows and
changes in system components are
constantly monitored and analyzed. The
collected data is used to improve the
security posture of the system and detect
potential threats. This process ensures a
proactive security approach and increases

the effectiveness of the zero trust
architecture.
5. CONCLUSION
The transition to a Zero Trust architecture
requires a fundamental change in the

organizational security structure. However, it
offers a more dynamic and comprehensive
security strategy compared to traditional
security models. The Zero Trust architecture is
based on a system where the source, device and
user are constantly authenticated and authorized
and all data flows inside and outside the
network are considered untrusted. The benefits
of zero trust architecture include active
authentication, increased endpoint security and
secure monitoring of data transmissions. In
particular, this approach, where potential threats
within the system are not even considered
trustworthy, allows organizations to develop a
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proactive defense mechanism against internal
and external threats. However, the challenges of
implementing a zero trust architecture, such as
managing network identity, endpoint security
and monitoring data flow, require careful
planning and technological investment.

During the transition to a zero trust architecture,
organizations should conduct a comprehensive
risk assessment, review their existing
infrastructure and adapt their security strategies
to this structure. A gradual transition and
employee training are critical to the efficiency
of the transition. In addition, investing in strong
technological infrastructures and dynamic
security systems will increase the effectiveness
of zero trust architecture. As a result, zero-trust
architecture allows organizations to build a
more flexible and robust security structure
against modern cyber threats. If the benefits and
challenges that this architecture brings are
handled with the right management, it will
create a more secure enterprise environment and
enable long-term cybersecurity success.
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ABSTRACT

Pumps in fuel oil systems are mechanical equipment used for the transfer of liquid fluid from one place
to another. In particular, pumps are required to transfer the maximum flow rate in the transfer units in
minimum time. They consume a very high amount of energy for this transfer. In this research, research
studies were carried out to ensure the transfer of the highest possible amount of fuel oil by consuming
energy at optimal rates. In this experimental study, the energy consumption and flow rate were measured
across a range of engine speeds (100-700 RPM) and varying gear lengths (90-100 mm). According to
the findings, energy consumption reached ideal levels at 600 RPM engine speed. In addition, it was
determined that the lowest CO2 emission was obtained in the range of 600-700 RPM and by using
long gear length. In addition, it is observed that the effect of gear length on energy efficiency is
significant and energy consumption decreases as the gear length gets shorter. The results show that
minimum energy consumption can be obtained with maximum flow rate at 609 RPM engine speed
and 100 mm gear length. The ANOVA analysis used in the study reveals that the flow rate changes are
98% related to the engine speed, while the gear length is 78% effective in CO2 emission reduction.
This research provides an important contribution to energy efficiency and carbon emission reduction
in industrial applications. This study provides an innovative method that can be used to achieve
energy saving and environmental sustainability goals and makes valuable contributions to the
literature on optimizing internal gear pump designs.

Keywords: Carbon Footprint, Energy Efficiency, Energy Consumption, Internal Gear Pump.

1. INTRODUCTION Technically, "energy efficiency" means using
Pumps are machines that can use electrical fewer energy inputs while maintaining the same
energy for fluid transfer through a mechanical level of economic activity or service, whereas
transfer system. It is a part of a transfer system "energy conservation" is a broader concept that
used to transport all kinds of fluids from one includes reducing consumption through
place to a desired different place and to control behavioral change or reduced economic
the amount of flow (flow rate) [1]. The rapid activity. In practice, it is difficult to distinguish
filling or emptying of tanks is one of the most between these two concepts and the terms are
important factors directly affecting the often used interchangeably [4]. Energy
performance of these systems. However, it is efficiency means producing the same amount of
not enough to perform this process quickly. It is goods and services using less energy or
also very important to work with minimum producing more goods and services with the
energy consumption during this transfer same amount of energy. When this is achieved,
process. In other words, the system must both businesses can gain competitive advantage both
work fast and provide energy efficiency. Thus, locally and internationally [5].

performance can be kept at the highest level
while reducing costs [2-3].
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Among the machines that consume electricity,
pumps are one of the highest energy consumers
with a share of 20%. Therefore, the appropriate
use of pump systems and energy efficiency has
become an important issue. Although
improvements in pump efficiency are limited, it
has been determined that up to 30% energy
savings can be achieved with proper design and
optimization of pump systems [6]. Design
parameters in pumps have a direct impact on
efficiency and energy consumption; these
parameters affect pump performance and
energy consumption [7]. At the same time, the
use of highly efficient pumps alone is not
sufficient for a pumping system to operate at
maximum efficiency. Efficient operation of
pumping systems depends not only on the
design of the pump, but also on the correct
design of the entire system and favorable
operating conditions. In an incorrectly designed
or incorrectly installed system, even the most
efficient pump cannot perform as expected and
can become inefficient [8]. Therefore, it should
not be forgotten that system design and
installation play an important role in energy
efficiency as well as design parameters.

Pumps are inefficient systems that cause the
loss of approximately 40% of energy inputs.
Optimization of these systems can be achieved
through strategies such as correction of
misconfigured pump systems, replacement of
old and high maintenance cost systems and
detection of damaged pumps. Such
improvements can lead to significant energy
savings in motorized pump systems, which
account for approximately 25% of energy
consumption in the manufacturing sector [9].

In the study conducted by Bae et al., the rotor
profile was optimized using automatic design
methods and multiple calculation programs,
taking into account fuel efficiency and low
torque demands. During the design process,
various parametric analyses and calculations
were performed to obtain the ideal rotor profile.
The prototypes were subjected to performance
tests and the calculated torque values were
compared with experimental data.

The results show that the calculated torque
values show high agreement with the
experimental data, and this agreement reveals
the accuracy of the design and simulation
processes. This result proved that the rotor
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design was successful in achieving the
efficiency and performance targets. [10]. In his
study, Akhan achieved significant energy
savings by using frequency inverter in variable
flow fan and pump systems. In the study, thanks
to the use of frequency inverter, the efficiency
of the systems was optimized and energy
consumption was reduced by 60% [11].

The highly efficient P/M internal gear pump
rotors developed by Sasaki and his team are
called Megafloid rotors and respond to the
demands for fuel consumption reduction and
hydraulic power increase in the automotive
industry. These rotors are equipped with an
innovative tooth profile and offer a discharge
volume of 10% or more compared to
conventional rotors of the same size. Thanks to
these features, the pumps can be produced in
smaller sizes and operate with lower torque,
resulting in significant improvements in fuel
efficiency. Megafloid rotors are widely used,
especially in automotive engine oil pumps,
contributing to energy efficiency targets in the
industry [12]. In their study, Oztiirk and Kiiciik
developed a new gear pump design to optimize
energy consumption. This design, obtained by
using the Fundamental Motion Analysis
method, aims to provide maximum flow rate
with low energy consumption during fuel
transfer. In the study, the effects of engine speed
and gear design on energy consumption were
investigated and it was determined that energy
consumption was minimized especially in the
500-600 RPM range. In the experiments, it is
predicted that 3506 kWh energy saving can be
achieved annually with the newly developed
spur gear pump design.[2]. In their study, Oziirk
et al. present an experimental investigation on
the optimization of energy consumption of
internal gear pumps using Taguchi and
Response Surface Method (RSM). In the study,
the effects of the pump design parameters of
tooth length and motor speed on flow rate,
power consumption and specific energy
consumption (SEC) were investigated. The
optimum motor speed was determined as 700
RPM and tooth length as 85 mm, and energy
consumption was reduced by 41% from 156.1
Wh/m® to 92.0 Wh/m* with the new pump
design. The effect of flow rate change on energy
consumption was found to be 83% [13].
Artificial Neural Networks, RSM, and Taguchi
techniques are frequently used in various fields
and diverse industrial applications due to their



Ozdamar and Oztiirk /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 8:3 (2024) 428-436

robust sensing and optimization capability [14-
17]. In a study conducted by the American
Hydraulic Institute, 20% of the energy
consumed in developed countries is consumed
by pumps. It is explained that 30% of this
energy can be saved with a good system design
and selection of suitable pumps [18].

The need for energy in the world has emerged
in four different areas: industry, transport,
housing and trade. The highest energy
consumption is realized in industry with 51%
and in transport with 27% (Figure 1). Energy
consumption in production worldwide has been
increasing continuously for the last 20 years and
it is predicted that it will be in a continuous
increase for the next 20 years (Figure 2). The
limited availability of energy resources has led
to a continuous increase in energy costs [19].

Industrial;

55.56%

Figure 1. Energy consumption areas in the world
[19].

Total energy consumption by sector, world
quads

45 2022
projections

150 transpariation

100 residentia

2000 2005 2030 2035 2040 2045 2080

Figure 2. Total energy consumption by sector,
World [19].

The concepts of sustainable production and
energy efficiency are of great importance in
modern engineering practice. Studies in these
fields aim to save energy, optimize resource use
and reduce environmental impacts in
production processes. In particular, life cycle
assessment and resource efficiency strategies in
manufacturing processes are widely applied to
increase  environmental and  economic
sustainability in production [20-22].
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Strategies to improve energy efficiency and
optimise resource use increase production
efficiency by reducing energy intensity in
industrial processes. In this way, businesses
reduce their carbon footprint while at the same
time reducing costs [22].

Carbon footprint is one of the most widely used
indicators to measure climate impacts today.
Since its introduction in public relations,
various stakeholders have continued their
efforts to reduce their carbon footprint and
communicate this to customers and other
interested parties. Carbon footprinting is a
component of life cycle assessment (LCA) that
focuses solely on greenhouse gas emissions.
LCA is guided by ISO 14040-44:2006
standards, while carbon footprint calculations
are performed according to ISO 14067:2018
standard [23].

In this study, experimental design methods
using RSM (Response Surface Method) will be
applied for the design and optimization of
energy consumption and energy efficiency. In
this way, it is aimed to develop an ideal pump
to increase sustainability.

2. MATERIAL AND METHOD

In the calculation of active power in 3-phase
electric motors, it is calculated with parameters
such as the energy load (I) measured with an
ammeter and the voltage value (V) of the motor.
For  three-phase  motors, this power
consumption is calculated in kW using energy
power conversion equations. The generally
used equation is converted into kW power
consumption with the equation (Equation 1).
I=Energy load measured by ammeter (A),
Cos 6=Power Factor (Induction Motor; 0,85) [8,
24,25].

Ptotal = 3.V.I.Cos o (1)

Carbon footprint is a measure of the total
emissions of carbon dioxide (CO,) and other
greenhouse gases released directly or indirectly
into the atmosphere by individuals, businesses
or products. These emissions can come from a
variety of sources, such as the burning of fossil
fuels, deforestation and agricultural activities.
The carbon footprint is usually expressed in
terms of carbon dioxide equivalents (CO,.),
which provides a combined measure of the
impacts of different greenhouse gases on the
climate. According to a report published by
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Defra, based on 2023 data, the emission factor
for natural gas is 0.202 kg CO,, per kilowatt-
hour (kWh), while the emission factor for coal
used in electricity generation is 0.33 kg COze
per kilowatt- hour. However, after taking into
account all production types and related
processes, the average emission factor is
considered to be 0.48 kg CO,, per kilowatt-hour
(Equation 2) [26,27].

At

CF(t)(co.) =0.48 x ZkWh

k=1

The Surface Method (RSM) has been used to
determine the optimal machining conditions of
extruded aluminum parts. Developed in 1951 by
Box and Wilson, RSM provides fast and
sequential results for the improvement,
optimization and modelling of complex
processes in industrial experiments [28]. This
method designs a series of experiments with the
aim of obtaining optimal results by analyzing
the interactions between various independent
variables and one or more response variables
[29,30]. When the linear function of the
independent variable closely matches the
response of the system, the approximation is
modelled using a first-order equation [31]. In
this research study, the selection of the gear
length and the number of revolutions required
to provide the most ideal fuel oil transfer during
this process while ensuring minimum energy
consumption was carried out using the RSM
method.

2)

Table 1. RSM Experiment Design.

RPM Length StdOrder | RunOrder | Blocks | PtType
(mm)
100 100 1 1 1 1
200 100 2 2 1 1
300 100 3 3 1 1
400 100 4 4 1 1
500 100 5 5 1 1
600 100 6 6 1 1
700 100 7 7 1 1
100 90 8 8 1 1
200 90 9 9 1 1
300 90 10 10 1 1
400 90 11 11 1 1
500 90 12 12 1 1
600 90 13 13 1 1
700 90 14 14 1 1

While the speed change in the range of 100-700
RPM was determined as the parameter level, the
gear length of 90-100 mm was selected as the
second parameter. The pump body and gear
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were manufactured by turning on a lathe
according to the technical drawing dimensions.
Table 1 shows the RSM experiment design.
The thrust gear pump used in the experiments
and the IPT Fuel Oil test system where the tests
were performed are shown in Figure 3. Within
the scope of university - industry cooperation,
all experiments were carried out with the
support of the R&D unit of the factory and all
results were reported and then the necessary
statistical analysis was carried out.

Figure 3. Pump efficiency test unit.

Figure 4. Internal gear pump

3. EXPERIMENTAL FINDINGS
All test results performed according to the
experimental design are presented in Table 2.

Table 2. Experiment Results.

