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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 {iriin
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 )XypHaJI MPUHUMAET CTaThU Ha 4-X s3bIKaX (TYPELKOM, aHTJIUHCKOM, PYCCKOM M YKPAaUHCKOM).
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, MEXIUCIUILTHHAPHAS
MEXJyHaponHas IuiatrgopMa Juis  OOMEHa pe3yJbTaTaMd HUCCIICJOBAHMH TI0 HHXKCHEPHO-
KOHCTPYKTOPCKHM pa3paboTKaM, TEOPETHYECKUM HCCIIEOBAHNSM, YCOBEPIIEHCTBOBAHUIO TEXHOIOTUN
WNupyctpun 4.0, B TOM YuCIie — TEXHONOTHH 1IH(POBOI MPOMBINIICHHOCTH, 3D-1eyaty, aJJuTHBHOTO
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.



ISSN 2602-3350
Web-site: http://dergipark.qgov.tr/ij3dptdi

E-mail: korayozsoy32@gmail.com



http://dergipark.gov.tr/ij3dptdi
mailto:korayozsoy32@gmail.com

ULUSLARARASI 3B YAZICI
TEKNOLOJILERI VE DIJITAL ENDUSTRI
DERGISI

Cilt:8 Sayr: 2 Yil: 2024

INTERNATIONAL JOURNAL OF 3D
PRINTING TECHNOLOGIES AND DIGITAL
INDUSTRY

Volume:8 Number: 2 Year: 2024

Yazilarin tiim bilimsel sorumlulugu yazar(lar)a aittir. Editor, yardimer editor ve yayinci dergide
yayinlanan yazilar i¢in herhangi bir sorumluluk kabul etmez. Bu dergi, asagida listelenen veri
tabanlari tarafindan taranmaktadir. All the scientific responsibilities of the manuscripts belong
to the authors (s). The editor, assistant editor and publisher accept no responsibility for the
articles published in the journal. The Journal is indexed by the following abstracting and
indexing databases.

TR Dizin, Google Scholar, ResearchBib, Index Copernicus, Asos indeks
|

ﬂ_}ﬁiﬂ TR Dizin

8 GO . gle |1. ﬂe:earmb l)\'l)‘li,‘;\@{.ILTPERN\[LI}JS lAnCsj.el]kg

http://dergipark.gov.tr/ij3dptdi



http://dergipark.gov.tr/ij3dptdi

Uluslararasi 3B Yazici Teknolojileri ve Dijital Endiistri Dergisi /
International Journal of 3D Printing Technologies and Digital
Industry
Vol: 8, No:2 (2024) Cilt: 8, Say1:2 (2024)

Editorler ve Kurullar / Editors and Boards

Yayin Kurulu Baskam / Publication Board Manager
Dr. Kerim CETINKAYA, Antalya BELEK Universitesi, Sanat ve Tasarim Fakiiltesi, TURKIYE

Bas Editorler / Editor(s)-in-Chief

Dr. Kerim CETINKAYA, Antalya BELEK Universitesi, Sanat ve Tasarim Fakiiltesi, TURKIYE

Dr. Koray OZSOY, Isparta Uygulamali Bilimler Universitesi, Isparta OSB MYO, Makine ve Metal
Teknolojileri Bsliimii, TURKIYE

Editorler Kurulu / Editorial Board

Dr. Burhan DUMAN, Isparta Uygulamali Bilimler Universitesi, Teknoloji Fakiiltesi, Bilgisayar
Miihendisligi Boliimii, TURKIYE

Dr. Ahu CELEBI, Celal Bayar Universitesi, Miihendislik Fakiiltesi, Malzeme Miihendisligi Boliimii,
TURKIYE

Dr. Hatice EVLEN, Karabiik Universitesi, Teknoloji Fakiiltesi, Endiistriyel Tasarim Miihendisligi
Boliimii, TURKIYE

Dr. Murat Aydin, Karabiik Universitesi, Teknoloji Fakiiltesi, Endiistriyel Tasarim Miihendisligi
Boliimii, TURKIYE

Dr. Emaka AMALU, Teesside Universitesi, Doga ve Bilim Boliimii, Middlesbrough, INGILTERE

Dr. Hanane ZERMANE, Batna 2 Universitesi, Endiistri Miihendisligi Bolimdi, CEZAYIR

Dr. Serhii Yevseiev, Simon Kuznets Kharkiv Ulusal Ekonomi Universitesi, Siber Giivenlik ve Bilgi
Teknolojileri Boliimii, UKRAYNA

Dr. Pinar DEMIRCIOGLU, Aydin Adnan Menderes Universitesi, Mithendislik Fakiiltesi, Makine
Miihendisligi Boliimii, TURKIYE

Dr. Bekir AKSOY, Isparta Uygulamali Bilimler Universitesi, Teknoloji Fakiiltesi, Mekatronik
Miihendisligi Boliimii, TURKIYE

Dr. Ishak ERTUGRUL, Mus Alparslan Universitesi, Teknik Bilimler MYO, Mekatronik Programa,
TURKIYE

Dr. Levent AYDIN, Kocaeli Universitesi, Saglik Hizmetleri MYO, Saglik Bakim Hizmetleri Boliimii,
TURKIYE

Dr. Kiyas KAYAALP, Isparta Uygulamali Bilimler Universitesi, Teknoloji Fakiiltesi, Bilgisayar
Miihendisligi Boliimii, TURKIYE

Dr. Senai YALCINKAYA, Marmara Universitesi, Teknoloji Fakiiltesi, Makine Miihendisligi Béliimii,
TURKIYE

Dr. ibrahim KARAAGAC, Imalat Miithendisligi, Teknoloji Fakiiltesi, Gazi Universitesi, TURKIYE
Dr. Yasin HAMARAT, Biyoteknoloji, Kaunas University Of Technology, LITVANYA

Dr. Binnur SAGBAS, Yildiz Teknik Universitesi, Makine Fakiiltesi, Makine Miihendisligi Boliimii,
TURKIYE

Mizanpaj Editorii/ Layout Editor

Mehmet YUCEL, Isparta Uygulamali Bilimler Universitesi, Teknoloji Fakiiltesi, Mekatronik
Miihendisligi Boliimii, TURKIYE

Arda PAZARCIKCI, Isparta Uygulamali Bilimler Universitesi, Teknoloji Fakiiltesi, Mekatronik
Miihendisligi Boliimii, TURKIYE



Damisma Kurulu / Advisory Board

Dr
Dr

Dr.
Dr.
Dr.
Dr.
Dr.
Dr.
Dr.
Dr.
Dr.
Dr.
Dr.
Dr.
Dr.
Dr.
Dr.

. M. Cengiz KAYACAN, SULEYMAN DEMIREL UNIVERSITESI, TR

. N. Nnamdi EKERE, WOLVERHAMPTON UNIVERSITY, UK

Hiiseyin Riza BORKLU, GAZI UNIVERSITESI, TR

Cem SINANOGLU, ERCIYES UNIVERSITESI, TR

Mustafa BOZDEMIR KIRIKKALE UNIVERSITESI, TR

Savas DILIBAL, ISTANBUL GEDIK UNIVERSITESI, TR

Cem Biilent USTUNDAG, YILDIZ TEKNIK UNIVERSITESI, TR
Ahmet CAN, NECMETTIN ERBAKAN UNIVERSITESI, TR

Fuat KARTAL, KASTAMONU UNIVERSITESI, TR

Ihsan TOKTAS, YILDIRIM BEYAZIT UNIVERSITESI, TR

Okan ORAL, AKDENiZ UNIVERSITESI, TR

Barig Berat BULDUM, MERSIN UNIVERSITESI, TR

Serap CELEN, EGE UNIVERSITESI, TR

Mustafa Aydin, KUTAHYA DUMLUPINAR UNIVERSITESI, TR
Serkan BURKEN, OSTIM TEKNIK UNIVERSITESI, TR

Samsun M. BASARICI, AYDIN ADNAN MENDERES UNIVERSITESI, TR
Ismail BOGREKCI, AYDIN ADNAN MENDERES UNIVERSITESI, TR

ISSN 2602-3350



Vol:8, No:2 (2024) Cilt:8, Say1:2 (2024)

Icindekiler /Table of Contens \ Sayfa /Pages

Arastirma Makaleleri/Research Articles

FFF/FDM YONTEMINDE TAGUCHI DENEY TASARIMI IiLE
PARAMETRE OPTIiMiZASYONU

: - . - 154-161
Selin ALTUN*E" ) Zeynep KAYGIN®“ | Ali Fatih HALILOGLU*#', Riimeysa
KOCA®,
COMPARISON OF MECHANICAL DESIGN AND FLOW ANALYSIS
OF QUADRUPED ROBOTS 162-172

Enes UZUN*'""" Cengiz TEPE®

EVALUATION OF MECHANOBIOLOGICAL POTENTIAL OF 3D-
PRINTED PLA BONE TISSUE SCAFFOLDS WITH DIFFERENT PORE 173-184
ARCHITECTURES AND POROSITY RATIOS )

Safa SENAYSOY?®™*, Hiiseyin LEKESiZ?

OPTIMIZATION OF ANNEALING AND 3D PRINTING PROCESS
PARAMETERS OF PLA PARTS 185-201

Mhd Usama Alabd®*"*, Abdurrahim Temiz?

BiR KiRAL KAFES YAPININ TASARIM VE OPTIMiZASYONU

Yusuf Bostancioglu® | {lyas Kacar®

202-213

DEVELOPMENT OF PREDICTION MODELS FOR COMPRESSIVE
STRENGTH IN CEMENT MORTAR WITH BENTONITE USING 214-294
MACHINE LEARNING TECHNIQUES )

Yusuf Tahir Altunci® ™", Kemal Saplioglu®

DIS CEPERLI ARSIMET POMPANIN MONTAJ EGIMINE GORE
KOVA HACMi PERFORMANSININ INCELENMESI 225-236

Fatih UYSAL“'2 Zebo AKPARALIEVA'=2b

USING 3-DIMENSIONAL MODELS AS TEACHING TOOLS IN
SCIENCE EDUCATION FOR PRIMARY SCHOOL STUDENTS 237-254

Aysegiil ASLAN"® 2% Sinem Giil AVCI*"®, Melike Seyma GOKCU®

UNMANNED GROUND VEHICLE SELECTION WITH ARTIFICIAL
NEURAL NETWORKS 255-265

Ciineyd Demir® ", Cengiz Eldem”™' | Mustafa Bozdemir®

ANALYSIS OF DIFFERENT POOLING FUNCTIONS ON A
CONVOLUTION NEURAL NETWORK BASED MODEL 266-276

Halit Cetiner® ", Sedat Metlek®

3B YAZICILAR ICIN SUREKLI TAKVIYELI FILAMENT URETIMINE
UYGUN KALIP TASARIMI 277-286

Mohamad Diaa Taleb"™ ", Ozkan Oz""', Fatih Huzeyfe Oztiirk

MONITORING PElI PRODUCTION PARAMETERS ON A CUSTOM:-
MADE 3D PRINTER: AN INSIGHT INTO PHYSICAL AND
MECHANICAL PROPERTIES 287-302

Alptekin Yildiz 2P



https://orcid.org/0009-0009-6485-7453
https://orcid.org/0009-0009-4426-831X
https://orcid.org/0009-0001-4605-3920
https://orcid.org/0009-0002-9718-4397
https://orcid.org/0009-0001-2267-3965
https://orcid.org/0000-0003-4065-5207
https://orcid.org/0000-0002-2982-3209
https://orcid.org/0000-0003-3350-1509
https://orcid.org/0009-0009-0101-1063
https://orcid.org/0000-0001-6885-1475
https://orcid.org/0009-0000-3272-8731
https://orcid.org/0000-0002-5887-8807
https://orcid.org/0000-0002-5418-7742
https://orcid.org/0000-0003-0016-8690
https://orcid.org/0000-0001-5883-9317
https://orcid.org/0009-0008-3303-3593
https://orcid.org/0000-0003-2363-0091
https://orcid.org/0009-0004-8874-0317
https://orcid.org/0009-0004-4315-4816
https://orcid.org/0000-0002-4628-7786
https://orcid.org/0000-0001-6652-7452
https://orcid.org/0000-0002-9332-2054
https://orcid.org/0000-0001-7794-2555
https://orcid.org/0000-0002-0393-9908
https://orcid.org/0009-0004-0996-3126
https://orcid.org/0000-0002-9833-429X
https://orcid.org/0000-0001-8025-8236
https://orcid.org/0000-0002-4801-2209

INTERNATIONAL JOURNAL OF 3D PRINTING
TECHNOLOGIES AND DIGITAL INDUSTRY

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

e

FFF/FDM YONTEMINDE TAGUCHI DENEY
TASARIMI ILE PARAMETRE

OPTIMIZASYONU

PARAMETER OPTIMIZATION IN FFF/FDM METHOD
USING TAGUCHI EXPERIMENTAL DESIGN

Yazarlar (Authors): Selin ALTUN'", Zeynep KAYGIN", Ali Fatih HALILOGLU"", Riimeysa
KOCA"" Hasan BAS

Bu makaleye su sekilde atifta bulunabilirsiniz (To cite to this article): Altun S., Kaygin
Z., Haliloglu A. F., Koca R., Bas H., “FFF/FDM Yénteminde Taguchi Deney Tasarimi ile
Parametre Optimizasyonu” Int. J. of 3D Printing Tech. Dig. Ind., 8(2): 154-161, (2024).

DOI: 10.46519/ij3dptdi.1321818
we

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



https://dergipark.org.tr/ij3dptdi
https://orcid.org/0009-0009-6485-7453
https://orcid.org/0009-0009-4426-831X
https://orcid.org/0009-0001-4605-3920
https://orcid.org/0009-0002-9718-4397
https://orcid.org/0000-0001-5214-3394
https://dergipark.org.tr/en/pub/ij3dptdi/archive

FFF/FDM YONTEMINDE TAGUCHI DENEY TASARIMI iLE
PARAMETRE OPTIMIiZASYONU

Selin ALTUN*', Zeynep KAYGIN®*'| Ali Fatih HALILOGLU**, Riimeysa KOCA*'",
Hasan BAS™

2 Ondokuz Mayis Universitesi, Miihendislik Fakiiltesi, Endiistri Miihendisligi Béliimii, TURKIYE

* Sorumlu Yazar: hasan.bas@omu.edu.tr

(Gelis/Received: 12.01.2024; Diizeltme/Revised: 07.06.2024; Kabul/Accepted: 10.07.2024)

0z

Bu ¢aligmanin amaci eriyik yigma teknolojisinde (Fused Filament Fabrication (FFF) veya Fused
Deposition Modeling (FDM)) baski kalitesini artirmak ve baski parametrelerinin etkilerini aragtirmaktir.
Bu kapsamda polilaktik asit (PLA) filament kullanilmis ve Taguchi parametre optimizasyonu ile katman
kalinligi, ekstriider sicakligi, fan hizi, duvar baski hiz1 ve geri ¢ekme mesafesi gibi baski parametreleri
optimize edilmistir. Taguchi deney tasarimi kullanilarak her bir faktor icin 5 farkli seviyede toplam 25
numune Uretilmistir. Numuneler, sezgisel olarak kalite puanlamasi yontemiyle degerlendirilmis ve her
biri 1 ile 10 arasinda puanlanmistir. Baski parametrelerinin {iriin kalitesine etkileri detayli bir sekilde
analiz edilmis olup, baski esnasinda karsilasilan hatalar tanimlanarak ¢6ziim Gnerileri sunulmustur.
Arastirma sonucunda, optimal baski parametreleri olarak 0,24 mm katman kalmligi, 200 °C ekstriider
sicakligl, 60 mm/s fan hizi, 24 mm/s duvar baski hizi ve 0,6 mm/s geri ¢ekme hizi belirlenmistir.
Ekstriider sicakliginin artmasi baskinin genel kalitesini diigiiriirken diger parametrelerin degisimi
dogrusal bir ekti yaratmamistir. Bu arastirma, FFF metoduyla iiretilen pargalarin genel kalitesini ve
iiretim siireclerini optimize etmeyi hedeflemektedir. Calismada kullanilan metodolojinin endiistriyel
uygulamalarda benimsenmesi, daha yliksek kalite ve verimlilik saglanmasina ve FFF teknolojisinin daha
genis bir kullanim alanina sahip olmasina katkida bulunabilir.

Anahtar Kelimeler: Eriyik Yigma Yontemi, FFF, FDM, Taguchi, Deney Tasarimu.

PARAMETER OPTIMIZATION IN FFF/FDM METHOD USING
TAGUCHI EXPERIMENTAL DESIGN

ABSTRACT

This study aims to enhance the print quality and investigate the effects of print parameters in Fused
Filament Fabrication (FFF) or Fused Deposition Modeling (FDM) technology. In this context, polylactic
acid (PLA) filament was used, and print parameters such as layer thickness, extruder temperature, fan
speed, wall print speed, and retraction distance were optimized using the Taguchi parameter
optimization method. A total of 25 samples were produced using the Taguchi experimental design, with
five different levels for each factor. The samples were evaluated using an intuitive quality scoring
method, with each sample being rated between 1 and 10. The effects of the print parameters on product
quality were analyzed in detail, and errors encountered during printing were identified with proposed
solutions. As a result of the research, the optimal print parameters were determined to be a layer
thickness of 0.24 mm, an extruder temperature of 200 °C, a fan speed of 60 mm/s, a wall print speed of
24 mm/s, and a retraction speed of 0.6 mm/s. While increased extruder temperature generally decreased
print quality, changes in the other parameters did not produce a linear effect. This study aims to optimize
the quality and production processes of parts produced using the FFF method. If adopted in industrial
applications, the methodology used in this study could contribute to higher quality and efficiency and a
more comprehensive range of applications for FFF technology.

Keywords: Fused Deposition Modeling, FFF, FDM, Taguchi, Experimental Design.
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1. GIRiS

FFF, nesnelerin 3 boyutlu (3D) model
verilerinden katmanlar halinde {iretildigi bir
eklemeli imalat yoOntemidir. Bu ydntem,
karmagik pargalarin hizli ve etkili bir sekilde
iiretilmesine olanak tanir. Ancak, FFF’in zayif
bir yonii, tirlinlerin yiizey kalitesinin genellikle
istenen dilizeye ulagamamasidir. Bu nedenle,
son irlinlerin kalitesini iyilestirmek ve
beklentileri karsilamak i¢in ayrica bitirme
islemlerine ihtiya¢ duyulabilir. Bu islemler hem
zaman alicidir hem de maliyetlidir. FFF
yontemi i¢in kritik dneme sahip olan bir dizi
parametre bulunmaktadir. Bu parametreler, FFF
yonteminin sonuglarini belirleyen ve kalitesini
etkileyebilen faktorlerdir.

FFF yonteminde iiriin kalitesini arttirmak i¢in
baski parametrelerinin  optimize edilmesi
gerekmektedir. Taguchi metodu, parametre
optimizasyonu i¢in kullanilan etkili ve basit bir
yontem olup mihendislik uygulamalarinda
siklikla kullanilmaktadir [1-3]. Taguchi metodu
eklemeli imalat ¢aligmalarinda da kullanilmigtir
[4-7]. Kartal [8] eriyik yigma yonteminde siire¢
parametrelerinin  optimizasyonunu Taguchi
metodolojisi  kullanarak  gerceklestirmistir.
Kartal [8], PLA filament kullanarak iirettigi
numunelerde katman kalinli§i ve raster
genigliginin  yiizey kalitesini  etkiledigini
gostermistir. Bas, Elevli and Yapict [9]
calismasinda, FFF tipi yazicilardaki {iretim
siireclerini hata agacit analizi (FTA) ile
incelemis ve dretim sirasinda meydana
gelebilecek hatalar1 detayli bir sekilde ortaya
koymuslardir. Bacak, Varol OZkavak and Tatli
[10] caligmalarinda, FFF yontemiyle iretilen
PLA numunelerin ¢ekme dayanimini etkileyen
islem parametrelerini detayli bir sekilde ele
almistir. Giinay, Giindiiz, Yilmaz, Yasar and
Kagar [11], FFF baski parametrelerini PLA
numunelerin  ¢ekme dayanimi  {izerinden
incelemis ve Taguchi Lis deney tasarimi ile bu
parametrelerin  etkilerini  degerlendirmistir.
Bilgin [12] tarafindan yiiriitiilen ¢aligmada ise
ABS malzeme ile {iretilen pargalarda baski
parametrelerinin etkilerini inceleyerek optimum
parametreleri  belirlemistir.  Secgin  and
Kahraman [13], PETG filament kullanarak
yapilan parcalarda yiizey piiriizliliigii {izerine
parametre optimizasyonu yapmis ve katman
kalinligimin en onemli parametre oldugunu
bulmuslardir. Sood, Ohdar and Mahapatra [14],
FFF siirecindeki kritik parametrelerin boyutsal
dogruluga etkisini Taguchi ve gri Taguchi
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yontemleriyle belirlemislerdir. Zhang and Peng
[15], FFF performansini belirleyen dort kritik

siire¢ parametresini Taguchi ve bulanik
kapsamli  degerlendirme  ile  optimize
etmiglerdir. Bu o6mek c¢alismalar, FFF

teknolojisinin ¢esitli yoOnlerini kesfetme ve
optimize etme ¢abalarini ortaya koymaktadir.

FFF yontemi ile ilgili incelenmesi gereken
bircok derleme makale de bulunmaktadir.
Brenken, Barocio, Favaloro, Kunc and Pipes
[16] fiberle giiclendirilmis polimerlerin eriyik
yi1gma yontemiyle iliretimine yonelik ¢aligsmalari
inceleyerek derleme bir makale yapmislardir.
Daminabo, Goel, Grammatikos, Nezhad and
Thakur [17] ise polimer malzeme {iretimini ve
FFF  teknigini incelemis ve FFF'nin
Olgeklenebilirlik, maliyet etkinligi ve genis
malzeme isleme yeteneklerini vurgulamistir.
Sathies, Senthil and Anoop [18], polimer

temelli eklemeli imalat siiregleri ve FFF
uygulamalarindaki ilerlemeleri  dzetlemis,
FFF'nin konvansiyonel {iretim sorunlarina

¢6ziim sundugunu belirtmistir.

Bu calismada FFF yonteminde Taguchi deney
tasarimint kullanarak parametre optimizasyonu
yapilmistir. Optimizasyon parametreleri olarak
katman kalinlig1, ekstriizyon sicakligi, sogutma
fan hizi, duvar baski hizi ve geri ¢ekme hizi
belirlenmistir. Katman kalinlig1, baski kalitesini
etkileyen Onemli bir parametredir; ince
katmanlar daha piiriizsiiz yiizeyler sunarken,
kalin katmanlar hizl1 baski saglar ancak yiizey
kalitesini olumsuz etkileyebilir. Ekstriizyon
sicakligl, malzemenin akigkanligmi  ve
yapiskanligini  diizenlerken, fan hizi baski
sirasinda sogutmay1 kontrol eder. Baski hizi,
tiretim hizim etkiler; daha yiiksek hizlar hizli
iiretimi saglar ancak yiizey kalitesini olumsuz
etkileyebilir. Geri ¢gekme hizi filament akigini
diizenler ve dogru ayarlandiginda ¢ekme ve
deformasyonlar1 onler.

Baski parametrelerin  dogru bir sekilde
ayarlanmasi, 3D baski firiinlerinin kalitesini
arttirmak ve iiretim siireclerini yonetmek igin
krittk  6neme sahiptir. Dolayisiyla, bu
parametrelerin uygun bir sekilde optimize
edilmesi, 3D baski Tirinlerinin kalitesini
artirmakla kalmaz, ayn1 zamanda endiistriyel
uygulamalarda daha etkili bir kullanimin1 da
miimkiin  kilar. Bu, FFF teknolojisinin
endiistriyel iiretimde daha yaygin bir sekilde
benimsenmesine katki saglayabilir ve {irinlerin
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daha hizli ve maliyet etkin bir sekilde
iiretilmesini tesvik edebilir.

2. MATERYAL VE METOD

2.1. Malzeme ve Ekipman

Numunelerin {iiretiminde Makerbot Replicator
S5th Generation 3D yazici, malzeme olarak da
PLA filament kullanilmigtir. Baski modeli
olarak 3B yazicilarin performansini denemede
siklikla ~ kullanmilan ~ 3DBenchy  modeli
secilmistir. Bu model ylizey kalitesi, model
dogrulugu ve carpilma gibi sorunlar1 gozler
online sererek 3D yazict performansini
kapsamli bir sekilde degerlendirmeyi saglar
[19]. 3D Benchy %80 dlgekli olarak
dilimlenmis olup X, Y, Z eksenlerinde sirasiyla
48 mm, 24,08 mm ve 37,4 mm Olciilere sahiptir

(Sekil 1).

x\\k
\

Sekil 1. #3DBenchy tasariminin ii¢ boyutlu yazict
programinda yerlesim goriintiisii

2.2.FFF Metodu

Eklemeli imalat teknolojileri, konvansiyonel
talagl imalat teknolojilerinden farkli olarak, {i¢
boyutlu bilgisayar destekli (CAD) verilerden
fiziksel pargalar1 katman katman olusturma ve
sadece ihtiyag duyuldugu kadar malzeme
kullanma prensibine dayanmaktadir [17]. Bu
teknolojiler arasinda yer alan malzeme
ekstriizyonu, ASTM standartlarina gore yedi
farkli kategoride incelenen bir eklemeli imalat
yontemidir ve FFF, bu kategorideki malzeme
ekstriizyonu yontemlerinden biri olarak bilinir
[20]. Eriyik yigma teknolojisinde genellikle
ince plastik tel veya filament kullanilir; ancak
zaman zaman, hazneden beslenen plastik grantil
de tercih edilebilir. Plastik malzeme, nozul
icindeki bir 1sitic tarafindan ergime noktasinin
hemen iizerindeki bir sicaklikta tutularak
ekstriizyon islemine tabi tutulur. Nozuldan
¢ikan eriyik plastik, tablaya ulagtiginda aninda
sertlesir ve tablanin yiizeyine yapisir. Bir
katman tamamlandiginda platform asagiya iner
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ve nozul diger katmani insa eder. Katman
kalinligt ve diisey boyut hassasiyeti nozul
¢apina baglidir. FFF sisteminin ¢caligma prensibi
Sekil 2°de gosterilmistir.

FILAMAN

SICAKLIK KONTROL
UNITESI

NOZUL

ZEMIN

Sekil 2. FFF teknolojisinin sematik gosterimi

2.3. Taguchi Metodu Deney Tasarim
Taguchi'nin deneysel tasarim yaklagimu, iirlin ve
stirecteki degiskenligi en aza indirmek amaciyla
kullanilir. Bu yaklagim, degiskenligi olusturan
ve kontrol edilemeyen faktorlere karsi kontrol
edilebilen faktorlerin diizeylerinin en uygun
kombinasyonunu se¢meyi hedefler [21].
Taguchi metodu, ortogonal diziler olarak
adlandirilan belirli siralamalar1 kullanir. Bu
standart diziler, performans parametrelerini
etkileyen tiim faktorlerle ilgili en kapsamlh
bilgiyi saglamak ve en az sayida deney yapmak
icin bir yontem onermektedir [8].

Taguchi yontemi, ¢ok sayida deneyi daha etkili
bir sekilde yonetmek amaciyla gelistirilmis bir
optimizasyon yaklagimidir. Kalite iyilestirmeyi
hedefleyen bu yoOntem, deney tasarimi ve
parametre optimizasyonu ile {iriin veya siire¢
tasarimindaki faktorlerin etkilerini
degerlendirir, boylece istenilen kalite seviyesine
daha etkili bir sekilde ulasilabilir. Taguchi

yontemi, faktorlerin etkilesimleri ve
varyasyonun etkilerini g0z onilinde
bulundurarak belirli faktorlerin sistemdeki

Oonemini belirlemeyi amaglar. Bu yoOntem,
siireglerin daha etkin ve kararli hale
getirilmesinde dnemli bir rol oynar.

Bu calisma, FFF yontemi kullanilarak PLA
filament malzemeden {iretilen numunelerin
baski kalitesinde islem parametrelerinin etkisini
belirlemeyi  amaglamistir.  Baski  deseni
Diamond Fill (Fast) olarak belirlenmistir. I¢
dolgu yogunlugu %80, destek yogunlugu %8 ve
i¢c baski hizi 90 mm/s olmak iizere sabit
parametre; katman kalinlig1, ekstriider sicakligi,
fan hizi, duvar baski hizi ve geri ¢ekme
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mesafesi parametreleri ise bagimsiz degisken
olarak secilmistir.

Belirlenen parametrelerin, FFF yontemi ile
iiretilen parcalarin baski kalitesine goreceli
katkisin1 degerlendirmek amaciyla bir Taguchi
Lys  deney  yontemi  tasarlanmis  ve
uygulanmstir. Deney tasariminda
katmankalinligi araligi 0,16-0,20 mm, ekstriider
sicaklik araligi 200-220 °C, Fan hiz1 %60-100,
Duvar baski hizi 12-28 mm/s ve geri ¢ekme
mesafesi 0,4-0,8 mm araliginda olacak sekilde
belirlenmistir (Cizelge 1).

2.4. Sezgisel Degerlendirme

Deneylerin degerlendirme siirecinde kullanilan
kalite puanlamast, tiretilen baskilarin sezgisel bir
puanlama yontemi kullamlarak incelenmesine
dayanmaktadir.

Bir baski i¢in puanlama yapilirken, s6z konusu
baskida goriilen hatalar 1 ile 10 arasinda
puanlamig ve her bir hatanin giddeti esit kabul
edilmistir. Bu puanlama yonteminde 1 yiiksek
kaliteyi temsil ederken, 10 diisiik kaliteyi ifade
etmektedir. Ornegin, sizmt1 ve iplik hatasi icin
baskinin i¢ kismin1 gérmeye engel olacak kadar
yogun hata goriilmiigse 10 puan, estetik
goriinlime engel olmayacak sekilde cok az
rastlanmigsa 1 puan verilmistir. Baskida goriilen
hatalar 4 farkli goézlemci tarafindan Onem
derecesine gore puanlandiktan sonra ortalamalart
alinarak hata degerleri bulunmustur. Sonug
olarak bir baskinin sezgisel kalite puani, baskida
goriilen hata degerlerinin ortalamasi alinarak
bulunur.

Sezgisel puanlama siireci, gozlemcilerin kisisel
deneyim ve estetik tercihlerine dayanmaktadir ve
elde edilen sonuclar makalenin sonug
boliimiinde detayli olarak ele alinmigtir. Bu
sekilde, farkli parametre ayarlarinin ({iriin
kalitesine olan etkisi sistematik bir sekilde analiz
edilerek, en uygun parametre kombinasyonunun
belirlenmesi amaglanmugtir.

3.DENEYSEL BULGULAR

3.1. FFF Yontemin Goriilen Hatalar

FFF’in agamalar1 kati modellerin olusturulmasi,
dilimlenmesi, basilmasi ve temizleme olarak
belirtilebilir. Bilgisayar destekli tasarim (CAD)
programlar1 ile olusturulan model, evrensel

STL formatinda kaydedilir. ~ Sonrasinda
dilimleme ve G-kod olusturma islemleri
dilimleme programi ile  gergeklestirilir.
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Olusturulan G-kod dosyasi, 3D yaziciya
aktarilarak baski siireci baslatilir. Baski hatalari
dilimleme asamasindaki kullanici ayarlarindan

da kaynaklanabilir. Bu nedenle, ozellikle
dilimleme asamasinda dogru ayarlamalar
yapilmalidir.

Bas, Elevli and Yapici [9] yaptiklart ¢aligmada
FFF yonteminde olusabilecek hatalar1 detayli
bir sekilde agiklamiglardir. Bu hatalar arasinda
ekstriizyon  kesintileri, yan yiizeylerde
bozulmalar, sarkmalar, boyutsal hatalar, kiiciik
boliimlerin  basilamamasi, asir1 1sinma, {ist
ylizeyde ¢izikler, biikiilme, destek problemleri,
kivrilmig kenarlar, delik ve bosluk problemleri,
baski baglangic problemleri, fil ayagi ve
goriiniir i¢ dolgu gibi ¢esitli sorunlar
bulunmaktadir. Bu hatalar, kullanicilarin yanlig
dilimleme ayarlari, mekanik sorunlar ve
sicaklik dalgalanmalar1 gibi ¢esitli nedenlerden
kaynaklanmaktadir. Bu hatalara sebep olan
toplam 49 adet kok neden belirlemislerdir.
Mekanik sorunlar, sicaklik ve kalibrasyon
hatas1 gibi faktorler baski sirasinda modelin
yanlig basilmasina neden olabilir. Bu ¢aligma
kapsaminda {iretilen numunelerde literatiirde
belirtilen hatalarin bir kismi tespit edilmistir. Bu
hatalar, deney numunelerinden alinan 6rnek
gorsellerle birlikte aciklanmustir.

3.1.1. Yan Yiizeylerde Deformasyonlar

Yazdirma sirasinda yiizey deformasyonlari,
damlaciklar, cizgiler ve dalgali desenler gibi
sorunlar ortaya ¢ikabilir. Bunlar genellikle geri

cekilme, mekanik hatalar, sicaklik
dalgalanmalar1 veya diizensiz ekstriizyon
kaynakhidir (Sekil 3).

Sekil 3. Yan yiizeyde deformasyonlar

3.1.2. Sizint1 ve iplikler

Genellikle yanlis geri cekme mesafesi, diigiik geri
¢ekme hizi, asir yiiksek sicaklik veya uzun stireli
ekstriizyon olmadan yapilan hareketlerle ilgili
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olarak tiiylii veya saclh goriintiiler ortaya ¢ikabilir
Geri ¢ekme mesafesi sizintiya neden olabilir;
diisiik geri ¢gekme hiz1 plastik sizintisina yol acar.
Asint sicaklik ise plastik akiskanligmi artirarak
sizintiya sebep olabilir (Sekil 4).

Sekil 4. Sizint1 ve Iplikler

3.1.3. Ust Yiizeyde Cizikler

Asint ekstriizyon ve diizensiz dikey kaldirma
ayarlari, baskinin iist yiizeyinde ¢iziklere neden
olabilir. Bu sorunu ¢dzmek igin uygun dikey
kaldirma ayarlarin1 etkinlestirmek veya ekstriizyon
carpani ayarlarini diisiirmek etkili olabilir (Sekil 5).

3.1.4. Katman Kaymasi

Katman kaymast (Sekil 3D baskida

6),
katmanlarin istenmeyen konumlarda olmasidir.

Mekanik  sorunlar veya diisiik tabaka
yapiskanligi nedeniyle gerceklesebilir. Sorunu
¢O0zmek i¢in mekanik kontrol ve diizenli bakim
onemlidir. Dogru yatak sicakligi ve tabaka
yapistirict  ayarlarnt  ile katman kaymasi
Onlenebilir, daha stabil baskilar elde edilebilir.
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Sekil 6.Kat Kaymast

3.1.5.Destek Nedeniyle Alt Yiizeyde Sorunlar
Destek (raft veya support) nedeniyle diisiikk
yiizey kalitesi, etkisiz koprilleme veya c¢oken
desteklerle ortaya ¢ikar. Yanlis dilimleme
ayarlar1 nedeniyle meydana gelen bu sorunlari
¢ozmek icin katman kalinlig1 ve destek doluluk
ylizdesi ayarlar1 kontrol edilmelidir. Cokme
riskini azaltmak i¢in ise yeterli doluluk orani ve
kaliteli filament kullanimina dikkat edilmelidir
(Sekil 7).

Sekil 7. Destek nedeniyle alt yiizeyin pirizliligi

3.1.6. Baskinin Yataga Yapismamasi
Baskinin yataga yapismamasi sorunu, diisiik
tabaka yapiskanlig1, diizensiz baski platformu
seviyesi veya yetersiz yatak sicakligr gibi
nedenlere baglhidir. Sorunu ¢ézmek i¢in dogru
baski yatagi sicakligina, uygun tabaka
yapigkanligina ve diizgiin seviyelenmis bir
baski platformuna dikkat etmek énemlidir.

3.2. Taguchi Deney Parametreleri ve Kalite
Degerlendirmesi

Bu calismanin kapsaminda, Taguchi deney
diizenine gore belirlenen parametre ayarlari
sirastyla uygulanmig ve toplamda 25 farkli
deney gergeklestirilmistir. Deneyler, Cizelge
1'de sunulan Taguchi deney diizenine uygun
olarak sistematik bir sekilde planlanmig ve
uygulanmigtir. Bu deneylerin temel amaci,
belirlenen parametrelerin cesitli
kombinasyonlarina bagli  olarak iiretilen
iiriinlerin kalitesini degerlendirmektir.

Sekil 8, vyiiriitilen analizde parametrelerin
etkilerini ve seviyelerini goOsteren ana etki
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cizimini igermektedir. Analiz siirecinde,
ortalama baski kalitesi degerlerini belirlemek
icin  "en kiigik daha iyidir"  kriteri
benimsenmistir. Bu kriter dogrultusunda, bask1
hatalar1 degerinin miimkiin oldugunca diisiik

edilmesi, belirli bir performans 6l¢iitiinii en st
diizeye ¢ikarmay1 hedefler. Bu durumda, S/N
analizi ile en yiiksek kalite degeri elde edilebilir.
Taguchi analizinden elde edilen optimize
edilmis islem parametreleri ve bunlara karsilik

olmast  hedeflenmis ve S/N  oranlarn gelen siralama Cizelge 2'te gosterilmistir.
hesaplanmigtir.  S/N  oranmin  maksimize
Cizelge 1. Taguchi deney diizeni ve sezgisel kalite degerleri
Katman  Ekstriider Duvar Geri Cekme . .
Nlll)rfllilli}?’lSl Kalinhg Sicakhg Fa(l}, /gm Baski Hiz1 Mesafesi Se%gésveelr{glillte
(mm) (°0) (mm/s) (mm) 8
1 0,16 200 60 12 04 1,468
2 0,16 205 70 16 0,5 2,250
3 0,16 210 80 20 0,6 2,031
4 0,16 215 90 24 0,7 1,625
5 0,16 220 100 28 0,8 2,625
6 0,18 200 70 20 0,7 2,750
7 0,18 205 80 24 0,8 2,250
8 0,18 210 90 28 04 2,937
9 0,18 215 100 12 0,5 2,593
10 0,18 220 60 16 0,6 2,781
11 0,20 200 80 28 0,5 1,500
12 0,20 205 90 12 0,6 1,875
13 0,20 210 100 16 0,7 2,218
14 0,20 215 60 20 0,8 2,250
15 0,20 220 70 24 0,4 2,468
16 0,22 200 90 16 0,8 1,500
17 0,22 205 100 20 04 1,437
18 0,22 210 60 24 0,5 1,812
19 0,22 215 70 28 0,6 2,218
20 0,22 220 80 12 0,7 3,062
21 0,24 200 100 24 0,6 0,968
22 0,24 205 60 28 0,7 0,843
23 0,24 210 70 12 0,8 1,437
24 0,24 215 80 16 04 1,781
25 0,24 220 90 20 0,5 2,875

Cizelge 2: S/N oranlarina iligkin yanit tablosu

. Duvar Geri
Sevive il Sweakhgs Hu Baska Cekme
Hiz1 Mesafesi
1 -5,82 -3,77 4,58 -598 -574
2 -8,46 -424  -6,74 -6,27 -6,63
3 -6,15 -6,14  -6,29 -6,86 -542
4 -5,69 -6,29  -6,34 -4,79 -5,63
5 -3,11 -8,80 5,28 -5,33 -5,82
Fark
(maks— 5,35 5,02 2,16 2,06 1,20
min)

Bu analitik siireg, li¢ boyutlu iiretimde arzu
edilen ve tercih edilen yiiksek baski kalitesini
elde etmeyi amaglamaktadir. Bu baglamda,
Cizelge 3'te en yiiksek baski kalitesi degerlerine
ulasmak i¢in kullanilan optimum islem
parametreleri sunulmaktadir.
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Cizelge 3: En yiiksek baski kalitesi degerleri i¢in
optimum iglem parametreleri

Katman Ekstriider Fan ]l);;‘s/;f Geri Cekme
Kahnh@ Sicakhgr Hizi Hiz Mesafesi
(mm) O (%) g (mm)
0,24 200 60 24 0,6

4. SONUC

Bu calismada, FFF yontemindeki bask1

parametreleri Taguchi metoduyla optimize

edilmistir.  Caligmada  katman  kalinhigi,

ekstriider sicakligi, fan hizi, duvar baski hizi ve
geri ¢ekme mesafesi parametreleri bagimsiz
degisken olarak se¢ilmis ve bu parametrelerle
ilgili olarak toplamda 25 adet 6rnek iiretilmistir.
Uretilen numunelerin degerlendirme = siireci,
kalite puanlamasina dayanmaktadir. Bu
puanlama siirecinde, belirli bir parametre
kombinasyonuyla gergeklestirilen baskilar,
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gozlemcilerin kisisel deneyim ve estetik
tercihlerine dayali olarak sezgisel bir puanlama

yontemi kullanilarak incelenmistir.

Main Effects Plot for SN ratios
Data Means

Katman Kalinlig

Ekstriider Sicakligt

Fan Hizi

-3,0

-4,5

./

\\

-7,5

-9,0

-6,0 _ e
o \o/'
'3 -7,51
[\
-
— 0,16 0,18 020 022 024 200 205 210 215 220 60 70 80 90 100
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£ -3,01
]
[7]
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0,5
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07 08

Sekil 8. Kalite degerleri icin parametrelerin ana etkiler grafigi

Benchy modeli iizerinde meydana gelen
hatalarin siddeti esit kabul edilerek, bu hatalar
onem derecelerine goére 1 ile 10 arasinda
sezgisel olarak puanlanmustir.