Volume Power SEC SCF
(Lt) (W) (KW/It) (CO2)
108 1140 94.74 45.5
226 1980 114.14 54.8
326 2620 124.43 59.7
440 3340 131.74 63.2
560 4220 132.70 63.7
600 5070 118.34 56.8
660 5700 115.79 55.6

89 865 102.89 49 .4
188 1520 123.68 59.4
280 2150 130,23 62.5
390 2540 153.54 73.7
480 2880 166.67 80.0
560 3200 175.00 84.0
600 3600 166.67 80.0
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Specific energy consumption values are
considered as an important indicator in
determining the ideal energy consumption. As a
result of the analyses, it was observed that the
ideal energy consumption value was reached at
600 RPM. In instantaneous current changes, it
has been determined that a significant reduction
in energy consumption is achieved by reducing
the gear length. In particular, the instantaneous
power consumption was reduced from 5.7 kW
to 3.6 kW. The lowest CO, emission results
were obtained in the 600-700 RPM ranges with
the use of gears between 200-300 mm in length.
Similar results were obtained in the studies
conducted in the literature [32,33]. However, it
is considered that these ranges may not always
be a suitable choice due to the low amount of
flow rate required at lowspeed ranges. Figure 5
shows the SCF (Stress Concentration Factor)
and Figure 6 shows the Probability Plot graph
showing the accuracy of the values obtained for
the volume results. It can be stated that the
results obtained are within the lower and upper
limit value range and the experiments are
completed within the desired confidence
interval.

Probability Plot of SCF (C0O2)
Normal - 95% CI

Mean 63,45
StDev 11,80
N 14

AD 0,452
P-Value 0,231

Percent
=2

2 30 4 50 e 70 8 9 100 110
SCF (CO2)

Figure 5. Probability Plot of SCF (CO,) Results.

Probability Plot of Volume (It)
Normal - 95% CI

Mean
StDev
N

AD

80 P-Value 0453

3934

Percent

T T T T T T T
a0 200 0 200 400 600 800 1000 1200
Valume (It)

Figure 6. Probability Plot of Volume (Lt) Results.
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Figures 7, 8 and 9 show the Surface Plot graphs
generated using the Response Surface
Methodology (RSM) method.

600

Volume (It) 400

95
Length (mm)

Figure 7. RSM surface plot of volume.

6000

Power (W) 4000
2000

95
Length (mm)

Figure 8. RSM surface plot of power.

160

SEC (kW/It) 140

120

Length (mm)

Figure 9. RSM surface plot of SEC.

These graphs provide a clear observation of the
effects of level changes in the experimental
parameters on the results. It was found that the
increase in the number of revolutions has a
direct effect on the volume change, but the gear
length does not contribute much to this change.
In terms of power index change, both gear
length and speed change were found to be
effective at approximately similar rates. SEC
(Specific Energy Consumption) and SCF
(Stress Concentration Factor) graphs showed
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similar results and the maximum value of both
parameters was obtained at 400 RPM. This
shows the most critical range for both energy
consumption and CO, emission of the pumps.
However, the surface plot graphs for energy
consumption and CO; emissions exhibit a
parallel trend.

The RSM Optimizer results in Figure 10
allowed the determination of the ideal pump
operating range. RSM Optimizer is able to
evaluate the ideal values of the results according
to the order of importance and thus enables the
determination  of  optimum  conditions.
According to the analyses, it is predicted that
maximum flow rate, minimum energy
consumption and accordingly minimum CO,
emission can be obtained by producing at a
speed of 609 RPM and a gear length of 100 mm.

RPM Length (
Up‘;“‘ High ~700,0 m%,n_
0 [1000]

90,0

car [609,0009]
0,18456 | gyy 100,0

Composite
Desirability
0,19456

SEC (kW/

Minimum
y =123,9096 ) _ _om—m i
d=0,07270 //\\

Volume (
Targ: 600,0
y = 611,9824
d = 0,52070

Figure 10. RSM Optimizer.

Table 3 shows the ANOVA results which
provide information about the effect rates of the
experimental design parameter on the results

[34]. When these results are taken into
consideration, volume changes are 98% related
to the number of revolutions. In other words, a
change in gear size for flow rate change does
not have a significant effect. In the
instantaneous power consumption, it can be said
that a contribution of almost 50% - 50% is
provided. In other words, it has been observed
that reducing the gear size reduces energy
consumption at a very high rate. According to
these results, it is determined that the gear size
is 78% effective in CO, emission reduction
studies.

3.1 ANOVA Results and Evaluation

In Table 3, ANOVA (Analysis of Variance)
results showing the effects of the experimental
design parameters on the results are given.

According to these results, it is determined that
98% of the volume changes are related to the
speed. This shows that a change in gear size
does not have a significant effect in terms of
flow rate change [35]. On the other hand, speed
and gear size have an effect on instantaneous
power consumption by approximately 50%-
50%. This shows that reducing the gear size
leads to a significant reduction in energy
consumption. In CO, emission reduction
studies, it has been determined that the gear size
is 78% effective in line with these results. These
findings show that optimizing the gear size is
critical for energy efficiency and environmental
impacts [36].

Table 3. ANOVA results.

Source DF Seq SS Adj SS Adj MS F P % Effect
RPM 6 474353 474353 79059 435.24 0 98.1
Volume Length (mm) 1 7921 7921 7921 43.61 0.001 1.6
(L) Error 6 1090 1090 182
Total 13 483363 483363
RPM 6 20396496 20396496 | 3399416 12.72 | 0.003 47.1
Power Length (mm) 1 3822088 3822088 3822088 14.3 0.009 52.9
W) Error 6 1603225 1603225 267204
Total 13 | 25821809
RPM 6 931.06 931.06 155.18 3.07 0.099 21.3
SCF Length (mm) 1 574.3 574.3 5743 11.36_ [ 0.015 78.7
(CO») Error 6 303.39 303.39 50.57
Total 13 1808.76
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4. RESULTS

In this study, the effects of different engine
speeds (100-700 RPM) and gear lengths (90-
100 mm) on the flow rate and energy
consumption of an industrial internal gear pump
were investigated. According to the findings, it
was found that the energy consumption reached
ideal levels at 600 RPM engine speed and the
lowest CO, emission was obtained in this speed
range. The effect of gear length on energy
consumption is remarkable and significant
reductions in energy consumption are achieved
with decreasing gear length. In particular, it was
observed that the instantaneous power
consumption was reduced from 5.7 kW to 3.6
kW. These findings indicate that gear size is a
crucial parameter for optimizing the system in
terms of energy efficiency.

In addition, according to the results of ANOVA
analyses, it was determined that the flow rate
variations were related to engine speed by 98%
and gear length was effective in reducing CO,
emissions by 78%. These results show that
optimizing the engine speed and gear length
provides significant contributions in terms of
energy  efficiency and  environmental
sustainability.

As a result of the experimental studies,
maximum flow rate and minimum energy
consumption were obtained at 609 RPM motor
speed and 100 mm gear length. This study
presents an innovative approach to improve
energy efficiency and reduce carbon footprint in
the design of internal gear pump systems. The
findings of the study provide an important guide
to save energy and minimize environmental
impacts in industrial applications.
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ABSTRACT

This study aims to evaluate the specific energy consumption during marble processing on CNC
machines both by traditional statistical methods and machine learning models. It presents an analytical
framework that examines the effects of process parameters to improve energy efficiency in CNC
machining processes. In the experimental part, a data set of 5400 obrervations was obtained considering
different machining types, depths of cut and feed rates. Analysis of Variance (ANOVA) and regression
models confirmed the decisive role of material removal rate (MRR) on specific energy consumption.
The study comprehensively analyzed the performance of four different machine learning models
(Gradient Boosting, Random Forest, XGBoost, LightGBM) to predict the specific energy consumption
during marble processing on CNC machines. The findings show that specific energy consumption is an
important parameter for energy efficiency and cost reduction. The accuracy of the models was evaluated
with metrics such as R?, RMSE and MAE, and as a result, it was found that Gradient Boosting and
XGBoost models outperformed the others in the Spiral machining type. These findings provide a solid
basis for developing strategies to improve energy efficiency in marble processing on CNC machines.
The study provides important information that can help make strategic decisions to save energy and
improve environmental sustainability. Providing valuable guidance for future research, this study
demonstrates the potential use of machine learning models to improve energy efficiency in the natural
stone industry.

Keywords: Marble, Energy Consumption, Specific Energy, CNC Machines, Machine Learning.

1. INTRODUCTION preferred in the production of architectural
decorative  products  (sculptures, column
Natural stones are frequently preferred by capitals, reliefs, carvings, frescoes, etc.), and
architects in modern building designs due to with these machines, precise and detailed 3D
their aesthetic properties, durability and machining becomes possible. CNC technology
sustainability. These stones are especially enables the production of high quality products
suitable for indoor and outdoor use with their by offering small depth cutting and fine detailed
variety of colors, patterns and natural textures. machining in the x, y, z axes. This gives
With the impact of technological developments, companies the opportunity to produce high
two-dimensional (2D) and three-dimensional value-added products and gain a competitive
(3D) designs are processed in line with higher advantage in the global market. Nowadays,
precision and quality requirements, and these research on the determination of optimum
processes are usually carried out with Computer machining parameters in CNC machines to
Aided Control (CNC) machines. CNC achieve more efficient production in natural
machines play a critical role in responding to the stone processing processes is increasing [1-2].
increasing design demands and quality Studies on the cutting process of natural stones
expectations in the natural stone industry. In and the performance of CNC machines make
particular, vertical machining centers are important contributions both to increase
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productivity in the stone processing industry
and to obtain quality products. In these studies,
many parameters affecting the cutting process
and the performance of CNC machines have
been analyzed. These parameters include the
geometry of cutting tools, cutting speeds, feed
rates and the use of coolants. Modeling the
forces generated during the cutting process in
CNC machines is of great importance for the
optimization of the cutting process.
Mathematical and simulation-based models are
frequently used to calculate cutting forces and
energy consumption. Especially recent studies
have investigated in detail the effects of
parameters such as cutting forces and specific
cutting energy on both energy efficiency and
surface quality [3-14].

The wear of the tools used during the cutting
process and its effect on the machining quality
is also of great importance. The hardness and
durability properties of natural stones can cause
rapid tool wear, which can adversely affect
surface quality. Research to minimize tool wear
has focused on the development of new tool
materials and coatings. However, elastic and
plastic deformations that occur during the
cutting of stones are also among the factors that
determine the process quality. Plastic
deformations, especially in hard stones, can
increase the forces used during the cutting
process and increase energy consumption.
Therefore, the correct selection of machining
parameters minimizes both tool wear and
deformations, resulting in more efficient and
high quality cutting operations [15-19].

Recent research shows that process efficiency
can be improved by customizing CNC
technologies in natural stone machining
processes. The performance of diamond and
carbide tools has been studied along with their
effects on cutting parameters. While diamond
tools are preferred for machining hard stones
due to their high hardness and wear resistance,
the optimum cutting parameters were
determined by cooled cutting experiments. Low
cutting speed and feed rate were found to
improve machinability for diamond tools. The
relationship between cutting forces and energy
consumption was also investigated and the
optimum process parameters were determined.
It has been observed that diamond tools
improve the surface quality, while carbide tools
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may lead to loss of efficiency in hard stones [20-
26].

In recent years, Machine Learning (ML)
applications in CNC machine tools have been
investigated with increasing interest and future
research areas have been identified [27-31]. ML
is an important revolution in computer science
and enables the optimization of various
manufacturing processes in CNC machines.
Especially in areas such as cutting forces,
cutting tool wear prediction and optimization of
machining parameters, the use of ML
algorithms  can  significantly  increase
production efficiency. In addition, advanced
machine learning systems are also used to
improve the surface quality of machined parts
and to predict and prevent errors that may occur
during production. It has been emphasized that
the use of ML algorithms in CNC machines
contributes to energy efficiency and cost
savings by predicting cutting forces and
extending tool life [32-33]. It is predicted that
such technologies will contribute to the
development of autonomous production
processes and the achievement of industry 4.0
targets in the future.

Electrical energy is a fundamental element of
social and economic development and an
integral part of industrial production. Accurate
forecasting of electricity generation is critical
for energy planning and efficient use; in this
context, machine learning (ML) algorithms
have become prominent in the energy sector
thanks to their ability to analyze complex
relationships and make accurate forecasts [34].
Similarly, ML algorithms are also effective for
optimizing resource utilization in logistics and
manufacturing processes [35]. Environmental
sustainability has become an increasing focus in
the manufacturing sector. Especially in energy-
intensive systems such as CNC machines,
comprehensive approaches such as accurate
estimation of energy consumption, waste
reduction strategies and regular maintenance
are important to reduce the carbon footprint.
With these strategies, 23% energy savings and
14% waste reduction can be achieved, while
practices such as regular maintenance and
operator training contribute to energy efficiency
by extending machine life [36-38]. These
studies demonstrate the potential of ML
algorithms and sustainability-oriented
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approaches to increase efficiency in energy and
resource management.

Evaluating the performance of machine
learning models is critical to understanding and
optimizing their effectiveness. This paper
comprehensively analyzes the performance of
different machine learning models in predicting
energy consumption. Using the Python
programming language, the actual specific
energy values are compared with the values
predicted by the models, and an objective
evaluation is performed using performance
metrics such as coefficient of determination
(R?), mean absolute error (MAE) and root mean
squared error (RMSE) of each model. By
examining the outputs of the XGBoost model,
the analysis revealed that the material removal
rate (MRR) is the most critical factor and
accordingly, the performance of different
prediction models such as XGBoost, Gradient
Boosting, Random Forest and LightGBM based
on MRR were compared. All models were
found to perform with high accuracy, with
XGBoost in particular standing out with the
highest coefficient of determination (R?). These
findings provide important strategies to
improve energy efficiency and reduce costs and
highlight the potential of machine learning
methods to optimize energy consumption in
CNC machines. The findings of the study
provide important insights into how machine
learning methods can be used to improve energy
efficiency, providing a valuable foundation for
future research.