Yapilan deney numunelerinin incelenip sezgisel
kalite puanlamas1 yontemiyle degerlendirilmesi
sonucunda, yan yilizeyde deformasyon hata
tiiriine ait en yiiksek hata degeri 20 numarali
numunede gozlemlenmistir. Sizinti-iplik ve iist
yilizeyde ¢izik sorunlari yine 20 numaralt
numunede en ¢ok goézlemlenmistir. Katman
kaymasi problemi en ¢ok 25. numunede ortaya
cikmigken alt yiizey problemi ise en ¢ok 9.
numunede olusmustur.

Sezgisel puanlar lizerinden yapilan Taguchi
analizi sonucunda optimum baski1 parametreleri
belirlenmistir. Analiz siirecinde, "en kii¢lik daha
iyidir" kriteri benimsenmis ve ortalama baski
kalitesi degerleri belirlenirken baski hatalari
degerinin miimkiin oldugunca diisiik olmasi
hedeflenmistir. Bu kriter dogrultusunda, S/N
oranlar1  hesaplanmustir. S/N  oraninin
maksimize edilmesi, belirli bir performans
oOl¢iitiinii en st diizeye ¢ikarmay1 hedefler. Bu
baglamda, S/N analizi ile en yiiksek kalite
degeri elde edilebilir. Elde edilen analiz
sonuglara gore, optimal baski parametreleri
ve kalite degerleri su sekildedir:

* Optimum parametreler 0,24 mm katman
kalinligi, 200 °C ekstriider sicakligi, 60 mm/s
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fan hiz1, 24 mm/s duvar baski hizi, 0,6 mm/s
geri c¢ekilme hizi olarak bulunmustur. Fakat
bulunan bu optimum degerler makine ve ortama
gore degiskenlikler gosterebilir.

* Taguchi Analizi sonucunda en disiik kalite
degeri 3,062 olarak 0,22 mm katman kalinligi,
220 °C ekstriider sicakligi, 80 mm/s fan hizi, 12
mm/s duvar baski hizi ve 0,7 mm/s geri ¢cekme
hiz1 parametrelerine sahip olan 20 numarali
numunede ortaya ¢ikmistir.

* En yiiksek kalite degeri ise 0,24 mm katman
kalinligi, 205 °C ekstriider sicakligi, 60 mm/s
fan hizi, 28 mm/s duvar baski hizi ve 0,7 mm/s
geri ¢ekilme hiz1 parametrelerine sahip olan 22
numarali numunede 0,843 olarak bulunmustur.

Sonu¢ olarak Taguchi yontemi ile FFF
metodunda parametre optimizasyonu basarilt
bir sekilde gerceklestirilmistir. Bu c¢aligmada
kullanilan deneysel yaklasim, FFF yontemiyle
gerceklestirilen 3D baskilarda kaliteyi artirmak
ve istenmeyen hatalar1 minimize etmek adina
iyi bir &rnek teskil etmektedir.
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ABSTRACT

In recent years, there has been a trend of developing innovative technologies inspired by living creatures
in nature. Quadruped robots, in particular, have emerged as walking mobile systems with articulated leg
structures that can skilfully perform dynamic movements that wheeled systems are limited to. These
robots offer advantages in technical criteria such as manoeuvrability, cross-capability, controllability,
terrain adaptability and stability. It is important to note that this evaluation is based on objective
technical criteria rather than subjective opinions. This study compares the advantages and disadvantages
of quadruped robots to wheeled systems. It highlights that quadruped robots outperform wheeled
systems in manoeuvrability, obstacle overcoming, and speed, particularly in rough terrains. The study
also suggests that designers of quadruped robots should consider aerodynamic factors, which are often
overlooked. Flow analysis using the finite element method is crucial in robot design to enhance
aerodynamic performance. This paper aims to comprehensively analyse the flow structure around
quadruped robots using Computational Fluid Dynamics and investigate passive flow control methods to
reduce the drag coefficient (Cd). The study examines four different robots, and the resulting Cd average
percentage calculations are presented. The aerodynamic efficiency of Robot 4 compared to Robot 2 was
found to be 95%. Similarly, the acrodynamic efficiency of Robot 3 was determined to be 28% compared
to Robot 2. Additionally, it was determined that the aerodynamic efficiency of Robot 2 was 76%
compared to Robot 1. These results provide an important comparison to understand the energy
efficiency, differences in acrodynamic performance and relative effectiveness of quadruped robots.

Keywords: Aerodynamic, Computational Fluid Dynamics, Energy, Quadruped, Robot.

1. INTRODUCTION mammals in rough terrain [2]. Wheeled robots
Humanity has always strived to study living move quickly but have poor manoeuvrability to
organisms in their natural habitats, generate navigate uneven ground or overcome obstacles
novel ideas, and develop innovative such as stairs. Legged robots outperform
technologies to enhance our daily lives. Such wheeled robots in these terrain conditions [3].
efforts are one of the most remarkable examples Quadruped robots are walking locomotion
of recent years. A quadruped robot inspired by systems with articulated leg structures and can
animals is capable of walking and performing also perform dynamic motions that are limited
dynamic movements [1]. Although wheeled by wheeled systems. These robots are one of the
vehicles have been in use for more than most significant developments in the field of
thousands of years, mountainous or desert robotics [4]. Quadruped robot technology has
terrain requires greater surface roughness than developed rapidly since the 21st century. The
footed vehicles such as horses and mules. Over robot's leg structure has been enhanced with
billions of years of evolution, the result of bionic technology, improving its ability to adapt
natural selection on the locomotion of land to various terrains. The manufacturing
animals has fully demonstrated the adaptability, technology of power systems has led to the
mobility and carrying capacity of four-legged development of quadruped robots with
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integrated power sources [2]. Each system has
its own advantages and disadvantages. A
detailed comparison of the technical criteria of
legged and wheeled robots is shown in Table 1.
As can be seen in Table 1, the development of
legged locomotion on land has grown
continuously over the last decade due to the fact
that legged robots offer more advantages than
wheeled robotic vehicles. The advantages of
legged locomotion depend on the posture, the
number of legs and the functionality of the leg.
Although wheeled and tracked robots can
operate on flat terrain, their ability to operate in
most rough and difficult terrain conditions is
poor [5].

Table 1. Comparison between wheeled and legged

robots [5].
Technical Wheeled  Legged
Specifications robot Robot
Manoeuvrability Poor Good
Cross talent Poor Good
Controllability Good Poor
Terrain Compatibility Poor Good
Stability Good Poor
Cost-effective Good Poor
Navigating over Poor Good
obstacles
Complexity Poor Good

Quadruped robot designs are widely used in
various applications, from industrial to personal
use. Their motion capabilities, adaptability, and
capacity to perform a variety of tasks make
them an ideal platform to increase the
effectiveness of robotic systems. Robots are
utilized in numerous manufacturing tasks,
including  painting, welding, assembly,
soldering, handling, and conveying [1].

Mobile robots have a wide range of applications
in various fields, including space exploration,
military operations, and industrial use [5].
However, the design process of quadruped
robots faces a fundamental problem in the form
of aerodynamic factors, which are often
overlooked. In particular, air resistance can pose
a significant obstacle when these robots move at
high speeds or operate in open spaces.
Quadrupeds use a variety of gaits depending on
their movement speed. At lower movement
speeds, the robot uses a walking gait, which
transitions to a sprint gait as the speed increases.
At the highest range of movement speed, the
robot uses a galloping gait [6]. To successfully
design a legged robot, it is important to consider
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and optimize for aerodynamic challenges, as
well as gait stability, robustness, speed, and
practicality, including size, volume, weight, and
energy efficiency [7]. Aerodynamic analyses
are conducted using the finite element method
to determine the optimal aerodynamic structure
of robots. The finite element method simplifies
complex engineering problems by dividing the
solution domain into a large number of simple,
interconnected  sub-regions called finite
elements. This means that it is possible to solve
problems that are divided into parts connected
by many nodes. The mesh method, which
divides the surface into small parts and moves
from the part to the whole, was used to perform
airfoil flow analysis [8]. The aerodynamic
performance of quadruped robots is often
overlooked. This study aims to improve the
aerodynamic performance of quadruped robot
designs, increase their energy efficiency, and
optimize their motion capabilities for industrial
and research applications. To achieve this, a
detailed analysis of the flow structure around
the quadruped robots using Computational
Fluid Dynamics (CFD) method will be
conducted, and passive flow control methods
for Cd reduction will be investigated.

2. MATERIAL AND METHOD

Modelling a quadruped robot requires creating
an accurate representation of its physical
properties and kinematics. Various methods for
building such models have been studied in the
literature.

Atique and Ahad [9] developed a quadruped
robot controlled by the Android operating
system. Inverse Kinematics Solutions and the
Denavit Hartenberg rule were used to develop
the structure. The movements were simulated
using 3D software. An Android application was
developed to control the robot via Bluetooth,
allowing for six different movements. Yong et
al. [10] investigated the optimisation of
dynamic gait planning and stability control of
quadruped robots under external disturbing
forces. A quadruped walking robot platform
with fourteen active degrees of freedom is
designed. Subsequently, a forward kinematic
joint model for quadruped robots is established
based on the Denavit-Hartenberg (D-H)
method. The inverse kinematic equations are
solved to obtain joint values when the desired
position and orientation are specified. Finally, a
dynamic gait planning algorithm is proposed
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and tested on a quadruped robot. Xiong [11]
designed a mobile quadruped robot based on the
bionic and simplified octopus structure. The
single leg kinematics of the robot were analysed
using the Denavit-Hartenberg system, and the
kinematic equation was obtained. The joint
angles were then calculated by solving the
inverse kinematics with the method of separate
variables. The joint angles of the wvertical
oscillation stance phase and the oscillation
phase of the robot's walking motion were
calculated and analysed using MATLAB. The
experimental results confirmed the universality
of robot motion. These are two basic examples
of the mathematical and kinematic approaches
used to construct quadruped robot models. The
study analyses four different robot models using
the k-Omega SST turbulence model and CFD
analyses, presented under subheadings.

2.1. Trial Analysis

The performance of the quadruped robot model
will be tested in various environments, and its
effectiveness in real-world conditions will be
evaluated based on multiple criteria.

To analyze the flow around the quadruped robot
design, we will use CFD analysis, which
involves mathematical modeling of fluid
dynamics and solving it through computer
simulations. CFD is a comprehensive research
tool that allows us to understand and optimize
various parameters. The analysis includes the
steps shown in Figure 1.

Developing the } Flow Volume
Geometric Model Extraction
|
v
Boundary
Creating a Network | Determination and
Structure Turbulence Model
Creation
|
v
Comprassion of
. Velocity, Pressure
Flow Analysis and Cd Coefficent
Results

Figure 1. CFD analysis steps.
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The study employed geometric modelling as the
method for quadruped robot modelling. Other
modelling methods include kinetic modelling,
dynamic modelling, artificial neural networks,
machine learning models, system identification
methods, and simulation-based modelling.

2.1.1. Geometry Modelling

The task involves creating a detailed digital
representation of the physical geometry of the
quadruped robot in a computer environment.
Nowadays, mass production methods have
evolved into mass-customised production,
which requires the production of small
quantities of similar but geometrically different
parts. Therefore, it is necessary to rapidly
design similar parts. The need for effective
definition of design parameters has led to the
development of design methods. Computer
Aided Design (CAD) is a widely used method
in all engineering fields. CAD refers to the
computerised drawing of a part, a building or a
map according to certain rules. In Mechanical
Engineering, CAD is specifically used for part
and mould design. Computer-aided systems are
extensively used in design and manufacturing
processes today. Worldwide, there are many
CIS and Computer-Aided Manufacturing
(CAD) programs with different features
developed for this purpose [13]. These design
techniques, known as parametric design, play a
crucial role in fast and flexible design processes.
Additionally, since a new construction involves
design and stress calculations, designs are
subject to frequent changes. They may require
rapid reshaping of an existing product and
design changes based on engineering analysis
results. CIS systems are essential tools that aid
engineers in the forming, detailing, fabrication,
and assembly phases of design. Just as
computers are crucial in the design phase of
engineering systems, the use of CIS software is
an inevitable necessity. The CIS system is
designed to aid engineers in the design,
detailing, manufacturing, and assembly phases.
While computers are crucial in technical system
design, the use of CIS software is also
significant [12]. Figure 2 provides isometric
views of the robots to be analyzed by CFD.



a-) Robot 1

b-) Robot 2

c-) Robot 3

d-) Robot 4

Figure 2. Isometric views of robots: a-) Robot 1, b-) Robot 2, c-) Robot 3 and d-) Robot.

2.1.2. Determining Flow Conditions

The analysis determined the flow conditions to
be used, including parameters such as velocity,
temperature, and pressure. The equations were
numerically solved using the specified flow
conditions and mathematical model through
computers.

2.1.3. General Equations

The Fluent program uses finite volume methods
to solve the integral equation that includes
continuity, momentum, energy, and turbulence.
Numerical methods are employed to solve these
equations using the programs in the package.
The continuity and momentum equations are
analyzed using finite volume analysis with the
aid of HAD. Solving these equations
analytically is challenging in practice [14].

2.1.3.1. Continuity Equation

The continuity equation is a fundamental
equation used in the field of fluid mechanics to
express the conservation of mass. It is
commonly applied in areas such as HAD. The
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equation defines the change in the amount of
fluid mass in a control volume and states that
the mass flow rate inside a control volume is
equal to the mass flow rate across the control
volume boundaries. Equation (1) illustrates the
continuity equation.

du /0x + dv /0y + dw /0z=0 (1)
Equation (1) demonstrates that the change in

mass of a fluid in a control volume is due to the
fluid moving in or out of this volume.

If the expression is satisfied, it shows that the
fluid is continuous within the volume and
satisfies the principle of mass conservation. The
continuity equation, which is also used in HAD
simulations,  contributes to a  better
understanding of the fluid's motion and
distribution. The equation expresses that the
mass flow rate at a specific point is equal to the
sum of the mass flow rates of all the fluids that
combine or divide in that point.
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2.1.3.2. Momentum Equation

The momentum equation is a fundamental
equation that describes fluid motion. It is
commonly used in applications such as HAD.
In general, the momentum equation for a three-
dimensional environment and a control volume
is given by Equation (2)-(4). The equation is
derived from Newton's second law of motion
and specifies how the mass and velocity of a
fluid change over time. The momentum
equation for a three-dimensional environment
and a control volume is typically expressed by
Equation (2)-(4). It is important to maintain

consistency in the use of this equation
throughout the text.
% _ a<—pa;rxx) 6% n 3;_; + Sy @)
pofpm e, @
]]))_vtv _ 6(—;;:”) % + a;_;,’z + S, 4)

2.1.3.3. Navier — Stokes Equation

The Navier-Stokes equations are a set of
fundamental differential equations used to
describe fluid motion. Equations (5)-(7)
below provide the most useful version of the
Navier-Stokes equations for the development of
finite volume methods [14].

D d .

pD—ltl =- i + div(ugradu)+Sy, (5)
D 2 .

p D—‘t’ = - £ + div(ugradu)+Sy,, (6)
W__® g du)+S 7
B = L4 div(ugradu)+Sy, @)

External flow problems refer to the

hydrodynamic forces and moments that occur
when a fluid moves over a stationary solid
object or when a solid object moves within a
stationary fluid [15]. The HAD method is a
powerful tool for analyzing the flow around
quadruped robot designs. Research in this field
often focuses on unique solutions by examining
specific designs and robot geometries.

The Finite Element Method is an engineering
problem-solving approach that simplifies
complex problems into possible solutions. It
involves dividing the solution domain into
numerous simple subdomains, called finite
elements, which are connected to each other.
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This allows for the easy solution of problems
that are divided into parts connected by
numerous nodes and points. The surfaces of
quadruped robots are divided into small pieces
for flow analysis, and transitions are made from
the pieces to the whole [16]. These examples
represent general approaches used for CFD
analysis of the flow around quadruped robot
designs.

2.1.4. Passive Flow Control Methods

Passive flow control is a method of flow control
that is achieved by changing the geometry of the
aerodynamic structure, which is widely studied,
within the system without consuming energy
[14]. In a flowing medium, there is a certain
flow structure around an object. The process of
removing this flow structure from the normal
flow structure is called flow control. There are
two types of flow control methods. There are
two types of flow control methods based on
energy consumption in flow control: active flow
control methods and passive flow control
methods. Passive flow control is a flow control
method that is generally achieved by changing
the shape of the object being studied
aerodynamically without expending energy on
the system [17]. Aerodynamics is the branch of
science that studies the movement of objects in
the air and their interactions with air [14].

2.1.4.1. Optimising Body Geometry for Flow
Control

Geometric modifications, particularly in studies
on quadruped robot designs, can effectively
direct the flow, reducing Cd and improving the
robot's aerodynamic performance. Pipes or
holes cut into the robot's surface can also reduce
Cd by creating a specific effect on the fluid.
There are two types of flow control schemes
based on energy consumption: active flow
control schemes and passive flow control
schemes.

The Cd factor is a dimensionless value used to
measure an object's air resistance. A lower
value indicates less air resistance. Cd is
influenced by the object's shape, position, fluid
properties (such as fluid type, density, velocity,
etc.), and angle of attack [18]. Reducing Cd
results in decreased air resistance and improved
aerodynamic performance. Lowering the Cd
value can lead to increased
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energy efficiency. Reducing the air resistance of
an object can improve the energy efficiency of
fast-moving vehicles, resulting in lower fuel
consumption and energy costs.

The low Cd value of vehicles supports fuel
savings, particularly in automobiles, and can
also reduce emissions.

Additionally, lower air resistance is often
associated with lower energy consumption,
which can help to reduce environmental
impacts. Reducing Cd offers several
advantages, including the reduction of
environmental impacts such as the use of fossil
fuels and carbon emissions.

These methods can improve aerodynamic
efficiency, which is particularly important for
transportation  vehicles and fast-moving
systems. Passive flow control methods can be
used to achieve this, and there are several
general strategies available. However, the most
effective strategies may vary depending on the
specific application or design of the quadruped
robot.

2.14.2. Volume
Modifications

Geometric changes and surface modifications
can reduce the drag coefficient (Cd) generated
by the flow. For instance, adjusting the
aerodynamic profile or adding volume barriers
to specific regions on the body surface can
improve flow steering and reduce Cd.
Additionally, discrete holes or cavities placed
on the surface of the robot can reduce Cd by
inducing vortices as the flow passes over them.
This type of passive control strategy can be
effective for low-velocity flows. The Ansys
Fluent program was used to perform flow
analysis. A solid model was placed on the
ground within an area of 700 mm x 1000 mm x
2000 mm, and a model cavity was created as
shown in Figure 3. The Fluent program ensures
convergence by balancing equations at each
point in the solution set. The severity of the
error in the solution for each fluid variable is
indicated by the residual. The report predicts an
area velocity of 0.7 m”. The analysis employed
a SIMPLE least squares cell-based, k-Omega
SST turbulence model with k-Omega as the
standard initialization. The walls were treated as
standard. Technical abbreviations were
explained when first used. The language is

Barriers and Surface
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clear, objective, and value-neutral. The text is
free from grammatical errors, spelling mistakes,
and punctuation errors. The content of the
improved text is as close as possible to the
source text.

—

Figure 3. Model appearance in the “design
modeler” interface and model space [14].

The Fluent® program was used to perform the
analysis on a computer with an Intel(R)
Core(TM) i7-4720HQ CPU @ 2.60GHz 2.59
GHz and 16 GB RAM.

3. RESULTS AND DISCUSSION

This study analysed the states of four quadruped
robot models (named Robot (1)-(4) [14]) at
different speeds, as shown in Figures (2)-(5)
[19-21]. The results indicate that an increase in
speed leads to an increase in pressure acting on
the robots, particularly at the front and in the
direction of the angle of attack of the fluid.
Figures (4)-(7) present the velocity and velocity
vector representations, revealing the direction
of motion and speed of the robot. The analysis
highlights the velocity drops observed at the
joints of the robot, indicating a complex
aerodynamic interaction in these regions.



g) h) 1)
Figure 4. The CFD analysis of Robot 1 was conducted for speed variables of 15, 20, and 25 km/h (from left to
right); The pressure results are shown in a), b), and c¢), while the speed results are shown in d), ), and f). The
speed vector representations are shown in g), h), and 1).

g) h) 1)
Figure 5. The CFD analysis of Robot 2 was conducted for speed variables of 15, 20, and 25 km/h (from left to

right); The pressure results are shown in a), b), and c¢), while the speed results are shown in d), ), and f). The
speed vector representations are shown in g), h), and 1).
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g) h) 1)
Figure 6. The CFD analysis of Robot 3 was conducted for speed variables of 15, 20, and 25 km/h (from left to
right); The pressure results are shown in a), b), and c¢), while the speed results are shown in d), ), and f). The
speed vector representations are shown in g), h), and 1).

h)
Figure 7. The CFD analysis of Robot 4 was conducted for speed variables of 15, 20, and 25 km/h (from left to
right); The pressure results are shown in a), b), and c¢), while the speed results are shown in d), ), and f). The
speed vector representations are shown in g), h), and i).
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Figures (2)-(5) show the tight mesh structure of
the regions that significantly affect the
aerodynamic structure of the model. Boundary
definitions were made, and the mesh file was
sent to the setup department. The solution
domain boundaries are defined as follows: the
inlet has a constant velocity boundary condition
where the fluid enters, the outlet has a constant
pressure condition where the fluid exits, and the
wall is the edge surface of the rectangular
volume bounding the experimental area where
the wall boundary condition is applied.

The analysis focused on the model space of the
quadruped robot drawing data. The wall was
defined as a boundary condition.

After performing 1000 iterations and using the
Cd coefficients given in Table 2, the flow
analysis yielded the Cd value that affects the
quadruped robots. The aerodynamic Cd is
provided in Equation (8) below. Here, the
density (p) is a function of the free flow velocity
(V) and the front view area (Aont) [14].

Fp

Cd=—07"2
1/2pV2Afront

(8)

It concludes that Robot 4 has the lowest Cd
value among Robot 1, Robot 2, and Robot 3,
indicating higher aerodynamic efficiency. The
paper evaluates the aerodynamic performance
of quadruped robots at speeds of 15, 20, and 25
km/h by comparing their Cd values. According
to the ranking, Robot 4 has the best
aerodynamic performance with the lowest Cd
value, indicating that it can increase energy
efficiency by minimizing air resistance. Robot
3 follows in second place, while Robot 2 ranks
third.

Robot 1 has the highest aerodynamic resistance
compared to the other models' Cd values and
ranks last in the analysis.

This ranking is a crucial step in objectively
evaluating the aerodynamic performance of
quadruped robots. Robot 4 stands out with the
lowest Cd value, indicating an advantageous
position in terms of energy efficiency and fast
movement capabilities. This supports fuel
savings and reduces environmental impact.
However, it is important to consider these
factors in the context of specific design and
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application, as the suitability of each robot for
particular tasks may vary.

These analyses demonstrate that robots have the
potential to enhance energy efficiency and
optimize mobility. The analysis of the design
and dimensional characteristics of the robots
reveals that the aerodynamic structure has a
significant impact. The study examines the
aerodynamic properties of robots with different
geometries and dimensions, as shown in Figure
8.

Table 2 shows the Cd average percentage
calculations for Robots (1)-(4) following the
examinations. Robot 4 demonstrated an
aerodynamic efficiency of 95% compared to
Robot 2. Robot 3's aecrodynamic efficiency was
found to be 28% according to Robot 2.
Furthermore, Robot 2's aecrodynamic efficiency
was determined to be 76% compared to Robot
1.

The aerodynamic structure of the charged
quadruped robots is a critical factor for long-
term use, as inferred from these findings.

Table 2. Shows the Cd values and averages of
robots at various speeds.

Cd value (xE-28)

Speed

Robot 1 Robot 2 Robot 3 Robot 4
15 5,57 4,49 3.23 2.45
20 3,14 2,53 1,82 1,38
25 2,01 1,62 1,16 8,83
Average 3,57 2,88 2,07 1,57
?}Zsrage -24% Reference 28% 95%
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Comparison graph of the aerodynamic
Cd of Robot 1-4
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Robot 3 Robot 4

Figure 8. Comparison graph of the aerodynamic Cd
of Robot (1)-(4).

4. CONCLUSIONS

This study concentrates on the design of
quadruped robot technology, with a specific
emphasis on their aerodynamic performance.
The significance of aerodynamic factors in the
design process has been emphasised,
particularly in robots that move at high speeds,
where these factors must be optimised.

Flow analysis using the CFD method enabled a
detailed study of the flow structure around the
quadruped robots. These analyses revealed the
potential of passive flow control methods for
reducing Cd. The study's findings demonstrate
that these methods have the potential to enhance
the energy efficiency of robots and optimize
their motion capabilities.

One of the study's main focuses is the
comparison of the aerodynamic characteristics
of quadruped robots with varying geometries
and dimensions. The investigation revealed that
different designs have a significant impact on
aerodynamic efficiency. The efficiency of the
robots was found to be affected by air resistance
due to their geometric dimensions. The
efficiency of the robots was found to be affected
by air resistance due to their geometric
dimensions. Larger robots experience higher air
resistance, resulting in lower energy efficiency.
It is important to note that these observations are
objective and based on the analysis of robot
models. Conversely, smaller robots experience
less air resistance and have higher energy
efficiency.

Based on these results, it is concluded that
considering the effect of geometric dimensions
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on drag is crucial for designing efficient and
energy saving robots. This can lead to the
creation of optimised structures and motion
systems in future robot design processes. In
particular, Robot 4 showed higher aerodynamic
efficiency compared to the other models.

The study highlights the critical role of the
aerodynamic structure in the long-term use of
rechargeable quadruped robots. Optimising
energy consumption through high aerodynamic
efficiency enables robots to move longer and
more effectively.

The aim of this study is to contribute to the
development of more sustainable and
aerodynamically efficient robotic systems by
emphasising the importance of aerodynamic
performance as a design parameter.
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ABSTRACT

Lattice structures are widely used in bone tissue scaffold designs due to interconnected porous structures
that mimic the natural extracellular matrix (ECM) to treat large bone defects. This study investigated
the mechanical behavior of scaffolds with different pore architectures and porosity ratios using
experimental and numerical methods. In addition, mechanobiological potentials of scaffolds were
evaluated in terms of the specific energy absorption and the specific surface area. Three different
geometries were created by varying the combination of vertical, horizontal, and diagonal struts to
evaluate the geometric factor and 50%, 62.5, and 75% porosity ratios are examined as potential
permeabilities. Compression tests were performed to calculate stiffness values and energy absorptions
of the scaffolds. Finite element simulations were used to obtain stiffness values of scaffolds. The specific
energy absorptions of scaffolds were calculated under 4 N compressive load as a representative of
potential body loads. According to the results, it was found that pore architectures and porosity ratios
had crucial effects on stiffness values, energy absorption levels, specific energy absorption, and specific
surface area which may lead to significant differences in bone remodeling. The highest specific energy
absorption was observed in the scaffolds designed with only diagonal struts with 75% porosity. The
highest specific surface area was observed in the scaffolds designed with the combination of vertical,
horizontal, and diagonal struts with 75% porosity.

Keywords: Bone Tissue Scaffold, Mechanical Behavior, Mechanobiology, Bone Regeneration, Finite
Element Analysis, Polylactic Acid (PLA)

1. INTRODUCTION defects [13-16, 20]. The tissue engineering
Bone tissue undergoes continuous remodeling approach uses different components such as
processes that regulate bone formation and cultured cells, scaffolds, and growth factors to
resorption  throughout life [1-4]. The facilitate tissue regeneration [17]. Bone tissue
remodeling process allows bone tissue to scaffolds replace extracellular matrix (ECM)
regenerate, repair microdamage, and adapt to that stimulates bone regeneration by mimicking
external mechanical loads [5-8]. Large defects the native tissue [18-19]. Since bone tissue
in bone tissue can be caused by severe trauma scaffold plays a crucial role in bone tissue
or cancer, and they cannot be healed by engineering, it should possess the following
remaining bone tissue. There are therapeutic properties: porous structures to allow bone cell
methods to treat large bone defects, such as growth, vascularization, and diffusion of
autograft, allograft, and xenograft. nutrients; mechanical strength to carry external
Nevertheless, these methods have some loads during the bone-forming process;
limitations in surgical operations due to biocompatibility and biodegradation [20-24].
insufficient tissue, the lack of donors, and Moreover, bone remodeling is a
immunity problems [9-12]. Tissue engineering mechanobiological phenomenon that can be
has emerged as a promising alternative to affected by mechanical stimulation [1, 25-28].
traditional approaches for treating large bone Therefore, mechanical stimulation on scaffold
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has an important effect on bone regeneration,
and it can be adjusted by changing pore
architecture and porosity ratio. Studies have
demonstrated that pore architectures in
scaffolds significantly determine mechanical
properties, including strength, stiffness, and
energy absorption [29-31]. In addition, the
porosity ratio in the scaffold has essential
effects on mechanical behavior, surface area,
and interconnectivity, which are vital for bone
regeneration [32]. In a study by Dawson et al.,
it was reported that the rate of bone tissue
regeneration may increase with increasing
scaffold porosity [33]. On the other hand,
Buizer et al. explained that scaffolds with a high
porosity ratio can show higher bone tissue
ingrowth than scaffolds with a lower porosity
ratio [34]. The reason is that the specific surface
area of scaffolds increases with the porosity
ratio and affects cell adhesion, growth, and
nutrient-oxygen transportation.

The additive manufacturing technique, which
has seen significant improvements in the last
few decades, plays a pivotal role in scaffold
production by allowing the creation of scaffolds
with the desired pore architecture and porosity
[35]. Lattice structures are well-known
structures especially used in scaffold production
which brings the advantage of controllability of
manufacturing  with  Fused  Deposition
Modeling (FDM). The ability to create different
pore architectures and porosity ratios in bone
tissue scaffolds leads to different mechanical
stimulation levels. As a result, the bone
regeneration process can be controlled by
changing pore architectures and porosity ratios
with the help of flexible additive manufacturing
methods.  Polymers, particularly popular
biomaterials used in tissue engineering, have
many  attractive  properties, such as
biocompatibility and biodegradability [36]. One
of the most popular biomaterials used in bone
tissue scaffolds is polylactic acid (PLA) due to
its compressive strength and its high
compatibility with additive manufacturing [37].

This study adopts a comprehensive approach to
determine the mechanical behavior of bone
tissue scaffolds with different pore architectures
and porosity ratios. Three different pore
architectures, Basic Cube (BC), Body-Centered
Structure (BCS), and Body-Centered Cubic
(BCC), were selected, and their designs were
adjusted to achieve 50%, 62.5%, and 75%
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porosity ratios. The mechanical behavior of the
scaffolds was determined using a combination
of experimental and numerical methods. The
experimental methods involved compressive
tests, while the finite element method was used
to predict the behavior of the scaffolds in the
linear-elastic region. The mechanical properties
of the scaffolds were also evaluated in terms of
the specific energy absorption and the specific
surface area under a 4 N load, forming the
desired stress levels on the bone tissue
scaffolds.

2. MATERIALS AND METHODS

2.1. Design and Printing of Bone Tissue
Scaffolds

Three pore architectures and porosity ratios
were chosen to design bone tissue scaffolds.
These pore architectures were named Basic
Cube (BC), Body-Centered Structure (BCS),
and Body-Centered Cubic (BCC). The design
of scaffolds, voxel meshed scaffolds, and 3D-
printed scaffolds are illustrated in Figure 1.
The main reason for choosing these three
designs is to create various combinations of
axial and bending loadings so that the influence
of different stresses can be investigated in
detail. BC scaffolds present only struts in
vertical and horizontal directions with major
axial stress distribution. BCS scaffolds grant all
bending loading with no axial support. On the
other hand, the joints of all struts create a large
surface area for bone cells to attach. BCC
scaffolds combine axial and bending elements
and therefore arise both stress types.

The well-known advantage of these three
structures is that three-region (linear, plateau,
and densification) force-displacement behavior
can easily be controlled as suggested by Gibson
[38]. However inconceivable disadvantages
such as intense joint area along with possible
printing deficiencies also need to be examined
carefully. An auxiliary factor for choosing these
specific lattice designs is that porosity can be
assigned easily by changing basic parameters
such as the length and cross-section of struts.
The design parameters of the unit scaffold are
shown in Figure 1a, and each unit scaffold was
designed for 50%, 62.5%, and 75% porosity
ratios. The naming of scaffolds is derived from
combination their pore architectures and
porosity ratios and is given in Table 1.
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The unit scaffolds were patterned twice in the X, y, and z directions, and the periodic scaffolds were
obtained. In addition, the specific surface

Periodic Voxel Meshed 3D-Printed
Unit Scaffold Scaffold Periodic Periodic
Scaffold Scaffold
Basic Cube E E —
_’ _>
- = | . I [ -
Body- =L
Centered x —_
Structure e
(BCS) > _E__|
Body- =
Centered ., —» e e z
Cubic (BCC) —— 4 A s
(a) (b) (c) (d)

Figure 1. The Design of Scaffolds, Voxel Meshed Scaffolds, and 3D-Printed Images (a) Design of Unit
Scaffolds (b) Design of Periodic Scaffolds (c) Voxel Meshed Scaffolds (d) 3D-Printed Scaffolds

Table 1. Design Parameters and Properties of Scaffolds

Length Length
of Length  of Unit Specifi
Periodi  of Unit  Scaffol Diamete Porosit Surfac Volum c Mass
Scaffold c Scaffol d rof Rod yRatio e Area e Surfac
Scaffol d Edge Porous (D mm) (%) (mm? (mm’) e Area (mg)
dEdge (I, mm) Edge( (mm™)
(mm) mm)
BC50 5.400 3 1.290 - 50.220  275.02  67.800 4.056 86.925
3
BCe62.5 5.270 3 1.540 - 62.550  271.60  54.820 4.954 70.575
4
BC75 5.145 3 1.800 - 74.080  252.72  40.820 6.191 56.125
0
BCS50 5.390 3 - 1.000 51.640 25472  75.430 3.377 94.600
4
BCSe62.5 5470 3 - 0.860 62.500  250.68  61.380 4.084 79.025
1
BCS75 5.580 3 - 0.690 74.630  233.09 44.070 5.289 54.475
6
BCC50 5.500 3 2.000 0.880 49960 37458  83.250 4.500 105.80
5 0
BCC62. 5.500 3 2.000 0.660 62.450  369.32 62470 5.912 75.900
5 0
BCC75 5.500 3 2.000 0.350 75.840  326.31  40.200 8.117 55.275
9
area of scaffolds was determined by dividing variables and properties of scaffolds are given
the surface area by volume. The design in Table 1.
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Table 2. Printing Parameters

Parameter Value

Nozzle Temperature 200 °C

Nozzle Diameter 0.25 mm
Build Plate Temperature 60 °C

Printing Speed 30 mm/s

Layer Thickness 0.1 mm
Infill Density 100%

The designed periodic scaffolds were printed
with Ultimaker 3 Extended 3D printer based on
fused deposition modeling (FDM). Polylactic-
acid (PLA) filament with 2.85 mm diameter was
utilized to print periodic scaffolds. Printing
parameters are given in Table 2.

PLA is approved by Food and Drug
Administration (FDA) as biomaterial and
therefore printing parameters are already well-
characterized thank to its wide range of use. All
scaffold geometries and all porosities are
produced using the same parameters to avoid
unexpected factors affecting consistency.
Printing parameters such as infill, nozzle
diameter, and temperature may also influence
mechanical  properties, therefore stable
production is critical for proper evaluation of
differences between designs, and this was made
possible with the parameters given in Table 2.

2.2. Mechanical Behavior of Periodic
Scaffolds

The mechanical behavior of periodic scaffolds
with different pore architectures and porosity
ratios were determined by compression test.
Compression tests were performed using a
universal test machine (Shimadzu AGS-X) at
Bursa Technical University Mechanical Testing
Laboratory. The universal test machine has 1
kN maximum load capacity. Compression test
speed was selected as 0.3 mm/min.
Compression tests were carried out up to 2.5
mm displacement for each scaffold, and force-
displacement data was recorded using
Trapezium X software. Stiffness values were
calculated from the slope of the linear region of
force-displacement curves for each scaffold.
The total energy absorption value (Et) for each
scaffold was determined from the area under the
force-displacement curve using Equation 1.

)
E; = ] Fds (1)
0

where ¢ is displacement and F is compression
force. Moreover, each scaffold's specific energy
absorption (SEA) value was calculated using
Equation 2 [39].

sga="FEr/, )

where E7is the total energy absorption and m is
the mass of the scaffold. The mass of the
scaffolds was measured by Radwag
220+ 0.0001g analytical balance.

2.3. Finite Element Analysis of Periodic
Scaffolds

Finite element analyses were performed on
periodic scaffolds to obtain stiffness values, von
mises stress, and equivalent strain distributions.
The structure is meshed similar to voxel
meshing with a length of 125 pum for all
scaffolds. Each voxel mesh element had linear
8-node brick element properties [40]. Voxel
meshed periodic scaffolds with three different
pore architectures for 75% porosity ratio are
given in Figure 1c. As boundary conditions, the
bottom side of the scaffolds were fixed, and
nodal displacement was applied perpendicular
to the upper side of the scaffolds. The boundary
conditions of scaffolds are illustrated in Figure
2.

Nodal Displacement

Fixed Support
Figure 2. Boundary Conditions of Finite Element
Analysis for Scaffold
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The material properties of scaffolds were
assumed to exhibit linear-elastic behavior in the
finite element analysis. Young’s modulus of
scaffold material is taken as 1350 MPa. The
porous nature and imperfections in structures
due to FDM procedure are adjusted by equating
experimental stiffness in linear region to
stiffness obtained from FEM analysis of basic
cube with 75%. This scaffold is chosen due to
its high potential as the most robust scaffold.
Elastic modulus obtained from this justification
yields a good match for other geometries (Basic
Cube and Body-Centered Cubic) and other
porosities (50% and 62.5%).

Poisson’s ratio of scaffold material was
assumed to be 0.3 in the finite element analysis.
The stiffness values of scaffolds were calculated
from the slope of force-displacement curves
obtained from linear finite element analysis. To
obtain von Mises stress and equivalent strain
distributions of scaffolds, 4 N load, which
creates 1-2 MPa stress on scaffolds, was
selected in the finite element analysis since 1-2
MPa stress in scaffolds is the desired stress level
[41].

Post-yielding (plasticity and damage) behavior
of the material is not considered in the analysis
because excessive deformation is not acceptable
for scaffolds. As mentioned previously, the
stress level for optimum bone growth is
significantly less than yielding stress.
Furthermore, newly formed bone shares stress
and stress decreases as the bone remodeling
process continues, therefore, plasticity and
damage are not involved in the process.

element
custom

All linear-elastic finite
implementations are done using
MATLAB coding written by authors.

3. RESULTS AND DISCUSSIONS

3.1. Stiffness Values of Periodic Scaffolds
The stiffness values obtained from the
compression test and finite element analysis are
given in Figure 3. As the porosity ratio of
scaffolds increases, their stiffness values start to
decrease in both compression tests and finite
element analysis results. BC scaffold had the
highest stiffness values for all porosity ratios
since it consisted of thick vertical and horizontal
struts rather than BCS and BCC scaffolds.
Although the BCC scaffold had vertical and
horizontal struts in addition to diagonal struts,
the BCC scaffold's vertical and horizontal struts
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were thinner than the BC scaffold. Therefore,
the BCC scaffolds had the second-highest
stiffness values for all porosity, except in the
finite element analysis, where 50% porosity
ratio was observed. The BCS scaffolds had the
lowest stiffness values for all porosity ratios in
experimental results.

3000

2000
BCS-FEM

BCC-Exp

BCC-FEM

]
=)
=
(-
=
=

1000

Stiffness (N/mm)

50 625 75

Porosity Ratio (%)

Figure 3. Stiffness Values of Periodic Scaffolds

When the experimental and finite element
analysis results are compared, it is seen that they
are close to each other except for the BCS
results. BCS geometry involves only diagonal
struts, and this leads mostly to bending loading
which forces joints to rotate while joints are
mostly modeled as fixed support in analytical
models [38]. The length of the struts is also
smaller, and this makes transverse shear
comparable with flexural stress as in short
beams. Furthermore, joints have the highest
volume because the number of struts meeting at
a common joint is also the highest. This leads to
multiple concave surfaces around the joint and
these surfaces may not be printed as modeled on
the FE model. Therefore, a smooth joint with
fixed support characteristics is not a wvalid
assumption for these structures. On the other
hand, transverse shear cannot be captured well
in FEA. The mismatch can be attributed to these
factors; however, printing deficiencies may also
influence this mismatch. As indicated in the
previous section, scaffolds were printed using
fused deposition modeling (FDM). Printing

parameters may affect the mechanical
properties of scaffolds used in bone tissue
engineering. Dimensional precision and

accuracy in 3D printing are crucial for
fabricating  scaffolds with the desired
mechanical properties. In addition, the 3D
printing process can contain imperfections in
the printed scaffolds, which can significantly
affect the mechanical properties of scaffolds.
These imperfections may be irregularities in the
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printed layers, differences in material
deposition, or incomplete fusion between
layers, leading to variations from the desired
pore geometry and mechanical properties of
scaffolds, affecting their performance in bone
tissue engineering. Differences between the
experimental and finite element analysis results
in BCS scaffolds may be related to the printing
imperfections since BCS scaffolds consist of
only diagonal struts, and printing diagonal struts
are more complex than vertical struts.

3.2. Stress and
Periodic Scaffolds
In bone tissue engineering applications,
scaffolds are required to remain in the linear
region under mechanical stimulation, and the
desired stress levels on scaffolds under
mechanical stimulation are approximately 1-2
MPa. Von Mises stress and equivalent strain
distribution of scaffolds obtained from finite
element analysis are illustrated in Figure 4. It
was found that as the porosity of the scaffolds
increased, the von Mises stress and equivalent
strain values increased. The BCS75 scaffold

Strain Distributions of

Von Mises Stress Distribution

Equivalent Strain Distribution

BC50 BC62.5 BC75

BC50 BC62.5 BC75

16
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1
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BCS50 BCS62.5 BCS62.5
BCC50 BCC62.5 BCC62.5 BCC75

1400
1200
1000
800
600
400
200

Figure 4. Von Mises Stress and Equlvalent Strain Distributions for Scaffolds under 4 N Load

had the highest Von Mises stress and equivalent
strain values. When Von Mises stress and
equivalent strain values of scaffolds were
compared with each other at the same porosity
ratio, the BCS scaffolds had the highest values.
The BCC scaffolds had the second-highest
values, and the BC scaffolds had the lowest
values. These results were consistent with the
stiffness values of scaffolds. However, Von
Mises' stress and equivalent strain values of the
BCS75 scaffolds under 4 N load were
approximately twice higher than those of other
scaffolds. In bone tissue engineering
applications, it should be taken into
consideration that BCS75 scaffolds may fail
due to their high Von Mises stress and
equivalent strain values compared to other
scaffolds.
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3.3. Mechanical Behavior of Periodic
Scaffolds under Compression Loading

Scaffolds under compression loading exhibit
three different regions. These are -elastic,
plateau, and densification regions. Plateau
region happens because of post-yielding
behavior of PLA and densification occurs as a
result of the failure of PLA. These three regions
typically indicate the porous and cellular
structure of scaffolds [38]. In the elastic region,
struts of scaffolds exhibit linear behavior. After
the elastic limits of scaffolds are exceeded, the
plateau region starts. In this region, scaffold
struts can exhibit elastoplastic or brittle
behavior depending on the scaffold material
[38]. Moreover, if the struts of scaffolds are
slender enough, buckling in scaffold struts can
be observed. Therefore, the force in the plateau
region almost stays constant while displacement
is increasing. After the plateau region, the
scaffolds start to collapse in the densification
region, and the struts of the scaffolds stack up
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with each other [38]. Therefore, the force starts
to increase. These regions have a crucial effect
on the energy absorption behavior of scaffolds.
The force-displacement behavior and the
energy absorption behavior of periodic
scaffolds obtained from compression tests are
shown in Figure 5.

For scaffolds with 50% porosity, elastic and
densification regions were more prominent up
to 2.5 mm displacement while there was a
gradual increase in stiffness between elastic and
densification regions. Thick struts in 50% BCS
create stacked and stiffer joints and therefore
structure  experiences a hardening as
compression is sustained. This results in a

[ Toemne®
g8 8843

Force (N)

Displacement (mm)

a)

Energy (J)

shorter plateau region. On the contrary, slender
struts in 75% porous scaffolds create more
flexible joints and more chance of collapsing by
buckling which means an extended plateau
region.

For scaffolds with 62.5% porosity ratio, BCS
scaffold reached the densification region first,
therefore BCS62.5 scaffold had the highest
force value at 2.5 mm displacement. By
recalling that BCS involves only diagonal struts
behaving mostly as beams, a possible
explanation for this phenomenon is that short
beams for 62.5% lead dominantly to shear
loading and therefore fail prematurely. Beams

[ Tene®

Displacement (mm)

b)

Figure 5. Compression Test Results of Periodic Scaffolds a) Force-Displacement Graphics b) Energy-
Displacement Graphic

are even shorter for 50% porous scaffolds;
however, joint stiffness is also higher as
explained in the previous paragraph and
therefore, strut failure is less likely.

For 75%-porous scaffolds, only BCS75 reached
the densification region, while BC75 scaffold
remained in the plateau region. Therefore,
BC75 scaffold had the lowest force value at 2.5
mm displacement.

When the energy absorption behavior of
scaffolds in Figure 5b were examined, it was
observed that as the porosity of the scaffolds
increases, the amount of energy absorption also
increases. In 50% porosity ratio, it was seen that
the BC scaffold had the highest energy
absorption amount at the end of 2.5 mm
displacement. The BCC scaffold had the
second-highest energy absorption amount, and
the BCS scaffold had the lowest energy
absorption amount. These results were
proportional to the stiffness results of scaffolds.
In the 62.5% porosity ratio, the energy
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absorption was proportional to the stiffness
values of scaffolds up to 2 mm displacement.
However, the BCS scaffold exhibited the
highest energy absorption at 2.5 mm
displacement. This changing behavior may be
attributed to the compression behavior of
scaffolds. The BCS62.5 scaffolds reached the
densification region after 2 mm displacement,
while the BC62.5 and BCC62.5 scaffolds were
still in the plateau region. In the 75% porosity
ratio, although the energy absorption amounts
were proportional to the stiffness values of
scaffolds up to 1 mm, the energy absorption
behavior changed after 1 mm displacement.
Finally, the BCC75 scaffolds had the highest
energy absorption at 2.5 mm displacement. The
BC75 scaffolds had the highest stiffness among
75% porosity scaffolds but it has the lowest
energy absorption amount at the 2.5 mm
displacement. Since the struts of BC scaffolds
were slenderer than those of BCS and BCC
scaffolds, they underwent buckling damage in
the plateau region. Therefore, it couldn’t carry
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the load and had the lowest energy absorption
amount at 2.5 mm displacement.

3.4. Evaluation of Mechanobiological
Potentials of Periodic Scaffolds

The mechanical properties of bone tissue
scaffolds play a crucial role in bone tissue
regeneration. Since the bone regeneration
process is a mechanobiological phenomenon,
the strain energy distribution, especially on the
bone tissue scaffold, critically impacts long-
term bone regeneration [1-4, 43]. Therefore,
different strain energy distributions in bone
tissue scaffolds can lead to the formation of
heterogeneous bone density [44]. In this study,
the effect of strain energy on bone regeneration
behavior in bone tissue scaffolds was evaluated
by using compression test data up to 4 N loading
for bone tissue scaffolds. The specific energy
absorption was determined by dividing the total
strain energy obtained up to 4 N loading by the
mass of the scaffold. The specific energy
absorption may be assumed as mechanical
stimulation in the bone regeneration process,
and higher mechanical stimulation on bone
tissue scaffold may lead to higher bone
regeneration. Therefore, the specific energy
absorption amount is one of the vital
mechanical properties in designing bone tissue
scaffolds [44]. Furthermore, the specific surface
area of bone tissue scaffolds is one of the
important factors in bone tissue engineering
since it affects bone tissue regeneration
processes [45].

Cell adhesion, infiltration, and proliferation on
3-D scaffolds are already confusing topics that
have not been investigated comprehensively in
the literature. Therefore, geometry and
mechanics relation to cell behavior is not clear
yet. The continuum of this work will solely
focus on these issues. On the other hand, it is
already well known that bone cells are highly
sensitive to mechanical stimulation via
receptors in  osteocyte-type cells. This
sensitivity mostly results in complex procedures
of bone regeneration which includes both
formation and resorption. Based on preliminary
work on in-vitro 3-D bone scaffolds, cells are
sympathetic to both mechanical stimulation and
largely curved surfaces [45].

The results of the specific energy absorption
and the specific surface area for bone tissue
scaffolds are depicted in Figure 6. According to

180

the figure, the results of specific energy
absorption were generally proportional to the
stiffness values of bone tissue scaffolds, i.e., the
stiffest structure BC50 has the lowest specific
energy while the softest structure BCS75 has
the highest specific energy. This is the result of
the high deformation capacity of the overall
scaffold rather than individual strut
deformations. In other words, struts remain in
the linear elastic region without reaching the
yielding point even for higher overall
deformations. This can be attributed to the fact
that joints experience less resistance, and this
leads joints to behave more like a pin joint
rather than a fixed support resulting in a larger
joint rotation. Larger rotation of joints means
larger overall deformation without struts to
reach yielding stress.

For scaffolds with the same pore architecture,
the specific energy absorption of all scaffolds
decreased as the porosity ratio increased. The
BCS75 scaffold had the highest specific energy
absorption amount under 4 N loading since it
had the lowest stiffness value.

On the other hand, the BC50 scaffold had the
lowest specific energy absorption since it had
the highest stiffness value. When the specific
surface areas of bone tissue scaffolds were
examined, it was determined that the pore
architecture of scaffolds had a significant effect
on the specific surface area.
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Specific Energy
Absorption (J/g)

Specific Surface Area (mm )

Figure 6. Specific Energy Absorption — Specific
Surface Area Graph for Bone Tissue Scaffolds

Moreover, the specific surface area of all
scaffolds increased as the porosity ratio
increased in scaffolds with the same pore
architecture. The highest specific surface area
was observed in the BCC75 scaffold. However,
the lowest specific surface area was found in the
BCS50 scaffold. This means one can create
more surface area for bone cells to attach for
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BCC75 using less material and this creates
efficiency while one needs to use more material
to create surface area for BCS50 which is
inefficient. However, surface area is not the
only factor influencing cell growth and
mechanical stimulation is also an important
factor where specific energy becomes more
critical.

Optimization algorithms can be utilized based
on results produced in this work to evaluate how
to change parameters for better bone
remodeling. However, bone remodeling on 3-D
scaffolds still requires extensive research to
identify the procedure in detail. At first glance,
a scaffold combining stimulation with the high
specific surface area would lead to optimum
design and therefore, some design between
BCC 75 and BCS 75 seems the best option. This
may be possible by joining diagonal struts in the
middle of the adjacent strut rather than all at the
center of the cube. However, these types of
structures are projected to lead to several
manufacturing issues.

4. CONCLUSION

This study aimed to evaluate the usage of
scaffolds with different pore architectures and
porosity ratios in bone tissue engineering in
terms of mechanical properties using the
compression test and finite element analysis.
Basic Cube (BC), Body-Centered Structure
(BCS), and Body-Centered Cubic (BCC) were
chosen as pore architectures for bone tissue
scaffolds. The porosity ratios of scaffolds were
adjusted by changing the design parameters of
the scaffolds. The stiffness values, energy
absorption behaviors, and specific energy
absorptions for bone tissue scaffolds were
obtained from compression tests. The specific
energy absorption was calculated under 4 N
compressive loading, forming the desired stress
level on the scaffold. The Von Mises stress, and
equivalent strain distributions on scaffolds
under 4 N loading were obtained from finite
element analysis. Moreover, the stiffness values
of scaffolds were calculated from finite element
analysis. The compression test and finite
element analysis results for scaffolds are
summarized below.

e As the porosity ratios of all scaffolds
increased, the stiffness values decreased in
both experimental and finite element
results.

e BC50 scaffold had the highest stiffness
value since it had thicker vertical and
horizontal struts than the other scaffolds.
BCS75 scaffold had the lowest stiffness
value since it only consisted of diagonal
struts.

e The results of stiffness values obtained
from the compression test and finite
element analysis were found to be
consistent with each other except for BCS
scaffolds. Since the printing processes of
diagonal struts were more complex than
vertical and horizontal struts, these
inconsistent results of BCS scaffolds may
be related to the printing imperfections. As
the printing imperfections have an essential
effect on the stiffness values of scaffolds,
they should be considered in the design and
printing of scaffolds.

e The maximum Von Mises stress, and
equivalent strain levels of the BCS75
scaffold were almost twice that of the other
scaffolds. Therefore, BCS75 scaffolds may
fail in usage.

e The energy absorption level increased as
the porosity ratio decreased. BC50 scaffold
had the highest energy absorption level,
while the BC75 scaffold had the lowest.
The energy absorption levels were
proportional to the stiffness values of
scaffolds at the 50% porosity ratio.
However, the plateau region's behavior
started to dominate the scaffolds' energy
absorption levels at the 62.5% and 75%
porosity ratios.

e BCS75 scaffold had the highest specific
energy absorption level, while the lowest
specific energy absorption level was
observed in the BC50 scaffold. The specific
energy absorption level increased as the
porosity ratio increased in scaffolds with
the same pore architecture.

e BCC75 scaffold had the highest specific
surface area, while the lowest specific
surface area was found in the BCSS50
scaffold. It was determined that the specific
surface area increased as the porosity ratio
of scaffolds with the same pore architecture
increased. It was also observed that pore
architecture significantly impacted the
specific surface area.

The specific energy absorption and surface area
are essential properties of bone tissue scaffolds.
BCS75 scaffold had the highest specific energy
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absorption, while BCC75 scaffold had the
highest specific surface area and the second
highest specific energy absorption. Therefore, it
is considered advantageous to use the BCC75
scaffold in bone tissue engineering.
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ABSTRACT

Fused Filament Fabrication (FFF) has gained significant popularity as the prevalent additive
manufacturing method due to its ability to reduce production time and expenses. However, the
constraints of limited dimensional precision, poor surface quality, and relatively low Ultimate Tensile
Strength (UTS) hinder compliance with the stringent regulatory norms of conventional manufacturing,
necessitating post-processing for enhancement. In this investigation, the response surface method was
used to optimize annealing and specific printing parameters to enhance the quality of PLA parts
produced by FFF. Tensile specimens were printed with varying production parameters and annealed at
varying heat treatment parameters. The following parameters are specified: layer height (0.1, 0.2, and
0.3 mm), build orientation (0°, 22.5°, 45°, 67.5°, and 90°), annealing temperature (70, 90, 110, and 130
°C), and annealing time (60, 120, 180, and 240 min). The optimization technique aimed to enhance the
UTS and match the CAD dimensions while minimizing surface roughness. The RSM optimization
analysis identified the optimal parameters as layer height of 0.1 mm, build orientation at 0 degrees,
annealing temperature of 110 degrees, and annealing time of 180 min. The consistent achievement of
high levels of agreement between estimated and experimental response values substantiates the proposed
models. A composite desirability value of 0.80 was derived for the variables due to the optimization
investigation.

Keywords: Additive manufacturing, Annealing, Response surface method, Optimization, 3D printing.

1. INTRODUTION This technique is renowned for its capacity to
The novel technological process of additive manufacture end-use components, rather than
manufacturing makes physical objects from solely prototypes [6-7]. Nevertheless, the FFF
digital 3D models generated through computer- technique is a multifaceted procedure that is
aided design (CAD) [1]. The FFF is a highly subject to numerous factors that might impact
prevalent approach in 3D printing fields. It the overall quality of the printed output [8-9].
involves the sequential deposition of layers to

fabricate three-dimensional structures, utilizing The layer height in FFF has a notable impact on
thermoplastic materials as the primary medium the printed parts' ultimate tensile strength,
[2-3]. The FFF technique has demonstrated its surface roughness, and dimensional accuracy.
utility not only in the realm of prototype but also The effect of layer height on the mechanical
in the domain of industrial production, characteristics of FFF-printed components has
establishing itself as a multifaceted and been the subject of several investigations. For
invaluable way of manufacturing [4]. The instance, Rajpurohit and Dave varied the line
precision, consistency, and range of materials width and height of the layers to study their
utilized in 3D printing techniques, such as FFF, effect on the tensile strength of PLA-printed
have advanced to a level suitable for parts. It was found that the layer height and line
implementation in industrial manufacturing width substantially affected the tensile strength
technology [5]. The materials employed in FFF of the printed parts [10]. Similarly, Magri et al.
commonly consist of polylactic acid (PLA) [6]. highlighted that process settings, including
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raster orientation, printing speed, and layer
height significantly affect the tensile strength of
FFF printed parts [11]. Furthermore, Vyavahare
et al. concluded that as the height of a layer
increases, its tensile strength diminishes,
indicating a clear relationship between layer
height and mechanical properties [12]. In
addition to tensile strength, the layer height also
influences surface roughness and dimensional
accuracy. Hua et al. noted that FFF parts printed
with lower layer heights exhibit better
mechanical performance [13]. Moreover,
Vyavahare et al. identified layer height and print
speed as significant parameters for the
dimensional accuracy of FFF parts [14].
Furthermore, Chohan & Singh found that
electroplating on FFF parts enhanced tensile
strength and surface finish, indicating the
interplay between layer thickness and surface
characteristics [15].

The build orientation in FFF also significantly
influences the printed parts' surface roughness,
mechanical characteristics, and dimensional
accuracy. Several studies have investigated the
impact of build orientation on the characteristics
of FFF-printed parts. For instance, Syrlybayev
et al. extensively reviewed the effects of various
process settings, including build orientation, on
the mechanical characteristics of FFF-printed
parts. Their review highlighted the critical
influence of build orientation on the strength
properties of FFF-printed parts [16]. Similarly,
Dey & Yodo found that specific build
orientations and raster orientations were crucial
for achieving optimum surface roughness in
FFF-printed parts [17]. Furthermore, Singh et
al. revealed that build orientation significantly
impacts the ultimate tensile properties of the
printed parts [18]. This underscores the
importance of considering build orientation
when optimizing the mechanical characteristics
of FFF-printed parts. Additionally, Huang et al.
emphasized build orientation as a critical factor
affecting the quality of the part [19]. In addition
to mechanical properties, build orientation also
affects surface roughness and dimensional
accuracy. Hervan et al. highlighted that part
build orientation and other settings affect the
flexural, tensile, and impact strength of FFF-
printed parts [20]. Moreover, Eryildiz
demonstrated that build orientation
substantially impacted the printing time and
tensile properties of FFF-printed parts [21].
This further emphasizes the multifaceted
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influence of build orientation on the overall
quality of FFF-printed parts.

Furthermore, research has shown that adding
heat treatment can influence FFF printed parts
mechanical strength [22]. The process of
annealing in FFF has a noticeably impact on the
surface roughness, mechanical characteristics,
and dimensional precision of the printed parts.
Akhoundi et al. investigated the impact of
annealing and nozzle temperature on the
mechanical characteristics of high temperature
PLA in FFF. Their study provides the impact of
annealing on the mechanical behavior of FFF
parts [23]. Torres et al. explored the effects of
annealing on the roughness of the surface and
tensile characteristics of FFF-printed ABS
components. The study emphasized the critical
aspects of concern pertaining to the annealing
treatment, particularly focusing on time and
temperature and its influence on quality of the
printed parts [24]. Additionally, Shbanah et al.
found that heat treatment, specifically
annealing, led to a significant increase in the
ultimate tensile strength (UTS) of FFF-printed
PLA polymer specimens, highlighting the
positive effect of annealing on mechanical
properties [25]. Furthermore, Rane et al.
investigated the effects of annealing on the UTS
of parts printed using FFF. Their research sheds
light on the impact of thermal annealing on the
mechanical properties of FFF-printed parts,
offering significant perspectives on the role of
annealing in enhancing the mechanical
performance of printed components [26].
Overall, annealing, layer height, and build
orientation in FFF play an important role in
determining the printed parts' ultimate tensile
strength, roughness of the surface, and
dimensional precision. Understanding the
impact of annealing, layer height, and build
orientation on these properties is essential for
optimizing the FFF process parameters to attain
the intended mechanical and dimensional
characteristics of the parts.

The response surface methodology (RSM) can
be utilized to optimize printing parameters and
annealing conditions, aiming to boost the
quality of printed parts [3]. Elkaseer et al.
(2020) examined the impact of process
parameters and their interrelationships on the
resource efficiency and quality of the FFF
printing method. The authors highlighted the
possible utility of RSM in the optimization of
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3D printing parameter values [27]. Magri et al.
(2020) presented a three-dimensional response
surface to figure out the target response values
and comprehend the interplay of printing
settings, demonstrating the efficacy of RSM in
optimizing  printing  parameters [28].
Additionally, Ouassil et al. utilized RSM to
optimize FFF parameters to boost mechanical
characteristics, highlighting the role of RSM in
enhancing the mechanical performance of
can ultimately gain valuable insights into the
complex interactions between  printing
parameters and annealing conditions. Leading
to the enhancement of printing processes and
the quality of printed components.

This study aims to assess the impact of various
printing parameters, including layer height and
structure orientation, as well as annealing heat
including annealing
on the

treatment parameters,
temperature and annealing time,

A

Layer
height=0.1~0.3

printed parts [29]. Furthermore, Tho employed
RSM to identify the ideal settings for FFF
printed parts, showcasing the versatility of RSM
in optimizing various aspects of the 3D printing
process [30]. The application of RSM for 3D
printing process parameters and annealing
parameters offers a systematic and efficient
approach to optimize the quality, mechanical
properties, and resource efficiency of 3D-
printed parts. By leveraging RSM, researchers

mechanical characteristic, surface roughness,
and dimensional precision of PLA components
printed using FFF. The RSM was employed to
optimize the experimental settings, while the
Analysis of Variance (ANOVA) test was
utilized to examine the results. The study's
originality is shown by its evaluation of printer
process parameters in conjunction with
annealing heat treatment parameters and
optimization of these parameters using RSM.

Figure 1. (a) The build orientations of the test specimens, and (b) the height of the layers.
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2. MATERIALS AND METHODS

2.1. Specifications for printing and printers
All of the specimens utilized in this research
were manufactured from PLA material by the
FFF method, printed with a build volume of 200
x 200 x 220 mm on a cartesian type Zaxe X1
FFF 3D printer. The following 3D printing
settings were utilized during the research:
nozzle diameter of 0.4 mm, nozzle temperature
of 215 °C, print speed of 70 mm/s, infill density
of 100%, and bed temperature of 60 °C. A dog
bone-shaped specimen was created to perform a
tensile test with the purpose of assessing the
tensile characteristics, dimensional precision,
and surface roughness of plastic materials.
Specimen dimensions were settled upon by
consulting the ASTM Type I model [31], and
the CAD model was created within the
SolidWorks software environment. The print
parameters used in this study were kept constant
excluding the build orientation and layer height.
The doge-bone tensile specimens were
printed using various angles (0°, 22.5°, 45°,
67.5°, and 90°) and three-layer heights (1 mm,
2 mm, and 3 mm), as displayed in Figure 1. The
entirety of the printed components was made
with a density of 100% infill. The procedure
makes use of a number of materials, although
PLA is among the most used [6-7]. The PLA
filament, with its properties clearly documented
in [9], produced by ESUN, was used.

2.2. Annealing

Following the printing of the specimens,
annealing is performed in accordance with the
experimental design matrix. The processes of
thermal annealing were carried out in a hot air
oven. Four distinct temperatures (70, 90, 110,
and 130 °C) and four distinct periods (60, 120,
180, and 240 min) were taken into account for
the annealing process. Following the
completion of the annealing procedure, the
specimen remains within the oven until it
reaches the ambient temperature.

2.3. Mechanical testing

The application of various criteria obtained
from the DOE resulted in the effective
production of a total of twenty-six distinct
samples. A tensile test was conducted using the
AG-50 kN Shimadzu Autograph. The test was
carried out under standardized conditions, with
a crosshead speed of 5 mm/min and at ambient
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temperature. Tensile testing was conducted
following the recommendations presented in
ASTM D638 [31]. The specimens underwent
tensile testing until they reached the point of
fracture. To minimize the influence of
fluctuations and unpredictable inaccuracies,
every recorded value in the dataset is based on
a minimum of three valid tests. Throughout the
experiment, no instances were observed where
the samples exhibited any additional peaks in
strength. Consequently, the UTS was identified
as the highest stress value ever recorded.

2.4. Dimensional accuracy

The gauge section of the dog-bone tensile test
specimen is of the wutmost significance.
Measurements were performed on dog bone
samples at specified locations, including both
ends and the middle (a total of three positions),
as depicted in Figure 2 using digital vernier
caliper. The objective was to independently
assess the accuracy and precision of both
thickness (h) and width (b). Therefore, in order
to assess the precision, it was necessary to
compare the produced dimensions with the
original CAD design. Through the use of the
standard deviation calculations, the precision
(consistency) was defined. The weight of all
samples was measured, and their accuracy was
confirmed as well.

Measurment
point 3

Measurment
point 2

Measurment
point 1

Figure 2. The schematic representation of
measurement sites for width (b) and thickness (h)
on the gauge section of the dog-bone specimen.

2.5. Surface Roughness

The surface finish quality of a component is
related to its measured roughness. Roughness
refers to the extent to which the chosen process
parameters result in the appearance of surface
irregularities on the printed object. Prior
research has shown that components generated
using the FFF process exhibit increased surface
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roughness values, indicating a below-average
surface quality [32]. Determining the effect of
various printing settings on the surface
roughness of the samples is a complex and
challenging task. As a result, measurements
were performed in two separate directions,
specifically Vertical and Horizontal, relative to
the tensile direction of the test specimen utilized
in the tensile test. This is illustrated in figure 3,
which serves as a schematic representation of
the surface roughness measurements. The
inability to measure perpendicular to the
printing direction solely arises from the fact that
the printing direction serves as a printing
parameter, causing a shift in the orientation of
each sample. The roughness measurements
were performed using the Mitutoyo Surftest SJ-
210, a needle-tipped inductive roughness
device. The Mitutoyo SJ-210 table surface
tester, equipped with a 20-millimeter-long
probe, allows for effortless inspection of

Horizontal

Y Y Y\ Vertical

Figure 3. A schematic representation of the surface
roughness measurements.
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surfaces. The tester's stylus tip has a radius of
2 um, while its detecting force amounts to 4
mN. The measurement of surface roughness
was conducted with a "cut-off length" of 0.8
mm in the Z-axis orientation. Every evaluation
condition was executed a minimum of five
times on distinct areas of the FFF 3D printed
objects' surfaces to ensure that the results
obtained can be replicated. In order to properly
evaluate the results, just one result was obtained
by calculating the arithmetic mean.

2.6. Response Surface Method

The printed components are affected by several
processing parameters, such as layer height and
build orientation [15,16]. The quality of
components is affected by a number of
variables, including the annealing parameters
and the printing parameters. Specifically, the
annealing temperature and the exposure period
to this temperature perform a key role in
deciding the components' quality [21,23]. The
criteria for factor selection are established based
on the extant literature and the corresponding
degrees of importance attributed to each. The
aim of this investigation was to assess the
printing and annealing parameters of FFF-
printed items. An insufficient amount of
scholarly research has been devoted to the
comprehensive evaluation of surface roughness,
mechanical properties, and dimensional
precision of heat-treated objects produced via
FFF technology. This situation requires a
substantial amount of tests. The objective of
optimization is to optimize specific variables by
either maximizing, minimizing, or reaching a
target value, while also adhering to stated
constraints, in order to get the most optimal
outcomes. The utilization of RSM, a widely
used technique, appears to offer benefits in the
creation of an effective approximation method
[33]. RSM is a powerful optimization tool that
combines mathematical statistics to model both
input and output parameters. As a result, one
can determine the important elements and their
respective amounts while also determining the
best experimental conditions [34]. The use of
RSM in this study is justified because several
input and output factors are present.
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A primary goal of optimization is to enhance the UTS while also minimizing surface roughness and
achieving the desired CAD dimensions. The purpose of this optimization is illustrated in figure 4

Response Goal Lower Target
Ra(V¥) (um) Minimize J 1,04 1,04
RafH) {um) Mirimize - | 0,837666868666 0,837666666666
b (mm) Target | 1264444449994 13
b (rmm) Target |3, 166666866666 3,2
UTS {(Mpa) Maximize J 9,3149 58,6939

Upper Weight

24,35633333333

Importance

1
23,18 1
13,590444444444 |1
3, 0777777 |1
58,6939 1

=] = e e | e

Desirability functions for different goals - how weights affect their shapes

Minimize the response Hit a target value

Maximize the response

- 0

Upper Lower

Figure 4. Different optimization goals and objectives correspond to distinct desirable functions.

The relevant experimental study was developed
using Minitab, an RSM-based program. Each
input parameter is assumed to be calculable and
can be expressed as follows within the context
of RSM [35].

€Y)

y = F(xq, %3, e, X))

In the above situation, the variables xi, Xz, ...,
Xm, and y indicate the input and output factors,
respectively. Within the framework of RSM, the
primary phase entails establishing a robust
connection between the two variables. The
connection is clarified by employing a model
based on second-order equations [35].

m-1 m
5 Sn

i=1 Jj=i

m
y = bO + Z bixi +
i=1
m
+ Z bii xiz + & (2)
i=1

The equation provided indicates the linear
coefficient (i), the coefficient for the second
order term (j), the regression coefficient (b), the
total number of parameters (m), and the error
associated with the response variable (g). It is
recommended to utilize RSM to investigate
three  dependent responses and three
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independent variables (one of which is a
categorical factor and two of which are
continuous factors) with a total of 26
experiments. Surface roughness, dimensional
accuracy, and UTS are the output factors chosen
for the settled RSM model. However,
considering the model is configured with the
following input parameters: build orientation,

layer height, and annealing parameters
(temperature and time). The annealing
parameters, time and temperature are

interdependent categorical factors. On the other
hand, the printing parameters, layer height, and
build orientation are continuous parameters. All
other printing and post-processing factors that
could affect printed component quality are kept
constant.

3.RESULTS AND DISCUSSIONS

The present part examines and analyzes the
outcomes of tensile testing, specifically
focusing on the impact of layer height, build
orientation, and annealing process parameters
(time and temperature) on ultimate tensile
strength (UTS). Table 1 presents the design
table, which contains data from 26 tests and
their corresponding responses.
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Table 1. The values of the experimental response variable and the experimental design matrix.

Run I-IIJ;Q;I; (;?; lilei:ldt_ Temperature,’C UTS,Mpa h,mm(( b,mm(x Ra(H), um Ra(V), um
Order mm ? ation, © -Time, min (= SD) SD) SD) (= SD) (=SD)

1 0.1 0 0-0 54.65+0.7 3.174£0.02 13.43+£0.04  0.95+0.16 7.46+0.3
2 0.1 22.5 70-60 46.31£0.7 3.2840.02 13.54+0.14  8.04+0.15 8.41+0.24
3 0.1 67.5 110-240 18.96+1.4  3.34+0.03 12.78+0.08  8.71+0.77 7.72+1.04
4 0.1 90 130-120 10.99+1.1  3.28+0.03 12.64+0.08 9.16£1.07 2.60+1.7
5 0.1 0 70-240 58.69+0.5 3.17+£0.01 13.90+0.04  1.16+0.27 10.57+0.4
6 0.1 22.5 130-60 45.78+1.6  3.35+£0.04 13.51+0.09 8.20+0.13 9.99+1.26
7 0.1 67.5 90-240 19.64+1.8 3.27£0.04 12.78+0.07  8.13+0.27 7.74+0.03
8 0.1 90 0-0 38.65+2  3.28+0.03 12.96+0.02  7.88+0.28 2.29+0.12
9 0.2 0 90-120 52.88+0.4 3.25+0.03 13.62+0.05  1.11+0.25 14.87+0.42
10 0.2 22.5 110-240 37.52+6.9 3.44+0.06 13.43+£0.2 11.74+0.84 14.41+0.99
11 0.2 45 0-0 38.76x£1.6  3.54+0.03 13.39+£0.07 14.94+0.39 14.56+0.46
12 0.2 67.5 130-180 24.93+1 3.53+0.05 13.10+0.12  14.94+0.53 12.04+0.8
13 0.2 0 110-60 53.89+0.2 3.31+£0.04 13.66+£0.06  1.22+0.29 14.86+0.29
14 0.2 22.5 0-0 50.42+1 3.3840.02 13.46+0.09 12.31+1.44 14.85+0.28
15 0.2 45 70-120 28.43+2.9 3.47+£0.03 13.33£0.04 14.62+0.19 14.53+0.19
16 0.2 67.5 130-240 18.53+1.4 3.46+0.04 13.10+£0.05 14.55+0.18 11.67+0.46
17 0.2 90 90-120 32.13+0.3  3.56+£0.06 13.17+0.06 14.98+0.19 1.81+0.32
18 0.3 0 130-180 42.28+£2.3  3.27+0.03 13.45+0.09 1.87+0.45 24.36+0.56
19 0.3 22.5 90-60 45.03£2.1  3.50+0.04 13.68+0.07 12.58+2.08 22.87+1.82
20 0.3 90 110-120 9.31+1.9  3.70+0.07 13.28+0.06 22.95+0.46 1.25+0.22
21 0.3 0 90-180 43.61£1.3  3.24+0.04 13.51+0.07 0.84+0.11 24.13+1.37
22 0.3 22.5 0-0 41.88+3.83 3.4240.03 13.45+0.03  13.11x1.3 22.85+0.58
23 0.3 45 130-60 26.81+£0.9 3.61+£0.07 13.56+0.12 20.89+0.49 19.91+0.35
24 0.3 67.5 70-240 24.52+0.6  3.71£0.05 13.29+0.05 22.88+0.72 12.92+1.33
25 0.3 90 130-240 16.7£3.1  3.67+0.07 13.32+0.05  23.18+0.8 1.04+0.31
26 0.3 0 110-180 50.92+1 3.37+0.02 13.48+0.01  1.08+0.32 22.54+0.63

It also analyzes the influence of these factors on
surface roughness and dimensional precision.
Variance analysis can be employed to derive
numerical data pertaining to the probability
value. ANOVA can accurately predict the
optimal combination of process variables and
identify the main contributing factors. Models
with a p-value larger than 0.05 are widely
regarded as insignificant. The resulting model is
significantly influenced when a factor's p-value
is less than 0.05 [33]. The ANOVA results in
Table 2 indicate that all of the p-values for the
linear coefficients of the build orientation are
below 0.05. All the p-values for the linear
coefficients of layer height are below 0.05,
except for UTS. All p-values for the linear
coefficients of the categorical factor
temperature-time are greater than 0.05 for
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dimensional precision and surface roughness
measured in the vertical direction. However, p-
values are less than 0.05 for UTS and surface
roughness measured in the horizontal direction.
The p-values for layer height and build
orientation, in relation to UTS and surface
roughness, are less than 0.05, except for surface
roughness measured vertically. However, the p-
values for layer height and build orientation are
greater than 0.05 for dimensional precision and
surface roughness measured horizontally. In the
case of 2-way Interaction, the p value is over
0.05 for UTS and b, and below 0.05 for surface
roughness and h. The significance of the term in
the proposed correlations of response becomes
more pronounced as the p value decreases and f
value increases. The primary factor that
significantly affects all responses is the build
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orientation, as evidenced by the ANOVA table.
Furthermore, it is seen that the categorical
variable of time-temperature has a greater

impact on the UTS compared to the layer
height. Conversely, the opposite holds true for
surface roughness and dimensional correctness.

Table 2. Results of ANOVA include the p value, f value, and R2 value.

UTS (MPa) h (mm) b (mm) Ra(H) Ra(V)
F P F P F P F P F P

value value value value value value value value value value
Model 22.90 0.001 28.05 0.001 6.87 0.021 161.00 0.000 39.84 0.000
Linear 2548 0.001 26.39 0.001 6.98 0.021 129.60 0.000 34.77 0.000
X-Layer height  1.77 0.241 93.04 0.000 6.68 0.049 420.41 0.000 31.86 0.002
Y-Build 62.12 0.001 126.3 0.000 19.86 0.007 690.26 0.000 166.30 0.000
orientation 6
CT- 5.88 0.030 1.84 0.260 1.25 0.433 5.74 0.032 1.13 0.484
Temperature-
Time
Square 5.96 0.047 12.56 0.011 2.38 0.188 59.02 0.000 18.82 0.005
X? 6.99 0.046 2.72 0.160 4.31 0.093 15.89 0.010 0.69 0.443
Y? 11.90 0.018 2.56 0.170 4.21 0.096 9.33 0.028 19.25 0.007
2-Way 0.36 0.576 25.47 0.004 0.68 0.446 91.30 0.000 35.04 0.002
Interaction
X*Y 0.36 0.576 25.47 0.004 0.68 0.446 91.30 0.000 35.04 0.002
R2, % 98.92% 99.12% 96.49% 99.84% 99.38%
Adj. R%, % 94.60% 95.58% 82.44% 99.22% 96.88%

The influence of printer parameters structural strength of the printed objects. Grasso

(specifically, build direction and thickness of
layers) in conjunction with annealing process
parameters on the UTS result is illustrated in
Figure 5. The results indicated a negative
relationship between the UTS and the increase
in layer thickness without any post-processing.
The decrease in UTS found when the thickness
of layers in 3D printed parts increases, without
any post-processing, can be due to many
variables that have been explained in the
existing literature. An extensive study has been
conducted on the correlation between layer
height and the UTS of 3D printed components.
Hua et al. (2023) noted that FFF specimens
printed with lower layer heights exhibit better
mechanical performance [13]. Choudhary et al.
[36] also discovered an inverse interaction
between layer thickness and the decrease in
UTS. Furthermore, it was noted that decreasing
the layer height resulted in a higher level of
bonding, perhaps leading to an enhanced UTS
[37]. It is observed that the UTS value exhibits
a decreasing trend initially and subsequently
rises with increasing layer thickness, owing to
the thermal diffusion features [38]. These
findings indicate that the thermal characteristics
related to varying layer thicknesses can impact
the bonding between layers and the overall
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et al. [39] revealed a significant correlation
between stiffness and strength, which was
influenced by the infill orientation and
temperature values. This indicates that the
mechanical characteristic are affected by the
printing parameters. Figure 5 demonstrates that
in the samples without post-processing, the
UTS initially drops and subsequently stabilizes
as the structural orientation increases. The
stability of the UTS can also be influenced by
the variability in the height of each layer. The
scholarly literature provides clarification on the
phenomenon under consideration by employing
the terms interlayer fracture and intralayer
fracture [40]. The UTS results of annealed heat-
treated samples varied depending on the
printing parameters. Upon analysis of the
sample with a layer thickness of 0.1 mm and a
printing angle of 0°, it was seen that the sample,
which underwent heat treatment at 70° C for
240 minutes, had a tensile strength roughly 10%
higher than the untreated sample. The value
shown represents the maximum UTS achieved
in the experiments. A decrease in UTS is
observed, particularly at a construct orientation
of 90°, despite alterations to the annealing
process parameters, as indicated by the graph.
The UTS is significantly decreased by the
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annealing heat treatment at 130°, and this
reduction becomes more noticeable with longer
durations. During the annealing heat treatment
process at temperatures of 90° and 70°, it can be
observed that the ultimate tensile strength
(UTS) generally increases with longer
durations. Nevertheless, establishing a universal
correlation is not possible because to variations
in layer thickness and build orientation. The
ultimate tensile strength (UTS) of samples
produced by FFF printing is influenced by the
level of crystallinity in the printed object. The
non-linear changes in UTS values can be
attributed to the temperature-dependent
modification of crystallinity during the printing
process [41].
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Figure 5. The surface roughness interaction plot
with layer height, build orientation, and annealing
parameters.

Displayed terms are not in the model.

The correlation between printer parameters and
annealing process parameters as they pertain to
the surface roughness outcome is visually
represented in Figure 6. Consistent with
expectations, the samples utilizing the identical
direction of printing and measurement exhibited
the lowest surface roughness values.
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Conversely, as the angle between the printing
orientation and the direction of measurement
increased, the surface roughness value
increased as well, reaching its maximum value
in the fully perpendicular measurement. As
mentioned in the literature [16,18], it was found
that specific build orientations and raster
orientations were crucial for achieving optimum
surface roughness in FFF-printed parts. As
expected, the graphs clearly indicate that
altering the height of the layers has no effect on
the roughness of the surface when the direction
of measurement and the direction of printing are
identical. However, when the orientation of
printing and the direction of measurement were
at at 90 degrees to each other, the roughness
exhibited an upward trend with increasing layer
height. This rise is roughly similar to the rate of
increase in layer height. Several studies have
highlighted the effect of layer height on
roughness of the surface in FFF-printed parts.
Several investigations have emphasized the
influence of layer height on the surface
roughness of objects produced using FFF
printing. For instance, Mushtaq et al
highlighted the importance of layer thickness in
determining surface roughness [42]. Similarly,
Singh et al. [43] conducted investigations using
an orthogonal array and concluded that layer
height was the most dominant factor influencing
roughness of the surface. Furthermore, Garg et
al. [44] studied the effect of layer height and
part deposition orientation on roughness of the
surface using an artificial neural network,
further emphasizing the importance of layer
thickness. Consistent with findings in some
existing literature [45,46], the surface
roughness positively correlated with both the
temperature and time of the annealing heat
treatment. On the other hand, Novotny et al.
reported that thermal annealing maintained the
complicated three-dimensional structure of
PLA produced through 3D printing, suggesting
a multifaceted connection between annealing
and surface roughness [47]. The annealing
process, layer height, and build orientation are
all critical factors in defining the roughness of
the surface of parts in FFF technology.
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The dimensional accuracy of the dog bone
tensile test specimen was determined by the
proximity of the thickness and width values in a
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Figure 7. The dimensional accuracy interaction plot
with layer height, build orientation, and annealing
parameters.