2. MATERIALS AND METHODS

2.1. Methodology

CNC machines have undergone significant
advancements in recent years, particularly
through the integration of artificial intelligence
(Al), which has greatly enhanced the
optimization of machining performance,
reduced errors, and improved efficiency [40]. In
addition, the adoption of cloud-based platforms
has enabled faster and more reliable access to
production processes, thus fostering greater
collaboration among teams [41]. The
integration of robotic technologies, particularly
collaborative robots, with CNC machines has
not only increased production speeds but also
enhanced workplace safety [42]. Furthermore,
the application of Internet of Things (IoT)
technologies in CNC systems has allowed for
inter-machine ~ communication, enabling
predictive maintenance and the optimization of
production schedules [43]. These technological
advancements have contributed to making CNC
machines more intelligent, precise, and
adaptive, improving production efficiency
across industries such as aerospace, automotive,
and medical sectors. As these innovations
continue to evolve, CNC machines are expected
to offer even more advanced solutions and
further enhance industrial production quality.

In this study, experiments were carried out on
CNC machines using different machining
parameters on marble and the effects of these
parameters on material machining performance
were investigated. A load cell tester fixed to the
CNC machine table was used to measure the
forces generated during the experiment. The
general methodology followed during the
experimental study is shown in Figure 1.

Processing Machine

Computer Numeric
Control (CNC) Marble

DAVID
Laser
scanner

Alpha-CAM
Drawing
Program

Marble processing
with cutting tools

Controller
Unit

T L T 1
i i Power and load Define Lab Soft
l Modeling l s'"::‘lat' meter tester and marble test pf:;r"a"m
load cells program I

Views of data on
Defne Lab Soft
program

Figure 1. Methodology followed during the experimental study phase [1]
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Figure 2. 3D product design in Alpha-CAM software [1]

The modeling of a horse figure was scanned
using a 3D laser scanner and the resulting STL
file was imported into Alpha-CAM design
software (Figure 2).

The laser scanner used was DAVID
Professional Version-3 software, known for its
high scanning speed and resolution. Alpha-
CAM software, which has 3D surface
processing and simulation features, was
preferred because it allows the drawings to be
compatible with different programs. The
specimens used in the experiments were
modeled in Alpha-CAM software with
dimensions of 125x100 mm. Different cutting
parameters were determined for each figure and
the experiments were tested with simulations
beforehand.

The load meter tester consists of load cells,
measurement and control units and is integrated
with Defne Lab-Soft software. Before the
experiments, the specimens were fixed to the
device with a quick-clamping apparatus. There
are a total of eight load cells in the system, four
of which are used for force measurement in the
Z axis and the other four are used for force
measurement in the X and Y axes. Defne Lab-
Soft software allowed the input of parameters
such as specimen type, size, diameter, weight,
machining type, depth of cut, spindle speed,
cutting speed, feed rate, tool sinking speed and
water content.
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For each experiment, the Numerical Control
(NC) codes generated in Alpha-CAM software
were transferred to the CNC machine control
unit via RSP (Recon Software Program). For
each measurement, 100 data were collected per
second from each 60x60 mm square for a period
of 60 seconds, totaling 600 data. This high-
resolution data collection method provided the
precision needed to analyze in detail the effects
of machining parameters on marble cutting
performance.

2.2. Process Parameters

In this study, cutting forces (Fc), depth of cut
(Ft) and energy consumption (Ec) were used as
effective cutting parameters to monitor the
performance of cutting tools for optimization of
marble processing. Experimental models were
used to determine the process conditions. The
process parameters and values used in the
experimental studies are presented in Table 1.

Table 1. Process parameters used in the

experiments
Process Parameters SI Values
Milled Tool Diameter mm 4.0
Spindle Speed d/min 10,000
Plunge Speed d/min 1000
Cutting Speed m/min 125.6
Cutting Width mm 2.0
Depth of Cut mm 1.0-1.5-
2.0
Feed Speed mm/min 2000-
2500-
3000




Sarusik and Ogiitlii /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 8:3 (2024) 437-450

The machining parameters are defined by
variables such as cutting speed (Vc¢), feed rate
(Va), equivalent depth of cut (heq) and material
removal rate (MRR). The cutting parameters Fc,
Ft and Ec were calculated with the equations
(Equations 1 to 4) proposed by Sarugik and

Ozkan (2018)[2]. Furthermore, the equations
presented by Polini and Turchetta (2004) and
Teale (1965) (Equations 5 to 16 and 17 to 18)
were also used to calculate the parameters of the
machining process[19,33] (Table 2).

Table 2. Equations and explanations of processing parameters

Equation

Description

E = |Fx1| + |Fx2|
B = |Fy1| + |Fy2|

3 R= |F2+F}

N —

F cutting force
F), cutting force

Resultant force R(N), the sum of the cutting forces
Fy and F,

4 g = tan! (&) Beta angle, inverse tangent of the ratio of the cutting
- E, forces F, and F
5 0 = cos-1 ( 1— Zpo> Contact angle between cutting tool and material 8
6 F, = Rsiné$ Tangential force F¢(N) is calculated with resultant
force R and angle 6§
7 F, = Rcosd The radial force Ft (N) is calculated by the resultant
force R and angle §
8 6=p—-276 Angle 6 is the difference of beta angle and Z6 angle
9 7= AB Parameter Z determines the position of the
T AC application point of the resultant force in the
contact spring
10 _dy XV, Equivalent depth of cut Zeq (mm) is calculated by
heq = v, depth of cut dp and feed rate Va
11 Vo= TXDXn Cutting speed V't (m/min) is calculated with spindle
£ 1000 speed n and cutter diameter D
12 V,=fXzXnXf, Calculated with feed rate Va (mm/min), feed per
tooth fz, number of inserts z, spindle speed n and
correction factor f2
13 E = F. XV, Energy consumption Ec (J) is calculated by
¢ V, X dp X b tangential force Fc, cutting speed Vt, feed speed
Va, depth of cut dp and width of cut b
14 MRR =V,-d,-b Material removal rate MRR (mm?®/min) is
calculated by feed rate
Va, depth of cut dp and width of cut bb
15 MRR = heg-Vi+b Material removal rate MRR (mm>®/min) is
calculated by
equivalent depth of cut 200, cutting speed Vt and
cutting width
b
16 __ MRR Equivalent depth of cut seq (mm) is calculated by
eg — Ve.b material removal rate MRR, cutting speed Vt and
cutting width b
17 Qw=bxlxd, Chip volume (mm? ) is calculated.
18 i1DJ < 1] The total specific energy (J/mm? ) is calculated.
n j=1
. 2,

These equations allow us to analyze the
efficiency and energy consumption of cutting
tools in the marble processing process,
contributing to the determination of optimal
processing conditions. This data will help to
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develop strategies to improve the machinability
of marble.
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2.3. Machine Learning

Machine learning includes various algorithms
used to analyze data and identify patterns and
offers various approaches to solve different
problems such as regression and classification.
In this study, popular machine learning models
such as XGBoost, Gradient Boosting, Random
Forest and LightGBM will be used to evaluate
energy consumption.

The XGBoost model is an optimized version of
the Gradient Boosting algorithm. It uses
quadratic functions for calculating the loss
function, allowing for a faster and more
optimized training process compared to
standard methods [43-46]. Gradient Boosting,
on the other hand, is a decision-tree-based
learning algorithm that converts weak learners
into strong learners through gradient boosting,
offering a transparent and comprehensible
framework [44-45,47]. Random Forest, is
widely used for both regression and
classification tasks. It performs well by
reducing variance without the need for complex
hyperparameter tuning [44,48-49]. LightGBM
is a machine learning algorithm based on
histograms, which discretizes continuous
variables to minimize computational costs. Its
leaf-oriented growth strategy accelerates the
learning process [50-51].

In evaluating each model's performance, the
dataset was partitioned into a 70% training set
and 30% test set, enabling reliable model
validation and comparison. Key metrics such as
Mean Squared Error (MSE) and R-squared (R?)
were used to assess predictive accuracy,

ensuring each model’s effectiveness in
estimating energy consumption under varied
machining conditions. Cross-validation
techniques, particularly k-fold cross-validation,
were applied to reinforce model robustness and
reduce overfitting risks, thereby enhancing
generalizability. Each model’s predictive
capacity was rigorously validated through
cross-validation to produce robust and
consistent findings. This systematic evaluation
process highlighted the predictive strengths and
limitations of each model, establishing a clear
understanding of how different algorithms
respond to machining conditions and
contributing substantially to the optimization of
CNC processes.

3. RESULTS

3.1. Experimental Study and Energy
Consumption Analysis

In the experimental study, data were obtained
from power consumption (W) measurements
depending on the processing time of the marble.
Three different feed rates and three different
depths of cut were used in the processing of
three-dimensional products. In total, a data set
of 5400 observations was used in the
experiments (3 processing types x 3 depth of cut
x 3 feed rate x 600 data points). For specific
energy, the MRR process parameters were
analyzed statistically using ANOVA in the
different experiments of marble (Table 3). In
this context, it was observed that MRR was
effective on the specific energy values of three-
dimensional marble products in all experiments
(p<0.001).

Table 3: ANOVA table for linear regression between mrr and spesific energy

Process Type Dependent Model Sum of df Mean F Sig.
variable Squares Square

External lines MRR Regression 6902,923 1 6902,923 32220,88 0,001
Residual 320,928 1498 0,214
Total 7223,851 1499

Linear MRR Regression 4800,926 1 4800,926 8698,315 0,001
Residual 826,802 1498 0,552
Total 5627,729 1499

Sprial MRR Regression 1682,361 1 1682,361 21115,84 0,001
Residual 119,350 1498 0,080
Total 1801,711 1499

In Figure 3, the effect of MRR (Material
Removal Rate) parameter on specific energy
according to the processing type is analyzed in

detail. In this analysis, linear regression analysis
was performed to determine the relationship
between MRR and specific energy for each
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processing type. According to the results, the
coefficient of determination (R?) for contour
machining was 0.956, which indicates that
95.6% of the variance in specific energy values
is explained by MRR. The R? value for linear
processing was 0.853, indicating that 85.3% of
the variance in specific energy in this type of
processing was explained by MRR. For spiral
processing, the R? value was calculated as
0.934, indicating that 93.4% of the specific
energy variance was explained by MRR. These
results provide important findings for
understanding the impact of MRR on specific
energy in different processing types. The
highest R? value was achieved in outline
machining, indicating that the specific energy in
this type of machining is largely influenced by
MRR. Linear and spiral processes also show a
significant effect of MRR on specific energy
with high R? values.

12,0 ‘ (O External lines: R? Linear = 0,956
~ (O Linear R? Linear = 0,853
Sprial: R? Linear = 0,934
8
10,0 ~._8
- §
% - \\\
E . AN
2 80 ™
= ™ -
e ~ly=12,18+-3 28E-4*x
& R BN
£ 807 y=10,21+-2,73E-4"x],
3 ~ ) .
& y=738+.1 BREA ™~ i
.
4,0
2,0

150000 200000 250000
MRR

Figure 3. Regression plot showing the relationship

between specific energy and MRR parameters by

processing type

T T
50000 10000,0

This research presents a comprehensive
analysis using ANOVA to evaluate the specific
energy consumption during marble processing
on CNC machine. The ANOVA results revealed
significant differences between the processing
types. However, considering the complexity of
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the available dataset and the non-linear
relationships between variables, it is also
proposed to apply machine learning models to
gain a deeper understanding. In this context, the
use of machine learning methods can be
important to more accurately estimate specific
energy consumption and enable optimization of
processing parameters. For example, advanced
regression models such as Gradient Boosting,
Random Forests, LightGBM and XGBoost can
provide higher accuracy predictions by better
capturing  non-linear  relationships  and
interactions. The application of these models
will allow the development of potential
strategies to improve energy efficiency and
reduce costs in CNC machines. In conclusion,
this study provides important insights for
improving energy efficiency in CNC marble
machining processes by evaluating the effects
of MRR on specific energy according to
machining types. This approach, supported by
advanced analysis methods, will provide a
valuable basis for future studies.

3.2. Machine Learning Model Analysis and
Performance Evaluation

In this section, the performance of the
previously introduced machine learning models
on the specific energy dataset is analyzed in
detail. During the evaluation process,
comparisons were made between the actual
specific energy values and those predicted by
the machine learning algorithms. To assess the
effectiveness and accuracy of each model,
performance metrics such as the coefficient of
determination (R?), Mean Absolute Error
(MAE), and Root Mean Square Error (RMSE)
were used. These metrics help evaluate how
successful the machine learning models are in
predicting specific energy and provide
important insights into the reliability of the
models.

In Figure 4, the outputs of the XGBoost model
are analyzed, and the effect of the input features
on the model is discussed in detail.



Sarusik and Ogiitlii /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 8:3 (2024) 437-450

Feature Importance Rankings with XGBoost
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Figure 4. Importance ranking of the parameters affecting specific energy
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Figure 5. Prediction models according to the effect of specific energy on material lift ratio

This analysis provides an important perspective
on the contribution of each input feature to the
prediction results. For specific energy, the
Material Removal Rate (MRR) is found to be
the most influential factor, affecting the model
output by 90.84%. This finding highlights the
critical role of MRR in the model’s prediction
of specific energy. This information helps us
understand the model's sensitivity to certain
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input features and serves as an important
resource for optimizing predictions and
enhancing the model's reliability. This analysis
is highly valuable for professionals in the
natural stone industry and researchers working
to improve energy consumption predictions in
CNC machine operations.
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In Figure 5, the effect of mmr on spesific energy
is analyzed by using four different prediction
models and the prediction results are obtained.
This analysis aims to evaluate how accurate the
different models are in predicting specific
energy. The models are specifically designed to
analyze various input characteristics in specific
energy forecasts. The coefficient of
determination (R?) obtained in the training set
was 0.9817 and 0.9816 in the test set. This
comprehensive comparison helps us to
understand how accurately each model predicts
the impact of MRR in specific energy forecasts.