The Insize ISM-PM200SA digital microscope
was used to obtain macroscopic pictures of after
tensile fractures, along with the previous
findings. Figure 8 displays several images taken
of the post-fracture specimens. Although the

build orientation and layer heights are same
between run 1 and run 5, the annealing process
produces noticeable differences in the two
samples. The sample that underwent annealing
shows greater uniformity in its structure.
Results from samples run 4, 8, and 17 indicate
that the 90° build orientation performs better at
lower layer thicknesses and lower annealing
temperatures. The best results are achieved
without any annealing. Furthermore, an
intralayer fracture is seen on the fracture surface
of sample number 4. This result indicates that
the printing temperature and other printing
settings for the filament are suitable. When
comparing all angles, it is evident that the
results improve as the angles approach zero. It
becomes less effective as it nears a 90° angle.
When samples with low build orientations are
analyzed, samples at run 5, 9, and 13 exhibited
the highest shape integrity with minimal gap
between layers in low build orientations. As the
building angles of the samples approach 0°, the
tension in the tensile test will align with the
layers of the sample being formed. Rupture
occurs when the tensile stresses increase as the
cross-sectional area of the layer decreases. The
layers are created by stretching fibers in the
direction of a pulling force and then breaking
them into chopped layers.

=

Figure 8. Microstructure of tensile specimen rupture surfaces.

An analysis of the results obtained from RSM-
based multipurpose optimization is conducted
as part of this investigation. The guiding
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principle of the optimization procedure is to
minimize or maximize the output responses,
which include dimensional accuracy, surface
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irregularity, and UTS. The basics of
optimization involve achieving dimensional
accuracy, approaching the desired size,
minimizing surface roughness (specifically
Ra(V) and Ra(H)), and simultaneously
maximizing the UTS. The RSM optimization
study, shown in Figure 9 (a), determined the
ideal values for the layer height, build
orientation, annealing temperature, and
annealing time as follows: 0.1 mm for the layer
height, 0 degrees for the build orientation, 110
degrees for the annealing temperature, and 180
dk mm for the annealing time. The values of
Ra(V), Ra(H), b, h, and the UTS are determined
to be 7.19 um, -2.99 pm, 13.32 mm, 3.28 mm,
and 52.40 MPa, respectively, given the
specified  optimal  variable  conditions.
Desirability quantifies how well a process or
product metric complies with specifications
using a standardized scale. The weighted
geometric mean may then be used to aggregate
the individual desirability evaluations into a
multiresponse composite desirability score.
This index gives a single numerical value for
requirement conformity, making it easy to
evaluate options and improve the design of a
process or product.
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Figure 9. Predicted responses based on the best
parameters for optimal results

The determined desirability levels for each
response and the composite desirability are also
displayed in Figure 9. The optimization
investigation resulted in a composite
desirability value of 0.80 for the variables. The
maximum level of desirability assigned to
Ra(H) is 1.0, while the minimum level of
desirability assigned to b is 0.64. The
corresponding levels of desirability for h,
Ra(V), and UTS are 0.82, 0.73, and 0.87.Figure
10 displays surface plots illustrating the UTS,
dimensional accuracy, and surface roughness
based on the optimal annealing conditions.As
illustrated in Figure 10, the UTS value reaches
its maximum across all construction
orientations when the layer height approaches
0.2 mm in the optimal annealing parameters.
The parts manufactured with a 0.3 mm layer
height have a minimum UTS. Additionally, the
maximal UTS is observed in the 0° build
direction; as the build direction increases, the
UTS initially decreases and then rises around
90°. Lowering layer heights improves
dimensional precision and reduces surface
roughness. In accordance with the anticipated
relationship, roughness of the surface is
greater when measured in a direction
perpendicular to the printing orientation.
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Figure 10. Surface plots displaying UTS, dimensional accuracy, and surface roughness.
The anticipated optimal results of this study results acquired and the input variables' optimal
were in comparison to the actual results, and the values obtained through the optimization
discrepancies between the two  were procedure. The error rates for dimensional
determined. The objective of this procedure was accuracy (b and h) and UTS are notably low
to validate the precision and efficacy of the among all the recorded responses, falling
optimized results. Additionally, validation precisely below 5%. Regarding surface
research was implemented in order to verify the roughness, the error rate in the vertical direction
confidence of the optimization results. The is 4.03%, while the error rate in the horizontal
dataset for validation is presented in tabular direction is considerably higher at 151.50%,
format in Table 3. Subsequently, a comparison suggesting a comparatively decreased degree of
was performed between the experimental dependability.
Table 3 The validation results for the expected and observed values.
Build Layer Annealing Annea- Value UTS, Ra(V) Ra(H) b h
orient- height, Temperature, ling MPa
ation, mm °C Time,
° min
0 0.1 110 180 Anticipated  52.40  7.19 -2.99 1332 3.28
0 0.1 110 180 Experimental 51.18  7.48 1.54 13.46 3.12
- - - Error (%) 2.33 4.03 151.50 1.04 487
4. CONCLUSIONS conclusions could be derived from the
This research investigated the impact of outcomes of those experiments:

annealing heat treatment parameters, build
orientation, thickness of layers, and FFF 3D
printed PLA samples on dimensional precision,
mechanical  characteristics, and surface
roughness. The parameters for the annealing
and printing were optimized by means of the
response surface method. The following

e The RSM optimization resulted in an
overall desirability number of 0.80,
leading to optimal values for printing
and annealing variables: 0° for build
orientation, 0.1 mm for layer height,
110°C for annealing temperature, and
180 minutes for annealing time. The
optimal variable wvalues resulted in
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responses of 7.19 um for Ra(V), 2.99
um for Ra(H), 13.32 mm for b, 3.28
mm for h, and 52.40 MPa for the UTS.
The wvalidation investigation showed
that the maximum error percentage
between the optimal and experimental
values for UTSand dimensional
accuracy was less than 5%, utilizing the
printing and annealing variables
determined through RSM optimization.
The maximum percentage error
between the optimal and experimental
values exceeded 5% for surface
roughness. This model's consistency
with experimental data demonstrates
the reliability and strong predictive
capability of the established models for
UTS and dimensional accuracy.

The R2 and adjusted R2 values for each
response were 96.49% and 82.44%,
respectively, indicating that the model
produces  statistically  significant
results.

The factor that has the most significant
impact on all responses is the build
orientation. Annealing parameters have
a greater impact on the UTS compared
to the layer height parameter.
Annealing factors have the least
influence on dimensional precision and
surface roughness.

The sample that underwent annealing
exhibits not only a greater UTS value
but also greater structural homogeneity
and reduced volumes of voids.

The samples with a 90° build
orientation exhibit improved
performance at decreasing layer
thicknesses and annealing
temperatures, reaching their peak

performance without annealing. This
occurs due to the printing temperature
being ideal for this filament, resulting
in strong interlayer adhesion.

Positive outcomes were observed
throughout the annealing process in
samples oriented at a 0° build angle,
whereas negative outcomes were noted
when increasing the layer thickness.
The most favorable results were
attained with a thickness of 0.1 mm.
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Comparing all angles reveals that the
closer they are to zero, the more
favorable the outcomes. It becomes less
effective as it nears a 90° angle.
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Kiral kafes yapilan zikzak seklinde kiibik hiicrelerin {ist {iste ve yan yana ¢ogaltilmasiyla olusturulan
Okzetik davranisa sahip yapilardir. Bu ¢alismada bir kiral kafes yapinin tasarimi ve optimizasyonu
yapilmistir. Malzeme Ti-6Al-4V titanyum alagimidir. Kafes yapinin ayrit kesiti daireseldir. Yapisal
analiz i¢in sonlu eleman esasli simiilasyon yapilmigtir. Simiilasyonda yap1 bir ucundan ankastre baglanti
ile mesnetlenmistir. Yiik olarak da yapinin serbest ucuna eksenel yer degistirme uygulanmistir.
Simiilasyon sonunda gerilme, deformasyon, enerji, Poisson orani elde edilmistir. Bu parametreler ve
kafesin boyutlari, uygulanan yiik degerleri genetik algoritma esasli optimizasyona tabii tutulmustur.
Optimizasyonda minimum boyut ile maksimum dayanimin elde edilmesi amag¢lanmistir. Sonug olarak
optimum degerler elde edilmis ve parametrelerin birbirleri ile ilisiklerini veren cevap ylizey
fonksiyonlar1 sunulmustur. Buna gore ayrit kesitin yarigapt 1 mm oldugunda yap1 0,12 mm yer
degistirmeye dayanmaktadir. Bu durumda yapi igerisinde 266,05 MPa degerinde ¢cekme ve 233,34 MPa
degerinde basma gerilmeleri olusmaktadir. Bu degerler yapinin akma dayaniminin altindadir. Bu hali
ile yapinin kiitlesi 0,4549 g degerindedir.

Anahtar Kelimeler: Sonlu Elaman Simiilasyonu, Kompozit Panel, 3D Kiral Okzetik Cekirdek,
Optimizasyon, Yapisal Analiz

DESIGN AND OPTIMISATION OF A CHIRAL LATTICE STRUCTURE

ABSTRACT

Chiral lattice structures have euxetic behaviour, which are manufactured by replicating zigzag-shaped
cubic cells on top of each other and side by side. In this study, a chiral lattice structure is designed and
optimised. The material is Ti-6Al-4V titanium alloy. The cross-section of the lattice structure is circular.
Finite element based simulation is used for structural analysis. In the simulation, the structure is fix-
supported at one end. As load, axial displacement is applied to the free end. Stress, deformation, energy,
and Poisson's ratio are obtained at the end of the simulation. These parameters, lattice dimensions, and
the applied load are subjected to genetic algorithm-based optimisation. In the optimisation, it is aimed
to obtain maximum strength with minimum size. As a result, optimum values are obtained and response
surfaces giving the relationship between the parameters are presented. When the cross-section radius is
1 mm, the structure withstands a displacement of 0.12 mm. In this case, tensile stresses of 266.05 MPa
and compressive stresses of 233.34 MPa occur in the structure. These values are below the yield strength
of the structure. In this state, the mass of the structure is 0.4549 g.

Keywords: Finite Element Simulation, Composite Panel, 3D Chiral Euxetic Core, Optimization,
Structural Analysis
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1. GIRiS

Tasarim konusunda karsilagilan en biiyiik
zorluklardan biri, yiiksek verimli ve diisiik
maliyetli titresim  sOniimleme sistemleri
gelistirmektir. Mevcut malzemelerin
soniimleyebilecegi frekans araligi genis degil
ayrica yiiksek soniimleme performans: da
gosterememektedir.

Bu probleme bir ¢dzlim olarak, yapi igerisine iyi
titresim dayanimi  Ozelligine sahip katki
malzemeleri eklenmektedir. Kiral kafes yapilar
sadece molekiiler kimyada karsilasilan bir konu
olmaylp mekanik tasarim esnasinda da
kullanilan yapilardir. Meriam sozligline gore
"ayna goriintlisii lizerine bindirilemeyen bir
molekiile ait veya onunla ilgili" olarak tarif
edilmistir [1]. Kiralite tiirline gore gesitli zikzak
yapilar mevcuttur [2]. Dolayisiyla yukarida
bahsedilen problemi ortadan kaldirilmak igin
kiral kafes yapilardan yararlanmak bir
coziimdiir [3]. Okzetik kelimesi ise negatif
Poisson orani anlamina gelmektedir. Kiral kafes
yapilar  okzetik  davranabilmektedir. Bu
Ozellikleri sayesinde Kiral yapilar, istenen
deformasyon 6zelliklerine sahip olacak bigimde
tasarlanabilmektedir.

Kiral yapilarin deneme yanilma yolu ile
secimleri zahmetli, maliyetli ve zaman alic1 bir
islemdir. Artan rekabet¢i piyasada {iretim
sektorii i¢in optimum faydayr yakalamak
onemlidir. Bu nedenle tasarim alaninda
optimizasyon kullanilmasi, optimizasyonlarin
sonlu eleman simiilasyonlar1 ile birlikte
yapilmast bir yaygin miihendislik pratigidir.
Optimizasyon, tasarimci tarafindan belirlenen
ama¢ ve ceza fonksiyonlarin1 saglayan
degiskenleri tespit etme siirecidir [4]. Bu
baglamda siklikla sonlu eleman yontemi esash
yapisal simiilasyonlar kullanilmaktadir. Statik
analiz, cisimlerin statik yiikk altindaki
davraniglarini, olusan gerilmeleri ve
deformasyonlar1 incelemektedir. Statik, fizik
biliminin dengede duran mekanik sistemlerle
ilgilenen  dahdir [5].  Statik  analiz,
mithendislerin  veya  tasarimcilarin,  bir
ekipmanin veya yapinin, dayanmasi beklenen
yikler altinda giivenli oldugundan emin
olmalarint saglamaktadir [6]. Simiilasyon,
Latince kokenli bir kelime olup "taklit, benzer"
anlamma gelmektedir [7]. Statik yapisal
simiilasyon sayesinde, herhangi bir yapinin
iizerine binmis yiikiin sonucunda yapinin
durumu elde edilebilmektedir [8].
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Ha ve ark. (2016) kiral {i¢ boyutlu kiibik
kafesleri, rijit kiibik modiller halinde
olugturmus ve sonlu elemanlar yontemi ile
analiz etmislerdir. Kafesler, geometriye bagh
olarak negatif degerler alabilen Poisson oranina
sahiptirler. Poisson orani, kiipler birbirinden
uzaklastikca sifira dogru yaklagsmaktadir.
Kafeslerde eksenel gerilme neticesinde egilme
deformasyonu olusmaktadir. Bu tiir bir durum
klasik siirekli ortam mekaniginde meydana
gelememekte ancak kiral bir Cosserat katisinda
meydana gelebilmektedir [9]. Barad ve ark.
(2023) havacilik uygulamalar1 i¢in mekanik
yapilarin tasariminda dayanim-agirlik oranini
en st diizeye ¢ikarmayi ve yapimin titresim
cevabint miimkiin oldugunca azaltmayz,
boylece gerilmelerin dayaniklilik sinirinin ¢ok
altinda olmasmi amaglamislardir. Kiral kafes
yapilarindaki onceden ayarlanabilen
deformasyon sekilleri sayesinde yapidaki
sonlimleme artirilabilmistir. Bu sayede soz
konusu yapilar, yararlanildiklar1 sahada yapinin
genel titresim tepkisini azaltmak i¢in bir
titresim emici olarak kullanilmustir. Icerisinde
kiral bir kafes bulunan basit bir konsol kiris ele
alinarak titresim tepki karakteristigini anlamak
amaciyla geometrik tasarim, parametrik hale
getirilmigtir. Optimizasyon sayesinde uygun
boyutlar tespit edilmistir [10].

Yukarida verilen literatiir  taramasindan
anlasilacagr  lizere, sagladiklar1  yararlar
nedeniyle kiral kafes sistemleri yapisal tasarim
alaninda kullanilmaktadir. Optimizasyon ise
tasarimcilarin vazgegilmez araglarindan biridir.
Ancak kiral yapilarin optimizasyonu ile ilgili
caligmalarin sayisinin az oldugu goriilmiistiir.
Bu calismanin amaci, bir burkulma moduna
karsilik gelen sekle sahip kiibik birim
hiicrelerden olusan bir kiral kafes yapinin
optimum boyutlarinin, sonlu eleman analizi
esaslt yapisal simiilasyon ve genetik algoritma
esasli optimizasyon ile belirlenmesidir. Cevap
ylzey fonksiyonu, parametrelerin birbiri ile
olan iligkilerini veren fonksiyon olup bu
calismada tek gizli katmanli, {i¢ hiicreli yapay
sinir ag1 yontemi ile tespit edilmistir. Cevap
ylizey fonksiyonu sayesinde de parametreler
aras1 lokal iligkiler tespit edilmistir. Tasarim
noktalar kiimesi Latin hiperkiip ve cevap yiizey
fonksiyonu ise Kriging yontemleri ile
olusturulmustur.
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Bu ¢alismanin literatiire katkisi1 soyledir: Kiral
kafes yapinin optimum boyutlar1 tespit edilmis
ve parametrelerin birbirleri ile olan iligiklerini
veren cevap ylizey fonksiyonlari sunulmustur.
Calismanin 6zgiin yonii, bir yapisal kiral kafes
yapi1 tasarimidir. Bu konu ile ilgili olarak agik
Tiirkge literatiirde ¢ok az makale mevcuttur. Bu
makale ile Tirk¢e literatiire kiral yap1
tasarimina iligkin yontemler sunulmaktadir.

2. MATERYAL ve METOD

Sekil 1 (e)'da bu calismada kullanilan kiral
kafes geometrisi gdosterilmistir. Bu tiir kiral
kafes  bigcimlerine, kiibik kafes yap1
denmektedir. Kiral hiicresel yapiya sahip
Okzetik bu yapiin birim hiicresinin sekli,
Korner ve Liebold-Ribeiro (2015) tarafindan ilk
olarak tanitilan ve Warmuth ve Kdrner (2015),
Wormser vd. (2017), ve Warmuth vd. (2017)
tarafindan daha ayrintili olarak incelenen bir
diizenli kiibik birim hiicrenin 10. burkulma
moduna karsilik gelmektedir [11-14]. Eleman,
yapinin ayriklagtirilmasit  sonucunda olusan
birim pargaya verilen addir. Diigiim noktasi ise
olusan her elementin kdse noktalaridir. Birim
hiicre geometrisi Sekil 1 (b)'de tanimlanmistir.

adet birim hiicreli olup Lyer = Lpor =2 mm, 4 =
0,5 mm degerindendir. Katmanlar arasi mesafe
2 mm degerindedir. Baslangigta d = 0,6 mm
olup bu hali ile tiim yap1 886,14 mm?* hacme ve
4,094 g kiitleye sahiptir. Malzeme olarak Ti-
6Al-4V alagimi kullanilmistir. Malzemeye ait
mekanik 6zellikler Cizelge 1'de verilmistir.

Cizelge 1. Ti-6Al-4V alasimimin mekanik

Sekil 1. Calismada kullanilan (a) kiral kafes yap1 ve
(b) birim hiicre boyutlari.

Kafesteki egrisel gubuklar, diigiim noktalarinda
birlesen siniis dalgasi bigimindedir. Birim hiicre
geometrik parametreleri su sekildedir: Dikey
(Lver) ve yatay (Lnor) yonlerde ardisik iki diigiim
aras1 mesafe, egri bigimli ¢gubugun genligi (4)
ve kesit cap1 (d) olmak {izere tiim yap1 9x4x5
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ozellikleri.
Ozellikler Deger
Yogunluk (kg/m?) 4620
Termal genlesme katsayisi (1/°C) 9,4e-006
Ozgiil 181 (J/kg°C) 522
Termal iletkenlik (W/m°C) 21,9
Direng (ohm.m) 1,7
Basmadaki maksimum dayanim (MPa) 1070
Basmadaki akma dayanimi (MPa) 930
Cekmedeki akma dayanimi (MPa) 930
Cekmedeki maksimum dayanim (MPa) 1070
Elastisite modiilii (GPa) 96
Poisson orani 0,36
Bulk modiilii (GPa) 11,429
Kayma modiilii (GPa) 35,294

(b)

Deformasyon (mm)

6
5
4 /
3
2
1

7

0l Yiikleme adimu

Sekil 2. Yapinin (@) FE modeli ve (b) uygulanan
yiik ve sinir sartlari (¢) 0-6mm arasinda rampa
seklinde yer degistirme.

Simiilasyonlar ANSYS© programi kullanilarak
yaptlmistir  [15].  Olusturulan  geometriye
uygulanan yiik, smir sartlar1 ve cismin sonlu
eleman modeli, eleman ag1 sonunda kiral
yapmin dairesel kesitli hali = Sekil 2'de
goriilmektedir. Yiik olarak deplasman ve siir
sart1 olarak ankastre mesnet uygulanmistir. Son
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olarak da eleman ag olusturmak iizere
ayriklagtirma islemi gerceklestirilmistir.
Ayriklagtirma ic¢in lineer sekil fonksiyonuna
sahip tam integrasyon formiillii kiris elemanlar
kullanilmistir. En uygun bdliintiileme sayisini
(minimum elaman ile maksimum hassasiyetin
elde edildigi kritik sayiy1) belirlemek iizere
agdan bagimsizlik analizi yapilmistir. Buna
gore 10816 adet eleman sayist optimum olarak
tespit edilmistir. Bu eleman sayisinda yapida
20580 adet diigiim noktas1 olugsmaktadir.

Agin kalite Olgiitlerden biri carpiklik olup
maksimum ve ortalama degerleri sifir olmustur.
Ortogonal kalite ise 1'dir. Korkmaz ve Kacar
(2022) kalite oOlgtitlerini su bigimde tariflemistir
[16]: "Carpiklik (skewness) degeri [0,1]
arasinda degisir. Max skewness<0,90...0,94
olmasi gerekir. Bu deger ne kadar kii¢iik olursa
veya sifira ne kadar yakin ise ag kalitesi
acisindan o kadar iyidir. Kalite araligi ideal ag
elemani geometrisinden sapma Olciisii olarak
degerlendirilir. Ortogonal kalite, ag elemani
yiizeylerinin orta noktasinin merkezine olan
uzakligimin, komsu mesh eleman yiizeylerinin
orta noktalarinda birbirine olan uzakliga
oranidir. En  kiiciik degerine bakilarak
degerlendirme yapilir. En kiiciik deger >
0,1...0,15 olmasi istenir. En/boy orani ise ag
eleman1 uzun kenar uzunlugunun kisa kenar
uzunluguna oranidir. ideal bir ag elemaninda bu
oran 1 dir. Bu orandan uzaklastik¢a ag kalitesi
diiser. En biiyiikk en/boy oranina gore kalite
degerlendirmesi yapilir. Bu degerin 20’ den
biiyiik olmasi istenmez."

Optimizasyon igin ise sirastyla su adimlar takip
edilmistir. Oncelikle degiskenler parametrik
hale getirilmek {izere program igerisinde
secilmigtir. Giris ve ¢ikis degiskenleri olmak
tizere iki farkli degisken tiirii mevcuttur.
Degiskenler parametrik hale getirildikten sonra
kullanici tarafindan degistirilememekte, ancak
parametrelerin alt iist sinirlart belirtilerek bu
aralik igerisinde istenen adette tasarim noktasi
(DP) olusturulabilmektedir. Giris
degiskenlerinin baslangictaki alt ve iist sinir
degerleri ile ¢ikis degiskenleri Cizelge 2 'de
verilmistir. Cizelgede, ¢ikis degiskenlerinin
sadece hangileri oldugu belirtilmistir. Ancak
bunlar, giris degiskenlerinin degerlerine gore
hesaplanacak olan degerlerdir. Giris
degiskenleri ise tek deger olmayip, her biri,
birer aralikta degistigi icin, karsilik gelen ¢ikis
degiskenleri de farkli farkli olacaktir. Cikislarin
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neler olacagi, hangi aralikta olacagi, heniiz
optimizasyon yapilmadan bilinememektedir.
Optimizasyon  sonunda  elde  edilecek
bilgilerden biridir. Bu nedenle Cizelge 2
icerisinde verilememistir. Cikis degiskenlerinin
degerleri (araligl) Sekil 6'daki cevap yiizey
fonksiyonunda verilmistir.

Cizelge 2. Parametrelerin alt ve {ist sinirlart.
Ust
siir
1,0
6,0

Giris degiskenleri  Baslangic

0,6
6,0

sinir
0,1
-6,0

Cap (mm)

Yer degistirme
(mm)

Cikis degiskenleri
Gerilme (MPa) -- - -
Poisson orani - — —
Yanal daralma -- - -
(mm)

DP noktalar olusturulmasi i¢in Latin hiperkiip
ornekleme yontemi kullanilmig ve 200 adet DP
olusturulmas1  saglanmigtir.  Biitin ~ DP
noktalarinin ¢oziilebildigi goriilmiistiir. Cevap
ylizey fonksiyonu tek gizli katmanli, {i¢ hiicreli
yapay sinir ag1 sayesinde tespit edilmistir.
Cevap ylizeyi fonksiyonu egri uydurma esaslt
fonksiyonlar olup degiskenlerin birbiri ile
iligkilerini vermektedir. Amac¢ fonksiyonu
olarak minimum ayrit kesit ve maksimum
dayanim sartlar1 girilmistir. Optimizasyon i¢in
¢ok amacli ¢ok kisithh genetik algoritma
(MOGA) yontemi kullanilmistir.  MOGA
yontemi  kontrollii  elitizm  kavramlaria
dayanan popiiler NSGA-II'nin (Non-dominated
Sorted Genetic Algorithm-II) bir ¢esididir.
Coklu hedefleri, kisitlamalar1 desteklemekte ve
global optimumun bulunmasini
amaclamaktadir. Her iterasyonda 400 ornek
olmak tiizere 2000 Ornek iretilmis ve
maksimum 8 iterasyon sonunda 3 aday
bulunmustur. 4039 degerlendirmeden sonra
yakinsama ger¢eklesmistir. Yakinsama grafigi
Sekil 3'te verilmistir.

Optimizasyonda temel amacg(lar), hafif ve
dayanikli bir yapr elde etmektir. Bu caligma
icerisinde yer yer "minimum boyut", "minimum
yarigap" ve "minimum kafes boyutu" ifadeleri
kullanilmigtir. Bunlarin hepsi "hafif bir yap1"
amacina goétiiren tek bir parametreye isaret
etmektedir. O da cap degeridir. Zira bu
calismada kafes boyutlarindan sadece "¢ap"
degeri parametrik hale getirilmistir.
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Benzer olarak, "dayanim smirini1 agmadan
deformasyonu artirmak”, "maksimum
dayanim" ve "gerilmenin akma simirmin altinda
kalmas1" ifadelerinin tamami da "dayanikli bir
yap1" amacina hizmet eden tek bir parametredir,
o da "yer degistirme" parametresidir. Zira bu
calismada "dayanim-gerilme-ytk" ile iligkili tek
parametrik degisken "yer degistirme" degeridir.
Yer degistirme arttik¢a yapida gerilme artmaya
baglar ve bir sinir degerde hasar baglar. Hasar
baglamadan once, gerilmenin ¢ikabilecegi en
yiiksek degere ulagmak icin uygulanacak en
fazla yer degistirme elde edilirse, o zaman
"dayanikli bir yap1" amacina ulagilmig olacaktir.

70 l-l
=60 —
. i I
S i (|
= 40 : S WR— N |
S i [l

30 4 - - . - - L
5 [ 9 I
< 20 S !
~ ! (|

10 J+——m—————— e e————— ——

| o I L Y |

0 o=-—=— == = —_——— = = ===

2 3 4 5 6 7 g

Iterasyon sayisi (adet)
==%70 smir1 (maksimum izin verilen Pareto yiizdesi),

== == Mevcut Pareto yiizdesi * %2 sinir1 (yakinsama
stabilite kriteri), == = Stabilite yiizdesi

Sekil 3. Optimizasyon esnasinda genetik
algoritmanin yakinsama grafigi.

3. BULGULAR VE TARTISMA

3.1. Gerilme Deformasyon sonuclari
Bagslangicta kiral yapinin bir ucu ankastre
mesnetlenirken diger ucundan Z ekseni
dogrultusunda 6 mm degerinde basma tiiriinde
yer degistirme (deplasman) uygulanmigtir. Yer
degistirme rampa seklinde 0-6 mm arasinda
uygulanmaktadir. Her bir analiz 20 GB RAM ve
1,3 GHz 8 ¢ekirdekli bir bilgisayar ile 14 sn
stirmiistiir. Hesaplamaya dair istatistiki bilgiler
Cizelge 3'te verilmistir.

Cizelge 3. Coziime dair hesaplama bilgileri.

Ozellikler Deger

Hesaplama siiresi (s) 14

Kullanilan bellek (MB) 623

Sonug dosyasi boyutu (MB) 23,875
Heniiz  optimizasyon  yapilmadan  Once

baslangi¢ degerleri kullanilarak gerceklestirilen
simiilasyon sonucunda eksenel dogrultuda 6
mm basma yer degistirmesi uygulanmistir.
Baslangi¢  degerleri ile yapilan analiz
sonucunda eksenel dogrultuda 6,0185 mm
toplam  deformasyon olugmustur. Yanal
deformasyon ise -0,62728 mm olarak elde
edilmistir. Yanal daralmanm o6lgildiigii nokta
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ve daralmig geometri Sekil 4'te verilmistir.
Eksenel dogrultuda basma uygulandiginda,
yanal dogrultuda sisme beklenirken daralma
olmasi, 6kzetik davranig nedeniyledir.

L g
Sekil 4. Poisson orani nedeni ile olugan yanal
deformasyonun 6l¢lim noktast.

Poisson oram1 Denklem (1) kullanilarak

hesaplanmaktadir.
y = — Syanal (1)
Eeksenel

Burada v Poisson orani olup birimsizdir. &,4pq;
Ve Egpsenel 15€ sirastyla yanal ve eksenel
dogrultulardaki sekil degistirmelerdir. Denklem
(2) ile hesaplanmaktadir. Birimsizdir.

_ Lson—Liik
Eyanal = Lilk (2-a)
_ Hson—Hiik
Eeksenel = H: (Z'b)
ilk

Burada L;j;, ilk genislik, Lg,, genislik, Hy;;, tim
yapimin ilk boy ve Hy,,, ise son boydur. Uzunluk
birimindedir.

Kafes yapida 6l¢iim yapilan noktadaki yanal ilk
genislik 10,198 mm olup tiim yapinin eksenel
genisligi ise 19,002 mm'dir. Bu durumda yanal

. . _ —0,62728mm _

sekil  degistirme  &ygnq = “Totesmm

—0,0615101 olmaktadir. Eksenel sekil

degistirm i £ = _—omm_
Cgi1s c s€ eksenel — 19,002 mm -

—0,31576 olmaktadir. Sonugta Poisson orant

L — _ fvanal _ _ Z0,0615101 _ 01948

Eeksenel —-0,31576

olmaktadir. Poisson oraninin negatif ¢ikmasi,
yapinin 0kzetik davrandigini gostermektedir.

Sekil 5'ten goriildiigii gibi yapida -3700,4 MPa
basma gerilmesi ve 1296,5 MPa ¢ekme

gerilmesi  olustugu  goriilmektedir. Basma
gerilmelerinin ~ dikey  c¢ubuklarda  ¢okca
olustugu, yatay cubuklarda ise ¢ekme

gerilmelerinin olustugu goriilmektedir. Yapiya
eksenel basma yer degistirmesi uygulanmasina
ragmen yer yer basma veya ¢ekme gerilmesinin
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olusmasi kiral yapidan beklenen bir durumdur.
Kullanilmis olan malzeme titanyum alagimi
olup basmadaki akma gerilmesi 930 MPa,

cekmedeki akma gerilmesi 930 MPa ve
maksimum akma gerilmesi 1070 MPa
degerlerine  sahiptir.  Analizde malzeme

davranigt lineerdir. Bu nedenle gerilmenin
maksimum degeri, akma smirin1 ge¢mistir.
Akma smirinin altinda kalacak en biiyiik
gerilme degerinin tespiti amaciyla
optimizasyon yapilmistir.

1296.5 Max
741,29
186,08
-369.13
-0z24.34
-1479.6
-2034.8
-2590
-3145.2
-3700.4 Min
Sekil 5. Eksenel gerilme degerleri (MPa).

3.2. Parametreler arasindaki iliskiler

Kiral kafes yapilarin tasariminda parametrelerin
birbirleriyle iliskileri 6nemlidir. Yapilan
tasarimda bu iligkiler cevap yiizey fonksiyonu
ile elde edilmis ve Sekil 6’da her bir giris
parametresinin, ¢ikis degiskenleri lizerindeki
etkisi verilmistir.

80
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Sekil 6. Cevap yiizey fonksiyonundan elde edilen parametrik iligkiler.
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Sekil 6a ve 6b’de goriildiigii iizere yarigap
degeri 0,65 mm oldugunda gerilme degeri 80
MPa degerine ulagmakta 0-0,65 mm araliginda
yiikseliste, 0,65-1 mm araliginda azaligtadir.
Sekil 6c¢’de minimum kombine gerilmenin
maksimum degeri goriilmektedir. Yarigap [0,1-
1] mm arasinda 160 MPa degerine
ulagmaktadir. Genel olarak arttig1
goriilmektedir. Sekil 64’de minimum kombine
gerilmenin  minimum  degerine ait egri
goriilmektedir. Yaricap degeri [0,1-0,45] mm
arasinda -100 MPa ile -450 MPa gerilme
degisimine yol agmaktadir. [0,45-1] mm
degerleri arasinda yiikselis goriilmektedir. Sekil
6e’de  maksimum  kombine  gerilmenin
maksimum degerine iligkin grafik
goriilmektedir. Maksimum gerilme degeri 700
MPa olup baslangicta artig izleyen bu deger 0,6
mm vyaricap degerinden sonra diisiige
baglamaktadir. Sekil 6f’de maksimum kombine
gerilmenin  minimum degerine ait grafik
goriilmektedir. Minimum gerilme degerinin -
200 MPa  degerine  yaklasmis  oldugu
goriilmektedir.  Sekil  6g’de  minimum
deformasyon degerinin 0,35 mm yaricap
degerine kadar bir artig izledigi daha sonra
yavas yavas bir denge noktasma dogru
dalgalanma yaptig1 goriilmektedir. Sekil 64
maksimum eksenel gerilme-yer degistirme
grafigidir. Yer degistirme -6 ile 6 mm arasinda
degiskenlik gosterirken, gerilme degeri -6 mm
ile 0 mm arasinda 2 MPa ile 0 MPa arasinda
diisiis gostermektedir. 0 mm ile 6 mm arasinda
gerilme yaklasik olarak 0,25 MPa degerine
kadar ulagmaktadir. Sekil 6i’de minimum
eksenel  gerilme-yer degistirme  grafigi
goriilmektedir. Bir onceki grafigin benzeridir.
Sekil 6j°de minimum kombine gerilme-yer
degistirme grafigi ve Sekil 6m’de maksimum
kombine gerilme-yer degistirme grafigi
goriilmektedir. Minimum kombine gerilme
grafiginde -6 mm ile 0 mm arasinda bir diisiis
yasanirken 0 mm ile 6 mm arasinda gerilme
degeri 0 MPa olarak sabit kaldig:
goriilmektedir. Maksimum kombine gerilme
grafigi ise -6 mm ile 0 mm arasinda sabit 0 MPa
olarak sabit kalirken 0 mm ile 6 mm arasinda -
8 MPa degerine kadar diisis oldugu
goriilmektedir. Sekil 64'da minimum kombine
gerilme-yer  degistirme ve Sekil 6/'de
maksimum kombine gerilme—yer degistirme
grafikleri goriilmektedir. Minimum kombine
gerilme -6 mm ile 0 mm arasinda -1 MPa ile 0
MPa arasinda yiikselmekte olup 0 mm ile 6 mm
arasinda -4 MPa degerine kadar diisiis
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goriilmektedir. Maksimum kombine gerilme -6
mm ile 0 mm arasinda 3,5 MPa ile 0 MPa
arasinda diisiis izlerken 0 mm ile 6 mm arasinda

2  MPa  degerine kadar  yiikseldigi
goriilmektedir.  Sekil  6n’de  minimum
deformasyon-yer degistirme grafigi

goriilmektedir. Eklsenel deformasyon -6 mm ile
6 mm arasinda iken yanal deformasyon 0,2 mm
ile -0,2 mm arasindadir. Gerilmelerdeki (-)
isareti basma ve (+) ise ¢ekme gerilmelerini
ifade etmektedir.

Cevap yiizey fonksiyonunun iyilik derecesini
ifade etmek igin hata Olgiitleri ve korelasyon
katsayisi, determinant katsayisi
kullanilmaktadir [17, 18]. Ek sik kullanilan hata
Olgiitleri sunlardir: MSE hatalarin karelerinin
ortalamasi, RMSE degeri MSE’nin karekokii,
MAE mutlak hatanin ortalamasi ve MAPE ise
mutlak hatanin ortalamasinin yiizdesidir. MSE
(birim*), RMSE (birim), MAE (birim) ve
MAPE (birim) degerlerinin sifira yakin olmasi
hata degerlerinin azhigim1  gostermektedir.
Ayrica regresyon analizleri de modellerin
iyiliklerini belirleme araglarindan biridir. R* ise
determinat katsayist olup [1,-1] arasinda
degerler alabilmektedir, birimi yoktur. R (veya
R?) degerlerinin pozitif 1’¢ yakin olmasi,
fonksiyon kestirimi ile ham veri arasinda
yilksek  dogrusal  bir iliski  oldugunu
gostermektedir. Negatif 1’e yakin degerler
yiksek dogrusal ters bir iliski oldugunu
gostermektedir. Sifira  yakin degerler ise
herhangi bir iliski olmadigi anlamina
gelmektedir. Iyilik degerleri Cizelge 4'te
verilmistir.  Cizelgeden goriilecegi iizere
olusturulan cevap yiizey fonksiyonu, ¢ok
yiiksek pozitif korelasyona sahiptir. Fonksiyon
ile veri arasindaki hata ise oldukca ufaktir. Her
iki durum da cevap yilizey fonksiyonunun
tahminlerinin ~ giivenilir  olacagina isaret
etmektedir [18].

Cizelge 4. Cevap yiizey fonksiyonunun iyiligi.

Parametrele R RMSE MAE
r (birim) (birim)
Toplam 0,9999  0,00239  8,5094e
deformasyon

5 5 -3
(mm)
Gerilme 70,097e- 4,7587e-
(MPa) 0,9999 6 6
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3.3. Optimum degerler
Optimizasyon modiilii, Cizelge 5'te gosterildigi
gibi ii¢ optimumu, aday nokta olarak dnermistir.

Cizelge 5. Onerilen ii¢ optimum aday nokta.

<. Aday Aday Aday
Degiskenler noktal nokta2 nokta3
Yarigap (mm) 0,99348  0,99331 0,99157
Eksenel yer
degistirme -0,1068  -0,1142  -0,1195
(mm)
Gerilme
(MPa) -282,23  -290,62  -299,92
Poisson oran1  -0,181 -0,181 -0,187
Yanaldaralma 116 00117 -0,012

(mm)

Optimizasyon ile tespit edilen aday noktalar
aslinda  cevap  yiizeyindeki  fonksiyon
kullanilarak elde edilen degerlerdir. Ayrica,
simiillasyonda  yeniden analiz  edilerek
dogrulanmiglardir. Dogrulamalar1 Cizelge 6'da
gosterilmistir.

Cizelge 6. Aday noktalarin dogrulanmasi.

Degiskenler Aday Aday Aday
noktal nokta2 nokta3

Yarigap (mm) 0,99348 0,99331 0,99157

Eksenel yer 0,10688 0,11421 0,11959

degistirme

(mm)

Gerilme (MPa)  -208,02 -222,17 -232,33

Poisson orani -0,184 -0,186 -0,187

Yanal daralma -0,0118 -0,0119 -0,012

(mm)

Optimizasyonla hesaplanan geometrik boyutlar,
mevcut  geleneksel imalat makinelerinin
tolerans araliginin diginda kalan 0,99157 mm
gibi pek cok kiisurat igermektedir. Bu nedenle
bunlarin iiretimi giiniimiiz imalat yontemleri ile
miimkiin degildir. Uretilebilir degerler, kiisurati
azaltmak i¢in boyutlarin {ist degerlere
yuvarlanmasiyla elde edilmektedir. Bu
baglamda 1 mm degerine sahip bir yaricapin
tiretilmesi miimkiindiir. Dogrulanmis
degerlerden ii¢ numarali aday secilmis ve
bunlarin {retilebilir degerleri Cizelge 7'de
verilmistir. 3 numarali aday ile 1 numaral
adaymn hafiflik acisindan bir farki yoktur zira
her ikisi de 1 mm yarigapa sahiptir. Ancak 3
numarali durumda -232.33 MPa degeri ile 1
numaradan daha fazla gerilme olusmaktadir. Bu
durumda 1 numarali adaym segilmesi
beklenebilirdi. Bununla birlikte mutlak degerce
daha biiyiik Poisson oranina sahip olan aday, 3
numarali olandir. Daha biiyiik Poisson orani,
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birbirine esit sartlar altinda, yapinin daha fazla
yanal daralma yapabileceginin gostergesidir.

Cizelge 7. Dogrulanmis degerlerin iretilebilir
degerleri.

Degiskenler Aday nokta 3
Yarigap (mm) 1

Eksenel yer degistirme 0.11959

(mm)

Gerilme (MPa) -232,33
Poisson orani -0,187

Yanal daralma (mm) -0,012

Bu degerle sahip kafes yapmin eksenel yer
degistirmesi 0,11959 mm oldugunda yanal
daralma degeri de 0,0041581 mm olmaktadir.
Sekil 7 segilen noktanin yeniden analiz
edilmesiyle elde edilen deformasyon, gerilme
sonuclarin1  gostermektedir. Beklendigi gibi,
ankastre mesnetlenen bolgede herhangi bir
deformasyon yoktur. Ancak, yapinin kenar
kisimlar1 maksimum deformasyona sahiptir.
Maksimum gerilme 266,05 MPa olup 930 MPa
olan akma dayaniminin oldukca altindadir.

266,05 Max (MPa) (a)
210,56

155,08
99,587
44,085
11,389
-66,877
122,37
177,85
-233,34 Min

(b)

I -0,0041581 Max
-0,0041581 Min

(mm)

Sekil 7. (a) Secilen noktalar i¢in gerilme, (b) yanal
deformasyon ve (c) ag gorlintiisii.

Sekil 8'de Spearman'in korelasyon matrisi
verilmis olup parametreler arasindaki iliskilerin
tespiti i¢in kullanilan bir aragtir. P5 (minimum
kombine  gerilmenin  maksimumu), PS8
(maksimum kombine gerilmenin minimumu)
ve P12 (yanal daralma) kalinliklar1 P13 (eksenel
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yer degistirme) ile ters orantilidir. PS5, P6, P7,
P8, P12 ve P13 P11 ile aralarinda bir oranti
olmadigr  goriilmektedir. P3  (maksimum
gerilme) ile P7 (maksimum kombine gerilmenin
maksimumu) ve P4 (minimum gerilme) ile P6
(minimum kombine gerilmenin minimumu)
arasinda dogru orant1 oldugu goriilmektedir.

P11

P11 >
P13 | g'
P3 2
P4 0.1
PS5 0.1
e 0.2
P7 DA
06}

P8
P12

Sekil 8. Spearman'm korelasyon matrisi, P3-
maksimum gerilme, P11-yarigap, P4- minimum gerilme, P12-
yanal daralma, P5-minimum kombine gerilmenin maksimumu,
P13-eksenel yer degistirme, P6- minimum kombine gerilmenin
minimumu, P7- maksimum kombine gerilmenin maksimumu,

P8- maksimum kombine gerilmenin minimumu.

3.4. Tartisma

Bu caligmada, eksenel yiik uygulamasi sonunda
yapida egilme olustugu belirtilmis ve egilme
nedeniyle olusan ¢ekme ve basma gerilmeleri
hesaplanmigtir. Eksenel yiik neticesinde yapida
egilme olugmasi hali, Vigliotti ve Pasini (2013)
tarafindan da ifade edilmistir [19]. Mikro
bosluklarin, kesitin atalet momentinde belirgin
bir azaltma yapmadigi, ancak makro oOlgekte
malzemenin akma mukavemetini azaltan
gerilme yigilmalart iirettigini raporlamiglardir.
Giilcan vd. (2021) kiral kafes yap1 tasariminda
topoloji optimizasyon yontemlerinin verimli bir
sekilde kullanildigina dikkat ¢ekmektedir [20].
3x3x3(20mm x 20 mm x 20 mm) dizi
desenine sahip basit kiibik, oktahedron, kesik
kiip ve kesik oktahedron tabanl kafes yapilarin
en iyi eksenel basing dayanimi ozelliklerini
gosterdigi ifade edilmistir [21-22]. Bu
baglamda mevcut c¢aligmada sunulan 9%x4x5
kafes yapist optimum sekle sahip degildir.
Ancak ultra hafiflik acisindan dikkate deger
hafiflige sahiptir. 3 x 3 x 3 dizilimdeki titanyum
alasimindan yapilan kafes yapidan (Ti-6Al-4V)
1125.0 MPa akma dayanmimi, 1200.0 MPa
¢ekme dayanimi ve 0.34 Poisson orani elde
edilmistir [21].

Ugaklardaki geleneksel taban-kanat tasarimina
kiyasla kafes dolgulu tasarimlarda 6nemli bir
agirlik azalmasi rapor edilmistir. Geleneksel
kanada kiyasla tiim kafes yapilar arasinda en
yiiksek agirlik tasarrufu %9,5 ile Kelvin yapisi

rn o~ 1

- ™ =t o op ~ @ e

o a a a o a o 0.8 .
0.6
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saglamistir [23]. Mevcut ¢alismada ise 4,094 g
baslangig kiitlesi 0,4549 g kiitleye inerek %900
agirlik azaltimi saglamistir. Kiral kafesler ultra
hafiflik avantajlartyla dikkat cekmektedir.

4. SONUCLAR

Bu caligmada kiibik birim hiicreye sahip bir

kiral kafes yapimin tasarimi ve optimizasyonu

gerceklestirilmistir. Sonugta ulagilan temel
cikarimlar asagidaki gibidir:

e  Kafes boyutlari, genetik algoritma yontemi
kullanilarak deformasyonu artirmak ve
dayanim siirimi agsmamak icin optimize
edilmistir. Optimum degerler ile yapilan
analiz sonunda, yapmin ayrit kesitinin
yarigapt 1 mm oldugunda yap1 0,12 mm
yer degistirmeye dayanmaktadir. Bu
durumda yap1 igerisinde 266,05 MPa
degerinde ¢cekme ve 233,34 MPa degerinde
basma gerilmeleri olusmaktadir. Bu
degerler yapmnin akma dayaniminin
altindadir.

e Baslangicta 4,094 g olan Kkiitle,
optimizasyon neticesinde 0,45489 g
degerine diismektedir. Daha kii¢iik ve daha
hafif yapi, daha diisiik enerji tiiketimi
acisindan tercih edilmektedir. Oldukca
hafif ve dayanakl bir yapi1 elde edilmistir.
Kullanilacak olan malzemenin hacmi az
oldugundan maliyet agisindan bu yapi
geleneksel malzemelere iyi bir alternatiftir.

e Cevap yiizey fonksiyonu sayesinde
tasarimda kullanilan degiskenlerin
birbirleri ile olan iliskileri tespit edilmistir.

e  Miiteakip ¢alisma olarak yapinin titresim
cevabimin elde edilmesine yonelik serbest
ve zorlanmig titresim  analizlerinin
yapilmasi miimkiindiir.
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ABSTRACT

In this study, the effects of bentonite-substituted cement mortar, cement compressive strength, cement
quantity, spread values, water absorption percentages by weight, and porosity values on the 28-day
compressive strength were investigated using Multiple Regression, Adaptive Neuro-Fuzzy Inference
System and the intuitive optimization method known as Particle Swarm Optimization. Based on the
results obtained from 18 data points, with 4 of them used for testing and 14 for training, effective and
ineffective input parameters were identified in comparison to Multiple Regression. Subsequently,
Particle Swarm Optimization and Adaptive Neuro-Fuzzy Inference System main models were designed
according to the obtained results. As a result of the study, it was determined that cement compressive
strength, cement quantity and water absorption parameters have a higher impact on compressive strength
compared to other parameters. It was found that the best accuracy model was achieved with the Particle
Swarm Optimization model, and the results of the Multiple Regression model can also be used in
predicting outcomes.

Keywords: Bentonite-Substituted Cement Mortar, Cement Compressive Strength, Multiple Regression,
Particle Swarm Optimization.

1. INTRODUCTION is its high silica content, which imparts its
Due to its porous structure, concrete absorbs binding properties.

water, leading to permeability within the

concrete. Various mineral and chemical When bentonite undergoes hydration, it swells,
additives are used to mitigate the water creating a gel-like structure, and this condition
permeability of concrete. One of these mineral imparts excellent water absorption and water
additives is bentonite. Bentonite is a type of retention properties to Bentonite [3]. Due to this
montmorillonite mineral formed through the property, bentonite can be used in the
weathering of volcanic ash deposits over construction industry to create impermeable
millions of years [1]. Bentonites are classified surfaces. Yang et al. [1], observed that by
into three groups: sodium bentonite, calcium substituting natural sodium bentonite at a rate of
bentonite, and active sodium-calcium Bentonite 8% by weight in cement, after drying it in an
[2]. Bentonite finds applications in civil oven at 105°C for 6 hours, it exhibited superior
engineering, pelletizing iron ores, clarifying performance in terms of compressive strength,
wine and fruit juices, animal feed, flexural strength, and impermeability compared
pharmaceuticals, rubber industry, paper to the reference sample. Wei et al. [4], have
industry, ceramic industry, petroleum refining, indicated that metakaolin and bentonite-
wastewater treatment, paint industry, fire substituted cements can effectively reduce
extinguishers, fertilizer production, soil concrete deterioration caused by ASR (Alkali-
improvement, and drilling operations. One of Silica Reaction). Memon et al. [5], found that
the most significant characteristics of bentonite bentonite-substituted cements perform

effectively on surfaces exposed to acidity.
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In addition, there is a need for the use of
applications that predict concrete properties to
ensure the safe utilization of materials
incorporated into concrete mixtures [6]. In the
literature, various studies exist where concrete's
compressive strength [6—11], flexural strength
[12], service life [13], workability [14] and
creep behavior [15] have been predicted using
different methods.

The most common methods among these
include ANN (Artificial Neural Network) [16—
30], SVM (Support Vector Machine) [31-37],
GPR (Gaussian Process Regression) [38—44],
RSM (Response Surface Methodology) [16, 18,
45], ANFIS (Adaptive Neuro-Fuzzy Inference
System) [46—55] FL (Fuzzy Logic) [56—65] and
also statistical methods such as [7, 32, 53, 66—
72] and others.

In this context, the mechanical property of
compressive strength of bentonite-substituted
cement mortar was attempted to be determined
in the study. Parameters such as cement type
and substitution rate, as well as fresh property
represented by the spread diameter and physical
properties including hardened density, porosity,
and water absorption by weight were
considered. Among these properties, the
significant ones were identified, and models
were created using both these significant
properties and all the properties combined.
Models used for prediction were generated
using MR (Multiple Regression), ANFIS, and
the heuristic optimization method known as
PSO (Particle Swarm Optimization). The
prediction values obtained from these models
were compared using R? and RMS (Root Mean
Square), and the model that predicted the
compressive strength of bentonite-substituted
cement mortar without conducting destructive
testing such as a compressive strength test was
determined.

2. MATERIAL AND METHOD

2.1. Material

In the study, materials such as water, CEN
standard sand, and cement types CEM 142.5 R
and CEM I 52.5 R, along with the cement
substitute material bentonite, were used. The
bentonites used in the preparation of bentonite-
substituted cement mortar samples were ground
and sieved. In order to determine the physical
properties of the mixtures, sieve analysis,
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specific gravity, and specific surface area
(Blaine fineness) tests were conducted
according to the EN 196-6 standard.
Subsequently, chemical analyses were carried
out. Chemical data for the binding materials
used in cement production are provided in Table
1, while physical data can be found in Table 2.

Table 1. Chemical properties of binding materials

Components CEM I CEM1  Bentonite
42.5R 52.5R

(%) (%) (%)
SiO: (S) 21.12 20.57 63.2
ALOs (A) 6.03 4,6 14.27
Fe,0; (F) 32 2.5 0,55
CaO 62.11 64.8 391
MgO 2.2 1.28 4.02
SO3 2.69 3.25 -
Na,O 0.35 0.21 0.17
K,0 1.1 0.36 0,61
CI 0.0068 0.01 -
TiO> - - 0.03
LOI 2.79 3.18 14.46
S+A+F 30.35 27.67 78.02

Table 2. Physical properties of binding materials

Materials Grain size Specific  Specific
(plus sieve) gravity  surface
>40um>90um (Blaine)
(%) (g/em’)  (cm%/g)
CEMI 42.5 15.6 7.9 3.08 3526
CEMI 52.5 1 0.1 3.11 4480
Bentonite 1.2 0.1 2.80 4700
Bentonite was substituted in bentonite-

substituted cement mortar in proportions of 0%,
2.5%, 5%, 7.5%, 10%, 12.5%, 15%, 17.5%,
20%, 22.5%, 25%, 27.5%, and 30%, instead of
CEM 142.5 R and CEM I 52.5 R type cements.
The codes and mixture information of
bentonite-substituted cement mortar samples
are provided in Table 3.
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Table 3. Codes and mixture information of mortar samples

Mixture code Water CEM 1425 CEM152.5 Bentonite Standard sand
(€9) (2 (€9)

(g (2

A0 450.00 - -

A2.5 438.75 - 11.25

AS 427.50 - 22.50

A75 416.25 - 33.75

A10 405.00 - 45.00

Al125 393.75 - 56.25

AlS 382.50 - 67.50

Al17.5 371.25 - 78.75

A20 225.00 360.00 - 90.00 1350.00

BO - 450.00 -

B2.5 - 438.75 11.25

B5 - 427.50 22.50

B7.5 - 416.25 33.75

B10 - 405.00 45.00

B12.5 - 393.75 56.25

B15 - 382.50 67.50

B17.5 - 371.25 78.75

B20 - 360.00 90.00

The statistical analysis of the training parameters used in the model is presented in

parameters used in the model is provided in Table 5.

Table 4, while the statistical analysis of the test

Table 4. Statistical analysis of the training parameters used in the model

Cement Cement Spread Water Porosity  Density ~ Compressive
strength amount absorption strength
(MPa) € (cm) (%) (%) (g/em’) (MPa)

Average 47,50 405,00 16,72 7,70 15,20 2,17 49,38
Standard error 1,39 8,75 0,19 0,16 0,31 0,00 1,53
Median 47,50 405,00 16,60 7,67 15,21 2,17 49,95
Standard deviation 5,19 32,72 0,72 0,60 1,18 0,01 5,73
Sample variance 26,92 1070,91 0,52 0,35 1,38 0,00 32,87
Kurtosis -2,36 -1,48 0,24 -0,76 -1,62 -0,63 -0,75
Skewness 0,00 0,00 0,88 0,45 0,09 -0,08 -0,35
Range 10,00 90,00 2,41 1,87 3,37 0,04 17,95
Minimum 42,50 360,00 15,80 6,95 13,62 2,15 39,20
Maximum 52,50 450,00 18,21 8,82 16,99 2,19 57,15
Confidence level (95,0%) 3,00 18,89 0,42 0,34 0,68 0,01 3,31

Table S. Statistical analysis of the test parameters used in the model

Cement Cement Spread Water Porosity  Density  Compressive
strength amount absorption strength
(MPa) (8 (cm) (%) (%) (g/em’) (MPa)

Average 47,50 405,00 16,58 7,61 15,33 2,17 49,81
Standard error 2,89 10,27 0,21 0,21 0,54 0,01 2,99
Median 47,50 405,00 16,55 7,57 15,41 2,17 4991
Standard deviation 5,77 20,54 0,41 0,42 1,09 0,02 5,97
Sample variance 33,33 421,88 0,17 0,18 1,19 0,00 35,66
Kurtosis -6,00 -3,30 1,28 0,56 -0,95 -3,90 -3,79
Skewness 0,00 0,00 0,36 0,57 -0,34 -0,37 -0,06
Range 10,00 45,00 1,00 1,01 2,53 0,03 12,84
Minimum 42,50 382,50 16,10 7,15 13,99 2,15 43,28
Maximum 52,50 427,50 17,10 8,16 16,52 2,18 56,12
Confidence level (95,0%) 9,19 32,68 0,65 0,68 1,73 0,02 9,50
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2.2. Methods

2.2.1. Production Method

In the Hobart mixer's bowl, water, binding
material (cement with bentonite admixture),
and CEN standard sand were sequentially
added, and the device was operated until the
mixture became homogeneous. Then, the
device was stopped, and the portion that was not
well mixed under the bowl and adhered to the
mixer blade was scraped into the bowl to ensure
homogeneity. The mixture was then operated
for a sufficient duration. After the mortar was
subjected to the spread test, hardened mortar
specimens were produced in 4x4x16 cm molds.
The specimens were removed from the molds
24 hours after production and placed in a curing
tank. After a curing period of 28 days, physical
tests (water absorption, porosity, and density)
and mechanical tests (compressive strength) of
the specimens were completed.

2.2.2. Multiple Regression

MR is used to predict or model a dependent
variable (output) using one or more independent
variables (input).

MR is expressed as a linear function, as
specified in Equation 1 [73]. (In the equation; Y
represents the dependent variable, A represents
the constant coefficient, B represents the
regression coefficients, X represents the
independent variables, and n represents the
number of inputs.)

Y=A4 + B1X1 + BZXZ + B3X3+. T Ban (1)

2.2.3. Particle Swarm Optimization

PSO is a metaheuristic optimization algorithm
used for the purpose of optimizing a problem,
based on the movement of birds flying in flocks.
In PSO, the position of each particle in the
swarm (Equation 2), the velocity of each
particle in the swarm (Equation 3), and the
velocities of all particles are updated based on
their fitness within the boundary values of
particles (Equation 4) (Equation 5). The
obtained velocity is then updated by adding it to
the previous particle position (Equation 6), and
in this way, an optimization algorithm is formed
[74]. (In the equations, the symbol X;4
represents the position, V;; represents the
velocity, W represents the inertia weight, and C;
and C, represent the scaling factors.)
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X1 X2 Xin
! A ! (2)
Xml Xm2 an
Vii. Viz Vg
! ! ! (3)
le sz an
(f(].) = f(X11'X12 .....Xln)> (4)
f(m) = f(Xm1,Xm2 - Xmn)
Vig =W xV;y + C; x rand * (pbest;y —
Xiq) + C, * rand * (gbest — X;4) Q)
Xia = Xia * Via (6)

2.2.4.
System
ANFIS is an artificial intelligence model
designed for solving prediction problems by
combining fuzzy logic and artificial neural
networks, enabling data-driven and optimized
inference.

Adaptive Neuro-Fuzzy Inference

The ANFIS model consists of five layers
(fuzzification rule normalization fuzzyfication
sum) and If-then rules are applied as in Equation
7 and Equation 8 [75-78]. (In the equations, the
symbols x and y represent input parameters, Aj,
A, By, and B; represent fuzzy sets, p1, p2, q1, q2,
ri, and 1, represent output parameters, and f
represents the output parameter of the ANFIS
model.)

Rule 1:if x is Ay and y is By, then f;

Pix T q1y + 11 (7N
Rule 2:if x is A, and y is By, then f, =
Pox t G2y t 172 3

2.2.5. The Wilcoxon Test

The Wilcoxon test is a statistical method used
to compare data when the normal distribution
assumption is not met or when the data does not
follow a normal distribution. To achieve this
objective, the absolute values are computed
using Equation (10), while the discrepancies
between quasi-observations are determined
based on Equation (9) [79]. T" represents the
sum of rows marked with plus signs, while T
represents the sum of rows marked with minus
signs (Equation 11) [80].
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Di = Xj—Yj )
|Di| = 1X; — Yjl (10)
T=Tt-T" (11)

The difference between the first half of the data,
Xi, and the second half, Yi, is represented by the
value Di, which serves as the test statistic for
Wilcoxon, defining the trend conditions,
indicated by Zw Zo/2 value in Equation (12)
(for two tails) [80]. The numerical mean is
denoted by uT, and the standard deviation is
denoted by uT, both assumed to be zero [81].
T'= T, indicating that the amount of difference
between trial outcomes, both good and bad, is
equal [80].

T_
ZW — UItT .
T or

(12)

3. RESULTS AND DISCUSSION

In the experimental results, out of the 18 values
obtained from the samples, four were set aside
for testing, and the remaining 14 were used for
training. In the study, first, an MR model was
created. Based on the results obtained from this
model, PSO and ANFIS main models were
designed.

Based on the available training data, an MR
model was constructed, and adjusted R? values
were examined at each stage (Table 6).
Consequently, effective and ineffective input
parameters were determined relative to MR.
While R? values may increase with each new
parameter, adjusted R? values can remain
constant or decrease. Parameters associated
with a constant or decreasing value can be
considered as having no effect. In this study,
based on this analysis, both MR, ANFIS, and
PSO models including all input parameters
were created, and models excluding parameters
based on adjusted R> values were also
constructed. In a single-input, single-output
model, the input parameter was chosen as
cement strength, and an adjusted R? value of
0.598 was found. Then, when the cement
quantity was added, it was observed that this
value increased to 0.983. However, with the
addition of the third parameter, due to the
decrease in the adjusted R? value to 0.982, it was
determined that the spread table value might not
be used in the model. The water absorption
value was introduced in the fourth step, and
because it raised the value to 0.989, it was
concluded that this parameter is significant.
Subsequently, the inclusion of porosity and
density in the following step was found to have
no effect on the results.

Table 6. The contributions of the parameters included in the model to R? and adjusted R?

Model Added R? adjusted
R2

Cement strength Cement strength 0.629 0.598
Cement strength + cement amount Cement amount 0.986 0.983
Cement strength + cement amount + spread Spread 0.986 0.982
Cement strength + cement amount + spread ~ Water absorption 0.993 0.989
+ water absorption

Cement strength + cement amount + spread Porosity 0.993 0.988
+ water absorption + porosity

Cement strength + cement amount + spread Density 0.993 0.987

+ water absorption + porosity + density

Due to the results of the adjusted R? values, it
was determined that cement strength, cement
quantity, and water absorption were more
important among the 6 input parameters.
Therefore, in both MR, PSO, and ANFIS,
models were created with both 6-parameters
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and 3-parameters. The formulas for the models
created with MR were determined as shown in
Equation 13 and Equation 14.
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BD = 0.714X, + 0.019X, — 0.126X; —
4.138X, — 0.273Xs + 26.127X, — 17.88 (13)

BD = 0.789X, + 0.034X, — 4.032X, +

training results come out close to perfection.
However, in the test results, it has been revealed
that most ANFIS models tend to memorize and
cannot generalize. In ANFIS models, having a
large number of subsets and parameters does
not necessarily imply a more accurate model. In
the study, it is important to identify the ideal

29.004 (14)
Table 7. The comparison of MR models
Model Training Error Test Error

R?2 (%) R? (%)

parameters and models divided into subsets. It
can be said that in the study, the model with 2-

0.84 0.9987 0.88
2.62  0.9931 2.36

3-parameter MR 0.9925
6-parameter MR 0.9881

4-3 subsets, using cement strength, cement
quantity, and water absorption parameters in

When examining the R? values and error values
in both models, it was observed that the 3-
parameter regression model yielded better
results (Table 7). As seen in this model as well,
instead of using all available parameters in the
model, conducting a preliminary evaluation to
identify effective parameters is crucial.

In the second part of the study, models created
with PSO were developed. In these models, a
six-input model was used, and a three-input
model was created based on the adjusted R?
value (Equation 15-16).

BD = 0.838X, + 0.059X, — 0.298X; —

3.11X, + 0.085X5 + 3.76 X, + 4.85 (15)
BD = 0.79X; + 0.033X, — 4.189X, +
29.294 (16)
Table 8. The comparison of PSO models
Model Training Error  Test  Error
R? (%) R? (%)
3-parameter PSO 0.9925 0.75 0.9987 0.78
6-parameter PSO 0.9925 0.84 0.9931 0.85

When Table 8 is examined, it is observed that
there is not a significant difference between
both the 3-parameter and 6-parameter PSO
models. Therefore, it is considered that both
models can be used. The proximity of the results
indicates that predictions can be made with
fewer parameters, which is important both in
terms of time and cost.

Finally, in the study, ANFIS models were
constructed by varying the cluster numbers of
input parameters, and these models are
summarized in Table 9. In addition to the 6-
parameter models for ANFIS, 3-parameter
models were also constructed (determined
based on adjusted R? values in MR). A common
characteristic of all ANFIS models is that the
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that order, is the most suitable among ANFIS
models.

Table 9. The comparison of ANFIS models

Number of Training  Error Test Error

clusters R? (%) R? (%)
2,33 1 0.0005 0.8213 3.7063
2,3,4 1 0.0002 0.5899 6.6289
2,35 1 0.0002 0.6729 14.9330
2,43 1 0.0002 0.9946 2.4057
2,44 1 0.0002 0.7800 5.0333
2,45 1 0.0001 0.7383 10.4069
2,53 1 0.0001 0.4493 9,7674
2,5,4 1 0.0001 0.1302 13,4016
2,5,5 1 0.0001 0.1847 25,0392
2,7,7 1 0.0001 0.1045 66.4502
2,3,4,3,3,3 1 0.0005 0.3019 15.3642
2,3,5,3,3,4 1 0.0005 0.3019 15.3642
2,4,3,3,3,5 1 0.0004 0.8279 15.1278
2,5,4,3,3,3 1 0.0005 0.1439 23.0605

In the study, the best results obtained in all
models were compared in Table 10 and Figure
1. When examining the results, it is observed
that the 3-parameter PSO model is better than
all other models, but it is also possible to
achieve very close results when the MR model
is used. The results of the ANFIS model also
approach the truth (Figure 1), but it is seen that
there is a significant deviation when the correct
ANFIS model cannot be established (Table 9).
In addition, Wilcoxon values were also
examined for the best results of each model in
Table 10. According to these values, all results
were found to be significant.



Table 10. The comparison of the best models

Model Training R>  Error (%) Zw Test Error Zw
R? ()
3-parameter MR 0.9925 0.84 -1.16 0.9987 0.88 -0.73
3-parameter PSO 0.9925 0.75 -0.09 0.9987 0.78 0.01
ANFIS (2,4,3) 1 0.0002 -1.44 0.9946 2.4057 -1.83
60 o
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Figure 1. Comparison of scatter plots of prediction models (a-3-parameter MR training b-3-parameter
MR test c-3-parameter PSO training d-3-parameter PSO test e-ANFIS (2-4-3) training f~ANFIS (2-4-3)

test)

4. CONCLUSION

In this study, three models, namely MR,
ANFIS, and PSO were employed to predict the
compressive strength of bentonite-substituted
cement mortar. The input parameters used in the
models were cement strength, cement quantity,
spread, water absorption, porosity, and density.
The results obtained from the models indicated
that both PSO and MR models could be used to
predict the outcomes. However, it can be stated
that cement strength, cement quantity, and
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water absorption parameters have a greater
influence on compressive strength compared to
other parameters. The results also demonstrated
that PSO provided the highest accuracy in
predicting the compressive strength of
bentonite-substituted cement mortar. The
developed PSO model can serve as a valuable
database to facilitate the design of cement
mortar mixtures.
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0z

Su, insan hayatinin vazgegilmezi olup yerlesim yerlerinde temiz suyun temini ve atik suyun uzaklastirilmasi
zorunlu ihtiyactir. Bu zorunlu ihtiya¢ gelisen teknoloji ile birlikte farkli yontemlerle karsilanmaktadir.
Arsimet pompalar da su temini ve atik suyun uzaklastiriimasinda kullanilan en eski akim makineleridir. Bu
calismada Klasik Arsimet Pompa’ya alternatif olarak gelistirilmis olan Dig Ceperli Arsimet pompanin
performansi ve kova doldurma performansi incelenmistir. Tasarim1 yapilan dis ¢eperli Arsimet pompanin
basma yiiksekligi 6 metre, basma acist 30° olacak gercek boyutlarmin 1/20 Slgegi referans alinarak
tasarlanmigtir. Tasarimin farkli basma agilarindaki performansini degerlendirmek igin 20°, 30°, 40° basma
acilarinda analizler ve deneyler yapilmistir. Hesaplama ile elde edilen kova hacimleri geometrik analiz ile
elde edilen hacimlerinden %15 daha biiyiiktiir. Ancak deneysel olarak elde edilen kova hacimleri hesaplama
ile elde edilen hacimlerin azami %37’sine karsilik gelmektedir. Bu durum dis c¢eperli Arsimet pompa
tasariminda memba tarafinin suya batma miktarinin kova doldurma oranini dogrudan etkiledigini
gostermektedir. Ayrica kova hacmi hesaplamalarinda CAD modeli {izerinden yapilan hacimsel analizler
Arsimet pompalarin kova hacimlerini daha net bir sekilde hesaplayabilmektedir.

Anahtar Kelimeler: Arsimet Pompa, Pompa Verimi, Hesaplamali Akiskanlar Dinamigi (HAD), Pompa
Performansi, Vidali Pompa.

INVESTIGATION OF THE BUCKET VOLUME PERFORMANCE OF THE
OUTER WALLED ARCHIMEDEAN PUMP ACCORDING TO THE
MOUNTING ANGLE

ABSTRACT

Water is indispensable for human life and supply of clean water and removal of waste water in settlements
is a compulsory need. This compulsory need is met by different methods with the developing technology.
Archimedes pumps are the oldest current machines used in water supply and waste water removal. In this
study, the performance and bucket filling performance of the outer wall Archimedes pump, which has been
developed as an alternative to the classical Archimedes pump, has been investigated. The design of the outer
wall Archimedes pump with a head of 6 m and a discharge angle of 30° is based on 1/20 scale of the actual
dimensions. In order to evaluate the performance of the design at different discharge angles, analyses and
experiments were performed at 20°, 30°, 40° discharge angles. The bucket volumes obtained by calculation
are 15% larger than the volumes obtained by geometrical analysis. However, the experimentally obtained
bucket volumes correspond to a maximum of 37% of the volumes obtained by calculation. This shows that
the amount of submergence of the upstream side in the outer wall Archimedes pump design directly affects
the bucket filling rate. In addition, volumetric analyses made on the CAD model in bucket volume
calculations can calculate the bucket volumes of Archimedes pumps more clearly.

Keywords: Archimedes Pump, Pump Efficiency, CFD (Computational Fluid Dynamics) Analysis, Pump
Performance, Screw Pump.

225


mailto:fatihuysal@subu.edu.tr
https://orcid.org/0000-0001-5883-9317
https://orcid.org/0009-0008-3303-3593

Uysal ve Akparalieva /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 8:2 (2024) 225-236

1. GIRIS

Arsimet pompalari, Arsimet tarafindan Antik
Yunan déneminde kesfedilen ve suyu yukariya
dogru tasimak i¢in kullanilan basit makineler
olup dairesel bir tiip i¢cinde donen bir vida veya
helisel pervane ile ¢alisan hacimsel pompalardir
[1]. Klasik arsimet pompa (KAP), bir silindir
iizerine sarilan helislerin yarim dairesel bir yuva
igersine yerlestirilerek iki ucundan
yataklanmasi ile olusturulur (Sekil 1). Ayrica
arsimet pompalar1 antik donemden giiniimiize
icmesuyu temininde, zirai sulama islerinde, atik
sularin yerlesim yerlerinden
uzaklagtirilmasinda, maden ocaklarin-dan su
tahliyesinde vb. islerde kullanilmistir ve
kullanimi devam etmektedir [2].  Arsimet
vidalar su pompalamanin haricinde taneli
katilarin  tasinmasinda [3], kara aracglan
tahrikinde [4], kan pompalamada [5] vb. islerde
de kullanilmaktadir.

Arsimet pompalarin tasariminda kullanilan
helis sayis1 ve montaj egim agisi, pompa

verimine dogrudan etkili olup optimize edilmesi
gereklidir [6]. Klasik Arsimet pompalarindaki
helezon ile yatak arasindaki zorunlu bosluktan
kaynaklanan hidrolik kayiplarin analizi ve
hesaplamasi zor bir problemdir [7-8]. Ayrica
pompanin giris ve c¢ikis kisimlarindaki su
seviyesi de verimi dogrudan etkilemektedir [9].
Giris su seviyesinin artisi verimi arttirirken
cikis seviyesinin minimumda olmasi gerekir
[10-11]. Giris suyu seviyesi kova hacmi
doldurma miktarin1 etkiledigi icin Arsimet
pompa verimimi de dogrudan etkilemektedir
[12]. Giris suyu seviyesi belli bir degeri asarsa
Arsimet pompa veriminin diismesine sebep
olmaktadir [13]. Arsimet vidali tiirbinlerde
devir artarken moment ve verim diismekte, debi
artarken moment azalmaktadir. Debi artigina
bagli olarak mekanik verim klasik pompalar ile
benzer sekilde debi arttikca artan ve belli
devirden sonraya azalmaya baslayan bir parabol
olusturmaktadir [14].

Giliniimiizde gelisen teknoloji ile birlikte
santriflij pompalarin kullanimi artsa da Arsimet
pompalarin pompa ve tiirbin olarak kullanimi az
distili yiiksek debili yerlerde yaygin sekilde
devam etmektedir. Ovalardaki yerlesimlerde
160 cm derinlikten insaatina baslanan
kanalizasyon hatlari1 6 m derinlige ulastig
zaman  Uretimleri  ekonomik  olmaktan
cikmaktadir. Bu durumda kurulan terfi
istasyonlari ile kanalizasyon suyu tekrar 160 cm
derinlige c¢ikartilarak kanalizasyon insaatina
devam edilmektedir. Bu terfi merkezlerinde
verimleri kismen diisiik olsa da atik su icindeki
yabanci cisimleri tagima kabiliyetleri ve suyu
havalandirma yeteneklerinden dolay1 Arsimet
Pompalar yaygin sekilde kullanilmaya devam
etmektedir. Atik su igerisindeki yabanci
cisimler yiiksek devirlerde ¢alisan eksenel ve
santrifij =~ pompalarin  millerine  sarilarak
arizalara sebep olmaktadir. Diigiik devirleri ve
genis gecis yollar ile dere lizerinde yiiksek
setler gerektirmeden kurulumu yapilabilen
Arsimet pompalar, balik gecislerine miisaade
eden cevreci Ozellikleri ile de on plana
¢tkmaktadir [15].

Montaj egim agisi, Arsimet pompalarin
verimine etki eden énemli bir parametredir. Bu
konuda  yapilan literatiir  arastirmalari,
arastirmacilarin Arsimet pompalarinin
verimlerini artirmak i¢in montaj egim agisin
optimize etme ihtiyacini vurgulamaktadir



Uysal ve Akparalieva /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 8:2 (2024) 225-236

[6,16]. Farkli montaj egim agilar1 igin
pompalarin verimlerini belirlemek amaciyla
yapilan deneysel c¢alismalar belirli bir montaj
egim acisinin, Arsimet pompalarm ve
tirbinlerin hidrolik verimini etkileyerek su
tasima kapasitesini ve enerji tiikketimini
degistirdigini gostermektedir [7-8,10,17-18].

Arsimet pompalarinda kullanilan gilinlimiiz
yataklama sistemleri maliyet, kullanim 6mrii ve
cevre acisindan sorun teskil etmektedir.
Pompanin yataklama sorunu viday: asagidan
yataklayan yapinin suyun ic¢inde kalmasidir.
Gres beslemeli kaymali yatak veya konik
makarali rulman kullanilan yataklar suyun
icinde caligmak zorunda oldugunda
sizdirmazligin uzun siire saglanama-masi
problem olusturmaktadir. Su zamanla yatagin
kaymasini saglayan yag filmini deforme eder ve
sirtiinmeleri arttirir. Bu da siirtiinmelerin
artmasina miiteakip tahrik motorunun zorla-
nmasina ve yatak sarmasi gibi problemlerin
olugmasia sebep olur. Bu durumlar bakim
maliyetlerini biiyiik 6l¢tide arttirir (Sekil 2).

-

Sekil 2. Arsimet pompanin yataklama
probleminden dolayi kirilan alt yatak flansi.

Bu caligmada, Arsimet pompalarindaki (veya
tirbinlerindeki) yataklama sorununa ¢6ziim
olarak vida ¢eperi distan kapatilarak c¢eper
disindan makarali yatakli bir Arsimet Pompa
tasarlanmistir. Tasarlanan sistemde hesaplanan
kova hacimlerinin doluluk oranlart ANSYS
FLUENT programi ile analiz edilmis ve
deneysel olarak incelenmis, tasarimin kova
hacmi kat1 model programi ile geometrik olarak
Olgiilmiis ve sonuglar karsilag-tirilmistir.
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2. MATERYAL ve METOD

2.1. Model Tasarimi

Arsimet pompalari, az diisii ve yiiksek debi i¢in
tasarlanan hacimsel pompalar oldugu igin
biiylik govdeye ve cok genis montaj alanina
sahiptir. Bu yiizden {retim siireclerinde
islenebilmeleri bliyiik tezgahlar
gerektirmektedir. Biiylik tezgahlardaki isleme
zorlugu ve toleranslardaki artistan dolay1
KAP’1in sabit silindirik govdesi ile helis
kanatlar1 arasindaki bosluklar artmakta ve
dolayist ile hidrolik verimi azalmaktadir.
Ayrica helis, vidanin sadece alt ve iist
taraflardan yataklanma zorunlulugu, su iginde
kalan  yatagin  isletme zorlugunu ve
maliyetlerini de arttirmaktadir. Alt yatagin asir
kirlilige maruz kalmamasi i¢in yatak kotunun
asagiya diigiiriilememesinden dolayr da memba
kotu da asagiya diisiiriilememektedir. Bu durum
ozellikle kanalizasyon terfi merkezlerinde
kullanilan KAP’lardan dolay1 su kotunun kanal
icinde belli bir seviyede birakilmasini zorunlu
hale getirmektedir. Bu durum kanalizasyon
hatlar1 icindeki teresubat birikimini
arttirmaktadir. ~ Yapilan  g¢aligmada  bu
olumsuzluklarin 6niine gegebilecek farkli bir
tasarim olan Dis Ceperli Arsimet Pompanin
(DAP) egime baglhh verimi ve kova hacmi
performansi (KHP)incelenmistir.

Bu sistemin avantajlarin1 su  sekilde
siralanabilir;
1. Yataklarda kullanilan yag suya

karismaz, ¢evreyi kirletmez

2. Yataklar suyun altinda ¢alismadigi igin
kullanim Omiirleri daha uzun ve
periyodik bakim maliyetleri daha
distiktiir.

3. Pompanin yataga monte ve demonte
islemi daha basittir.

4. Pompanin mil tasarimi daha sade
sekilde yapilabilmektedir. Pompa dis
ceperler tizerinden
yataklanabilmektedir.

5. Dis cgeperler ile helis arasinda bosluk
olugmadigi i¢in hidrolik verim artar.

6. Alt yatak su i¢inde kalmadigi igin
memba tarafindaki su seviyesi asagiya

diisiiriilerek  kanallardaki  teresubat
birikimini azaltila-bilir.

7. Pompada govde dis c¢eperi ile
sizdirmazlhik saglandigi igin sabit
gdvdeyi tastyacak biiyiik yapilara gerek
kalmaz.
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8. Dis c¢eper iizerinden yapilabilecek
tahrik sistemi ile rediiktér ihtiyact
ortadan kalkar.

Sekil 3. DAP ﬁzerlnki rip ve yatak.

DAP’in helisleri iizerine digs ¢eper sarilarak
DAP’mn goévdesi olusturulmustur. Bu govde
iizerine yataklama icin yatak yuvasina uygun
ripler yapilmistir (Sekil 3). Bu ripleri
yataklayacak 2 adet yatak, zemin iizerine
yerlestirilmistir. Bu sekilde olusturulan iki adet
rip dort yatak tarafindan yataklanarak DAP’1n
yataklama islemi gerceklestirilmistir. Ayrica
DAP’mn govdesi kapali oldugundan rediiktor
maliyetinden kacginmak iizere gdvdeye kayis
yuvalart agilmistir. DAP’1 tahrik edecek olan
elektrik motoru iizerinde tasarlanan kasnak ile
govde arasindaki kasnak arasinda 1/10 tahrik
orani  olusturarak  kayig-kasnak  sistemi
tasarlanmistir (Sekil 4).

Sekil 4. DAP modeli.
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Arsimet pompasinin deneyleri montaj egim
acisina bagli oldugu icin prototip iretim
asamasinda egim agisin1 ayarlamak 6nemli bir
kriterdir. Fakli montaj agilarini ayarlamak iizere
farkli yiiksekliklerde ve acilarda sag ayaklar
kesilerek biikiilmiistiir  (Sekil 5). Deney
asamasinda egim agisina gore biikiim parcalari
degistirilerek, montajda DAP’a gerekli egim
verilmistir (Sekil 6).

Sekil 5. Pompa yataklama sistemi ag:l biikiimlii
saclar.

MONTAJ EGIM ACISI 30°

MONTAJ EGIM AciSI 40°
Sekil 6. Pompa montaj egim acilari.

2.2. Helis (Kanat) Tasarimi

Helis tasarimi, pompalarin su veya siviy1 tasima
etkinligi lizerinde dogrudan etkilidir. Arsimet
pompasinin tasarim kriterlerini belirlemek i¢in
farkl1 helis acilarn ve kanat sayilann ile
hesaplamalar yapilarak verim tizerindeki etkiler
incelenmektedir. Cizelge 1, MATLAB
analizlerine dayanan 1'den 25'e kadar helisli
KAP’lar i¢in optimum hatve-yaricap oranlarini
ve buna kargilik gelen devir basina optimum
hacim ve hacim oranlarimi géstermektedir [19].
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Cizelge 1. Farkli kanat sayisina gore Arsimet
vidasinin optimum oran parametreleri [19].
Optimum

Kanat Optimum Optimum
adim .
sayis1 yarigap oram hacim oram
N* orani: p* A* v(N,p*,h¥)
1 0.5358 0.1285 0.2811
2 0.5369 0.1863 0.2747
3 0.5357 0.2217 0.2697
4 0.5353 0.2456 0.2667
5 0.5352 0.263 0.2647
6 0.5353 0.2763 0.2631
7 0.5354 0.2869 0.2619
8 0.5354 0.2957 0.2609
9 0.5356 0.3029 0.2601
10 0.5356 0.3092 0.2592
11 0.5358 0.3145 0.2586
12 0.536 0.3193 0.258
13 0.536 0.3234 0.2574
14 0.536 0.327 0.2571
15 0.5364 0.3303 0.2567
16 0.5362 0.3333 0.2562
17 0.5362 0.3364 0.2556
18 0.5368 0.338 0.2559
19 0.5364 0.3404 0.2555
20 0.5365 0.3426 0.2551
21 0.537 0.344 0.2553
22 0.5365 0.3465 0.2544
23 0.5369 0.3481 0.2543
24 0.5367 0.35 0.2538
25 0.5371 0.3507 0.2542
o0 0.5394 0.3953 0.2471

Cizelge 1’in son satirinda ise kanat sayisinin
sonsuza yaklastikca bu degerlerin de limit
degerine yaklastig1 gosterilmektedir. Bu sekilde
kanat sayis1 (N) arttikga hacmin devire orani
monoton bir sekilde arttigindan, bir devirde
kaldirilabilecek su miktart igin bir st smir
saglanmaktadir [19].