According to the model performance
comparison results, the XGBoost model has the
highest accuracy in specific energy estimation
with  MRR, with an R? value of 0.9817,
indicating that 98.17% of the specific energy
variance is explained by MRR. The Gradient

Boosting model, which has the second highest
accuracy, has an R? = 0.9816 and explains
98.16% of the specific energy variance. The
coefficient of determination of the Random
Forest model was also found to be 0.9817,
revealing that 98.17% of the specific energy
variance is due to MRR. The LightGBM model
successfully analyzed the relationship between
energy consumption and MRR. The results
confirm that MRR is an important factor in
specific energy predictions in all models. These
findings provide important insights to improve
energy efficiency and reduce costs in CNC
marble machining processes. The use of
machine learning methods offers significant
contributions to more accurately predict
specific energy consumption and optimize
machining parameters.

Table 4. Performance comparison of prediction models for different processing types

Processing Model R2 MAE RMSE
Train Test Train Test Train Test
External lines  Gradient 0,9772 0,9830 0,2732 0,2501  0,3280 0,2976
Boosting
Random 0,9772 0,9830 0,2729 0,2500  0,3281 0,2976
Forest
XGBoost 0,9772 0,9830 0,2732 0,2501  0,3280 0,2976
LightGBM 0,9772 0,9830 0,2732 0,2501  0,3280 0,2976
Linear Gradient 0,9817 0,9816 0,1930 0,1948  0,2600 0,2687
Boosting
Random 0,9817 0,9816 0,1931 0,1949  0,2600 0,2687
Forest
XGBoost 0,9817 0,9816 0,1930 0,1948  0,2600 0,2687
LightGBM 0,9817 0,9816 0,1930 0,1948 0,2600 0,2687
Spiral Gradient 0,9631 0,9665 0,1727 0,1666  0,2094 0,2045
Boosting
Random 0,9624 0,9665 0,1735 0,1665 0,2115 0,2044
Forest
XGBoost 0,9631 0,9665 0,1727 0,1666  0,2094 0,2045
LightGBM 0,9578 0,9664 0,1751 0,1670  0,2239 0,2047

Table 4 compares the performance of four
different machine learning models (Gradient
Boosting, Random  Forest, XGBoost,
LightGBM) for three different processing types
(Outline, Linear and Spiral). Performance
measures such as coefficient of determination
(R?), Mean Absolute Error (MAE) and Root
Mean Square Error (RMSE) are presented for
both training and test sets. The R? values of all
the models in the external lines processing type
were found to be very high, 0.9772 in the
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training set and 0.9830 in the test set, indicating
a good fit of the models to the data. The MAE
values were approximately 0.2732 in the
training set and 0.2501 in the test set, indicating
that the prediction errors were quite low and
accurate predictions were made. The RMSE
values are around 0.3280 for the training set and
0.2976 for the test set, which indicate that no
large errors were made. In the linear processing
type, the R? values are 0.9817 in the training set
and 0.9816 in the test set, indicating that the
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models continue to fit the data. The MAE values
remained at a low level, approximately 0.1930
in the training set and 0.1948 in the test set,
indicating that the predictions are close to
reality. The RMSE values were approximately
0.2600 in the training set and 0.2687 in the test
set, indicating that no large errors were made. In
the Spiral processing type, R? values are slightly
lower than the other processing types, 0.9631 in
the training set and 0.9665 in the test set for the
Gradient Boosting and XGBoost models;
Random Forest and LightGBM show similar
high performance. For the Spiral type, the MAE
values are about 0.1727 in the training set and
0.1666 in the test set, which are also low. The
RMSE values are approximately 0.2094 in the
training set and 0.2045 in the test set, which are
similarly low compared to the other processing
types, confirming that the models do not make
large errors.

The results obtained show that all models make
efficient predictions with high R? values and
low MAE and RMSE values. While there is no
significant performance difference between the
models for Outline and Linear machining,
Gradient Boosting and XGBoost models give
slightly better results for Spiral machining.
Overall, the Gradient Boosting model, with its
high accuracy and low error rates, was
identified as the most suitable model for
predicting the specific energy consumption
during marble processing on CNC machines.
These findings show that machine learning
techniques can be effectively used in specific
energy estimation.

This study presents valuable insights into the
analysis and prediction of specific energy
consumption in marble processing processes on
CNC machines, while also providing several
critical recommendations for advancing
research and enhancing energy efficiency in this
domain. First, it is recommended that deep
learning techniques, such as artificial neural
networks, be employed to more effectively
model nonlinear relationships, which could
further enhance the accuracy of the model.
Additionally, incorporating other influencing
parameters, such as machine maintenance and
environmental conditions, into the model could
improve prediction accuracy and overall energy
efficiency. Expanding the dataset to include a
broader range of processing parameters would
enhance the model's generalization ability,
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particularly by considering different types of
marble and processing methods. The
investigation of hybrid models, which combine
multiple machine learning algorithms, is also
suggested, as these could offer higher accuracy
and improved overall performance. Finally, in
pursuit of energy conservation and
sustainability, the development of strategies
aimed at reducing energy consumption through
machine learning-based optimization
techniques is proposed. These
recommendations serve as a guide for future
research focused on improving energy
efficiency and reducing costs in CNC machine
operations.

4. DISCUSSION

Nowadays, machine learning (ML) methods
play an important role in optimizing complex
processes such as marble machining on CNC
machines. This paper comprehensively
investigates the performance of four different
ML models such as Gradient Boosting, Random
Forest, XGBoost and LightGBM to predict the
specific energy consumption during marble
processing. Specific energy consumption is a
critical parameter to improve energy efficiency
and reduce costs. The analysis is carried out
using metrics such as R?, RMSE and MAPE,
which provide important data to evaluate the
effectiveness and reliability of the models.
Previous studies have analyzed cutting forces
and energy consumption in a similar
framework; researchers have studied the
physical and mechanical properties of natural
stones, focusing on parameters such as cutting
forces, specific energy and cutting energy. Our
current study aims to evaluate the specific
energy consumption during marble processing
on a CNC machine, both with traditional
statistical methods and machine learning
models. This provides a more advanced and
comprehensive approach to energy
consumption estimation, unlike previous
studies [1-2]. It also examines the application of
machine learning and artificial intelligence
techniques, focusing on issues such as energy
consumption, cutting forces, and cutting tool
wear in CNC machines, while providing
recommendations to improve energy efficiency
[32-33]. In this context, both studies point to
important contributions in the field of CNC
machines.
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In our study, each machine learning model is
analyzed for different processing types
(external lines, linear and spiral). In particular,
the accuracy and error rates of the models were
evaluated using performance metrics such as
coefficient of determination (R?), mean absolute
error (MAE) and root mean square error
(RMSE). The results show that, in general, all
four models perform well and the performance
differences between them are quite small.
However, in the case of spiral processing,
Gradient Boosting and XGBoost perform better
than the other models. This finding is due to the
ability of these models to better capture
complex and non-linear relationships.

These analyses provide critical data for
understanding the effectiveness and reliability
of machine learning models in various
classification tasks. In conclusion, the use of
machine learning methods for specific energy
consumption prediction in CNC machines
offers a strategic approach to improve energy
efficiency and reduce costs. The current
findings provide important insights to improve
the performance of machine learning models
and optimize their effectiveness in specific
tasks. Future studies can conduct more in-depth
analyses to evaluate model performance on
more complex and dynamic datasets and
contribute to developing more robust and
reliable models for real-world applications.
Research in this area has the potential to
optimize energy consumption and improve
efficiency in manufacturing processes.

5. CONCLUSION

This study provides a comprehensive analysis
of the factors affecting specific energy
consumption during marble processing on CNC
machines, providing important information for
improving energy efficiency. Based on three
different feed rates and depths of cut used in the
marble processing process, the analysis of 5,400
data points showed that Material Removal Rate
(MRR) plays a critical role in determining
specific energy consumption.

ANOVA on the experimental data revealed a
significant effect of MRR on specific energy
consumption (p<0.001). The R? wvalues
determined for each processing type by
regression analyses show that a large part of the
specific energy variance is explained by MRR.
The R? values were 0.956, 0.853 and 0.934 for
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outline, linear and spiral machining,
respectively, confirming the strong influence of
MRR on specific energy. These high
coefficients of determination emphasize how
significant the impact of MRR on energy
consumption in marble processing is.

Forecasting specific energy consumption using
machine learning models has provided a better
understanding of non-linear relationships and
interactions between variables. Advanced
regression models such as Gradient Boosting,
Random Forest, LightGBM and XGBoost were
analyzed for their prediction performance on the
dataset. All models gave successful results with
high accuracy and low error rates. The values of
R?=0.9817 in the training set and R?=0.9816 in
the test set indicate that the models are
compatible with the data and have high
generalization capabilities.

When the outputs of the XGBoost model are
analyzed, it is seen that MRR has the most
significant impact on the model (impact rate
90.84%) and this finding is a critical factor in
specific energy forecasts. Analyses showing the
ranking of the importance of model features
provide important information for optimizing
predictions and improving model reliability. In
terms of performance metrics for different
processing types, it was observed that the
Gradient Boosting and XGBoost models
performed slightly better, especially in the
spiral processing type. However, all models
perform well in the outline and linear
processing types. The similar performances
inthe training and test sets suggest that the
models are not overfitting and have good
generalization capabilities. Based on these
evaluations, the Gradient Boosting model was
identified as the best model due to its overall
performance and superiority in specific
processing types.

The findings of this study provide a valuable
basis for developing important strategies to
improve energy efficiency in marble processing
processes on CNC machines. Future work can
extend and deepen these analyses using more
data and advanced algorithms. In particular,
improving the performance of machine learning
models and using these models in real-world
applications to optimize energy consumption
will lead to efficiency and cost effectiveness in
industrial applications.
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In conclusion, this research provides important
insights for optimizing energy consumption in
CNC marble machining processes by
comprehensively  evaluating the factors
affecting specific energy consumption and their
impact on energy efficiency. The use of
machine learning models improves prediction
accuracy, allowing the development of potential
strategies to improve energy efficiency. These
findings provide valuable guidance for natural
stone industry professionals and researchers.

This study offers significant contributions to the
natural stone industry, particularly in improving
energy efficiency during CNC marble
processing. By identifying Material Removal
Rate (MRR) as the primary factor influencing
energy consumption, this research provides a
foundation  for  optimizing  processing
parameters to reduce energy costs. The
application of machine learning models,
including Gradient Boosting and XGBoost,
demonstrates high accuracy in predicting
specific energy consumption, offering valuable
insights for real-world energy management
strategies. Future work should focus on
incorporating additional variables, such as
machine maintenance and environmental
conditions, to further enhance model accuracy
and applicability. Additionally, exploring
hybrid machine learning models and real-time
optimization techniques can drive further
advancements in energy conservation, helping
the industry adopt more sustainable practices
while lowering operational costs.
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ABSTRACT

Today, with the rapid development of technology, the areas of use of artificial intelligence technologies
are also rapidly increasing. Artificial intelligence applications are frequently used in many fields such
as education, engineering and health. One of the important areas of use of artificial intelligence systems
is mechatronic engineering. Artificial intelligence methods are frequently used especially in robotics
and unmanned aerial vehicle applications. In the study, an artificial intelligence model developed to
detect seat belt use by drivers using unmanned aerial vehicles is introduced. Seat belts play an important
role in reducing injuries and deaths in traffic accidents, but current examination methods are time-
consuming and limited. In this study, image processing techniques were used to determine whether
drivers are wearing seat belts. For this purpose, a dataset consisting of in-car images taken under
different driving conditions was created and Gaussian filters were applied to these images to remove
noise and interference. Convolutional neural network architecture was used for model training and the
results were compared with common models such as ResNet-18 and AlexNet. The model developed as
a result of training has an accuracy rate of 94.55%. Test results showed that the developed special
convolutional neural network model is superior to other models in terms of accuracy and performance.
The study revealed that artificial intelligence and image processing techniques can increase traffic safety
by monitoring seat belt use more effectively.

Keywords: Image processing, Unmanned Aerial Vehicle, Deep Learning.

1. INTRODUCTION shown to significantly reduce head, neck and
Fatal and injury incidents that occur after traffic chest injuries by keeping the body in a safe
accidents are considered one of the most position during a collision [3]. In addition, with
important public health problems in the world the developing technology, other safety
[1]. In such accidents, the use of seat belts, measures in modern vehicles must be worn in
which is one of the simplest and most effective order for them to work actively and correctly.
precautions, is of great importance. According For example; airbags perform best when seat
to research, seat belt use reduces the risk of fatal belts are worn.
accidents by 40-65% and the risk of injury
accidents by 40-50% [1]. Injuries and deaths resulting from not wearing a
seat belt clearly show how serious the
A simple safety measure, the seat belt is one of consequences of neglecting this simple safety
the most effective methods of saving lives in precaution can be. For example, in the United
traffic accidents [3]. Drivers and passengers States, approximately 7,000 people die and
who are wearing seat belts in a vehicle are more than 100,000 people are reported to be
protected from serious injuries by remaining injured each year due to not wearing a seat belt
stable in the vehicle during an accident and [2]. In such accidents, passengers who are not
preventing them from being thrown. According wearing a seat belt are at a very high risk of
to scientific research, seat belts have been being thrown from the vehicle, which often
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leads to fatal consequences. According to a
study conducted by the General Directorate of
Security Traffic Research Center, it was
determined that passengers who are not wearing
a seat belt have a 75% lower chance of survival
after an accident than those who are.