Cizelge 1’de ayrica N degeri birden sonsuza
dogru arttikga optimum hacim oran1 ( v(N,
p*,A*) )nin 0.2811'den 0,2471'e dustigi
goriilmektedir. Boylece, kanat sayis1 arttikca su
hacmi azalmaktadir. Sekil 7°de 1, 2, 3 veya 4
kanatli vidanin bir kova hacmin kesit
goriiniimiinii gostermektedir. Bu sekilde, 1
veya 2 kanath vida kesiti i¢in su hacmi tek
hacim olarak goriinmektedir. Ancak 3 veya 4
kanatli bir vida i¢in iki hacme boliinmektedir.
Su hacmi tek oldugunda, vida tamamen su
gecirmez bir dis silindire sahiptir ve vidanin
iistiinden altina kadar net bir hava gegisi vardir.
Bununla birlikte, su hacmi i¢ silindir tarafindan
ikiye boliindiigiinde, su kovalar1 kanallar
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kapatir ve bdylece herhangi bir oluktaki kovalar
arasindaki bosluklarda hava kalmamakta-dir.
Bu da pompa verimini etkilemektedir [20].

o
¢

Sekil 7. 1, 2, 3 ve 4 kanatli vidanin bir kova hacmin
kesiti. (Mavi alan suyun yatay yilizeyidir. Yesil alan
kova hacminin kanat ile temas noktasini
gostermektedir) [19].

Arsimet pompalarm su tasima kapasitesini
belirleyen temel unsur kova hacmidir. Kova
hac-minin  hesaplanabilmesi  i¢in  baz1
parametrelerin 6nceden belirlenmesi gerekir.
Di1s parametreler adin1 verdigimiz bu kistaslar,
montaj yeri, basma yiiksekligi ve debi g6z

oniine almarak o6nceden belirlenmelidir.
Arsimet vidasinin dig parametre-leri  su
sekildedir:

R 4 = vidanin dis silindirinin yarigap1 (m)
L = toplam vida uzunlugu (m)
K = vidanin egimi (boyutsuz)

Dis parametreler genellikle pompanin kullanila-
cagl yere gore tasarim Oncesi belirlenir. Bu
caligmada dis parametreler su pompasinin 6
metrelik basma yiiksekligine gore se¢ilmistir.
Dis parametrelere ek olarak, vidanin
geometrisini tamamen belirtmek icin asagidaki
i¢ parametrelere de ihtiyag vardir;

R ; = vidanin ig¢ silindirinin yarigap1 (m) (6 <
Ri <R,)

A = bir kanat aralig1 (veya adimi1) (m) (6 <A <
2Ry

)
K
N = kanat sayisi (adet), N=1,2,... o

Cizelge 1’de kanat sayisina gore optimum
yarigap orani (p ) belirlenebilir. Bundan sonra
dis vyaricap imalat sartlar1 ve mevcut
uygulamalara gore belirlendikten sonra ig
yaricap asagidaki formiile gore belirlenebilir
[19].
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Rj
P=r 6]
Benzer sekilde Cizelge 1°de 3 kanat sayisina
gore optimum adim orani 0.2217°dir. Buna gore
kanat aralig1 bulunabilir. Bunun i¢in 6ncelikle
montaj egiminin belirlenmesi gerekir:

K =tan#f 2)

Daha sonra asagidaki formiile gore adim
uzunlugu (A ) belirlenir. Bunu i¢in oncelikle
Cizelge 1’den optimum adim oranmin ( A4)
belirlenmesi gerekir.

A==2 (0<A<1)

" 2mRy

3)

2.3. Hidrolik Model

Arsimet pompanin kova hacmini optimize
etmek i¢in vidanin bir devirdeki kova hacminin
(V) vidanin bir devirde toplam hacmine (TR3 A
) orani olarak, (v) boyutsuz bir parametrenin
tanmimlanmasi ile baglanir. Pompanin debisini
hesaplayabilmek i¢in ilk ©nce iki kanat
arasindaki olusan kova hacmini bulmamiz
gerekmektedir. Kova hacmi pompa egim
acisina bagh olarak degismektedir, ayni
zamanda kanat sayisina ve vida adimina da
baghdir. Asagidaki Denklem (4) ve Denklem
(5)’e gore Cizelge 1 verilerini kullanarak 3
kanatli Arsimet Pompa i¢in Vi hesaplanabilir
[19]:

__Vr
v= TRZA (4)
2m2R3
VT = (%) )].U(N, p' A) (5)

Pompanin bir devirde siiplirdiigii kova hacmini
Vr hesaplandiktan sonra, Arsimet pompanin
maksimum debi degeri (Q) asagidaki formiille
hesaplanir [19]:

0=Vr— (6)

Pompanin hidrolik giicii (P, ) sivi yogunluguna
(p), yergekimi ivmesine (g), debiye (Q) ve
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basma yiiksekligine (H) bagl olarak su sekilde
hesaplanir:

Py = pgQH ©
Motorun ¢ektigi akim (I ) ve gerilim ( V)
degerleri Olgiilerek pompaya verilen giic
hesaplanabilir. Bu durumda elektrik motorunun
verimi ihmal edilmis olacaktir.

P, =VI ®

Sonug olarak motor ve pompanin toplam verimi
su (n;) sekilde hesaplanabilir:

_Pn
=

Nt )

2.4. Malzeme Secimi ve Prototip Uretimi
Arsimet pompa Uretimi helisin agili yapisindan
dolay1 zor bir iretimdir. Ayrica helis vida
iizerinin ilave bir boru ile kapatilmasi iiretimi
daha da zorlagtirmaktadir. Normal boyutlarinda
tiretilecek bir Arsimet pompanin yataklar
arasindaki eksen kacikliklarinin azaltilarak
pompanin kullanilabilir seviyeye getirilmesi ise
biiyiik talash imalat makinalart
gerektirmektedir. Bu calismada tasarlanan
Arsimet pompa 1/20 dlgeginde prototip olarak
¢ boyutlu yazicida iretilmistir. Prototip
modellerin li¢ boyutlu yazicida iiretilmesi, hizli
prototipleme siirecinde sik¢a kullanilan bir
yontemdir [21].  Uretim malzemesi suya
dayanikli olmasi  bakimindan polietilen
tereftalat glikol (PET-G) olarak secilmistir.
PET-G, polietilen tereftalatin gelistirilmis bir
versiyonudur ve cesitli endiistriyel
uygulamalarda yaygin olarak kullani-lan bir
plastik malzemedir. Malzeme 0Ozellikleri
Cizelge 1°de gosterilmistir.

Cizelge 2. PET-G malzemesinin mekanik

ozellikleri.
Ozelllik Birim Deger
Young Modiilii GPa 2,95
Yogunluk kg/m3 1375
Poissons’s Orani MPa 0,33
Cekme Gerilimi - 53
Bask1 Gerilimi MPa 55
Akma Dayanimi MPa 47,9
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Arsimet pompanin tahriki ig¢in 12 Vpc, 100 W
150 d/d motor kullanilmistir. Sisteme gii¢ 12
Vpc 60 Ah akii ile saglanmistir. Motor hizini
kontrol eden DC siiriicii, motor tarafi 12 Vpc ile
calisirken kontrol kart1 kisminda enerjinin DC-
DC regiilator ile 7 volta diisiiriilmiis enerji ile
caligmaktadir. Motor stiriiclisiine
potansiyometre iizerinden verilen analog deger
ile motorun hiz1 kontrol edilmektedir. Hiz
sensorii ile motorun dakikada yaptigi devir
sayis1 Olciilebilmektedir. Olgiilen tur sayisi
LCD ekran tizerinden kullanictya yansitilmigtir
(Sekil 8). Pompanin alt ve {ist tarafina havuzlar
yerlestirilerek su giris ¢ikis1 kontrollii sekilde
saglanmistir (Sekil 9).

® =~

16x2

ARDUINO LCD

v DC-DC
PiL REGULATOR

|

MOTOR

POTANSIYOMETRE SURTCT

Sekil 9. Arsimet pompasi deney diizenegi.

2.5. Hesaplamah Akiskanlar Dinamigi
Analizleri

HAD analizleri, bilgisayar tabanli simiilasyon
yazilimlar1 araciligryla gerceklestirilmistir ve
bu yontemle pompanin iginden gegen suyun
akis miktar1, basing dagilimini ve diger hidrolik
parametreleri analiz edebilir. Bu analizler,
kompleks akigkan dinamiklerini ve
etkilesimlerini  simiille ederek pompanin
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performansinin daha iyi anlasilmasina yardime1
olur. Arsimet pompasinin geometri modeli bir
kati model programinda ¢izilmis (Sekil 10) ve
HAD analizi i¢in bu geometri modeli, HAD
yazilimmna  yiikklenmistir. HAD  yazalim
programi olarak ANSYS Fluent secilmistir.
Pompanin HAD analizi 3 farkli egim agisina
gore yapilmistir (20°, 30 © ve 40 °).

Sekil 10. DAP’1n geometri modeli.

Mesh islemi i¢in 0.0675 m'lik bir tetrahedral
eleman boyutuna sahip ag kullanilmistir ve
sonu¢ olarak Sekil 11°de gorildigi gibi,
507788 elemandan ve 101044 diigiimden
olusan bir ag elde edilmistir.

Sekil 11. Mesh islemin kesit goriintiisii.

Mesh hesaplama siiresi ile sonuglarin dogrulugu
arasindaki iliskiyi optimize etmek amaciyla
mesh yapist bu sekilde olusturulmustur. Cok
fazla eleman iceren olduk¢a detayli bir mesh
olusturulmus olsaydi, hesaplama siiresi 6nemli
dlgiide artacaktr. U¢ milyon elemana kadar olan
meshler denenmis olsa da simiilasyonun
hesaplanmasi ¢ok uzun siirmiistiir. Bu nedenle,
farkl1 aglarla yapilan birkag testten sonra,
yaklasik yarim milyon elemandan olusan bir
meshin yeterli olduguna karar verilmistir.

Yapilan c¢aligmada belirsizlik analizi Akilc
Yaklasima gore yapilarak elde edilen sonuglar
cizelgel 3’te verilmistir. Belirsizlik analizinde
elde edilen sonuglar verilerin tutarli sekilde
degerlendi-rilebilecegini gostermektedir.



Uysal ve Akparalieva /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 8:2 (2024) 225-236

Cizelge 3. Belirsizlikler

Parametre Belirsizlik, £
Yiikseklik, m 0,001

I¢ cap- Dis gap, m 0,001
Kova hacmi, 1 0,001
Gerilim , V 0,05
Akim , A 0,05
Kova hacmi, 1 0,0005
Hiz(devir) , d/d 0,5
Parametre Toplam belirsizlik, %
Su giicii, W 043
Elektriksel giig, W 0,98

3. BULGULAR ve DEGERLENDIRMELER
DAP tasarimi i¢in kullanimda olan bir KAP’1in
Olciileri referans alinmistir. Buna gore dis
parametreler R 4= 1 m ve basma yiiksekligini =
6m ve egim agis1 8=30”de verecek sekilde olan
vida boyu L =12 m olarak belirlenmistir.
Referans alman KAP’in helis sayist N=3
oldugundan bu c¢alismada da aym sekilde
kullanilmistir. Cizelge 1’e gore 3 helis igin
p=0,5357 olarak alinmistir. Denklem (1)’e gore
Ri = 0,5357 m olmas1 gerekir. Ancak 06l¢ii ve
iiretim kolaylig1 agisindan p= 0,5 alinarak Ri =
0,5 m hesaplanmistir. Biiyiikk boyutlarda bir
DAP’1n iiretim ve testi biiyiilk mekan, hidrolik
ve giic sistemleri gerektirmektedir.
Deneylerimizi ve Olglimlerimizi laboratuvar
ortaminda yapmak i¢in tasarlanan DAP’1n 1/20
Olgekli bir modeli iiretilmistir. Hesaplarin 1/1
Olgek iizerinden yapilmasi ile 1/20 6lgekli bir
model iizerinden yapilmasi arasinda bir fark
bulunmadig1 i¢in bundan sonraki yapilan
hesaplamalar model iizerinden Denklem (1)-
(5)’e gore yapilarak sonuglari Cizelge 4°de
verilmistir.

Cizelge 4. DAP i¢in secilen ve hesaplanan

degerler.
0 20° 30° 40°
R 4 (cm) 10 10 10
L (cm) 60 60 60
K 0,364 0,577 0,839
A (cm) 20 12 8,3
N 3 3 3
p 0,5 0,5 0,5
A 0,2217 0,2217 0,2217
v 0,2697 0,2697 0,2697
Vr 0,405 0,255 0,176

Vg 0,135 0,085 0,0586

Simiilasyon sonuglari, pompadan gecen suyun
debisini gosterir. Bu, pompanin ne kadar suyu
tasiyabildigini ve verimini belirlemek icin
onemli bir parametredir. Bu veriler ve sonuglar,
Arsimet pompa tasarimi ve performansinin
degerlendirilmesi i¢in onemlidir.
Simiilasyonlar, farkli tasarim segeneklerinin
karsilastirilmasi,  optimum  parametrelerin
belirlenmesi ve pompanin performansinin
iyilestirilmesi igin kullanilabilir. Bu ¢alismada
kova hacimlerinin hesaplanan degerleri ile
iretim degerlerinin karsilastirilmasi igin bir
CAD  programinda  Geometrik  Analiz
yapilmustir.

DAP’1n egime gore monta edilmesi durumunda
kova hacimlerinin katt modellerinde karsimiza
tic 6nemli yiizey ¢ikmaktadir. Bunlar hava ile
temas eden yiizey (kirmizi renkli), list helis ile
temas eden ylizey (gri renkli) ve i¢ silindir
yiizeyi ile temas eden yiizeylerdir (yesil renkli)
(Sekil 12). Dis silindir ve alt helis ylizeyleri,
diger ylizeylere gore sekil alan ve kova
hacminin olusmasi i¢in gereken yiizeylerdir.
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Montaj ag¢isinin 0° olmasi durumunda azami
kova hacmi elde edilmekte olup helisin sag ve
sol taraflarinda hava ile aymi kotta yiizeyler
olusturmaktadir (Sekil 12-a). Suyun yukariya
dogru en kisa mesafeden taginmasi ve DAP
boyunun asgari olmasi i¢in miimkiin olan en
yiiksek egitimin kullanilmasi gereklidir. Montaj
egimi arttikca sol taraftaki serbest yiizeyin alani
belirgin bir sekilde artarken sag tarafta azalma
meydana gelmektedir (Sekil 12-b). Bu durum
montaj egimi arttik¢a kova hacminin azaldigini
acikca gostermektedir. Montaj egimi artarak
30”ye ¢iktikca sag ve sol tarafin serbest
yiizeyleri birlesmekte ve i¢ ¢ap ile olan temas
azalmaktadir (Sekil 12-c). Montaj agis1 40°’ye
ulagtiginda kova hacminin, i¢ ¢ap ile irtibati
kalmayacak derece kiiglilmiis durumdadir
(Sekil 12-d). Bu durum montaj egim agist
arttikca DAP tasariminda hatvenin azaltilmasi
ve/veya kanat sayisinin arttirilmast gerektigini
ortaya koymaktadir. Bdylece bir helisteki kova
hacmi azalirken bir devirde siipiiriilen kova
hacminin azalmasinin 6niine gegilebilir.

Bir devirde siipiiriilen kova hacmi (V1) metot
kisminda belirtilen yontemle hesaplanmustir.
Hesaplanan degerlerin dogrulugunu
kargilastirmak i¢in Oncelikle tasarim tizerinde
yapilan ¢alisma ile her montaj agis1 i¢in olusan
kova hacminin hacimsel modeli elde edilmig

2
&
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Sekil 12. Kati model iizerinden olusturulan kova hacimleri; a: 0° pompa egimi i¢in, b: 20° pompa egimi i¢in, c:
30° pompa egimi i¢in, d: 40° pompa egimi igin.

(Sekil 12) ve elde edilen modelin hacmi tasarim
programinda hesaplanmistir. Daha sonra modeli
iiretile DAP her montaj agis1 igin ayri ayri
monte edilerek manuel olarak c¢aligtiriimisg,
toplam 10 devirde elde edilen su hacmi
Ol¢lilmiis ve buradan bir turdaki toplam kova
hacmi deneysel olarak bulunmustur. Vt’nin
deneysel olarak belirlenmesi esnasinda memba
tarafindaki su kotu sabit tutulmustur. Bu
sonuclar  kiyaslandiginda DAP  modeli
iizerinden alinan hacimlerden elde edilen Vr
degerinin hesaplama ile elde edilen VT’den

%15 civarinda daha  disiik  oldugu
gorliilmektedir  (Sekil 13). Bu durum
hesaplamanin  referans alindigi  kaynakta

kullanilan hacim hesaplama yoOnteminden
(simpson kural1) kaynaklanir. Bu yontem belli
hacmi belli sayida kiiplere boldiigii ve ortalama
kiip hacmi iizerinden hareket ettigi igin
sonuclarda hatalar ortaya ¢ikmaktadir. Ayrica
hesaplama yonteminde helis cidar
kalinliklarinin ~ hesaplanmamasi da hatay:
arttirmaktadir.

Arsimet pompalarin performansimi belirleyen
temel parametrelerden birisi bir devirdeki kova
hacmidir (V). Bu kova hacmi baslangigta
hesaplanarak bir geometri ortaya ¢ikartilabilir.
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Sekil 13. Bir devirdeki kova hacmi.

Ancak ortaya ¢ikartilan geometrinin g¢aligma
sartlart ile uyumlu olabilmesi tasarimin
basarisin1  gostermektedir. Bu yiizden Vi g
farkli sekilde degerlendirilmistir. Geometrik
analiz ile elde edilen hacimler hesaplama ile
elde edilen hacimlerin  %85’ine  denk
gelmektedir. Bu durum hesaplama
yontemindeki hatanin miktarin1 géstermektedir.
Ciinkii geometrik analiz sonuglar1 hesaplama
yontemine gore daha net sonuglardir. Hacimsel
Ol¢lim sonuglari ise 20°, 30° ve 40°°de sirasiyla
hesaplamanin %29, %33 ve %37’sine denk
gelmektedir. Deney sonuglart da hacimsel
Olciim sonuglarina benzer sekilde hesaplanan

hacimlerin %2"8, %31 ve %35’ine denk
gelmektedir. Olgiim sonuglar1 ile deney
sonuclarinin  birbirine yakin olmasi ve

hesaplanan hacmin 1/3’line denk gelmesi giris
su hacmi seviyesinin diisiik kalmasindan
kaynaklanmak-tadir. Lyons vd.’nin elde ettigi
sonuglar ile bu c¢alismanin  sonuglar
ortismektedir [22]. DAP yataklar1 giris su
hacminin seviyesinin yiikseltilmesini
kisitlamaktadir. Bu durumda kova hacimleri
giriste dolmadigi igin yeterli seviyeye
ulasamamaktadir. Bunun ig¢in DAP’in giris
seviyesinin yiikseltilmesi gerekir. Bu durumda
da basma yiiksekligi azalacaktir. Dikkat ¢eken
bagka bir konu ise montaj egim agis1 arttik¢a
kovanin dolma oraninin artmasidir. Buna gore
yiksek  egimlerde  Arsimet Pompalarin
kovalarinin dolmasi giristeki su seviyesi az olsa
bile artmaktadir. Yani giris su seviyesinin diigiik
oldugu yerlerde montaj egim acis1 yiiksek
tutularak tasarim yapilabilir. Ancak bu durumda
Arsimet pompalarin  devrinin  artirilmast
gerekir. Ancak Arsimet pompalarin devirlerinin
kisith oldugu gozden kagirilmamalidir [2,6,13].
Pompanin donme hizi devir 6l¢ii sensorii ile
okunmustur. Devir 6l¢ii sensorii, bir sistemdeki
donme hareketini algilayan ve bu hareketin
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hizin1 veya frekansii lgen bir sensor olarak
tasarlanmistir. Pompanin dénme hizini istenilen
devirde dondiirerek sabit deney sonuclari elde
edilmistir. Deneyler nominal ¢alisma devrine
yakin bir devir olan 70 d/d’da yapilmistir.
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Sekil 14. Montaj agisina bagli olarak su giiciiniin
degisimi.

Deneylerde, model DAP’in montaj agist 20°,
30° ve 40°’ye ayarlandik¢a basma yiiksekligi de
0,20, 0,3 ve 0,386 m olmustur. Debi degerleri
egim arttikca %30-44 oraninda azalmasina
ragmen basma yiiksekligindeki %46-88 ‘lik
artiglar su giliciinde 6nemli bir degisiklige sebep
olmamistir. Analizde ise egim agis1 arttikca su
giiciinde %11 civarinda bir artis olmustur (Sekil
14). Bu durum DAP modelinin 3D yazici ile
imalati  esnasinda ortaya g¢ikan ylizey
pliriizliliigiiniin fazlaligindan (kanatlarin yiizey
plriizliligi 350um’den biiyiiktiir)
kaynaklanmaktadir. Helislerin tiretimi
esnasinda ortaya ¢ikan desteklerden ve egimli
imalattan dolay1 yiizeylerde gozle goriilebilir
derin izler igeren yiizey piriizliiliikleri
gozlemlenmistir. Yiizey pirizliligi su ile
ylizeyler arasindaki adhezyon kuvvetlerini
arttirdig1 i¢in deneysel verim ile analiz verimi
arasindaki fark da artmigtir.

Bir devirde siipiirillen su hacminin montaj
acisina gore degisimi incelendiginde 20° ‘de
deneysel deger ile simiilasyon degeri arasinda
%8’lik bir fark oldugu goriilmektedir. 30° ‘de
bu fark %16 seviyesine ¢ikarken 40° ‘de %13
seviyesine gerilemektedir ( Sekil 15 ). Bir
devirde siipiiriilen su hacminin montaj agist
arttikca azalmasi, DAP tasarimlarinda montaj
acist arttik¢a adim sayisinin da azaltilmasi veya
helis sayisinin arttirilmasi gerektigini ortaya
koymaktadir. Tasarimda artan ve optimize
edilmesi gereken parametre sayisi DAP
tasariminda sadece matematiksel modellerle
yapilan tasarimlarin istenilen performansi
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ortaya koymakta zorlanacagini gostermektedir.
Bu yiizden CAD modelleri iizerinden
Geometrik Analiz yapmak da uygulama dncesi
tasarimcilara yardimci olacaktir.
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Sekil 15. Bir devirde siipiiriilen su hacminin (Vr)
montaj agisina gore degisimi.
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Sekil 16. Montaj agisina gore verim degisimi.

Verim egrisi klasik bir santrifiij pompanin
verimi ile benzerlik gostermektedir. Montaj
ac1s1 20° iken deneysel verim analize gore %2,4
diisitkken, montaj acist1 30° ‘de en yiiksek
degerine ulasip montaj agis1 ylikseldiginde
tekrar %3 civarinda [15,17] diismektedir (Sekil
16). DAP’da diisiik montaj acisinda biiyik V;
degerinde daha az diisii varken montaj agisi
yiikseldik¢e daha diigilk Vy ve daha yiiksek
diisiide c¢aligmasina ragmen verim degerinde
cok biiyiik degisimler olmamaktadir. Bu durum
Arsimet  pompalarin  hacimsel olarak
caligmasindan ve DAP’in KAP’a gore sizinti
kaybi olusturmamasindan kaynaklanmaktadir.

4. SONUC VE ONERILER

Bu calismada KAP’larin bir alternatifi olarak
DAP gelistirilmis, kova hacmi doldurma
performanst ve pompa performansi montaj
acisna gore degerlendirilmistir.  Arsimet
pompalariin montaj acilar1 azaldikca memba
tarafinin suya batma yiiksekliginin artmasi
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gerekir. Bu da Arsimet pompalarmin montaj
acilar1 azaldik¢a boyunun daha uzun olmasini
gerektirmekte ve dolayisi ile maliyetleri de
artmaktadir. Tam tersi bir durum da su sekilde
ortaya ¢ikmaktadir; Arsimet pompalarin montaj
acgilart azaldik¢a kova hacimleri artmaktadir.
Dolayisi ile daha uzun adimlarda daha az helis
ile Arsimet pompalar iiretilmektedir. Montaj
acisi arttikga kova hacmi kiigiildiigii i¢in helis
adimlarinin azaltilmasi ve/veya helis sayisinin
arttirilmas1  gerekmektedir. Bu  durumlar
Arsimet pompa tasariminda optimizasyonu ve
dolayisi ile analizi zorunlu hale getirmektedir.
HAD analizleri ile DAP’larin performanslari
%1’e diisen hata ile hesaplanabilmektedir.
Geometrik Analiz ile Arsimet pompalarin kova
hacimleri %100 dogrulukta
hesaplanabilmektedir. Bu durum Argimet
Pompalarin tasarimin CAD programlart ile
optimize edilebilecegini gdstermektedir.

Gelecek caligmalarda DAP’larin  galisma
devrine ve montaj agisina bagl debi degisimleri
incele-nerek kova doldurma performansini ve

dolayist ile debisini arttirici  tasarimsal
yenilikler gelistirilecek-tir.
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ABSTRACT

This research aims to identify the concepts that elementary school students struggle to understand in
their science classes and to overcome these difficulties by utilizing a design thinking model. Specifically,
the impact of instructional methods based on the use of 3D models on students' academic achievements
has been examined. The study adopted a mixed method approach. The sample of the research consists
of 3 grade (N=31) and 4" grade (N=29) students attending an elementary school in Trabzon. This study
used a mixed-method research design. Before using the final 3D models in the lessons, a "Concept
Achievement Test" consisting of 10 questions each was administered as a pre-test to the students. One
week after the pre-tests were administered, lessons were given using the final 3D models developed by
the researchers. These models were used interactively with the students in the classroom environment
for two class hours. Three days after this interactive lesson process using the models, post-tests were
administered to evaluate the learning levels of the students. Comparison of the pre-test and post-test
results revealed a statistically significant improvement in favor of the post-test for both 3rd grade (t(sa=-
5.005; p<.05) and 4th grade (tsq=-2.813; p<.05) students. In analyzing the data, a dependent samples t-
test was used on the students' test results. In addition, in the qualitative dimension of the study, semi-
structured interviews with students and teachers and classroom observations were also conducted. The
results of the research demonstrate that the design thinking approach and three-dimensional models
enhance understanding and comprehension levels in elementary school science classes. These findings
can serve as an important resource for educators and policymakers in developing teaching methods that
support active learning processes and encourage conceptual understanding.

Keywords: Science Education, 3D Model, Teaching Material, Primary School Students.

1. INTRODUCTION overcrowded  classrooms  and  learner
The challenges in primary school science indiscipline [3]. Despite reported increases in
education are multifaceted, encompassing primary teachers' knowledge of science and
various aspects that affect both teachers and confidence in teaching, difficulties remain,
students. Primary  teachers'  attitudes, particularly in the area of physical science and
competence and self-efficacy towards science uncertainty about higher-level scientific ideas
teaching are critical for effective science [4].

teaching [1]. Limited science pedagogical

content knowledge among primary school Furthermore, primary school teachers' self-
teachers can lead to heavy reliance on activities efficacy in teaching science is of great
that may not effectively support scientific importance and can significantly impact
conceptual awareness or learning [2]. Addition, students' interest and success in science-related
challenges affecting learner performance in subjects at higher education levels [5-7]. The
science include the medium of instruction, lack influence of higher-order thinking and
of adequate teaching and learning resources, metacognitive skills on hands-on teaching in
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science among primary school teachers is also a
critical aspect to consider [8]. Moreover, the
hesitance of primary school teachers to teach
science can be discouraging and may contribute
to gaps in science education in the foundation
phase [9]. Implementing innovative
approaches, such as using multimedia boards
for visualization and conducting pedagogical
discussions, can enhance science teaching in
primary schools [10]. Additionally, exploring
the feasibility of implementing experimental
inquiry approaches in primary schools is crucial
for promoting effective science teaching and
learning  [11].  Addressing  challenges
encountered in the teaching and learning of
natural sciences in rural schools is also essential
for ensuring equitable access to quality science
education [12]. Overcoming challenges in
primary  science teaching requires a
comprehensive approach that takes into account
teacher attitudes, competencies and self-
efficacy, as well as available resources and
innovative teaching approaches [13]. By
addressing these challenges, it is possible to
improve the quality of science education at the
primary school level, thereby laying a strong
foundation for students' future academic and
professional success. Based on the provided
references, the concept of "Student-Centered
Design-Focused Learning" can be
comprehensively understood through the
integration of design thinking principles and
student-centered learning approaches [14].

Lee and Hannafin [14], present a design
framework that enhances engagement in
student-centered learning by emphasizing
ownership, active learning, and knowledge
sharing. This framework aligns with the
principles of student-centered design-focused
learning, as it promotes students' active
involvement in their learning process and
encourages them to take ownership of their
educational journey. Moreover, Morel [15]
discusses the combination of constructivist,
constructionist, and self-determination theories
to  address  student-centered  learning,
highlighting the importance of contextualizing
the learning experience. This approach
resonates with the idea of student-centered
design-focused learning, as it emphasizes the
need to tailor the learning experience to the
individual needs and interests of students,
thereby fostering a more personalized and
engaging educational environment.
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Additionally, [16] explore the pedagogic sense
of design thinking in higher education,
particularly in the context of problem-based
learning and autonomous student decision-
making. This aligns with the principles of
student-centered design-focused learning, as it
emphasizes the importance of empowering
students to make autonomous decisions and
take an active role in their learning process.
Furthermore, the work of [17] emphasizes the
significance of student-centered learning in
acknowledging students' voices as central to the
learning experience. This is consistent with the
fundamental principles of student-centered,
design-focused learning, which emphasize the
active participation and input of students in
shaping their educational experiences.

The implementation of 3D models in primary
science instruction has been internationally
recognized for enhancing students' grasp of
scientific concepts. Educational studies across
various countries have demonstrated that these
innovative tools bolster engagement and
facilitate a deeper understanding of complex
principles. For instance, 3D printing has been
identified as an excellent method for fabricating
3D models of molecules and extended solids,
which has been shown to enhance students'
comprehension of chemistry concepts [18].
Additionally, the use of 3D models has been
found to facilitate the learning of material in
chemistry education, as reported in student
surveys [19]. Furthermore, the incorporation of
3D models in science education has been
supported by research, particularly for teaching
spatial concepts such as atomic orbitals and
molecules [20].

In addition to their impact on student learning,
3D models have also been recognized for their
potential in various fields. For instance, 3D
technology has revolutionized the field of
Health Sciences by facilitating low-cost
manufacturing and custom surgical devices, 3D
models for use in preoperative planning, and
fabricated biomaterials [21]. Furthermore, the
availability of 3D models on the internet is
rapidly  expanding, providing valuable
resources for both students and educators [22].
The integration of 3D printing technology in
education has been driven by the concepts of
Science, Technology, Engineering, and
Mathematics (STEM), emphasizing the broader
implications of 3D models beyond science
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instruction [23]. Three-dimensional models
presented to students play an important role in
the learning of science concepts. These models
enable students to visualize events they cannot
observe, such as cell division, gene expression,
heat transfer, etc. [24]. Moreover, the use of
dynamic visualizations helps students to
process information  better, prevents
misunderstandings (conceptual
misconceptions), and reduces cognitive load
[24]. Andic, et. al. [25] aimed to determine the
pre and post-implementation knowledge of
primary school students on plant and animal
cells and their views on the use of 3D models in
biology education. The results of the study have
shown that 3D models contribute to the learning
of the students by improving their ability to
count, identify, and visualize the cell and its
parts, as well as correcting some of their
misconceptions and enhancing communication
in the classroom. In conclusion, the utilization
of 3D models in primary science teaching offers
a promising avenue for enhancing science
education by providing students with interactive
and visually stimulating learning experiences.
This approach aligns with the broader trends in
educational technology and instructional
design, emphasizing the importance of
technology-based learning and innovative
instructional strategies in primary science
education [26].

1.1. Purpose of the Study

This study aims to identify the topics that
primary school students have difficulty in
understanding in the science course and to
overcome these difficulties by using the design
thinking model. In particular, the effect of
teaching methods based on using 3D models in
science teaching on students' academic
achievement was examined. In addition,
students' opinions on the use of 3-dimensional
solid models in science lessons were also taken.
In line with this general purpose, answers to the
following questions were sought:

e What are the opinions of primary
school teachers about the topics that
students have difficulty in
understanding in science course units?

e  What is the effect of using the teaching
method based on using 3D models in
science lessons on students' academic
achievement?

e What are the opinions of the students
about the use of 3D models in the
lessons?

2. METHOD

2.1. Research Design, Research Variables
and Ethics

This research adopted a mixed-method design,
which is essentially an approach where data is
gathered using multiple methods to bolster their
reliability and validity, effectively mitigating
the drawbacks of both qualitative and
quantitative data [27.] Specifically, a sequential
explanatory mixed model was employed, with a
predominant emphasis on  quantitative
methodologies. The impact of the practice was
gauged using quantitative data collection
instruments, while the perspectives of the
experimental group on the practice were elicited
through the concurrent use of both qualitative
and quantitative approaches. The study was
conducted after permission had been obtained
from the Social and Humanities Scientific
Research and Publication Ethics Committee of
Trabzon University (dated 17.11.2023 and
numbered E-81614018-000-2300063426).

In the mixed methods research design,
quantitative data from pre- and post-tests were
rigorously integrated with qualitative insights
from interviews and observations. This
approach allows not only to measure progress in
students' understanding of science concepts, but
also to explore the subtle ways in which 3D
models facilitate learning. In particular, it offers
a holistic view of learning outcomes by
examining how students' interactions with these
models contribute to their conceptual
understanding. A stratified random sampling
technique was used to ensure a representative
sample. This involved categorising the
population according to key demographic
characteristics and then randomly selecting
participants from each category, thereby
maximising the diversity and representativeness
of the sample. Such a methodological approach
strengthens the validity of the findings by
providing a sound basis for both quantitative
and qualitative analyses.

2.2. Research Group

The study group consisted of 31 3™ grade and
29 4" grade students randomly selected from a
primary school in Akgaabat district of Trabzon
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province and 20 classroom teachers working in
different schools in Trabzon province.

2.3. Data Collection
Collection Process
Within the scope of the study, two different data
collection tools were used for students and
teachers. In the data collection tool prepared for
teachers, a form including the units and subject
areas in the 3" and 4" grade science curriculum
was created. Teachers were asked to fill out
“Teacher Opinion Form” with the subjects that
their students struggled to understand and that
they were unable to embody in the teaching
process. As the second data collection tool,
“Concept Achievement Tests” consisting of ten
questions on the related subjects of the science
course were created separately for 3™ and 4™
grade students. In addition, in the Concept
Achievement Test, students were also asked
(after implementation) their opinions on the use
of 3D models in science lessons with three
open-ended questions. The open-ended
questions asked to students in the post-test were
respectively: “What did teaching this course
using the 3D model contribute to your learning?
Can you explain?”, “Did teaching this course
using a 3D model facilitate your learning? Can
you explain?” and “Which other subjects would
you like to be taught using 3D models? Mark
(x) in the table below and write why”. The
achievement tests were administered to the
students as pre-test and post-test. In the
preparation of the achievement tests, the
“Attainment Comprehension Tests” published
by the Republic of Tiirkiye Ministry of National
Education were utilized. In the development of
the data collection tools, “Teacher Opinion
Form” and “Concept Achievement Tests”, a
rigorous process was carried out to ensure their
validity and reliability. These instruments were
designed in consultation with science education
experts to accurately measure educators'
perceptions  and  students' conceptual
understanding and views. The data collection
tools used in the study and the data collection
process are shown in Figure 1.

Tools and Data
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Figure 1. Data Collection Tools and Process
Within the scope of the study, first of all, based
on the design thinking model, in the "Empathy"
stage, the opinions of 20 classroom teachers
were obtained by using the “Teacher Opinion
Form” prepared by the researchers about the
subjects that primary school students have
difficulty in understanding in the science course
units. Afterwards, statistical and descriptive
analyses of the teachers' responses were
conducted and it was determined that “The
Structure of the Earth” for the 3™ grade level
and “The Structure of the Earth's Crust” for the
4™ grade level were the topics that students had
difficulty in understanding. In the “Define the
Problem” and “Generate Ideas” stages of the
Design Thinking Model (DTM), the researchers
decided what kind of 3D models (Figure 2)
could be designed for teaching these topics.

Figure 2. (a) An Exploded View of the Different
Layers of Earth, (b) The Structural View of the
Earth's Crust

After deciding how the 3D models would be,
2D drawings were made and designs were made
by the researchers in the ‘“Prototype
Development” stage using 3D pens. The
preliminary designs of the models were drawn
on the computer and printed out on 3D printers
(Figure 3, Figure 4).
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Figure 3. 3D Model Design Stages of the Structure
of the Earth's Crust (4" Grade Students)

Figure 3 shows the 2D drawing of the Structure
of the Earth Crust model, the drawing made
using a 3D pen, and finally the image of the
model designed in the drawing program and
printed out using a 3D printer. In Figure 4, the
2D drawing of the Structure of the Earth model,
the drawing made using a 3D pencil, and finally
the image of the 3D printer output of the model
designed in the drawing program are shared.

of the Earth (3" Grade Students)

Before the use of the final models in the lessons,
the “Concept Achievement Test” consisting of
10 questions was applied to the students as a
pre-test. One week after the pre-test
implementation, the use of the final models in
the teaching process was realized by the
researchers. One week after the interactive use
of 3D models in the lesson, post-tests were
applied. In the post-test, students were also
asked their opinions about the use of 3D models
in science lessons with three open-ended
questions. =~ Some  photos  from  the
implementation are shared on Figure 5.

241

Figure 5. Photos from the implementation process

2.4. Data Analysis

This study employed a mixed-method research
design to investigate the effectiveness of using
3D models in primary science education. The
analysis involved both quantitative and
qualitative data to identify the subjects that are
difficult in primary school science learning and
to offer a comprehensive understanding of the
impact of 3D models on students' learning. The
quantitative data obtained from the teacher
opinion form were transformed into a frequency
table. Qualitative data were analyzed
descriptively. Other quantitative data were
obtained from the pre and post-test scores
obtained from the Concept Achievement Test
administered to 3" and 4™ grade students. SPSS
program was used to analyze the quantitative
data. Comparative t-test was preferred due to
the normal distribution of the data obtained.
Content analysis was preferred to analyze the
qualitative data obtained from the Concept
Achievement Test.

In the qualitative analysis, a detailed method of
content analysis was used to examine the
transcripts of the interviews and the notes of the
observations. Initially, two  researchers
independently examined a subset of the data,
developing a preliminary codebook and
providing a grounded approach to the data itself.
Regular meetings were held to discuss and
refine these codes, aiming for inter-coder
reliability. The collected data was compared by
the researchers at that point, and coding and
categorization made by each of them were
examined. Once consensus was reached, the
final codebook was applied to the entire dataset.
Using the formula developed by Miles and
Huberman (1994), the percentage of agreement
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between the three researchers was determined to
be 0.93. During the qualitative data analysis, 3
grade students were coded as S; and 4™ grade
students were coded as Sa.

3. RESULTS

In the presentation of the findings, the
implementation steps carried out in two stages
were taken into consideration. First, the
findings obtained from the analysis of teacher
responses were presented, and then the findings

of the achievement test and semi-structured
interview form applied to the students were
presented.

3.1. Results of the First Sub-question

Table 1 shows the frequency distributions of the
3" grade science course units, topics and subject
areas and the frequency distributions of the
responses of the teachers regarding the learning
difficulties of these units and subject areas for
students.

Table 1. Frequency Table of the Difficulties Experienced for The Units and Subject Areas for the 3™ Grade
Science Course

Units Subject Areas )
F.3.1. Let's Know Our Planet/ Earth The Shape of the Earth 7
and Universe Structure of the Earth 14
F.3.2. Our Five Senses /Living . .
Things and Life Sense Organs and Their Duties 3
) ) Movement Characteristics of Entities 5
F.3.3. Let's Recognize Force/ Physical ) ) )

Phenomena Moving and Stopping Objects 5
F.3.4. Let's Know Matter /Matter Properties Characterizing Matter 8
and Its Nature States of Matter 9
The Role of Light in Vision 3
F.3.5. Light and Sounds / Physical Light Sources 3
Phenomena in Our Environment Sounds Around Us 1
The Role of Sound in Hearing 2
F.3.6. Journey to the World of Recognize the Things Around Us 3

Living Things / Living Things and i
Life Me and My Environment 3
Electrical Equipment 4
F.3.7. Electric Vehicles /Physical Electricity Sources 7

Phenomena

Safe Use of Electricity 4

According to Table 1, the "Structure of the
Earth" subject is seen by teachers as the topic
that students have the most difficulty in
understanding among the 3™ grade science
course topics. Teachers state that students have
difficulty in making associations with concepts
that they do not encounter in their daily lives,
which affects the retention of the information
learned. Teachers emphasized that abstract
concepts should be supported with concrete
materials and 3D displays. In particular, it is
stated that explaining topics such as the
structure of the Earth with concrete examples
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will help students understand. The importance
of using visual materials and play dough in
education is emphasized. It is stated that these
materials can contribute to students' permanent
learning of both information and visuality.

Table 2 shows the frequency distributions of the
4™ grade science course units, and subject areas
and the frequency distributions of the responses
of the teachers regarding the learning
difficulties of these units, and subject areas for
students.
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Table 2. Frequency Table of the Difficulties Experienced for the Units And Subject Areas for the 4" Science

Course

Units Subject Areas ®

F.4.1. Movements of the Earth's crust and Structure of the Earth's Crust 17
our Earth /Earth and the Universe Movements of our Earth 10
F.4.2. Our Food / Living Things and Nutrients and Their Properties 13

Life
) Effects of Force on Objects 8
F.4.3. Effects of Force /Physical )
Phenomena Force Applied by Magnets 8
Properties Characterizing Matter 4
Measurable

Properties of Matter 10

F.4.4. Properties of Matter /Matter and States of Matter 4
Nature Change of Matter Under the Effect of Heat 6

Pure Substance and Mixture 9

Lighting Technologies 3

Proper Lighting 4

F.4.5. Lighting aqd Sound Technologies Light Pollution 4

/ Physical Events
Sound Technologies from Past to Present 7
Sound Pollution 4
F.4.6. Human and Environment / Living .
. . Conscious Consumer 6
Things and Life
F.4.7. Simple Electric Circuits/ Physical Simple Electric Circuits .
Phenomena

According to Table 2, it is seen that students
mostly have difficulty in understanding
concepts such as the structure of the earth's crust
and the movements of the earth.

It was stated by the teachers those students had
difficulties especially in the subject of “The
Earth's Crust and the Movements of the Earth”
due to conceptual and procedural knowledge.
Students have difficulty in comprehension
because they do not know the concepts and

vocabulary  sufficiently, cannot make
associations with daily life and cannot
understand  abstract  concepts  without

supporting them with concrete examples.
Students confuse topics such as rotational and
entanglement motions. While students have
fewer problems with layers that can be
observed, they cannot fully comprehend layers
that cannot be observed. Teachers pointed out
that students had difficulty in understanding
concepts that they could not observe or hold in
their hands and emphasized the importance of
using animations and materials to overcome this
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situation. However, three teachers stated that
students did not experience any difficulty in the
topic of the “Structure of the Earth's Crust”.

3.2. Results of the Second Sub-question

The results of the statistical comparison of the
scores obtained from the achievement test
applied to 3™ grade students before and after the
implementation are given in Table 3.

Table 3. Comparison of the 3™ Grade Students’
Achievement Pre-test and Post-test Scores

N X sd t p
It):set 31 7226 1627
© 0.00002
Post- 51 g710 1071 00513
test

As a result of the comparative t-test, a
significant difference was found in favor of the
post-test (tsa=-5.0051; p<.05)

The results of the statistical comparison of the
scores obtained from the achievement test
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applied to 4™ grade students before and after the
implementation are given in Table 4.

Table 4. Comparison of the 4" Grade Students’
Achievement Pre-test and Post-test Scores

N X sd t p
I;f:t 29 7379 1821
st 28134 0.00886
29 81.03 2144
test

As a result of the comparative t-test, a
significant difference was found in favor of the
post-test (tsa=-2,813; p<.05).

3.3. Results of the Third Sub-question

After the using 3D models in science courses,
the 3™ and 4™ grade students were given the
interview form containing three questions. In
line with the answers given by the students, the
answers given to these three questions were put
together, and the results are presented in Table
5, Table 6 and Table 7.

The results derived from analyzing the
responses to the first open-ended question on
the achievement test, which was administered
as a post-test following the intervention, are
presented below. Here are the codes based on
3" grade students’ expressions of how models
or certain teaching methods impacted their
learning:

Table 5. Codes and Example 3™ Grade Students' Responses to First Open-Ended Question

Codes Example Student Responses Freq(lil)ency
“Explained with a model made it better
. understood.” (S32), “Course dealing with
Conceptual Understanding the model helped keep the subject in 12
mind.” (S329)
Misconception Correction “Corrected some misconceptions about 1
p the layers of the world.” (S35)
Achievement and Success 1 succeeded.” (S;6), MX science class )
made me stronger.” (S3;20)
Prior Knowledge Affirmation “I already knew.” (S37) 1
“3D model made me love learning.”
Enhanced Engagement (S512), “Learned something new and I 2
learned the lesson.” (S314)
“3D model provided me a lot of
Information Acquisition information.” (S325), “Helped me to 11
research and understand more.” (S326)
“Good time to have a good lesson.”
Effective Learning Experience (S518), “Better because it was shown on 3

the board and explained with a model.”

(S:31)

Table 5 shows the codes derived from analyzing
the responses of 3rd grade students to the first
open-ended question on the achievement test
administered as a post-test. The table presents
various themes such as  conceptual
understanding, = misconception  correction,
achievement and success, prior knowledge
affirmation, enhanced engagement, information
acquisition, and effective learning experience.
These themes are illustrated with example
student responses and their respective
frequencies, highlighting the impact of using
3D models on students' learning experiences
and understanding of scientific concepts.
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The results derived from analyzing the
responses to the second open-ended question on
the achievement test, which was administered
as a post-test following the intervention, are
presented below. The codes and sample student
responses obtained from the analysis of 31 3™
students' views on how teaching methods
(especially models) facilitated their learning are
as follows:



Table 6. Codes and Example 3™ Grade Students' Responses to Second Question

Codes Example Student Responses Freq(ltl)ency
Enhanced “It made it easier because he explained the layers of the world one by one.” 17
Understanding  (S323), “It was easy because we researched it and because we saw it.” (S326)

Learning “Yes, it made it easier because I repeated the subject and learned new things.” 3

Reinforcement (S34), “It made it easier for me to learn what I didn't know.” (S330)

Ease of “Yes, it made it easier because it is easier to do it with shapes, but it is more

Learning difficult to do it by showing it.” (S315), “This lesson was a bit easy for me 8
because we have never had a lesson like this before.” (S329)

Success and “I succeeded.” (S36)

Achievement 1

Prior Ease “It was already easy.” (S37) 1

New “Yes, because I have new information in my head.” (S319), “We learned about

Information the Earth's core.” (S322) 2

Acquisition

Attention and “Models caught our attention at first glance.” (S318) 1

Interest

Real-World “Understood how to recognize the real world made with the model.” (S320) 1

Connection

Table 6 presents the analysis of 3rd grade

comprehension of the lesson topics.

The

students' responses to the second open-ended
question on the post-test. The codes include
enhanced understanding, learning
reinforcement, ease of learning, success and
achievement, prior ease, new information
acquisition, attention and interest, and real-
world connection. Each code is supported by
example student responses, reflecting how the
use of 3D models facilitated their learning and

frequency of each code indicates the prevalence
of these themes among the student responses.

The frequency values obtained from the
analysis of the responses of 3" grade students to
the last open-ended question in the achievement
test applied after the implementation are
presented in Table 7.

Table 7. Analysis of 3™ Grade Students' Responses to Last Question

Subject Areas Frequency
®
The Shape of the Earth 25
Structure of the Earth 27
Sense Organs and Their Tasks 26
Movement Properties of Entities 20
Moving and Stopping Objects 21
Properties Characterizing Matter 16
States of Matter 12
The Role of Light in Vision 16
Light Sources 9
Sounds Around Us 12
The Role of Sound in Hearing 10
Recognize the Things Around Us 16
Me and My Environment 14
Electrical Equipment 17
Electricity Sources 14
Safe Use of Electricity 14
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Table 7 summarizes the frequency values
obtained from the analysis of 3rd grade students'
responses to the last open-ended question on the
achievement test conducted after the
implementation. The table lists various subject
areas and the number of students who expressed
interest in being taught these topics using 3D
models. The subjects include the shape of the
Earth, structure of the Earth, sense organs and
their tasks, movement properties of entities, and

more. The frequency of responses highlights the
students' preferences and perceived benefits of
using 3D models for different science topics.

To analyze the opinions of the 31 3™ grade
students related to Table 7 and create codes
based on their reasons for choosing science
courses or topics. The codes created after the
students' responses are presented below:

Table 8. Codes and Example 3™ Grade Students' Responses to Last Question

Frequency
Codes Example Student Responses f)
“I learn more easily and while I am learning I know things that are relevant to the
Ease and topic.” (S31), 2
Relevance “Because it's easier.” (S328)
“I chose it to learn more about the world and other subjects.” (S32),
World . “I didn't know the layers of the earth, and when I did, it was very useful and helpful 4
Understanding to me.” (S326)
“For example, I would like to know what harm the layers of the earth can do to
Specific people, and I would like to know what the layers of the earth are for.” (S;5), 4
Interests “I would like to understand different features, I would like to see different lights,
I would like to see different electrical appliances.” (S38)
“I would like to cover all subjects because I am a very curious person.” (S313),
Comprehensive  “I would like to learn about the shape of the world, the structure of the world, the 5
Learning properties of beings, the states of matter, the sounds in the environment,
electricity.” (S330)
Teacher “This is what my own teachers and researcher told me.” (S310) 1
Influence
Learning “Because learning a new subject makes me very happy.” (S;14), 3
Enjoyment “Because it would be better and more narrative.” (S331)
Personal “Because I really want to learn what I have marked.” (S315), 5
Preference “Because I like them all and they're all beautiful.” (S;19)
“I wish our world wasn't round, I wish our sense organs were in charge.” (S323),
Noéiﬁiyt;nd “The shape of the world, the structure of the world, sense organs and their 5

functions.” (S327)

Narrative and
I1lustration

Disinterest or ~ “None of them.” (S;7)

Indifference

“I would love to see the topics here in the figure and we would understand
everything more easily and it would be a lot of fun.” (S3;11), 3
“I would like to see all of these issues illustrated.” (S329)

Table 8 summarizes the responses of 3rd-grade
students regarding their preferred science topics
taught using 3D models. The students
highlighted that the use of 3D models facilitated
easier understanding and  engagement,
particularly in abstract concepts like the
structure of the Earth and the properties of
matter. They expressed that visual and tangible
representations helped them grasp these
concepts better, making learning enjoyable and
reinforcing their comprehension. The frequency
of responses indicates a strong preference for
topics that involve significant visual and spatial
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understanding, underscoring the effectiveness
of 3D models in enhancing learning experiences
in science education.

The results derived from analyzing the
responses to the first open-ended question on
the achievement test, which was administered
as a post-test following the intervention, are
presented below. Here are the codes based on 4™
grade students’ expressions of how models or
certain teaching methods impacted their
learning:



Table 9. Codes and Example 4" Grade Students' Responses to First Open-Ended Question

Codes

Example Student Responses

Frequency

(f)

Reinforcement and
Recall

New Knowledge

Acquisition

Enhanced
Comprehension

Enjoyment and
Engagement
No Contribution

Learning Strategy

“We remembered the topic again because we did it again.” (S41), “So
that when the researcher gives a test, we get a high score.” (S412)

“I learned how the earth's crust is like and that there are minerals in
the core.” (S411), “I learned the subject much better and learned
about the hydrosphere lithosphere.” (S422)

“It gave me a better understanding of the layers of the world because
I learned better by modeling.” (S45), “I didn't understand much about
the earth's crust, thanks to you, I understood more.” (S421)

“It was very fun for me and helped me to reinforce what we know.”
(S418), “It gave me fun and curiosity because I am interested in
models and Tinkercad.” (S427)

“I knew that's why he didn't contribute.” (S414)

“I understood better, I was happy, I saw the 3D pen.” (S416), “I
understood better, I won't be surprised in the exams, we went over it

3

Effectiveness

twice and I remembered I better.” (S423)

Table 9 presents the responses of 4th-grade
students on how 3D models impacted their
learning of scientific concepts. The students
reported that 3D models significantly improved
their comprehension by providing a concrete
visual aid to abstract ideas. Many students noted
that these models made learning fun and
engaging, leading to better retention and
understanding of topics such as the Earth's crust
and its layers. The frequency of responses
highlights the positive impact of hands-on
learning tools, with a notable increase in
students' enjoyment and interest in science
classes.

The results derived from analyzing the
responses to the second open-ended question on
the achievement test, which was administered
as a post-test following the intervention, are
presented below. When the responses of 29 4™
grade students regarding whether teaching the
lesson with models facilitated their learning
were analyzed, their opinions were coded
thematically as follows:

Table 10. Codes and Example 4" Grade Students' Responses to Second Open-Ended Question

Codes Example Student Responses Freq(;l)ency
Enhanced “It made it easier because we understand better when there is a model.” (S43),
) “It made it easier. We hadn't learned many things about that subject and now 20
Learning »
we have.” (S428)
“Yes, because a bit of fun makes us learn better.” (S410), “Yes, it made it easier
Fun and . .
because the lesson taught with the model instead of paper was very fun and easy 5
Engagement f » (3,1
or me.” (S418)
Repetition and  “Yes, and the more I went over it, the better I understood it.” (S47), “Yes, >
Reinforcement because we went over it.” (S423)
.. “No, because I knew.” (S414), “No, because it doesn't matter whether we work
No Significant . . ) . . .
with models or listen to the teacher's explanation, because if we listen, we 2
Effect »
understand.” (S425)
Facilitated “It made it easier to see the layers.” (S44), “It made it easier because I learn 1
Understanding  more easily with the model.” (S424)
Educational ~ “It made it easier. We hadn't learned many things about that subject and now )
Accessibility ~ we have.” (S428)
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Table 10 details the 4th-grade students' opinions
on whether 3D models facilitated their learning.
Many of the students indicated that these
models made the lessons easier to understand,
emphasizing the effectiveness of visual aids in
simplifying complex scientific concepts. The
students appreciated the interactive nature of the
models, which not only made the lessons more
enjoyable but also reinforced their learning
through repeated exposure and hands-on

engagement. The responses reflect a consensus
on the benefits of incorporating 3D models into
science education to enhance learning
outcomes.

The frequency values obtained from the
analysis of the responses of 4™ grade students to
the last open-ended question in the achievement
test applied after the implementation are
presented in Table 11.

Table 11. Analysis of 4" Grade Students' Responses to Last Question

Subject Areas Frequency
®
Structure of the Earth's Crust 22
Movements of our Earth 18
Nutrients and Properties 13
Effects of Force on Objects 19
Force Applied by Magnets 20
Properties Characterizing Matter 13
Measurable Properties of Matter 15
States of Matter 17
Change of Matter with Heat Effect 15
Pure Substance and Mixture 17
Lighting Technologies 13
Appropriate Lighting 9
Light Pollution 12
Sound Technologies from Past to Present 20
Sound Pollution 10
Conscious Consumer 15
Simple Electric Circuits 15

Table 11 analyzes the 4th-grade students'
preferences for science topics to be taught using
3D models. The students showed a strong
interest in subjects involving significant visual
and spatial elements, such as the structure of the
Earth's crust, the effects of force on objects, and
the properties of matter. The frequency of
responses suggests that students find 3D models
particularly useful in understanding and
retaining information on these topics. The
analysis underscores the potential of 3D models
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to improve engagement and comprehension in
science education, especially for complex and
abstract subjects.

To analyze the opinions of the 29 4" grade
students related to Table 11 and create codes
based on their reasons for choosing science
courses or topics. The codes created after the
students' responses are presented below:
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Table 12. Analysis of 4™ Grade Students' Responses to Last Question

Codes Frequency
Example Student Responses (f)
Curiosity and  “Because I am curious about these issues, and I want to learn.” (S41), 9
Interest “Science is my favorite subject and it interests me.” (S426)
Educational  “I chose these because they are better explained with models.” (S410), “Because
Engagement ~ With models, it is easier, and I understand it very well and it is very beautiful.” 5
(S419)
Improvement  “Because I don't know much about those subjects and to learn them in more
and detail.” (S416), “It confuses me a lot, science is one of my worst subjects.” 4
Understanding  (S421)
Academic “I chose more science courses because it was fun and beautiful.” (S44), “Because 2
Choice we have two classes a day and because the class is busy.” (S47)
Favoritism “Because it's my favorite subject.” (S412), “Science is my favorite subject and )
it interests me.” (S426)
Educational 2
Necessity “To learn.” (S46), “Because I want to learn about these things.” (S414)
Content “Light pollution because I would like to learn. I would like to learn the force
Specific applied by the magnet because the structure of the earth's crust is fun, I would
like to learn the measurable property of matter, I would like to learn how matter 2
can be measured.” (S411), “Because I want to know what pure matter and
mixture are.” (S424)
Aesthetic or
Fun “I chose more science courses because it was fun and beautiful.” (S44), “It would 3
Preference all be a lot of fun.” (S425)

Table 12 categorizes the reasons why 4th-grade
students chose specific science topics for 3D
model-based learning. The students' responses
highlight curiosity and interest in understanding
the world around them, as well as the
educational engagement and enjoyment derived
from interactive learning tools. Many students
pointed out that 3D models helped them
understand difficult concepts more easily and
made learning more fun and engaging. The
analysis indicates a strong preference for hands-
on, visually stimulating educational methods
that enhance students' interest and performance
in science subjects.

4. CONCLUSION AND DISCUSSION

Considering the results of the study conducted
in two phases, the study indicates that teachers
find certain abstract scientific concepts
challenging to teach. Teachers observed that
students struggle with topics not directly
observable or relatable to their daily
experiences. The study suggests that teaching
methods incorporating visual and tactile
elements could significantly  enhance
understanding. Integrating 3D modeling and
printing in classroom instruction can help teach
abstract scientific concepts to young learners
across elementary, middle, and high school
grades [28]. The results indicate a significant
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improvement in students' comprehension and
retention of the structure of the Earth and its
layers, when these models are incorporated into
the teaching process. 3D printing in education
improves students' practical ability,
comprehensive quality, observation,
concentration, creativity, and learning habits,
including autonomous learning and cooperative
learning [29]. Teachers noted that students
frequently struggle with abstract concepts,
finding it challenging to relate these to their
daily experiences, ultimately affecting learning
retention. Abstract concepts can indeed pose a
challenge for students, as they often struggle to
relate these concepts to their daily experiences
[30] This difficulty can be attributed to various
factors, including cognitive development, prior
knowledge, and instructional strategies.

According to Piaget's theory of cognitive
development, children in the concrete
operational stage (ages 7-11) have difficulty
understanding abstract concepts because they
primarily focus on concrete experiences and
struggle with hypothetical and abstract
thinking. This developmental stage may explain
why students find it challenging to relate
abstract concepts to their daily experiences [31].
Furthermore, students' prior knowledge and
experiences play a crucial role in their ability to
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grasp abstract concepts [32]. When students
encounter abstract ideas that are disconnected
from their prior experiences, they may struggle
to comprehend and internalize these concepts
[33-34]. This highlights the importance of
building on students' existing knowledge and
providing real-world examples to make abstract
concepts more tangible and relatable.
Instructional strategies also play a significant
role in helping students bridge the gap between
abstract concepts and their daily experiences.
Hmelo-Silver, Duncan, Chinn [34] suggests that
incorporating hands-on activities, visual aids,
and real-life examples can enhance students'
understanding of abstract concepts By
providing concrete experiences and tangible
connections, educators can help students relate
abstract concepts to their daily lives. Educators
can enhance the understanding of abstract
concepts by relating them to familiar
experiences. Moreover, encouraging
discussions and critical thinking can help
students explore the relevance of abstract
concepts in their daily lives, fostering a more
meaningful connection to the material [35-36].

In conclusion, the struggle that students face in
relating abstract concepts to their daily
experiences can be attributed to cognitive
development, prior knowledge, and
instructional strategies. Understanding these
factors is crucial for educators in developing
effective teaching methods that support students
in comprehending and applying abstract
concepts in their daily lives.

The use of 3D models in science lessons shows
a positive impact on student achievement. The
results suggest that these models make abstract
concepts more tangible, aiding in better
comprehension and retention. There's a
noticeable improvement in students' test scores
and conceptual understanding when 3D models
are integrated into lessons. The use of 3D
models as part of a more interactive and
experiential approach in education effectively
bridges this gap. By allowing students to handle
and explore tangible representations of
scientific concepts, these models facilitate a
deeper understanding and increased student
engagement [37]. The positive shift in students'
academic achievements, as evidenced by pre-
test and post-test results, underscores the
potential of 3D models to enhance educational
outcomes [38]. Students responded positively to
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the use of 3D models. They found these models
engaging and helpful in visualizing complex
scientific concepts. The hands-on experience
provided by these models enhanced their
interest in science and facilitated a deeper
understanding of the subject matter. Students
reported a newfound interest in science
subjects, suggesting that the engaging nature of
3D models contributes to a more positive
attitude towards learning. This finding is
consistent with research indicating that
interactive learning tools can significantly
impact students' attitudes and interest in science
[39]. Additionally, both teachers and students
noted the potential of these models to correct
misconceptions and  reinforce  content
previously taught, thereby improving overall
science literacy [40].

It is possible to say that 3D models can make
important contributions in concertizing the
subjects and concepts by enabling the transition
from virtual objects to physical objects,
verifying the theoretical knowledge learned by
making  applications, recognizing, and
eliminating possible misconceptions in this
process, and providing students with learning
experiences by doing [41]. Many researchers
argue that learning environments should be
production and application-oriented to raise
individuals who can keep up with the needs of
the age and have these skills [42]. In this
context, teachers and students can use 3D
printing technologies in the design and
production process of models suitable for the
subject or problem situation, for example, in
project-based learning activities Pinger [19]
highlighted that students can choose what to
print and how to print it, creating a platform for
constructivist teaching, where educators
encourage students to teach themselves how to
use the technology. Additionally, Ishutov et al.
[43] emphasized that the use of 3D printing in
the K-12 environment could better prepare
students for careers in emerging fields of
technology, including STEM disciplines. Trust
and Maloy [44] found that using 3D printing
technologies in the teaching process is effective
in the development of student skills such as 3D
modelling skills, creativity, technology literacy,
problem solving, self-learning and critical
thinking, which are called 21st century skills.

The use of 3D printing technologies has been
shown to have a positive impact on students'
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skill development, including cooperation,
problem-solving, communication,
responsibility, and leadership. For instance,
studies have demonstrated that 3D printing
technology can be effectively utilized to
enhance project-based learning activities,
providing students with opportunities to engage
in hands-on, experiential learning and fostering
interdisciplinary connections across various
subjects [19], [41], [45-51]. Furthermore, the
use of 3D printing in education has been
reported to promote active student involvement
in the teaching-learning process and better
communication, which are essential skills for
collaboration and cooperation [47]. On the other
hand, the use of 3D printed models has been
found to be directly applicable to students'
intended careers, providing them with
opportunities to develop leadership skills in
their respective fields [51]. The findings show
significant ~ improvements in  students'
understanding of science topics using 3D
models. However, the novelty effect is thought
to have the potential to influence these results.
The increased engagement and enthusiasm
often associated with new educational tools may
improve performance, a factor that should be
considered when interpreting these results.
Nevertheless, the integration of 3D models into
science education addresses key challenges in
teaching abstract concepts, improves academic
performance and is well received by students,
suggesting a useful approach to primary science
education

The design thinking model, which constitutes
the main framework of the study, has emerged
as an effective method for concretizing abstract
concepts in primary school science education
and increasing students' academic achievement.
By providing students with active learning
experiences, this model enabled them to better
understand and retain scientific concepts. The
results of this study can be an important
resource for educators and policy makers in
developing teaching methods that support
active learning processes and promote
conceptual understanding.

5. RECOMMENDATIONS

The following suggestions can be made
considering the study's findings regarding the
implementation of 3D models in the teaching of
science in elementary schools:
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Using 3D models to teach other
complex scientific concepts in primary
education is a good idea, since it
improves student understanding and
engagement.

Give educators the tools and resources
they need to successfully integrate 3D
models into their lessons. Training on
the creation and implementation of
these models is part of this.

More methodically incorporate 3D
model-based learning into the science
curriculum, making sure that it supports
traditional teaching techniques and is in
line with learning objectives.
Encourage more studies examining the
usefulness of 3D models for a range of
age groups and other subjects. It is
important to pursue innovation in
technology and model design.
Emphasize student-centered methods
that allow students to actively interact
with 3D models to develop their
analytical and problem-solving
abilities.

Ensure that sufficient funds are set
aside for the acquisition or
development of 3D models as well as
for the infrastructure required by
technology to enable their use.

Provide a feedback system so that
students can voice their thoughts about
the implementation of 3D models. This
will help shape future modifications
and enhancements.

Future research could benefit from
larger, more diverse samples that would
enable a more comprehensive
examination of these educational tools'
impact across different demographic
and educational settings.

Future studies may aim to distinguish
between the long-term educational
benefits of 3D models and short-term
increases in  engagement  and
performance due to their novelty. This
distinction is crucial for educators
considering integrating innovative tools
into their teaching practice.
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ABSTRACT
In recent years, significant advancements have been made in defense systems in response to the
increasing demands of countries. The importance of unmanned ground vehicles, a highly critical
technology, is becoming more evident with each passing year.

In this study, a selection program is intended to be developed to determine the mission purposes for
which military unmanned ground vehicles will be used. In line with the operating principles, the basic
mechanical systems have been identified. Subsequently, a design catalog containing these basic
mechanical systems was created. The desired features for use in the field were asked to the customer.
Based on the received responses, the best alternative unmanned ground vehicles were identified using
an artificial neural network algorithm.

In the artificial neural network model, a feedforward neural network architecture was used. Stochastic
Gradient Descent was utilized in the network training function to minimize the model's loss function.
The activation functions tanh and softmax were used, and the model has four hidden layers. The model
was trained for 150 epochs. Results were obtained for the metrics of accuracy, precision, recall, and F1-
score. The model's accuracy rate was found to be %99,63. Such a high accuracy rate indicates that the
model has well understood the data in the dataset and provides accurate predictions.

Keywords: Defense Technology, Unmanned Ground Vehicle, Artificial Neural Networks

1. INTRODUCTION industries by training with artificial neural
Thanks to their nonlinear structures, artificial networks [2].
neural networks have been used in a wide range
of fields, from engineering to data analysis. Ayyildiz and Demirci (2022) examined the
Additionally, they have found applications in relationship between the budget allocated for
various sectors such as defense, economy, R&D activities from the central government
industry, sports, gaming, energy, environment, budget and economic growth in Turkey between
and finance. Today, numerous studies have 2008 and 2035 using artificial neural networks
been conducted on applications of artificial [3]. Aka and colleagues (2020) predicted the
neural networks. end-of-season team rankings, goals scored, and
goals conceded in the Turkish Super League
Urgan and Tamgoz (2020) used artificial neural using artificial neural networks based on input
networks to predict the active user numbers of variables [4].
games on the Steam platform [1]. Ozkurt (2020)
demonstrated that digital transformation and Kose (2021) made exchange rate predictions
artificial intelligence applications can be used to using artificial neural networks and grey
model the future position and production prediction models based on exchange rate data
methods of the defense and manufacturing obtained from the Central Bank of the Republic
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of Turkey [5]. Burgin (2023) predicted the size
of vehicle loans using artificial neural networks
based on monthly data from Turkey between
2006 and 2022 [6]. Sahin (2023) predicted the
natural gas consumption of a house in Isparta
using an artificial neural network model [7].

Ertem (2022) accurately predicted which
warehouse section stored spare parts belong to
by using data mining and artificial neural
networks to optimize the warechouse zone
assignment process [8].

Tiitlincii  (2022) predicted the evaporation
amount using artificial neural networks based
on the daily meteorological data from a station
at the Atatiirk Dam [9]. Karakul (2020) modeled
the relationships between the Borsa Istanbul
(BIST) 100 Index, overnight interest rates, and
the dollar exchange rate using artificial neural
networks and accurately predicted the BIST 100
Index value [10].

Buyrul (2022) modeled the mechanical
properties of TiB2-added aramid fiber-
reinforced  composites  with  different

orientations using artificial neural networks and
statistical analyses, successfully identifying the
composites with the best ballistic performance
[11]. Kaya (2022) modeled the water quality
parameters of Lake Iznik using artificial neural
networks and accurately predicted the values of
total nitrogen, total phosphorus, and dissolved
oxygen [12].

Baylan and Salepgioglu (2023) predicted the
impact of strategic management tools on
organizational DNA using artificial neural
networks [13]. Siileymanli (2021) predicted the
gross foreign exchange reserves of the Central
Bank of the Republic of Turkey using artificial
neural network techniques based on data from
2013 to 2021 [14].

In recent years, studies on unmanned ground
vehicles have focused on various areas such as
autonomous movement, obstacle detection,
route planning, agricultural applications, and
various industrial uses.

Topal and Yigit (2021) developed a low-cost
and ergonomic system that enables unmanned
ground vehicles to move autonomously and
recognize their surroundings using a LIDAR
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laser scanner sensor, night vision camera, and
Arduino microcontroller [15].

Kirgil and Tepe (2024) designed a portable,
low-cost, cross-platform supported, and user-
friendly telemetry system that displays real-
time status information and camera images of
unmanned ground vehicles [16]. Sonugiir
(2016) developed a low-cost and highly
successful auxiliary system, supported by
image processing and GPS-based artificial
neural networks, for unmanned ground vehicles
to detect and recognize moving obstacles [17].

Kivang (2020) developed a specially designed
outer rotor brushless DC motor that provides
high torque and efficiency at low speeds,
tailored for unmanned ground vehicles with
omnidirectional movement capability, low
friction, and high vibration. This motor is also
easy to manufacture [18].

Hiilako and Kapucu (2018) developed and
tested a system for a microcontroller-controlled
unmanned ground vehicle that reaches
designated destinations using a low-cost GPS
and electronic compass sensor, applying a
guidance algorithm with a Kalman filter [19].
Vardin and colleagues (2022) developed a
compact, remotely controlled unmanned ground
vehicle prototype with four-wheel drive,
operating at low speeds (<1 m/s), a carrying
capacity of 5 kg, and structural strength verified
by the finite element method [20].

Akdan and colleagues (2023) developed an
autonomous and solar-powered agricultural
unmanned ground vehicle equipped with a
depth camera, convolutional neural network-
based detection algorithm, and an innovative
suspension system, capable of locally treating
harmful plants in agricultural fields with 90%
accuracy [21]. Bayram and colleagues (2022)
successfully  implemented  path-following
control based on position and orientation error
feedback using an unmanned ground vehicle
equipped with RTK-GPS, IMU, and absolute
encoder sensors, utilizing a successively
linearized and discretized kinematic model
predictive control [22].

Gokce and Sonugiir (2018) compared the
performance of two image processing-based
auxiliary systems for detecting moving objects
on the routes of unmanned ground vehicles
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using geographic location data and artificial
neural networks [23]. Naglak and colleagues
(2021) designed a low-cost, compact, and
adjustable cable management mechanism to
facilitate the distribution of electrical cables by
unmanned ground vehicles in mobile microgrid
systems, and explained how to recreate this
mechanism [24].

Patel and colleagues (2022) developed an
asphalt layer change classifier to automatically
monitor road construction progress using
sensors mounted on unmanned ground vehicles,
achieving a 97.88% accuracy rate with the
ConvLSTM algorithm, demonstrating the
potential to increase efficiency in road
construction projects [25]. Zhou and colleagues
(2020) presented a strategy for global and local
trajectory planning using an artificial fish
swarm algorithm and a Markov chain-based
trial-and-error search algorithm to ensure
unmanned ground vehicles reach their targets
safely in dynamic environments [26]. Mei and
colleagues (2022) introduced the ROADS
prototype, a multi-sensor unmanned ground
vehicle for monitoring road degradation,
showing that road condition assessments can be
conducted with 74.2% accuracy using an
image-based method [27].

Chung and colleagues (2021) provided
information on an unmanned ground vehicle
designed and developed to detect crevasses in
Antarctica and prevent accidents. This vehicle
can adapt to harsh terrain conditions and operate
at a speed of 2.5 m/s for over two hours [28].
Liu and colleagues (2022) presented a path
planner for multiple unmanned ground vehicles
that uses continuous ant colony optimization for
path planning and coordination, demonstrating
superior performance in complex and high-
dimensional problems [29]. Wang and
colleagues (2020) designed a new modeling and
path planning framework for unmanned ground
vehicles with specific sensing capabilities,
enabling them to continuously monitor events
occurring at unknown locations and
probabilities by moving through a road network
with different priorities [30]. Hassan and
colleagues (2023) designed a control system
using the double deep Q-network (DDQN)
algorithm to ensure unmanned ground vehicles
follow the desired path. Simulation results
demonstrate that this system operates with high
accuracy even under noisy conditions [31].
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With advancing technology, unmanned ground
vehicles find applications in various fields such
as defense, agriculture, logistics, and
exploration. The correct selection and
configuration of these vehicles are crucial for
their effective and efficient performance.
Today, advanced artificial intelligence
techniques like artificial neural networks play a
critical role in the processes of selecting and
optimizing UGVs according to environmental
conditions and mission requirements. This
study examines the methods, advantages, and
research gaps in the selection of UGVs using
ANNs. The aim is to enhance the operational
success of UGVs by determining an appropriate
ANN model. The absence of a selection
program specifically for military-purpose
UGVs and its lack of integration with artificial
intelligence make this study unique.

2. MATERIAL AND METHOD

A selection program has been developed to
determine the tasks for which military
unmanned ground vehicles will be used. Within
this program, the fundamental mechanical
systems of UGV have been identified based on
their operating principles. Subsequently, a
design catalog containing these fundamental
mechanical systems was prepared. The desired
features of the UGV to be used in the field were
gathered from customers, and based on the
responses, the most suitable UGV was
developed using an artificial neural networks
algorithm.

2.1. Unmanned Ground Vehicle

The development of unmanned ground vehicles
began in the 1970s with research examining the
feasibility of legged machines. These studies
revealed that before producing a walking
machine, it was necessary to develop a robot
equipped with specific equipment to perform
the targeted tasks. Over time, this research was
particularly adapted for military applications,
leading to concrete steps in the development of
UGVs [32].

Unmanned ground vehicles are among the
autonomous systems expected to play a
significant role in the future armies. These
vehicles are designed to minimize battlefield
risks and neutralize threats using their electronic
vision systems, various sensors, and remotely
controlled weapon systems. These sensors
enable the vehicle to perceive its surroundings,
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map the terrain, and navigate effectively.
Additionally, these vehicles often utilize
artificial intelligence (Al) and machine learning
algorithms to process environmental data and
make decisions [33].

According to current definitions, UGVs are
described as vehicles with high mobility and
adaptable platforms that can integrate mission-
specific modules. These vehicles, which can be
remotely controlled with adjustable levels of
autonomy and modular control consoles, are
referred to as next-generation unmanned
systems that advance by maintaining contact
with the ground [34].

Unmanned ground vehicles are used in the
military for tasks such as infiltrating enemy
lines, armed attacks, bomb disposal, logistics,
mine detection, and surveillance. In the civilian

sector, they are effectively utilized in
agriculture, firefighting, environmental
monitoring, and infrastructure inspection.

UGVs play a crucial role, especially in disaster
management and emergency response [35].

Unmanned ground vehicles in the defense
sector are distinguished by their capacity to
operate in dangerous and hard-to-reach areas.
These vehicles can undertake reconnaissance,
surveillance, and direct combat missions during
military operations without risking human lives.
Equipped with advanced sensor packages and
autonomous navigation systems, they can
maneuver effectively even in complex
battlefield environments. These features make
them critical assets that enhance strategic
advantages on the battlefield. As technological
advancements make UGVs increasingly
indispensable, they also underscore the need for
ethical and legal regulations. The use of UGVs
brings new debates in the realms of the laws of
war and military ethics. Their operational
capabilities are reshaping the role of unmanned
systems in military disciplines, leading to
significant changes in defense strategies [36].

Unmanned ground vehicles are being developed
for armed forces worldwide and have the
potential to replace traditional tanks as
dominant combat vehicles. Over the past
decade, UGV technology has made significant
advances in the defense sector. Countries such
as the United States, the United Kingdom,
China, Europe, and Turkey are among those
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heavily investing in the development of robotic
combat vehicles. The global unmanned ground
vehicles market, valued at an estimated USD
2.54 billion in 2020, is expected to grow at a
compound annual growth rate of 6.5% from
2022 to 2029, reaching USD 3.91 billion by
2029. This growth is driven by the strategic and
operational advantages of UGVs, as well as
increases in defense budgets [37].

The general design of unmanned ground
vehicles involves numerous subsystems and a
complex network of relationships among them
that directly influence the design. Design-
related requirements are evaluated based on
these existing system relationships, and a data
set has been created to determine the most
optimal solution. This data set consists of 15
parameters included in the design catalog:
autonomous structure, control system, payload,
body material, motor, energy system, power
transmission system, braking system, thermal
management  system, electrical  system,
guidance system, suspension system, mobility
configuration, chassis, and electronic units
(Table 1).

Artificial neural networks with decision-
making structures require some responses from
the designer or customer to generate suitable
alternatives. The questions to be used in
inference development for the decision-making
structure are listed below.

1. What should be the cost of the unmanned
ground vehicle? (Low, Medium, High)

2. What should be the dimensional
classification of the unmanned ground
vehicle? (Light, Small, Medium, Heavy)

3. What should be the autonomy level of the
unmanned ground vehicle? (Level I, Level 2,
Level 3)

4. What should be the coverage area of the
unmanned ground vehicle? (x<2 km? x<$§
km?, x km?)

5. What tasks is the unmanned ground vehicle
expected to perform? (Reconnaissance,
surveillance  and intelligence, bomb
disposal, attack and rear security, logistics,
mine and obstacle clearance)

6. What type of motor should be used in the
unmanned ground vehicle?

(0-20 kW, 20-75 kW, 75-300 kW, 300+ kW,
25-100 Hp, 100-400 Hp, 400+ Hp,
25-100 Hp + 0-20 kW,
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100-400 Hp + 20-75 kW,
400+ Hp + 75+ kW)

7. On what types of terrain will the unmanned
ground vehicle be used? (Flat hard ground,
flat soft ground, rough hard ground, and
rough soft ground)

8. What level of maneuverability should the
unmanned ground vehicle have? (Large
turning radius, medium turning radius, and
small turning radius)

The alternatives in the solution space created
with the design catalog parameters have been
evaluated using the questions mentioned above.
Out of 907.200.000 alternatives, the ones that
will ensure the system's functionality have been
identified (Figure 1).

Figure 1. Solution space

2.2. Artificial Neural Network

Artificial neural networks (ANNSs) are systems
designed to mimic the working principles of
neurons in the human brain. These systems
consist of simple processors interconnected at
varying levels of influence, forming a decision-
making mechanism based on learning
capability. Early studies focused on the
mathematical modeling of biological cells
(neurons) in the brain. These studies
demonstrated that each neuron transforms
information received from neighboring neurons
into an output in a manner consistent with the
dynamics of biological neurons [38].

Figure 2 illustrates a neuron model as a basic
element. Data from the external environment
are connected to the neuron via weights, which
determine the influence of the input. The result
obtained from the multiplication of inputs and
their respective weights forms the net input.
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This process is carried out through the
summation function. The activation function
computes the net output during the processing
phase, which also constitutes the neuron's
output. The activation function is usually a
nonlinear function. The constant “b” represents
the bias or the threshold value of the activation
function. The “w” represents the weights, “x”
represents the inputs, and “f” represents the
activation function. Variables xi, X2, X3, ..., Xm
represent the n number of inputs to the neuron,
and variables wi, w2, w3, ..., wm represent the
weights associated with these inputs. A basic
artificial neural network cell is much simpler
than a real neuron, consisting primarily of
components like the input vector (x) and the
weight vector (w). In the multilayer perceptron
and backpropagation model, (w) is used as a
matrix instead of a vector [39].

b=+l
X, l
Wy
X, o
Z\ f
X3 —3 ,/

v

Xn Wﬂ
Figure 2. Artificial neural network cell [40]

The initial element compares the total value
obtained by summing the products of the inputs
and their respective weights with a given initial
value. When this total is compared to the initial
value, if the total is higher, the output value is
calculated using a nonlinear function (F). The
output signal y is the result of the nonlinear
function (F) of the difference between the total
and the initial value. Here, X; is the input signal,
wi is the weight associated with x;, and (F) is the
nonlinear function, as expressed in Equation 1.
The nonlinear function F is determined based on
the modeling choice and the desired output type
of the artificial neural network model.
y=F (X wixi +b) @)
An artificial neural network consists of three
layers: input, hidden, and output layers (Figure
2). The first layer, the input layer, allows data to
enter the neural network. Data from this layer is
processed and sent to the output layer. The
hidden layer, which performs the main function
of the network, transmits signals from the input
layer to the output layer. The number of hidden
layers can vary in different networks depending



Demir et al., /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 8:2 (2024) 255-265

on the application’s purpose [41]. The final
layer, the output layer, processes data from the
hidden layer and produces results based on the
data received from the input layer.
Additionally, an artificial neural network
consists of three fundamental components: the
architecture, the learning algorithm, and the
activation function [42]. The architecture
includes the layers, neurons, and the
connections between neurons. The learning
algorithm calculates probabilities based on
input data and determines the likely outcomes.
The activation function processes the input data
to generate the results.

A neuron is located in a network with numerous
feedback connections. Many networks consist
of simple processor elements, and their basic
structures are  typically  single-layered.
Applications in  various fields have
demonstrated the limited capabilities of single-
layer networks. However, these types of
networks later led to the development of
multilayer networks, which are formed by
integrating two or more neural layers. In the
multilayer networks shown in Figure 3, the
number of neurons in each layer can vary, and
the output of each layer is created as a weighted
sum of the outputs from the previous layer.
Researchers have developed algorithms for the
systematic training of multilayer networks. The
application of these algorithms to multilayer
networks has yielded superior results compared
to single-layer networks [43].

]| | )
|

Hidden
Layer

Qutput
Layer

Input
Layer

Figure 3. Multilayer neural network [40]

Activation functions used in artificial neural
networks are mathematical functions employed
to process input signals to produce outputs for
the neural networks. These functions determine
the output of each neuron in every layer of the
neural network. The functions of activation
functions significantly influence the learning
rate and the training process of the model. Table
2 provides the most common activation
functions and their mathematical formulas.
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Hyperbolic Tangent Function (Tanh): The Tanh
function transforms the input into a value
between -1 and 1, providing more symmetric
output. Since the gradient of the Tanh function
is larger, the vanishing gradient problem is less
pronounced during training [44]. However, the
vanishing gradient problem can still occur in
deep neural networks, especially with very large
values.