Seat belt use, which is of such importance, was
determined to be an average of 45-65% among
drivers as a result of intercity checks and
inspections carried out around Ankara in 2000.
It was observed that this rate was even lower in
urban use [1].

Traditional methods such as police checks used
in seat belt inspections do not provide a
sufficiently effective deterrent as they are time-
consuming and usually carried out in limited
areas. Therefore, with the advancement of
technology, the use of artificial intelligence and
image processing techniques in these checks
offers the opportunity to monitor and control
seat Dbelt use more effectively and
comprehensively [4].

By using artificial intelligence and image
processing technology, it provides the
opportunity to monitor and control seat belt use
more effectively and comprehensively [5]. In
the study, a comprehensive original data set
including different driving conditions and in-car
images taken from various angles was created
with the data set we created in order to detect
those not wearing seat belts. Drivers and
passengers with and without seat belts will be
manually labeled in the data set. Convolutional
Neural Network (CNN) architecture will be
used for model training. CNN is a deep learning
algorithm that shows superior performance in
image processing tasks and in this study, it will
be optimized to detect whether seat belts are
worn in in-car images. During the training
process, Gaussian filter and normalization
processes were applied to reduce noise and
interference on the collected images in order to
increase the accuracy and overall performance
of the model. After the training of the model is
completed, different tests will be performed on
the test data set to evaluate the accuracy and
effectiveness of the model. The test results will
be used to determine the extent to which the
model correctly detects seat belt use in different
conditions and angles. The data will reveal the
potential of artificial intelligence-based image
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processing systems in controlling seat belt use
and increasing traffic safety.

The study aims to show how artificial
intelligence and image processing technologies
offer innovative solutions in the field of traffic
safety and how they can contribute to increasing
seat belt use. The study, which will be carried
out with the data set and artificial intelligence
model prepared specifically for the study, will
be an important step towards identifying drivers
and passengers who do not wear seat belts and
thus reducing traffic accidents and related
injuries and deaths.

2. MATERIAL AND METHODS

2.1. Material

In the material section of the study, the data set
used in the study, the artificial intelligence
algorithms and the performance evaluation
metrics used in evaluating the results obtained
from the artificial intelligence algorithms are
discussed in detail under the following
subheadings.

2.1.1. Dataset

In the study, an original dataset was created
using unmanned aerial vehicles to determine
whether the drivers of moving vehicles have
their seat belts fastened. The images in the
dataset were taken while the drivers were
wearing or not wearing their seat belts. The
images in the dataset were recorded in color at
240x240 dimensions. The collected images
were subjected to Gaussian filtering and
normalization processes in order to reduce noise
and interference on them. The dataset, which
consists of a total of 1000 images, consists of
600 drivers wearing seat belts and 400 drivers
not wearing seat belts. A sample image taken
from the dataset prepared specifically for the
study is shown in Figure 1.

(a)

(b)

Figure 1. Example image of a person (a) not
wearing a seat belt (b) wearing a seat belt for the
dataset
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2.1.2. Convolutional neural network

CNN is a deep learning method frequently used
in image processing and computer vision
applications. Studies conducted in 2023 focused
on improving the performance of CNNs. For
example, the integration of attention
mechanisms into CNNs has been proposed to
increase the accuracy of deep learning models
[6]. In addition, studies have been conducted on
reducing the training time and improving the
performance of CNNs using transfer learning
methods [7]. In the field of biomedical image
processing, CNNs have provided high accuracy,
especially in COVID-19 diagnosis [8]. In
autonomous systems, CNNs have shown
reliable performance for autonomous vehicles
despite harsh environmental conditions [9].
Finally, studies to increase the scalability of
CNNs on large data sets are also attracting
attention as of 2023 [10].

2.1.3. Resnet 18

ResNet-18 is an architecture among deep neural
networks that can learn more complex features
by increasing the number of layers. However,
residual connections were used to solve the
"gradient extinction" problem that occurs with
increasing the number of layers [10]. A study
conducted in 2023 showed that ResNet-18
provides more efficient and faster results
compared to deeper models on various datasets
[1 1]. In particular, ResNet-18's ability to run
with low latency on devices with limited
resources has widespread its use in areas such
as autonomous systems and mobile applications
[12]. In addition, studies on optimizing ResNet-
18 with transfer learning have highlighted the
flexible structure of this model that can easily
adapt to different areas [13].

2.1.4. AlexNet

AlexNet is known as one of the first
architectures that revolutionized the field of
deep learning and attracted attention especially
with its success in the ImageNet competition in
2012. Studies conducted in 2023 show that
AlexNet is still frequently preferred in
applications with low hardware requirements
because it is smaller and faster compared to
more modern networks [14]. In one study, it was
emphasized that the simple structure of AlexNet
is ideal for mobile devices and low-cost
systems, and it was stated that it achieved high
accuracy results especially in  image
classification tasks [15]. In addition, studies
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have been conducted to increase the
applicability of AlexNet to more complex data
sets with transfer learning techniques [16].
Thus, today, AlexNet still provides an effective
solution in many different areas, especially in
systems with limited resources [17].

2.1.5. Performance evaluation metrics
Performance evaluation metrics are critical in
evaluating the success of a model. Accuracy,
recall, precision, and F1 score are commonly
used metrics, especially in classification
problems. Accuracy is the ratio of the examples
correctly classified by the model to the total
number of examples and is calculated using the
mathematical expression given in equation 1
[18].

TP+TN

Accuracy = ——
Y = TPITN+FP+FN

6]
In the equation, TP (True Positive), TN (True
Negative), FP (False Positive), and FN (False
Negative) represent the classification results
[18]. The accuracy metric is useful in cases
where the classes in the dataset are balanced;
however, it can be misleading in imbalanced
datasets.

Recall indicates how many of the true positives
were classified correctly and is calculated using
the mathematical expression given in equation
2.[19].

TP
TP+FN

Recall =

@

This metric is especially preferred in cases
where under classification is important. High
recall indicates that the model performs well
without skipping positive classes [19].

Precision measures how many of the model's
positive predictions are correct and is calculated
using the mathematical expression given in
equation 3 [20].

TP
TP+FP

Precision =

)

Sensitivity is often used, especially in cases
where false positive results are costly . High
sensitivity indicates that the model is consistent
in its positive predictions [20].
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F1 Score is the harmonic mean of precision and
recall and is used to evaluate the performance in
imbalanced classes in a more balanced manner
and is calculated using the mathematical
expression given in equation 4 [21]

Precision x Recall

F1Score =2 x “4)
F1 score is an ideal solution metric for situations
where both precision and recall are important
[21].

Precision+Recall

2.2. Method

The workflow process followed in the study is
presented in Figure 2. In this study, we used an
image classification approach to detect seat belt
usage in moving vehicles using three different
models: Custom CNN, ResNet-18, and
AlexNet. The methodology involved multiple
stages, which are detailed below:

Dataset Preparation:

The dataset consisted of 1000 images captured
using an unmanned aerial vehicle (UAV) under
various driving conditions. Each image was
manually labeled to indicate whether a seat belt
was worn. The images were recorded at a
resolution of 240x240 pixels and included
diverse lighting and weather scenarios to ensure
robustness.

Data Preprocessing:

Preprocessing played a critical role in
improving model performance. Gaussian
filtering was applied to the images to remove
noise and interference, which is crucial in
reducing false positive and false negative
results. This step ensured the images were clear
and consistent, facilitating effective feature
extraction. Additionally, normalization was
performed to scale pixel values between 0 and
1, standardizing the dataset and improving the
training convergence of the models.

Custom CNN: A convolutional neural network
(CNN) designed specifically for this task. It
included multiple convolutional layers, pooling
layers, and dense layers optimized for the
dataset.

ResNet-18: A deep residual network known for
its efficiency in handling complex image
processing tasks.

AlexNet: A  simpler architecture that
demonstrated strong performance in earlier
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image classification challenges, chosen for
comparison.

Training Process:

All models were trained for 100 epochs using
the same dataset and hyperparameters. The
learning rate was set to 0.0001, and cross-
entropy loss was used as the optimization
criterion. During training, techniques such as
data augmentation and early stopping were
employed to enhance generalization and
prevent overfitting.

Performance Evaluation:

The models were evaluated using metrics such
as accuracy, recall, precision, and F1 score.
These metrics were calculated based on the
confusion matrices generated from the
classification results. The training process also
involved monitoring loss values to assess the
models' learning efficiency over time.

Implementation Tools:

The models were implemented using Python
and TensorFlow libraries. GPU acceleration
was utilized to expedite the training process.
The results were visualized using matplotlib to
better interpret model performance trends.

By elaborating on these methodological details,
we aimed to ensure clarity and reproducibility
of the study. The comprehensive workflow
allows future researchers to replicate and build
upon our findings.

Take a picture
with a drone

Apply image
preprocessing

train models

Comparing
Results

Figure 2. Workflow diagram

In the study, a system was developed that aims
to detect whether the drivers of the vehicles are
wearing seat belts while driving, using images
collected using an unmanned aerial vehicle
(UAV). In this context, a Convolutional Neural
Network (CNN) based model was created and
this model was trained with ResNet-18 and
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AlexNet architectures in order to make a
performance comparison. The dataset used in
the study consists of images obtained with the
UAYV and this dataset was subjected to a series
of pre-processing stages before training.

First, a Gaussian filter was applied to remove
noise and interference from the images. This
process made the images clearer and cleaner,
thus contributing to the model producing more
reliable results. Removing the noise is a critical
step to reduce the possibility of the model
giving false positive or false negative results.
After the Gaussian filter, the normalization
process was applied to the images in the dataset.
Normalization shortened the training time of the
model by scaling the pixel values in each image
within a certain range and also increased the
learning ability of the model. This process also
helped the model to perform more generally
under different lighting and contrast conditions.

A specific set of hyperparameters was used for
training the models. Both models were trained
for 100 epochs, and the learning rate was set to
0.0001. In this process, appropriate training
strategies were adopted to prevent the model
from overfitting. During training, both ResNet-
18 and AlexNet models were trained with the
same dataset and parameters, thus comparing
the performances of the two models. During the
training process, different metrics were used to
monitor accuracy, loss values, and model
performance during training.

3. RESULTS

In this study, the performance evaluations and
obtained results of the CNN-based model
developed to detect whether the drivers of
moving vehicles are wearing seat belts are
presented. In our study, the findings obtained in
terms of accuracy, training time and overall
performance of the model as a result of the
trainings performed using ResNet-18, AlexNet
and the CNN model we specially developed
were discussed in detail. During the
experimental process, the training accuracies of
the models and their performances in the test
phase were compared and presented, and it was
discussed which model gave more effective
results in this direction. Model training results
are given in Table 1.
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Table 1. Model Performance Metrics

Model Accuracy Precision Recall Fl1
(%) (%) (%)  Score
(%)
CNN 94.55 95 93.8 944
Model
Resnetl8  89.54 90 89.1 89.55
AlexNet  88.33 88.5 88.2 88.35

The accuracy graph shown in Figure 3 shows
the accuracy values obtained by the models
during the training process for 50 epochs. The
graph was created to compare the accuracy
performances of three different models (custom
CNN model, ResNet-18 and AlexNet). As can
be seen from the figure and the graph, the initial
accuracy levels of the models were quite low,
and all three models exhibited similar
performance during the first 5 epochs. In this
phase, the accuracy rates of all models changed
around 10-15%.

As the number of epochs increases, especially
after the 15th epoch, a significant increase in the
accuracy rates was observed in all three models.
It is seen that the specially developed CNN
model reached a higher accuracy rate than the
other two models as of the 20th epoch and this
superiority continued throughout the training
process. ResNet-18 and AlexNet models
showed similar performance, but it was
determined that the AlexNet model sometimes
had lower accuracy rates than ResNet-18. After
the 35th epoch, both models reached a stable
point in terms of accuracy and settled at
approximately 85% levels.

On the other hand, the special CNN model
continued to increase the accuracy rate until the
last epoch and reached approximately 95%.
This shows that the model is more successful in
seat belt detection than the other two models. It
is thought that the deep learning model
developed specifically for the study, which
consistently obtained higher accuracy values
throughout the training process, may have been
positively affected by preprocessing steps such
as denoising and normalization. The results
obtained reveal that the CNN model developed
specifically for the study provides a more
effective solution to seat belt classification
problems.
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Figure 3. Accuracy graph
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Figure 4. Loss graph

The loss graph given in Figure 4 shows the
CNN model, ResNet-18 and AlexNet deep
learning models used in the study, and the loss
values they encountered during the training
process. The loss value represents a metric used
to measure the accuracy of the results predicted
by the model. Therefore, a lower loss value
means that the model performs better.

When the graph is examined, it is observed that
all three models start with very high loss values
at the beginning of the training process. In the
beginning, especially during the first few
epochs, the loss values are at the level of 1.6.
However, as the number of epochs increases, a
rapid decrease is observed in the loss values of
all three models. This decrease shows that the
models start to learn the dataset better and their
prediction performance improves.

The loss value of the special CNN model started
to be lower than the other two models starting
from the 10th epoch. This shows that the model
has a faster learning capacity and is better suited
to the dataset. ResNet-18 and AlexNet models
showed approximately similar loss values, but it
was observed that the AlexNet model had
slightly higher loss values than ResNet-18 at
certain points. Starting from the 20th epoch, the
rate of decrease in the loss values of all three
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models slowed down and after the 30th epoch,
the loss values decreased below 0.2 and
continued to be stable. Especially as of the 35th
epoch, the loss value of the CNN model
developed specifically for the study decreased
below 0.1 and achieved the lowest loss value
during the training period. ResNet-18 and
AlexNet models completed the process with
loss values at the level of 0.2. In general, the
success of the special CNN model in the loss
graph shows that the model has a better
generalization ability on the dataset and makes
fewer errors. ResNet-18 and AlexNet models
exhibited similar performances, but they
completed the training with slightly higher loss
values compared to the CNN model developed
specifically for the study. This suggests that the
CNN model developed specifically for the study
may be suitable for classifying images of seat
belt fastening/not fastening.

The performance of the models developed and
compared in this study—Custom CNN,
ResNet-18, and AlexNet—was assessed using
confusion matrices Table 2. These matrices
summarize the classification results, providing
insights into each model's ability to correctly
identify seat belt usage.

Table 2. Model Confusion Matrices

Custom ResNet-18 AlexNet
CNN
TP 938 890 882
FP 46 89 101
FN 7 15 15
TN 7 4 1

The confusion matrices highlight that the
Custom CNN model outperforms the other two
models in terms of both sensitivity (true positive
rate) and specificity. The Custom CNN
achieves a significantly higher number of true
positives (938) while maintaining a lower false
positive (46) and false negative (7) count
compared to ResNet-18 and AlexNet. In
contrast, AlexNet, while having a slightly lower
number of true positives (882), exhibits the
highest number of false positives (101) and a
minimal count of true negatives (1), indicating
challenges in distinguishing negative instances.
The ResNet-18 model performs moderately,
with true positives and false positives falling
between those of Custom CNN and AlexNet.
However, its higher false negative count (15)
compared to the Custom CNN suggests
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potential room for improvement in recall. These
findings underscore the superiority of the
Custom CNN model for the classification task,
reflecting its robustness and reliability in
detecting seat belt usage under varying
conditions.

In the new studies to be carried out, the use of
advanced and up-to-date models and
performance  comparison  in  real-time
applications will be made. In addition, the
visuals in the data set will be diversified and the
performance in different weather conditions
will be improved.
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0z

Eklemeli imalat, malzeme ve imalat teknolojilerinin ilerlemesiyle her gegen giin farkli 6zellikte makine
parcalarinin iiretilmesine olanak tanimaktadir. Farkli katki maddelerini igeren yazici filamanlari ile imal
edilen parcalarin mekanik, termal, kimyasal ve manyetik vb. oOzelliklerinde iyilesmeler elde
edilmektedir. Bu g¢aligmada, katkili filaman {iretimine uygun ekstriiderlerin 6zelliklerinin daha iyi
tanimlanabilmesi ve bu konuda yapilacak bilimsel ¢aligmalara kaynak olusturabilmesi amaciyla, ii¢
boyutlu yazicilarda kullanilmaya uygun, katkili filaman ekstriizyonu yapabilecek bir ekstriider tasarim1
gergeklestirilmektedir. Caligmanin kapsami; ekstriider milinin sec¢imi, tahrik iletim ve yataklama
elemanlarinin belirlenmesi, kovan ve nozul sistemine isitic1 bantlarin yerlestirilmesi, PID kontrol
sistemiyle istenen sicak degerlerinin yonetilmesi, Solidworks programi kullanilarak termal
simiilasyonunun yapilmasi ve termal goriintiileme kamerasi yardimiyla gergcek degerlerin simiilasyon
sonuclariyla kiyaslanmasi gibi adimlar1 igermektedir. Kurulan deney diizeneginde bulunan kovan
govdesindeki 1sitma bolgelerinin zamana bagh sicaklik degisim grafikleri olusturulmakta ve
incelenmektedir. Yapilan ¢alismada cihazin iyilestirilebilmesi amaciyla kovan yiizeyine uygulanan tas
ylinii ceket sayesinde, hedef sicaklik degerine ulagmak i¢in 1sitici bantlarin enetji titketiminde %32,88
oraninda iyilesme saglandig1 goriilmektedir. Ayrica, her bdlge i¢in zamana bagh sicaklik degisim
grafikleri ayr ayr olusturulmakta ve izolasyonun, orta kisimda hedef sicakligin ayni siire i¢inde 12 °C
iizerine ¢ikmasina neden oldugu tespit edilmektedir.

Anahtar Kelimeler: Eklemeli imalat, Demir Katkili Filaman, Filaman Ekstriizyonu, PLA, Termal
Simiilasyon.

DESIGN, MANUFACTURING AND THERMAL ANALYSIS OF
EXTRUSION DEVICE FOR IRON- INCLUSION FILAMENT
PRODUCTION BY ADDITIVE MANUFACTURING

ABSTRACT
Advancements in materials and manufacturing technologies are enabling the production of machine
parts with diverse characteristics through additive manufacturing. Significant improvements in
mechanical, thermal, chemical, and magnetic properties, among others, are being achieved with 3D
printer filaments that contain different additives. To better define the characteristics of extruders suitable
for the production of filaments with additives, and to serve as a resource for studies in this area, an
extruder capable of producing additive-containing filaments for use in 3D printers has been designed.
The scope of the study includes the selection of the extruder screw, the drive transmission and bearing
components, the barrel and nozzle system, the placement of barrel heaters within the setup, the control
of the desired temperature values using a PID control system, conducting thermal simulations with the
help of SolidWorks, and comparing the actual values with the simulation results using a thermal imaging
camera. Time-dependent temperature change graphs for the heating zones of the barrel body in the
established system were created and examined. The study found that by improving the device, the effect
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of heater bands on the power required to reach the target temperature was improved by 32,88% with the
application of a rock wool jacket to the barrel surface. Additionally, separate time-dependent graphs for
each zone were created, revealing that the insulation increased the temperature by 12°C above the target
in the middle section of the barrel body within the same time frame.

Keywords: Additive Manufacturing, Iron-infused Filament, Filament Extrusion, PLA, Thermal

Simulation.

1. GIRIS

Ekstriizyon islemi, termoplastik malzemelerin
kontrollii bir sekilde eritilerek, belli bir
geometrik sekle sahip bir kaliptan gecirilmesi
suretiyle silirekli bir iriin elde edilmesi
islemidir. Bu yontem, {i¢ boyutlu (3D) baski
teknolojisinde yaygin bir sekilde
kullanilmaktadir. Eritilmis biriktirme
modellemesi  (FDM, Fused Deposition
Modeling) ya da Erimis Filaman Uretimi (FFF,
Fused Filament Fabrication) gibi siire¢lerin
temelini olusturmaktadir. Ekstriizyon islemi,
polimer malzemelerin istenilen formlarda
tretimini saglarken, Ttretim siirecinde hiz,
hassasiyet ve maliyet avantajlar1 sunmaktadir.
Demir katkili filaman tretiminde ekstriider,
yalnizca bir polimeri eritmeyi degil, ayni
zamanda demir partikiilleriyle homojen bir
karigim saglamayi da amaglamaktadir [1-2].

Demir partikiillerinin polimer matrisi i¢inde esit
sekilde dagilmasi igin 6zel bir vida tasarimi ve
karigtirma mekanizmas1  gereklidir.  Aksi
takdirde, demir partikiilleri filamanin belirli
bolgelerinde yogunlagabilir ve bu heterojen
yapt ise filamanin mekanik ve manyetik
ozelliklerini olumsuz yonde
etkileyebilmektedir. Ayrica demir partikiilleri,
ekstriiderde asindirict etki yaratabilmektedir.
Bu nedenle, ekstriiderin i¢ yiizeyinde asinmaya
dayanikli malzemeler kullanilmali ve vida
sistemi bu malzemelerin zarar gdérmesini
onleyecek sekilde tasarlanmalidir [3].

Demir katkili polimerlerde hem polimerin
erime noktast hem de demir partikiillerinin
sicaklikla olan etkilesimi dikkate alinmalidir.
Ozellikle yiiksek demir igerigi, 1s1l iletkenlik

ozelliklerini  degistirebilir ve  polimerin
dengesiz bir sekilde sogumasina neden
olabilmektedir. Demir katkili filamanlar,

metalik Ozelliklere sahip olmasmin yani sira

manyetik ozellikleri sayesinde de cesitli
endiistriyel uygulamalarda
kullanilabilmektedir. ~ Ornegin,  manyetik

sensorlerin iiretiminde, elektromanyetik kalkan
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olusturabilmek amaciyla ve hatta dekoratif
iriinlerde  kullanilabilmektedir. Bu  tiir
filamanlarin {iretiminde ekstriiderin uygun
tasarimi, sadece homojen bir karigim elde
edilmesini saglamakla kalmaz, ayn1 zamanda
tiretilen filamanin kalitesini ve performansini da
dogrudan etkilemektedir [4-5].

Demir katkili filamanlar, geleneksel plastik
filamanlarm yani1 sira metalin 6zelliklerini de
tastyan yenilikei bir malzeme kategorisidir. Bu
filamanlar, plastik polimer matrisi i¢inde demir
partikiillerinin homojen dagilimiyla
tiretilmektedir. Metalik katki sayesinde iiretilen
parcalarin mekanik, manyetik ve elektriksel

performansinin artirllmasina imkan
saglamaktadir. Demir katkili filamanlar,
Ozellikleri itibariyle genis bir uygulama

yelpazesine sahip olup, 6zellikle dayaniklilik,
manyetik etkilesimler ve elektriksel iletkenlik
gibi avantajlar sunmaktadir [6].

Yapilan literatiir aragtirmalarinda demir katkilt
filaman imalatina uygun ekstriider tasarimina
yonelik yeterli calismalara yer verilmedigi
gozlemlenmektedir. Sektorde bulunan
ekstriiderlerin ¢ok yiiksek maliyetli, biiyiik
boyutlu ve filaman imalatina uygun olmamasi
nedeniyle bu ¢alismada ekonomik, kompakt ve
demir katkili filaman imalatina uygun bir

ekstriider tasartm1  yapilmaktadir. Ayrica
tasarimi yapilan ekstriiderin 3 boyutlu termal
analizi benzetim ortaminda
gergeklestirilmektedir.

2. KAYNAK ARASTIRMASI

Amirov vd. [7], yaptiklar1 ¢alismada 3D yazict
filamanin1 tedarik edilen bir ekstriiderle

kendileri liretmeyi amaglamaktadirlar. Yapilan
calismada, kendi Urettikleri filamanin mekanik
ozelliklerinin karakterizasyonu ve ekstriizyon
parametrelerinin iyilestirilmesi igin ¢aligmalar
yer almaktadir. Calismada elde ettikleri
filamanlarin, tedarik edilen filamanlara nazaran
daha ekonomik oldugu ve zaman tasarrufu
sagladig1 diisiiniilmektedir. PLA malzemelerin
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ekstriizyon temelli eklemeli imalatta en fazla
kullanilan malzemelerden biri olmasinin temel
sebeplerinden biri biyolojik temelli oldugundan
biyolojik olarak parcalanabilen malzeme
olmasidir. PLA malzemelerin geri
dontistiiriilmesinde polimer yap1 kalitesinin
azalmasi nedeniyle bir co-ekstriizyon diizenegi
ve 0Ozel bir nozul kullanilarak geri
doniistiiriilmiis PLA filamanin belirli miktarini
yeniden kazandirilmaya ¢aligilmaktadir [8].

Iyi bir filaman iretimi igin sicaklik ve
ekstriizyon  hizinin  dogru  ayarlanmasi
gerekmektedir. Ekstriizyon hizinin artmasi ham
plastigin  diizglin  erimemesine, kabarcik
olusumuna ve filamanda piiriizlii bir yiizeyli
olmasina sebep olabilmektedir. Filamanin nihai
capinin nozul ¢ap1 ve filamanin ¢ekme hizina
bagli oldugu incelenmis ve ¢aligmada kullanilan
ekonomik bir filaman cihaz1  imalati
gerceklestirilmistir.  Caligmadaki  filaman
ekstriideri, tek bolgede bir 1sitma bandi
icermekte olup optimum sicaklik dagilimi ise
yalmzca  gozlemsel sonuglar  {izerinden
incelenmektedir.  Polimer  ekstriizyonunda
sistemin optimize edilmemis parametrelerle
kullanilmas1 %15-20 oranlarina varan enerji
kayiplarina sebep olabilmektedir. Uriin kalitesi;
erimis polimer akis kontrolii, erime sicakligi,
vida hi1z1 gibi parametrelerin dogru ayarlanmast
ile miimkiin olabilmektedir. Bu ¢alismada tek
vidali bir ekstriider parametrelerinin dogru
ayarlanabilmesi amaciyla bulanik mantik
denetleyicisi gelistirilmektedir. Calismada agik
dongiilii bir sistem ile kiyaslama yapilarak
ekstriiderin enerji verimliliginin saglanabilecegi
gosterilmektedir [9-10]. Demir partikiillerinin
varligt  filamanin  manyetik  6zellikler
kazanmasini saglayabilmektedir. Demir katkili
filamanlar, manyetik alanlarla etkilesime
girebilmektedir. Bu 6zellik, manyetik sensorler,
elektromanyetik kalkan ve diger manyetizma
temelli uygulamalarda, endiistriyel robotik veya
manyetik baglanti gerektiren uygulamalarda,
biiyiikk bir avantaj saglamaktadir. Manyetik

Ozellikleri  demir  katkili filamanlarin,
elektronik, otomotiv ve miihendislik
uygulamalarinda  kullanilmalarina  olanak
vermektedir. Saf polimerler tipik olarak
elektriksel iletkenlik saglamazken, demir katkili
filamanlar bir dereceye kadar -elektriksel
iletkenlik saglayabilmektedir. Demir

partikiillerinin malzeme i¢inde varligi, 6zellikle
diisiik akim gerektiren uygulamalarda elektrik
iletimi saglamaktadir. Bu 0zellikler, demir
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katkil1 filamanlarin sensorler, devre elemanlari
ve elektromanyetik girisim (EMI) koruma
uygulamalarinda kullanilmasini
kolaylastirmaktadir. Demir katkisi filamanlara,
gorsel olarak metalik bir goriiniim sunmaktadir.
Bu, endiistriyel tasarimlarda  dekoratif
unsurlarin yaratilmasinda, metal hissi veren
hafif parcalar iiretmek icin uygun bir yontem
olarak kullanilabilmesine olanak vermektedir.
Ek olarak, demir igerigi filamanin agirligin
artirir, bu da bazi uygulamalarda iirliniin el ile
temasinda  daha  saglam  hissedilmesini
saglamaktadir [7-11]. Bu sebeple ekonomik ve
demir katkili filaman imalatina uygun bir
ekstriiderin tasarimi i¢in, termal simiilasyon ve
analizinin yapilmasi gerekli olup, enerji
verimliligi i¢in de termal izolasyonun etkisinin
incelenmesi onemlidir.

3. MATERYAL VE YONTEM

Demir katkili filamanlarin {iretimine olanak
saglayacak bir ekstriider kovani; besleme, erime
ve sekillendirme olmak iizere i¢ temel
bolimden olugmaktadir. Ekstriiderde polimer,
graniil veya toz formunda cihazin huni kismina
yerlestirilmektedir. Bu asamada vida sistemi,
malzemeyi ileriye dogru tasimakta ve polimer
sicaklik etkisiyle sivi hale gelmektedir. Erimis
polimer, belirli bir nozul ¢apindan gegirilerek
istenen kalinlik ve sekle sahip filaman
iiretilmektedir. Uretilen filaman, bir sogutma
hattina alinarak katilagmakta ve bobin haline
getirilmektedir. Bu filaman daha sonra 3

boyutlu baski1 makinelerinde
kullanilabilmektedir [11]. L/D orani, vida
tasariminda "uzunluk/cap orani" anlamina

gelmekte olup, vida uzunlugunun ¢apina orani
olarak hesaplanmaktadir. Ekstriider
tasariminda, vida helis agis1 ve kanal bosluk
yuksekligi arttikga enerji verimliligi artig
gostermekte; ancak, L/D oraninin artmasi enerji
verimliligi tizerinde olumsuz etki
yaratmaktadir. Vida hizinin azaltilmasi ve
sikistirma oramimin  artirilmasit  ise  vida
verimliligini ve dolayisiyla enerji verimliligini
yiikseltmektedir [13]. Bu ¢aligmada kullanilan
vida, 15:1 L/D oranina ve 2.8 sikistirma oranina
sahip olarak  belirlenmektedir. ~ Yapilan
caligmada 20 mm capinda vida
kullanilmaktadir. Kovan ve nozul malzemeleri
olarak 38CrMoAIlA tercih edilmektedir. Vida
dogrusalligi 0.015 mm olup, nitrasyon derinligi
0.5-0.8 mm arasinda degismekte ve ylizey
sertligi 900 — 1000 HV arasinda yer almaktadir.
Govdenin  ayakta  durabilmesi amaciyla
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tasarlanan yapi, St37-2 ¢elik levha malzemeden
lazer kesimle imal edilmektedir. Baglanti
elemanlar1  ise 1040  kalite  ¢elikten
tiretilmektedir. Govde {izerinde ii¢ adet K tipi
termokupl, REX-C100 1s1 kontrol iiniteleri ve
yerli bir firmadan temin edilen {i¢ adet 250 W
1sitma giicline sahip rezistans kullanilmaktadir.
Demir katkili filaman iiretiminde kullanilan
ekstriiderlerin  performansi, dogru bilesen
secimi ve tasarimiyla dogrudan iligkilidir. Bu
caligmada, ekstriizyon miline tahrik vermek
amaciyla 0,75 kW giiciinde asenkron motor
tercih edilmektedir. Kullanilan motorun ¢ikis
devri 1425 d/d olarak belirlenmistir. Motor ¢ikig
mili, NRW63 govdeli bir sonsuz vidah disli
kutusuna baglidir. Sonsuz disli tahvil oran1 50
olarak belirlenmektedir. Motor ig¢in siiriici

olarak “Vacon 0010-1L-0004-2” modeli
kullanilmastir.
(https://www.vacondrives.com/).  Ekstriizyon

stirecinde malzemenin homojen bir sekilde
karistirilmasi, eritilmesi ve filaman haline
getirilmesi i¢in vida tasarimi, nozul capi,
sicaklik kontrolii ve motor giicii gibi temel
bilesenlerin her birinin kritik bir rol oynadigi
bilinmektedir. Ekstriiderde kullanilan vida,
polimer ve demir partikiillerinin etkili bir

sekilde karigtirillmasini ve erimesini saglayan
temel bilesen olarak gorev yapmaktadir. Vida
tasarimi, malzeme akigini diizenleyerek filaman
tiretim kalitesini dogrudan etkileyen en 6nemli
unsurlardan biri tanesidir [10]. Tek bir vida ile
polimer ve katki maddeleri karigtirilmakta ve
eritilebilmektedir. Kullanilan vida ti¢ boliimden
olusmaktadir. Sekil 1.’de galigmada tasarlanan
sistem elemanlar1 gosterilmektedir. Besleme
bolgesi malzemenin vida igine alindigr ilk
bolgedir. Bu bolgede demir katkili polimerin
etkili bir sekilde alinmasi ve asagiya dogru
taginmast Onemlidir. Sikistirma bdlgesinde
vida, malzemeyi sikistirarak daha yogun bir
karisim  saglamakta ve erime islemini
hizlandirmaktadir. Bu kisimda malzemenin
diizgiin bir sekilde eritilmesi saglanmaktadir.
Karigtirma bdlgesi malzemenin tamamen
eridigi ve demir partikiillerinin polimer matrisi
icinde homojen bir sekilde dagitildig:
bolimdiir. Karistirma islemi ne kadar etkili
olursa, filamanin kalitesi o kadar artmaktadir.
Tek vidali ekstriiderler basit yapist nedeniyle
yaygin olarak sektérde kullanilmaktadir, ancak
homojen karisim saglamakta bazen yetersiz
kalabilecegi diisiiniilmektedir[3].

0.75kw Motor

NMRV 43 1:50 REDUKTOR

Grantl Dolum Hunisi

Huni Baglant Kelepcesi

Isitict Bantlar

Sekil 1. Solidworks ile Tasarlanan Ekstriider Diizenegi

Ekstriiderin ¢ikisinda bulunan nozul, eritilmis
polimerin filaman haline doniistiigi bilesen
olmaktadir. Nozul c¢api, filamanin ¢apin
belirlemekte ve baski kalitesi iizerinde
dogrudan bir etkiye sahip olmaktadir. Filaman
iiretiminde yaygin olarak kullanilan ¢aplar 1,75
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mm ve 2,85 mm'dir. Nozul capi, ekstriizyon
islemi sirasinda malzemenin diizgiin bir sekilde
akmasin1 saglamaktadir. Sekil 2.’de nozul,
kovan ve mil gosterilmektedir. Daha kiiciik
¢apli nozullar, daha ince ve hassas filaman
iiretimine  olanak tanimaktadir. Bununla


https://www.vacondrives.com/
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birlikte, demir katkili filamanlarda, partikiil
boyutuna bagli olarak daha biiyiik ¢apli nozullar
tercih edilebilmektedir. Kiigiik capli nozullarin
kullanilmas1  demir partikiillerinin  nozul
¢ikisinin tikanmasina neden olabilmektedir. Bu
nedenle, demir katkili filaman {retiminde,
partikiil boyutu ile uyumlu bir nozul ¢ap1 se¢imi
onem tasimaktadir. Bu calismada, ekstriider
nozul ¢ap1 1,75mm olarak belirlenmektedir.

) > T >
Sekil 2. Ekstriiderde kullanilan vida, nozul ve
kovan sistemi

3.1. Termal Analiz

Ekstriiderde  sicaklik  kontrolii, polimerin
diizglin bir sekilde erimesini ve homojen bir
karigim elde edilmesini saglamak igin kritik
oneme sahiptir. Demir katkili filamanlarda,
metal partikiillerin varligi nedeniyle sicaklik
kontrolii daha hassas yapilmalidir. Ekstriider
tizerinde Ui¢ adet PID 1s1 kontrol iinitesi REX-
C100, K tipi termokupl, SSR-40 DA kat1 hal
rolelerinden iiger adet kullanilmaktadir. Sekil
3.’te gosterilen sitemde kullanilan bilesenler 3
mm ¢elik levha malzemeden imal edilen bir
ayak iizerine monte edilmektedir. Sistem
besleme gerilimi olarak AC 220 V, 50 Hz. ve
kat1 hal roleleri igin DC 24V ile ¢alismaktadir.

Sekil 3. Is1 kontrol ve takip Unitesi
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Her bir kademe i¢in, Sekil 4.’te gosterilen 250
w giiciinde 1s1tict bant rezistans
kullanilmaktadir. Kullanilan rezistanslar, mika
yaliimli ve piring govdelidir. Rezistanslar
240x50mm o6lg¢iilerinde olup, 220V AC elektrik
ile kumanda edilmektedir. Sitemde sicaklik
Ol¢iimil amaciyla, termokupl olarak K serisi 6
mm ¢apinda termokupl kullanilmaktadir.
Diizenekte bulunan PID kontrolciiler (REX-
C100) Cizelge 1.de belirtildigi sekilde
ayarlanmaktadir. Kurulan diizenekte, 1sitict
bantlara uygulanan gerilim, kati hal roleleri
yardimiyla agilip kapatilmaktadir. Devredeki
siticilarin - agilip kapanmasini  yoneten PID
devreleri, hedef sicaklik ile mevcut sicaklik
arasindaki farka bagl olarak ¢alismaktadir.

Cizelge 1. PID kontrolciisiine ait parametreler

PID Parametresi Deger

Ary 0

P 30

I 240

D 60

Ar 100
r 2
Sc 0
LcY 0
Aru 0

Besleme bolgesinde (Bolge 1) polimer ve demir
partikiilleri hala kat1 halde bulunmaktadir. Bu

nedenle sicaklik, polimerin yumusamadan
beslenmesini  saglamak amaciyla  diisiik
tutulmaktadir. Yiiksek sicakligin  besleme

bogazinda tikanmalara yol agabilecegi yapilan
caligmalarda gozlemlenmistir. Bu c¢alismada,
hareket aktarim organlari ve baglantilar
nedeniyle en geg sicaklik hedef degerine ulagan
bolge olmustur. Erime bolgesi (Bolge 2),
polimerin eriyerek akigkan hale gectigi bolgedir
ve bu bolgede sicaklik artirilmaktadir. Sicaklik,
kullanilan polimerin erime noktasina uygun
olarak ayarlanmalidir (6rnegin; PLA igin 180-
210°C, ABS igin 230-260°C). Karistirma
bolgesinde (Bolge 3) ise sicaklik, malzemenin
homojen bir sekilde karismasini saglayacak
seviyede tutulmaktadir. Ayn1 zamanda, demir
partikiillerinin polimer iginde diizglin bir
sekilde dagilmasin1 saglamak i¢in belirlenen
sicaklik  smirimin  {izerine  ¢ikilmamasi
gerekmektedir.
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Sekil 4. Termokupl ve rezistanslarin yerlesimi

Metal partikiilleri 1s1l iletkenligi arttirdig1 igin,
ekstriiderin farkli bolgelerinde sicaklik kontrolii
daha hassas yapilmalidir. Aksi takdirde,
malzeme beklenenden daha hizl
soguyabilmekte veya asiri 1sinarak polimerin
bozulmasina neden olabilmektedir [6].

3.2. Termal Simiilasyonun Modellenmesi

Ekstriider  tasarimindaki  1s1  dagilimim
gdzlemlemek amacuyla, Solidworks
programinda yer alan sonlu eleman ¢6zimii
kullanilmaktadir. Ug¢  kademeden olusan

BOLGE 3 BOLGE 2 BOLGE 1

wisiticilar ve termokupllar igin, kati modelde
belirlenen o6lgiiler dikkate alinmaktadir. Bu kati
model pargalarin montajinda yer alan 1siticilar,
Solidworks programinda termal yiikk olarak
belirlenen noktalarda her {i¢ bdlge icin
belirlenen  noktalarda  tanimlanmaktadir.

Sistemin kesit goriintiisiinde termal yiiklerin
dagilimi Sekil 5.’te gosterilmektedir. Termal
yik olarak gergek deger olan 250 W degeri
kullanilmaktadr.

-

L

h Sekil 5. Termal yiikler ve sensorlarin daglilﬁil "

Kurulan diizenegin program igerisindeki
goriintiisii ~ Sekil 6.’da  gosterilmektedir.
Sistemde yer alan tiim elemanlar kati model
olarak tasarlanmakta ve montaj1 yapilmaktadir.

Scaklik (Celshus)
27,52
- 216,59
. 19566
S TIRE

L 15381
13284

L 1195

4917

26,24
(=) Grafik Admr 5 [EZ2]

Sekil 6. Simiilasyon sonucunda sicaklik dagilimi

Sistemde bulunan kovan {izerindeki 1sitici
bantlar, kovan sicaklik degerini sabit tutmak
amaciyla yiizeylerine  kelepgelenmektedir.
Kovan  govdesinden  konveksiyon  ve
radyasyonla ortama aktarilan kayip 1s1 enerjisini
azaltmak i¢in, kovanin etrafina 30 mm
kalinliginda tas yiinlii bir ceket sarilmaktadir.
Bu tas yilinii ceket, 1sitici bant, kovan ve
termokupllar1 sararak kovandan kaybedilen 1s1
enerjisini korunmasina yardimeci olmaktadir.
Yapilan c¢alismada hem izolasyonlu hem de
izolasyonsuz durumda ortam ve ekstriider
sicakligr 22°C, bagil nem ise %45 civarinda
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olacak sekilde deneye baslanmaktadir. Burada
PID devreleri i¢in esik deger 170°C olarak
belirlenmektedir. Her ii¢ bdlgede esik deger
olan 170°C asildiginda deney
sonlandirilmaktadir.  Calismada, her 10
saniyede bir li¢ bolgeye bagli termokupllardan
gelen veriler kaydedilerek Excel dosyasina
aktarilmaktadir. Excel’de elde edilen degerler
bir grafik haline getirilebilmektedir. Diizenekte
yer alan 1sitict bantlarm yakininda bulunan
termokupllar hedef 1s1 degerlerini astig1 anda,
sistemin enerji tiikketim miktarlarint 6lgmek
amactyla, 1siticilarin bagli oldugu devreye priz
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tipi bir wattmetre (https://s-line.com.tr/sline-
web/) yerlestirilmektedir. Boylece caligmada,
hedef sicaklik degerinin agilmasi aninda ve esit
siire icerisinde 1sitict bantlarin  tiikketim
miktarlarindaki degisimler gdzlemlenmektedir.

4. DENEYSEL SONUCLAR

Yapilan calismada ekonomik, kompakt bir
ekstriider diizenegi olusturulmaktadir. Sekil
7.’de tasarimi ve imalati gergeklestirilen
diizenek yer almaktadir. Ekstriiderin kati
modeli Solidworks yazilimiyla yapilmakta ve
termal ylikler programa tanimlanmaktadir.
Simiilasyonu yapilan kovandaki 1s1 dagilimlari

incelenmektedir. Sekil 8.’de yer alan termal sicaklik dagilimi

kamera goriintiisii ile simiilasyon sonuglar

kiyaslandiginda, sicaklik dagilimimin tutarl bir Ekstriider {iizerindeki #i¢ bolge ic¢in alinan
benzerlik gosterdigi gozlemlenmektedir. degerlerde, izolasyon yapilmis bdlgelerde daha

hizli yiikselen bir sicaklik grafigi elde
edilmektedir. Hedef siire sonunda elde edilen
bir diger bulgu, izolasyonsuz durumda olan
Bolge 2’nin maksimum sicaklik degerinin
180°C ’ye ulastig1, izolasyon yapilan diizenekte
Bolge 2*’niin maksimum sicakliginin 192°C
oldugu gozlemlenmektedir. Elde ede edilen bu
degerler, Sekil 9’da “Bolge (1 — 2 — 3)”
izolasyonsuz, “Bolge (1* - 2* — 3%)”
izolasyonlu olarak gosterilmektedir. Deneyde
kullanilan sebeke gerilimi AC 220.9V ve
frekans 5S0Hz olarak 6l¢iilmektedir.

Sicaklik (°C)
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Sekil 9. Kovan Bolgelerinin Zamana Bagli Sicaklik Degisimi
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Yapilan ikinci goézlemde, bant 1siticilarin
izolasyonlu durumda ¢ektigi maksimum anlik
giic tiiketimi 694.1W olarak oOl¢iilmektedir.
Izolasyon yapilmayan sistemde ise bu degerin
697.6W oldugu tespit edilmektedir. Hedef
sicaklik olan 170°C ‘ye ulasincaya kadar,
ekstriider kovaninin izolasyonlu ve
izolasyonsuz durumda tiikettigi toplam enerji
miktar1  Cizelge 2’de  gosterilmektedir.
Izolasyonlu kovan, hedef sicakliga 16 dakika 40
saniyede ulagirken, izolasyonsuz kovan ayni
sicakliga 19 dakika 12 saniyede
ulasabilmektedir.

Cizelge 2. izolasyonun enerji tiiketimine etkisi
Ozellik  Biri Izolasyonl izolasyonsu
m u z

Tiiketilen
Toplam
Enerji
Miktart

kwWh 0,073 0,097

Anlik
Maksimu
m Enerji
Miktar1

kW 0,6941 0,6976

5. SONUC VE TARTISMA

Caligma sonunda, simiilasyonda takip edilen
termal analizdeki 1s1l dagilimin, sistemin termal
kamera ile gozlemlenmesi ile elde edilen
goriintiilerle  biliyllk  oranda  Ortiistiigii
gozlemlenmektedir. Imalati gergeklestirilen
makinede, PLA malzemeye gore yapilan
optimizasyon sonucunda ortalama 3 m/dakika
tiretim hizinda 1,75 mm c¢apinda katkili filaman
iretimi  gerceklestirilmektedir.  Caligmada,
filaman igerisine eklenen %98 saflikta, 100 pm
elekten gegirilmis demir tozu kullanilmaktadir.
Elde edilen filamandaki demir katkisinin
kiitlesel ~ oran1  ortalama %10  olarak
Olciilmektedir. Tasarlanan katt model ve bu
modele ait simiilasyon, ekstriider {izerindeki 1s1l
dagilimin termal kamera ile elde edilen
gorlintiilerle  uyumlu  oldugunu  ortaya
koymaktadir. Bu sonug, gelecekteki
caligmalarda simiilasyon verileri {izerinden
farkli  analizlerin = yapilmasina  olanak
taniyacaktir. Kovan bolgelerinin hedef sicakliga
ulagsmast sirasinda, Ozellikle orta bolgenin
(Bolge 2), ug (Bolge 3) ve dip kistmdaki (Bolge
1) sicakliklarina kiyasla daha yiiksek sicakliga
ulastig1 gézlemlenmektedir. Orta boliimiin her
iki yaninda bulunan 1sitict bantlarin etkisi
nedeniyle bu bolgedeki sicaklik artiginin daha
yiiksek oldugu diistiniilmektedir. Bolge 1°de ise
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bu durumun tam tersi bir durum tespit
edilmistir. Kovan baglanti elemanlari, vidali mil
yataklamasi ve hareket aktarim elemanlarinin
bu kisma bagli olmasinin, sicaklik artig hizini
fark edilebilir olgiide azalttig1 goriilmektedir.
Glic tiiketimi incelendiginde, zamana ve
sicaklik  smirmna bagh goézlemlerde anlik
maksimum  ¢ekilen  giiciin, izolasyon
bulunmadiginda 3.5 W daha yiiksek oldugu
tespit edilmektedir. Bu farkin olugmasindaki
temel nedenin sebeke gerilimindeki
dalgalanmalar olabilecegi diislinilmektedir.
Ayrica, izole edilen kovanda, ozellikle ug
(Bolge 3*) ve orta kisimda (Bolge 2*) sicakligin

daha hizli  yiikselmesi sebebiyle PID
kontrolciisliniin,  sicaklik  farkina  gore
bantlardaki c¢alisma siirelerini daha uzun
tutmasinin da sebep olabilecegi

diisiiniilmektedir. Bu konu, gelecekte yapilacak
baska bir ¢alismada degerlendirilebilir. Ayni
stire icerisinde yapilan gozlemlerde, izolasyon
yapilmamig sistemin  hedef  sicakliga
ulastirilabilmesi i¢in gereken gii¢ miktar1 0,097
kWh olarak olgiiliirken, izolasyon yapilmisg
diizenekte bu deger 0,073 kWh olarak
dlciilmektedir. Izolasyonun, kurulan sistemde
%32,88 oraninda enerji tasarrufu sagladigi
tespit edilmektedir.

Daha uzun siireli calismalarda, kovan yiizeyine
uygulanan izolasyon yardimiyla sistemdeki
enerji kayiplarinin Onlenebilecegi
diisiiniilmektedir. Bu durum, sistemin enerji
kayiplarinit 6nlemede kovan iizerine uygulanan
termal izolasyonun Onemini gostermektedir.
Demir katkili filaman {iretiminde enerji
verimliliginin  6nemi  hem  maliyetlerin
azaltilmasi1 hem de siirdiiriilebilir {retim
stireclerinin gelistirilmesi acisindan biiyiik bir
onem tasimaktadir. Metal katkili filaman
iiretimi, yiiksek enerji gereksinimi olan bir
stirec  oldugundan, enerji  verimliligi
saglanmasi, iiretim maliyetlerini disiirmenin
yani sira sistem Omriinii uzatmak ve cevresel
etkileri azaltmak i¢in kritik bir faktordiir. Bu
nedenle, ekstriizyon siirecinde  sicaklik
kontrolii, termal izolasyon gibi enerji
verimliligini artiracak dnlemlerin uygulanmasi,
demir katkili filaman {iretiminde hem ekonomik
hem de c¢evresel siirdiiriilebilirlik agisindan
onemli bir katki sunmaktadir.



Guneng ve Durak /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 8:3 (2024) 459-467

KAYNAKLAR
1. F. Cerejo, D. Gatdes ve M. T. Vieira,
“Optimization of metallic powder filaments for
additive manufacturing extrusion (MEX)”, Int. J.
Adv. Manuf. Technol., Vol. 115, Issue 7, Pages
2449-2464, 2021.

2. E. H. Tumer ve H. Y. Erbil, “Extrusion-Based 3D
Printing Applications of PLA Composites: A
Review”, Coatings, Cilt 11, Say1 4, Sayfa 4, 2021.

3. V. S. Vakharia, L. Kuentz, A. Salem, M. C.
Halbig, J. A. Salem ve M. Singh, “Additive
Manufacturing and Characterization of Metal
Particulate Reinforced Polylactic Acid (PLA)
Polymer Composites”, Polymers, Vol. 13, Issue 20,
Page 3545, 2021.

4. S. Akkurt, “Plastik malzeme bilimi, teknolojisi ve
kalip tasarimi”, Sayfa 50-51, Birsen Yayinevi,
Istanbul, 2007.

5. S. Levy, “Plastics Extrusion Technology
Handbook”, Pages 83-96, Industrial Press Inc.,
South Norwalk, 1989.

6. K. Doungkeaw ve J. Tungtrongpairoj,
“Printability and Mechanical Properties of PLA/Iron
Composites for FDM 3D Printing”, Key Eng.
Mater., Vol. 978, Pages 47-51, 2024.

7. A. Amirov vd., “3D printing of PLA/magnetic
ferrite composites: effect of filler particles on
magnetic properties of filament”, Processes, Vol. 10,
Issue 11, Pages 2412, 2022.

467

8. J. Sasse, L. Pelzer, M. Schon, T. Ghaddar, ve C.
Hopmann, “Investigation of Recycled and
Coextruded PLA  Filament for  Additive
Manufacturing”, Polymers, Vol. 14, Issue 12, Pages
12,2022.

9. J. Deng vd., “Energy monitoring and quality
control of a single screw extruder”, Appl. Energy,
Vol. 113, Pages 1775-1785, 2014.

10. M. Nassar, M. El Farahaty, S. Ibrahim, ve Y.
Hassan, “Design of 3D filament extruder for Fused
Deposition Modeling (FDM) additive
manufacturing”, Int. Des. J., Vol. 9, Issue 4, Pages
55-62, 2019.

11. N. D. Watson ve P. Von Lockette, “Deposition
Controlled Magnetic Alignment in Iron-PLA
Composites”,  https://hdl.handle.net/2152/90192,
Kasim 22, 2023.

12. D. V. Rosato, Extruding Plastics: A practical
processing handbook, Pages 208-213, Springer
Science & Business Media, 2013.

13. S.Y.Kim, S. P. Hersh ve P. L. Grady, “Factors
affecting the energy efficiency of single screw
extruders”, Fibre Sci. Technol., Vol. 17, Issue 1,
Pages 41-61, 1982.



	kapak_v8_n_3
	001_Özen
	ilk_Özen
	001_Özen

	002_Kılıç
	ilk_Kılıç
	002_Kılıç

	003_Gürkan
	ilk_Gürkan
	003_Gürkan

	004_Köse_son
	ilk_Köse
	004_Köse

	005_Süsler
	ilk_Süsler
	005_Süsler

	006_Haydaraslan
	ilk_Haydaraslan
	006_Haydaraslan

	007_Bisht
	ilk_Bisht
	007_Bisht

	008_Avcı
	ilk_Avcı
	008_Avcı

	009_Saltık
	ilk_Saltık
	009_Saltık

	010_Doğru
	ilk_Doğru
	010_Doğru

	011_Süzen
	ilk_Süzen
	011_Süzen

	012_Özdamar
	ilk_Özdamar
	012_Özdamar
	2. MATERIAL AND METHOD
	3. EXPERIMENTAL FINDINGS
	3.1 ANOVA Results and Evaluation
	4. RESULTS


	013_Sarıışık
	ilk_Sarıışık
	013_Sarıışık

	014_Özmen
	ilk_Özmen
	014_Özmen

	015_Günenç
	ilk_Günenç
	015_Günenç