Softmax Function: Normalizes the elements of
a vector to be between 0 and 1. It is used in
multi-class classification problems and its
outputs can be interpreted as a probability
distribution. The Softmax function is
specifically tailored for classification problems.

Table 2. Activation functions

Activation Formulas

Function
E;igglll()i(i (y()() = ])/(,1 —f-(f__}() ()nl
Relu f(x) = max (0,x) 0,
Tanh eX—e™¥ -1.1

an tanh(x) = —_) ’

(e*+e™)
Softmax et 0,1
softmax(x;) = cx— =
j=1

3. EXPERIMENTAL FINDINGS

The created model features a feedforward
backpropagation neural network architecture.
To minimize the model's loss function, the SGD
(Stochastic Gradient Descent) algorithm, one of
the most commonly used optimization
algorithms in neural networks and machine
learning models, has been utilized in the
network training function. The activation
functions used are Tanh and Softmax. The
model comprises four hidden layers with 64,
128, 64, and 16 neurons, respectively. The
model was trained for 150 epochs, with 60% of
the dataset used for training, 20% for testing,
and 20% for validation. Table 3 and Figure 4
provide information and visual representations
related to the model.

Table 3. Model of network architecture
Network Type Feed Forward Backprop
Training Function  Stochastic Gradient Descent
Activation Function Tanh-Softmax

Hidden Layer 4 (64, 128, 64, 16)
Epoch 150
Training Data %60
Test Data %20
Validation Data %20




Table 1. Unmanned ground vehicles design catalog

DESIGN CATALOG
1 2 3 4 5 6 7 8 9 10
1 Autonomous Manuel Semi-Autonomous  Autonomous
Structure
2 Control System  RF Control Remote Control Satellite
Module
3 Payload Surveillance Manipulator Carrier Weapon Mine and
System System System System Obstacle Clearing
System
4 Body Material Polymer Composite Aluminum Steel Alloys
Materials Materials Alloys
5 Engine 0-20 kw 20-75 kw 75-300 kw 300+ kw 25-100 Hp 100-400 400+ Hp 25-100 Hp 100-400 Hp 400+ Hp
Hp +0-20 kw +20-75 kw + 75+ kw
6 Energy System  Cell Battery Battery Fuel Cell Fuel Tank
7 Powertrain Fixed Ratio Electric Variable Ratio
System Transmission Transmission Transmission
8 Brake System Dynamic EBS ABS Regenerative
Braking Braking
9 Thermal Air Cooled Oil Cooled Water Cooled
Management
System
10 Electrical Accumulator 12V 24V 28V
System Free Accumulator Accumulator  Accumulator
11  Steering System  Ackerman Differential 4WS Skid-Steer Independent
Steering
12 Suspension Rubber- Spring and Shock  MacPherson Double Torsion Beam Solid  Hydropneumatic
System Elastomeric =~ Absorber Systems Strut Wishbone Axle
13 Mobility 2-Wheeled 4-Wheeled 6-Wheeled 8-Wheeled Tracked
Configuration
14 Chassis 2-Wheeled 4-Wheeled 6-Wheeled 8-Wheeled Tracked
Chassis Chassis Chassis Chassis Chassis
15 Electronic Sensors-Cameras-Processors-Power Distribution Units-Cables
Units
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Figure 4. ANN model

The table shows the performance metrics of the
model for different classes. The overall model
accuracy is %99.6, indicating a very high
performance across all classes. For the 2-
wheeled class, the model has perfect precision
and recall, with a recall of %93. The 4-wheeled
class performance is nearly perfect, with a recall
of %98 and an F1 score of %99. The 6-wheeled
class demonstrates flawless performance with
100% in all metrics. For the 8-wheeled class,
precision is slightly lower at %97, but recall
remains perfect at %100, resulting in an F1
score of %98. In the tracked class, the model
shows near-perfect precision and recall, with an
F1 score of %100. Overall, the model exhibits
excellent accuracy and reliability in classifying
all classes, proving its high general
performance.

Table 4. Model performance metrics

Class  Accuracy Precision Recall F1 Score
2 Wheeled 1.00 0.93 0.96
4 Wheeled 1.00 0.98 0.99
0.996
6 Wheeled 1.00 1.00 1.00
8 Wheeled 0.97 1.00 0.98
Tracked 0.99 1.00 1.00

1

Model Accuracy

09 /
0,8

Accuracy

0,7

0,6

05 |
!

04
0,3

The model quickly achieves a high level of
accuracy on the validation data and maintains
this accuracy. The loss on the training data
steadily decreases and continues to decline
throughout the learning process. This indicates
that the model is successful in its learning
process and optimizes its performance on both
validation and training data (Figure 5).

The model consistently reduces the loss during
training, indicating that the learning process is
effective. The validation loss decreases rapidly
during the initial epochs and then stabilizes at a
certain value. This demonstrates that the model
performs steadily on the validation data. The
overall view of the loss values in Figure 6 shows
that the model progresses well during training,
the learning process occurs in an orderly
manner, and signs of overfitting are not very
pronounced.

Model Loss

Loss

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

= Train E[m('h

—Validation

Figure 6. Model loss graph

The classification performance of the model is
displayed on a confusion matrix graph. Out of
thousands of designs, it does not appear to be an
external error factor in mistakenly learning 12
tracked vehicles as 4-wheeled vehicles (Figure
7).

Confusion Matrix
1000

0,2
0,1
0
0 10 20 30 40 50 60 70 80 S0 100 110 120 130 140 150

——Train F‘p(}l‘h

= Validation

Figure 5. Model accuracy graph
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Figure 7. Confusion matrix graph
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4. RESULTS

Artificial neural networks have been applied to
various fields such as defense, economy,
industry, sports, gaming, energy, environment,
and finance. Unmanned ground vehicles, on the
other hand, have been used in autonomous
movement, obstacle detection, route planning,
agricultural, and various industrial applications.
In light of all this information, it has been
observed that no study has been conducted on
the selection of unmanned ground vehicles
using artificial neural networks.

Artificial neural networks have been applied in
various fields such as defense, economy,
industry, sports, gaming, energy, environment,
and finance. Unmanned ground vehicles, on the
other hand, have been used in autonomous
movement, obstacle detection, route planning,
agricultural, and various industrial applications.
In light of all this information, it is evident that
no study has been conducted on the selection of
unmanned ground vehicles using artificial
neural networks.

In this study, an innovative selection program
has been developed using artificial neural
networks to determine the optimal choice for
unmanned ground vehicles. By processing
multidimensional data and leveraging their
learning capabilities, artificial neural networks
can make highly accurate decisions in selecting
unmanned ground vehicles. Based on feedback
received within the framework of eight
specified questions, the design catalog and the
system have quickly and effectively identified
the best alternatives.

These results expand the potential application
areas of neural network-based decision support
systems in the defense industry and other
critical sectors. The unmanned ground vehicle
selection process demonstrates that similar
methods can be applied to other unmanned
systems as well. The flexible and adaptable
structure of the developed model proves that it
can quickly adjust to different future conditions
and requirements.

This study has revealed that all parameters in
unmanned ground vehicles are interrelated. It
has been determined that creating a mobility
system capable of operating in all types of
terrain conditions is quite challenging. In a
traditional design process, it is known that the
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design of an unmanned ground vehicle begins
with the selection of the mobility system.
Thanks to the answered questions and the data
set used, the most suitable mobility system has
been identified using artificial neural networks.

With this method, the time required for the
designer to evaluate alternatives according to all
criteria has been shortened, and the design costs
have been reduced. In the event of the
commercialization of the unmanned ground
vehicle selection program, it has been clearly
demonstrated that various unmanned ground
vehicle designs can be realized according to
customer demands.
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ABSTRACT

The common denominator of deep learning models used in many different fields today is the pooling
functions used in their internal architecture. These functions not only directly affect the performance of
the study, but also directly affect the training time. For this reason, it is extremely important to measure
the performance of different pooling functions and share their success values. In this study, the
performances of commonly used soft pooling, max pooling, spatial pyramid pooling and average
pooling functions were measured on a dataset used as benchmarking in the literature. For this purpose,
a new CNN based architecture was developed. Accuracy, F1 score, precision, recall and categorical
cross entropy metrics used in many studies in the literature were used to measure the performance of the
developed architecture. As a result of the performance metrics obtained, 97.79, 92.50, 91.60 and 89.09
values from best to worst for accuracy were obtained from soft pooling, max pooling, spatial pyramid
pooling and average pooling functions, respectively. In the light of these results, the pooling functions
used in this study have provided a better conceptual and comparative understanding of the impact of a
CNN-based model.

Keywords: Pooling, Artificial Intelligence, Convolution Neural Network, Classification.

1. INTRODUCTION solutions to these problems can be brought from
Convolutional neural networks (CNN) are used a different perspective by focusing on layer
in many artificial intelligence algorithms, structures that are commonly used in many
especially image classification and architectures. For this reason, the study focused
segmentation [1-3]. Image classification on the pooling layer. Generally, two types of
applications using CNN architectures are one of pooling are used in CNN architectures: local
today's important research topics [4-7]. The and global. In the local pooling method, feature
underlying problem of this research topic is that maps are obtained from local regions in window
CNN architectures are high-cost algorithms. size with the help of windows hovering over the
For this reason, it is aimed that newly developed images. The second type of pooling, the global
CNN architectures will be advantageous in pooling type, is a pooling that creates a scalar
terms of time, cost and complexity, especially value for each feature in the feature map.
in image classification applications. At the same Pooling, which has a non-linear process,
time, it is critical that these algorithms are collects the outputs in layers by reducing them
competitive with their competitors in terms of [8].0ne of the most important features that
performance. For this reason, many researchers distinguishes the pooling layer from other
working in the field of artificial intelligence are layers is that it reduces input sizes to minimize
trying to develop new algorithms for image memory consumption in order to maintain
classification applications. They often aim to statistical performance [9-11]. Pooling layer is
solve these problems by using CNN layers in used to obtain semantic information and reduce
different combinations. = However, new the spatial resolution of feature maps, known as
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subsampling  [12].  When  performing
subsampling, maximum pooling preserves the
most distinctive, distinct features in the feature
map, while average pooling creates a smooth
transition effect [12]. Pooling also partially
solves the overfitting problem, which is a
significant disadvantage in deep learning
models.

CNN-based architectures generally consist of
multiple convolutional layers to extract
distinctive features and subsequent layers such
as Batch Normalization, Pooling, and Fully
connected. In the Pool-SH model proposed in
this article, while the layers other than the
pooling layer remain constant, the max pooling,
average pooling, soft pooling and spatial
pyramid pooling methods are used separately
and compared in the pooling layer. The main
purposes of pooling layers that form the
architectures in deep learning are to learn
features despite changes such as subsampling
feature maps and scaling and rotation [4].
Pooling reduces computational complexity and
memory requirements by reducing the feature
map size while preserving important features. In
the Pool-SH model proposed in this article, it
has been proven on a benchmark dataset which
of the max pooling, average pooling, soft
pooling, spatial pyramid pooling methods will
give better performance values. For this
purpose, the natural image data set, which is
frequently used in the literature, was used.

The main contributions of the study to the
literature are presented below.

. The proposed Pool-SH model provides
a structure that can compare popular pooling
functions that operate in very critical tasks such
as computational cost, complexity and data size
reduction.

. The proposed Pool-SH model tries to
compete with its unique structure consisting of
16 layers instead of the high-weight structures
of transfer learning-based architectures.

. The soft pooling function outperforms
the other pooling functions on the proposed
Pool-SH model.

. As a result of the performance results
obtained on the proposed Pool-SH model,
values were obtained from soft pooling, max
pooling, spatial pyramid pooling and average
pooling functions, from highest to lowest.
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The rest of the study consists of 4 sections.
Section 2 presents the related work in the
literature. Section 3 introduces the materials and
methods used. Section 4 presents the
performance results obtained from the
experimental studies. In the last section, the
findings obtained are evaluated in general.

2. RELATED WORKS

In this chapter, A literature review was
conducted to cover maximum pooling and
average pooling, as well as soft pooling and
spatial pyramid pooling methods, which are
frequently mentioned in the literature. At the
same time, studies using natural images [13],
which is the benchmarking dataset used in this
article, are also analyzed in this section.

The pooling layer is a layer that reduces the
feature map from the previous convolution layer
to smaller sizes, which is often used in CNN and
transfer learning based architectures. In CNN
and transfer learning based architectures, the
pooling layers used are among the important
factors affecting the performance of the model.
Pooling layers greatly reduce the computational
cost and learning process of the model by
reducing the spatial dimension of the model in
transfer learning and CNN models. Among the
most widely used pooling layers in the literature
are maximum and average pooling layers [14].
The main shortcoming of the maximum pooling
layer is that it only takes the largest value in the
area where it is used, and therefore ignores other
values. The main shortcoming of the average
pooling method is that it takes the average of the
values in the area where it is applied. Thus, the
minimum and maximum values, which are
extreme values, are ignored. Due to these
disadvantages, there are many studies in the
literature where these methods are used and
tested [4,8]. A brief analysis of the applications
that use the Natural images dataset as a dataset
in their work is also shared below.

Dogo et al. [15] compared Adamax, AdaDelta,
Nadam, SGD, vSGD, Adam, SGDm, RMSProp
and SGDm+n methods, which are stochastic
gradient-based optimization techniques
frequently used in CNN-based architecture
setup. They obtained performance graphs by
training the architectural models used on the
benchmark dataset used in the article with the
relevant optimization technique. As a result of
the performance results, it is stated that the
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Nadam optimization technique gives better
results than other optimization techniques.

Sikandar et al. [16] developed a hybrid machine
learning method consisting of ResNet50,
VGG16 and KNN algorithms. In the method
they developed, first the features from the
ResNet50 and VGG16 methods are given as
input to the GlobalMaxPooling2D layer and
converted into a one-dimensional array.
Secondly, the features converted into a one-
dimensional array are clustered by determining
the Euclidean distances with the KNN method.
After the clustering process, the distance
between image clusters was determined.
Prabavathi and Sakthi [17], carry out a new
study, different from the studies in the literature,
to obtain a higher compression ratio. First, the
noise of the image is removed. It then
performed image compression to achieve
storage efficiency and transmission.

Praveenkumar and Nagaraj developed a new
model consisting of many layers of nodes in
deep neural networks. They aimed to increase
classification performance and reduce training
time with the model they developed [18]. A
brief summary of studies using maximum and
average pooling methods commonly used in the
literature is presented below.

Ozdemir et al. [14] takes the average of the K
number of highest pixels inspired by the
maximum and average pooling layers. It is
stated that the Avg-TopK method, which is the
pooling method they developed, gives better
results in transfer learning-based models.
Within the scope of the study, the effects of
maximum, average and Avg-TopK methods
were tried to be measured not only on color
images but also on gray images. The Avg-TopK
method is reported to be better than other
classical pooling methods in terms of
computational cost, speed and performance.

Muhammed et al. [19] implemented designs for
a block called vector pooling block for the
pooling layer, which is not widely studied in the
literature. The developed pooling method
consists of two data paths focusing on the
extraction of features on vertical and horizontal
paths. Here, instead of collecting features using
a fixed square filter, CNN architectures can
collect both local and global features by using
long and narrow filters.
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Vigneron et al. [20] developed a new pooling
method based on Zeckendorf's number series. It
is stated that their newly developed Z pooling
layer is better adapted to partitioning tasks than
other pooling methods.

Sharma et al. [21], tried to improve the
performance of CNN architecture by trying a
hybrid pooling method for image classification.
The hybrid pooling method they developed is a
method that can be thought of as a mixture of
fuzzy and maximum pooling with the help of
using pixel intensity values such as maximum
and average pooling. The fuzzy and maximum
pooling layer is combined with the learning
parameter «. The study tries to prove that the
hybrid pooling method they developed is better
than the traditional pooling method in their
performance.

Bhattacharjee et al. [22] designs a trainable
pooling process that determines the instance-to-
bag relationship based on the genetic algorithm.
It is reported that the initialization of random
weights is achieved by optimizing the attention
weights thanks to the genetic algorithm.

3. MATERIAL AND METHODS

Deep learning methods are current algorithms
developed especially for problems that cannot
be solved with a certain formulation. One of the
basic building blocks of these algorithms is
pooling methods. Pooling methods are special
methods developed to use a certain fraction of
many features. Therefore, pooling methods
improve the learning performance of CNN-
based models by reducing computational
complexity [4]. Pooling methods are used for
different purposes such as reducing overfitting,
capturing high-level information between
features, and increasing the impact of the most
important features. For this reason, soft pooling,
SPM, max pooling, average pooling and max
pooling methods, which are frequently used in
the literature, are used in this study. SPM
method is preferred because it extends the fully
connected layer feed with multi-level pooling to
alleviate the shortcomings of traditional pooling
methods.

The main reason for choosing the soft pooling
method is that it aims to smooth the maximum
activation values in the kernel values used in
deep learning methods. Max pooling method is
chosen because it is simpler and more
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understandable than many pooling functions.
The average pooling method is generally similar
to the max pooling method. The difference is
that if the values in the region where the pooling
method is applied are zero or close to zero, it
presents values close to zero in the output. As a
result, dominant features may be lost. In this
study, the average pooling method was
preferred to examine the effect of this
disadvantage on the situation.

3.1. Materials

The natural image dataset used within the scope
of the article consists of 727 airplanes, 968 cars,
885 cats, 702 dogs, 843 flowers, 1000 fruits,
788 motorcycles, and 986 person images. The
dataset consists of a total of 6899 images
belonging to 8 different classes: airplane, dog,
flower, fruit, car, cat, motorbike, person [13].
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Figure 1. Sample dataset

Figure 1 shows image examples of each class in the
dataset.

3.2. Max Pooling Method

In many CNN models in the literature, the
maximum pooling method is preferred. The
main reason for this is that its structure is
simpler and more understandable than many
pooling functions. Max pooling is based on the
largest value within the kxk neighborhood
when optimizing the spatial size of a feature
map [23-25]. The general structure of max
pooling is presented in Eq. 1.
finax () = max{x;}}., €Y
The expression x in Eq. 1 refers to the pooling
region in the input image. Given sparse codes

269

and simple linear classifiers, max pooling
performs better [14]. The disadvantage of the
max pooling function is that it takes the largest
value in the relevant region and ignores other
values. For this reason, in some cases,
distinctive features may be lost. As a result, the
performance of applications may be negatively
affected.

Feature Map
EE

Pooled
Feature Map

H Max pooling
with 2x2 filters |—
n and stride 2 #
F Max (16,28,33,47) = 474
Figure 2. Max pooling

The situation in question can be seen in Figure
2. In the feature map in Figure2, the stride value
was selected as 1 and a 2x2 pooling function
was applied. As can be seen from here, only the
largest values in the relevant area were taken.
This may cause unacceptable results in some
applications.

3.3. Average Pooling Method

As can be seen in Figure 3, the average pooling
method takes the average of the values in the
pooling region. This situation is mathematically
illustrated by Eq. 2.

N

farg @) =2 >

i=1

(2)

While the x; value in Eq. 2 shows the data in the
area where the pooling process is applied, the N
value represents the total number of these data.
In addition, the general working principle of the
Average pooling method is similar to the max
pooling method. The disadvantage is that if the
values in the region where the pooling method
is applied are zero or close to zero, it presents
zero or close to zero values in parallel with these
values at the output. As a result, dominant
features may be lost.

Feature Map led
Poole

Feature Map

ﬂ Average pooling
with 2x2 filters |—®
and stride 2
F Average (16,28,33,47) = SIJ
4

Figure 3. Average pooling
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3.4. Soft Pooling Method

The general logic of the soft pooling method
developed by Riesenhuber and Poggio [26] is
based on the natural exponent (e), which
ensures that larger activation values have a
greater effect on the output. This can be done
with a gradient value proportional to at least the
minimum value during backpropagation to all
activations within the local core neighborhood
[27]. As a result, this process is the opposite of
the methods presented in Sections 3.2 and 3.3.
The soft pooling method aims to soften
maximum activation approaches within the
kernel region. For this, Eq. 3 is used first.

et

_ZjEReaj

(3)

wi

While the weight applied to the ith index in Eq.
3 is expressed with w;, the applied activation is
expressed with a;. Nonlinear transformations
can be performed with weights corresponding to
the activation values. Thus, higher activations
are made more dominant than lower ones. Since
most pooling operations are performed in high-
dimensional feature spaces, highlighting
activations with higher impact is a more logical
approach than simply selecting the mean or
maximum value [27]. While in the max pooling
and average pooling approaches, discarding
some information means discarding important
features, in this approach, the equal contribution
of activations may correspond to local density
reductions by taking the overall regional feature
density equally into account. In the soft pooling
method, the output value is generated via a
standard sum of all weighted activations within
the R core neighborhood as in Eq. 4.

a= Zwi*ai

ieR

4)

Compared to traditional maximum and average
pooling methods, using softmax of regions of
interest allows each activation to be normalized
relative to neighboring activations for the core
region with a probability distribution
proportional to their values. This is in contrast
to the popular choice of maximum or average
value, or averaging all activations over the core
region, where the output activations are not
regularized [27].

3.5. Spatial Pyramid Matching Method
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Spatial pyramid matching (SPM) method is a
new pooling method that eliminates the need for
fixed-size images in CNNs. This method is
applied as fixed-size constraints to fully
connected layers instead of convolution layers.
In general, before pyramid pooling functions, it
was necessary to crop and warp images in order
to fit the images into the dimensions in the CNN
layers. However, operations such as cropping
and warping could lead to content loss and
geometric distortions [28,29]. SPM, a popular
pooling method today, is designed to match the
size of feature maps. The sizes of the contents
may vary. For example, let's say you have an
image of size 128x128. If the four container
number is used under this image, a patch of
32x32 dimensions can be created. In this way, a
total of 16 boxes (thousand) are formed. The
highest value in each box (bin) is considered the
activation value of the next level of the pyramid.
As a result, the SPM technique can produce a
fixed-length output without taking into account
the size of the input. Moreover, it allows
adaptation to input image scales during the
testing and training phases of SPM, which
strengthens the scale invariance feature and
eliminates the problem of overfitting in the
network [30]. The SPM method is primarily
designed to deal with images of variable size. It
also has a more complex learning procedure. As
a result, it is sometimes less efficient. For
example, in the CIFAR10 dataset, it caused an
error of 16:89 percent [31].

3.6. Proposed Model (Pool-SH)

Pool-SH, a new CNN-based model, was
proposed to analyze the pooling functions used
in the study. The Pool-SH model aims to use
layers similar to those commonly used in CNN-
based architectures.

Thus, a more realistic comparison with the
models in the literature was enabled. In the
input layer of the model developed in the study,
first thresholding is applied to the image, and in
the cabin the images are resized to 240x240.
These dimensions are again very close to the
dimensions used in many transfers learning
models in the literature. In the layers following
the entry layer, convolution and pooling
operations are performed sequentially.

Although ReLU activation functions were used
in the convolution layers used in the study, the
dimensions of the tested pooling layers were
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determined as 2x2. This situation is shown in
detail in Figure4. Flatten and Fully Connected
Layer, which have become standards in many
deep learning models in the literature, were
added to the model proposed in the study. In the

classification layer was added. Since there are 8
outputs in the added classification layer, the
softmax activation function was used. The
content of the softmax activation function is
also presented in Eq. 5.
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Figure 4. Proposed Pool-SH model.
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The softmax function is a variant of the sigmoid
function. Although the term N used in Eq. 5
refers to N classes, the softmax function allows
the calculation of which class each output of
these classes belongs to by adding their
exponential values. The z; value in Eq. 5
represents the jth value in the classification
layer. The model designed in this way consists
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of 16 layers in total and includes four pooling
layers. Soft pooling, max pooling, spatial
pyramid pooling and average pooling functions
were used in these pooling layers, respectively.
In this case it is shown in detail in Figure 4.

3.7. Execution of the Pooling Methods

In the execution of pooling methods, the max
pooling method was preferred first. In this
method, using only the largest number in the
filter used provides ease of operation and has an
effective role in highlighting only the dominant
features on the image. However, local features



Cetiner and Metlek /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 8:2 (2024) 266-276

in the data are lost. In the average pooling
method, sharp features are lost and more
localized images can be obtained. In parallel
with the literature, it was found that soft pooling
gives higher performance than max pooling and
average pooling when the size of the features
representing the class is smaller than the image
size [8]. SPM is a pooling method that provides
multi-level input by removing the fixed
constraints associated with the fully connected
layer. Due to its inherent computational
complexity, it is found to be less efficient than
other methods, in accordance with the literature
[31].

If it is necessary to evaluate the pooling
methods used in terms of computational
complexity, SPM, soft pooling, average
pooling, and max pooling methods are found to
be the highest to the lowest. It is noteworthy that
while the computational complexity of average
pooling and max pooling methods are close to
each other, it is seen that the SPM method offers
a  considerably  higher = computational
complexity compared to other methods.

4. EXPERIMENTAL
DISCUSSION

The 6899 images in the natural image dataset
used in the study were divided into two groups:
training and validation, according to the cross-
validation value of 5. While the number of
images in the test group was determined as
1380, the number of images in the training
group was determined as 5519. In the study,
experimental studies were carried out on a
computer with a 64-bit operating system with
NVIDIA RTX 3060 graphics card, AMD Ryzen
7 5800H branded processor with a capacity of
3.2 GHz, 16 GB RAM and hardware features.
Training the system takes approximately 48
minutes. For performance measurement in
training and testing, we used the commonly
used metrics of accuracy, F1 score, precision,
recall and categorical cross entropy (CELoss),
which are presented in Eqs. 6-10 respectively
[32-36,37].

RESULTS AND

TP+ TN
Accuracy = o TN ¥ FN + FP ©)
TP
Recall = TP+—FN (7)
L TP
Precision = TP T FP (8)
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2 * Recall * Precision

F1 Score = Recall + Precision ©)
1 N C
CEoss = =5 ) D (ielog@)  (10)

i=1c=1

The terms TP, TN, FP and FN used in Egs. 6-8
refer to true-positive, true-negative, false-
positive and false-negative respectively. The
training results obtained with these metrics are
detailed in Table 1. In Eq. 10, y,. denotes the
probabilistic prediction result, while y;,
denotes the classification result at the end of i.
training for the ¢,y category

As can be seen from Table 1, the soft pooling
function performs the best, followed by max-
pooling. These are followed by spatial pyramid-
pooling and average pooling. It is noteworthy
that the results of max-pooling and spatial
pooling are close to each other, while average
pooling has the lowest performance.

The main reason behind the high performance
of the soft pooling method preferred in the study
is the natural upper bound that allows larger
activation values to have a greater impact on the
output. It can be said that the high performance
of the max pooling method after the soft pooling
method is due to the high discriminative power
of the maximum numbers in the extracted
features. In SPM, the multilevel expansion
process of feeding the fully connected layer did
not have as high performance impact as soft
pooling and max pooling. Average pooling, on
the other hand, often results in a loss of
performance in terms of information in terms of
contrast. When calculating the average, all
values in the filter are taken into account. As a
result, if the values of all activation outputs are
low, the average is also low. This situation is
obtained in parallel with the literature [38].
Unlike in the literature, if most of the activation
results are zero, the performance values
decrease even more.



Table 1. Training performance results.

Pooling Type Accuracy F1 score Precision Recall CELoss
Soft 98.25 98.40 98.25 98.25 0.001
Spatial pyramid 93.37 92.15 94.63 94.40 0.016
Max 95.50 94.72 95.61 95.60 0.015
Average 90.72 90.03 90.25 90.17 0.054

Table 2. Validation performance results.

Pooling Type Accuracy F1 score Precision Recall CELoss
Soft 97.79 97.80 97.79 97.79 0.095
Spatial pyramid 91.60 90.87 91.68 91.50 0.776
Max 92.50 91.82 92.59 92.50 0.628
Average 89.09 88.05 89.82 88.30 0.386

In the study, the same metrics were used to
measure the performance of the data allocated
for testing. The results obtained here are shared
in detail in Table 2.

When the performance results presented in
Table 2 are analyzed, it is seen that they are in
parallel with the training data. However, the test
results were about 1% lower than the training
results. The graphs of accuracy, F1 score,
precision, recall and CEpss obtained from four
different pooling functions as a result of the test
are presented in Figures 5-9, respectively.
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As can be seen in Figure 6, the lowest CEposs
value is obtained from the soft pooling function,
while the highest CELo value is obtained from
the average pooling function. This also
confirms the accuracy values.

5. CONCLUSION

In this study, a study-specific convolutional
deep learning model with four different pooling
layers is used. The main purpose of the designed
model is to measure the performance of soft
pooling, max pooling, spatial pyramid pooling,
and average pooling functions which are widely
used in the literature. For this purpose, the
natural images dataset used as benchmarking in
the literature is used. On this dataset, accuracy,
F1 score, precision, recall and CELoss metrics
commonly used in the literature were used. The
dataset used in the study was divided into two
groups as training and test according to the cross
validation 5 value.

In the light of the results obtained, the accuracy
values of 0.9779 for soft pooling function,
0.9250 for max pooling function, 0.9160 for
spatial pyramid pooling and 0.8909 for average
pooling were obtained on the same dataset and
deep learning model. As it can be seen from
these results, the soft pooling function gave very
good performance results compared to the other
pooling functions used in the study. The main
objective of this study is to measure the
performance of the pooling functions
comparatively.

It is seen that many CNN-based applications
have been developed in autonomous systems
and medical imaging systems, and the pooling
methods tested in this study are also used in
these applications [39-40]. It is seen that the
performance results of the proposed method on
the test set used in the study are quite good
compared to other methods. In parallel with
this, it is obvious that it will increase the
success performance in CNN-based medical
imaging and autonomous systems. When the
pooling methods tested comparatively on the
model proposed in the study are analysed, it is
found that the computational complexity of the
soft pooling method is higher than the other
methods. However, the computational
performance is quite high. If there are no
hardware constraints, it is obvious that the soft
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pooling method will improve the performance
of the study. On the other hand, if there are any
hardware constraints, max pooling or average
pooling can be preferred, respectively.
Although the complexity of SPM is higher
than max pooling, its performance is lower
than max pooling. In the presence of hardware
constraints, it would not be a reasonable
solution to choose SPM. It is recommended
that future research should take this situation
into consideration.

At the same time, it is aimed to improve
performance by developing different pooling
functions with low computational cost with a
new study on the dataset used in the study.
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0z

Ug boyutlu (3B) yazdirma teknolojisi sahip oldugu esnek imalat kabiliyetlerinden dolay1, giiniimiizde
farkli endiistri alanlarinda alternatif imalat metodu olarak kullanilmaktadir. Bu yontemde, geleneksel
imalat yontemlerinden farkli olarak, parcalar katmanlar halinde iiretilmektedir. Geleneksel imalat
yontemleri ile iretimi oldukca zor olan karmasik geometrilere sahip pargalar 3B yazicilar ile
iiretilebilmektedir. Bu imalat yonteminde karsilagilan en biiyiikk dezavantaj son {iriin mekanik
Ozelliklerinin polimer kaliplama yontemleri ile karsilastirildiginda diisiik olmasidir. Ancak, siirekli veya
stireksiz fiber takviyeli filamentlerin gelistirilmesi ile son iiriin mekanik &zelliklerinin belirgin oranda
iyilestirilmesi miimkiin olmaktadir. Bu c¢alismada, siirekli takviye elemani ile giiclendirilmis
termoplastik matrisli filament {iretiminde kullanilabilecek kalip tasarimi ve {iretimi amag¢lanmistir.
Takviye ve matris elemanlari olarak sirasiyla, tel ve Polilaktik Asit (PLA) tercih edilmistir. Calismanin
deneysel kisminda, tel takviyeli kompozit filament kullanilarak yazdirilan ¢ekme test numunelerinin
dayanimlar1 ile saf PLA filament kullanilarak yazdirilan numune dayanimlari karsilastirilmigtir.
Deneysel sonuglar, yazdirmanin kompozit filament ile yapilmasi durumunda parg¢a dayaniminin belirgin
sekilde iyilestirilebilecegini gostermistir.

Anahtar Kelimeler: 3B Yazdirma, Siirekli Metal Takviyeli Filament, Kompozit Malzemeler, Mekanik
Ozellikler.

SUITABLE MOLD DESIGN FOR CONTINUOUS REINFORCED
FILAMENT PRODUCTION FOR 3D PRINTERS

ABSTRACT

Three-dimensional (3D) printing technology is now being used as an alternative manufacturing method
in various industries due to its flexible manufacturing capabilities. Unlike traditional manufacturing
methods, 3D printing builds parts in layers. Parts with complex geometry that are difficult to produce
with traditional manufacturing methods can be produced with 3D printers. The main disadvantage of
this manufacturing method is that the mechanical properties of the final product are low compared to
polymer molding techniques. However, by developing continuous or discontinuous fiber reinforced
filaments, it is possible to significantly improve the mechanical properties of the final product. The
objective of this study is to design and fabricate mold that can be used to produce thermoplastic matrix
filament reinforced with continuous reinforcing elements. Wire and polylactic acid (PLA) were
preferred as reinforcement and matrix elements, respectively. In the experimental part of the study, the
strength of tensile test specimens printed with wire-reinforced composite filament was compared with
the strength of specimens printed with pure PLA filament. The experimental results showed that part
strength can be significantly improved when printing with composite filament.

Keywords: 3D Printing, Continuous Metal Reinforced Filament, Composite Materials, Mechanical
Properties.

277


mailto:ooz@karabuk.edu.tr
https://orcid.org/0009-0004-0996-3126
https://orcid.org/0000-0002-9833-429X
https://orcid.org/0000-0001-8025-8236

Taleb vd. /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 8:2 (2024) 277-286

1. GIRIS

Eklemeli  imalat  yoOntemlerinden  olan
termoplastiklerin 3B yazicilar kullanilarak imal
edilmesi aragtirmacilarin en fazla ilgi duydugu
ve gelisimine devam eden giincel iiretim
metodudur. Bu yontemde, geleneksel imalat
yontemlerinden  farkli  olarak, pargalar
katmanlar halinde iiretilmektedir. Katmanl
iretim karmasik geometriye sahip pargalarin
iiretiminde malzeme sarfiyatini ve imalat
siiresini  Onemli oranda disiirmektedir [1].
Ancak, bu yoOntemin en biiyliikk dezavantaji
plastik kaliplama yontemleri ile
kargilagtirildiginda  son  iirin = mekanik
Ozelliklerinin diisiik olmasidir. Katmanlar arasi
arayiizey etkilesimi, yapi igerisindeki bosluklar
ve uygun olmayan yazdirma parametreleri
(yazdirma hizi, yazdirma sicaklign = vb.)
yazdirilan pargalarin mekanik 06zelliklerinde
meydana gelen diisiislerin baslica nedenleridir
[2,3]. Giiniimiizde yazdirma parametreleri ve
prosesin  iyilestirilmesi  ilizerine  yapilan
caligmalar son {iriin kalitesinin belirgin sekilde
artmasina katkida bulunmus ve plastik
kaliplama yontemleri ile dretilen iiriinler ile
rekabet edebilir seviyeye getirmistir [4]. Ayrica,
stirekli veya siireksiz fiber takviyeli kompozit
parcalarin yazdirilmasi amaciyla gelistirilen
tasarimlar son {riin mekanik &zelliklerinin

Besleme Tlpl

Termoset
regine

I,

1

Enjektor

Makas

(a) Dogrudan miirekkepli yazdirma siringa tasarimi

[12]

gelistirilmesine olanak saglamistir [5-8]. Farkli
takviye elemanlari ile giiclendirilen polimerler,
kompozitlerin yogun olarak tercih edildigi
havacilik, otomotiv ve denizcilik sanayilerinde
temel malzeme gruplar arasinda 6nemli bir
yere sahiptir. Bunun en 6nemli nedeni, diisiik
agirhik-yiiksek  dayamim  oranma  sahip
olmalaridir [9,10]. Glinlimiizde, polimer
kompozitlerin {iretiminin yetismis elemana
ihtiyag duymasi ve ¢ok asamali bir iiretim
stirecini ~ barindirmas1  nedeniyle  yiiksek
maliyetlidir. Enjeksiyonlu kaliplama, basingh
kaliplama ve recine enjeksiyonlu kaliplama
yontemlerinin uygulanabilmesi bu alanlarda
yetismis teknik elemanlara ihtiya¢ duymaktadir
[11]. 3B yazdirma teknolojisinin kompozit
par¢a lretimine uyarlanmasit kompozit iiriin
maliyetlerini  diiglirebilir  ve  endiistriyel
uygulama alanlari arttirabilir. Sekil 1’de
termoplastik ~ kompozit  iretiminde 3B
yazicilarin  avantajlarindan faydalanabilmek
amactyla arastirmacilar tarafindan gelistirilen
farkli tasarimlar gosterilmektedir.

Sekil 1’de gosterilen tasarimlari uygulayan
caligmalar ve elde edilen sonuglar asagida
tartigilmastir.

Besleyici ——
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\ Nozul
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(d) Siirekli fiberin yerinde emprenye edildigi 3B
yazici tasarimi [15]
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Sekil 1. Siirekli fiber takviyeli par¢a yazdirma sistemleri.

He wvd. [12], calismalarinda Sekil 1.a'da
gosterilen fiber besleme tiipli ve fiberin
icerisinden  gecirildigi  termoset  recine
(miirekkep) ile doldurulmus enjektérden
meydana gelen tasarim1  kullanmiglardir.
Kompozit parganin yazdirilmasi amaciyla
icerisinde termoset regine bulunan enjektore
fiber demeti besleme tipli yardimiyla
iletilmektedir. Tasarlanan yazicida reginenin
ilerletilmesi ~ P1 piston  basinct  ile
saglanmaktadir. P2 basinci ise fiber besleme
tiipii ucundaki basinct dengeleyerek termoset
recinenin boru igerisine akisini engellemek i¢in
uygulanmaktadir. P1 basinci altinda c¢alisan
enjektor icerisindeki fiber demeti kesme
gerilimi ile yazdirma tablasina iletilerek
kompozit par¢a yazdirilmaktadir. Onerilen bu
tasarim hem termal olarak hem de UV ile
kiirlenebilen reginelerin kullanimina uygundur.
Termal olarak kiirlenebilen regineler ile
yazdirilan  kompozitlerin, tiim yazdirma
yonlerinde dogrudan kaliplanmig numunelerin
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mekanik Ozelliklerine yakin degerler elde
ettiklerini belirtmislerdir.

Pappas vd. [13], calismalarinda ekstriider
prensibi ile kompozit parca yazdirilmasi
amactyla Sekil 1.b’de gosterilen 3B yaziciy1
tasarlanmistir.  Bu  tasarimda  besleme
hunisinden vida igerisine iletilen graniil
formundaki polimer ergitilerek, vida ucuna
bagli fiber besleme tiipiinden iletilen fiber
demetinin eriyik polimer ile kaplanmasi
saglanmaktadir. Caligmalarinda eriyik polimer
ile kaplanan fiberin tabla iizerine yazdirilmasi
ile parganin imalat1 gerceklestirilir. Nozul egim
acisinin  arttirilmasi ile akigin  daha rahat
saglandigini, elyaf kirilmalarmin azaldigimi ve
bunlara bagli olarak mekanik 06zelliklerinin
artigini belirtmislerdir. Ancak, bu durumun
yazdirma basincini diiglirdiigiini ve bosluk
olusumunu arttirdigini vurgulamiglardir.
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Qiao vd. [14], Sekil 1.c'de detaylar1 gosterilen
biitlinlesmis sistemi kullanarak kompozit parga
yazdirmiglardir. Bu  tasarimda  fiber,
¢oOziindiirlilmiis regine igerisinden gegirilirken
kullanilan transdiiserin olusturdugu kavitasyon
etkisi ile fiber demetinin regine ile etkili sekilde
kaplanmasi saglanmistir. Sistemin devaminda
fiber tlizerindeki diklorometan ¢oziicii sicak
hava altinda buharlastirilarak uzaklastirilmistir.
Bu sistemde elde edilen emprenye edilmis fiber
demeti 3B yazicida kullanmak iizere makarada
sartlarak  biriktirilmistir. ~ Kullanilan 3B
yazicinin yazdirma kafasi iki adet koaksiyel
nozuldan olugmaktadir. Emprenye edilmis fiber
demeti ve PLA filament yazdirma nozulunun alt
kisminda karigtirilarak  tablaya yapismasi
saglanmistir. Yapismanin gergeklesmesi ile
fiberin siirekli olarak iletilmesi ¢ekme kuvveti
ile saglanmaktadir. Yazdirilan parcalardan elde
edilen sonuglar, egilme mukavemeti, egilme
modiilii, c¢ekme mukavemeti ve elastisite
modiiliinin ultrasonik genligin artmasiyla
arttigini, ancak ultrasonik islem hizinin
artmasiyla azaldigini gostermistir. Kompozit
malzemelerin ¢cekme ve biikiilme
mukavemetlerinin  iglenmemis malzemeye
kiyasla sirasiyla, %34 ve %29 oraninda arttigi
bulunmustur.

Zhang vd. [15], fiberin ve eriyik polimerin nozul
ucuna ayni anda beslendigi Sekil 1.d’de
gosterilen tasarimi  kullanmiglardir.  Eriyik
polimer, nozul ile entegre edilmis yariklar
yoluyla fiberlerin  {izerine polimer ile
kaplanmaktadir. Polimer  kapl fiber
yazdirilarak  kompozit parga  iiretimini
gergeklestirmiglerdir. Deneysel sonuglar, daha
ince yazdirma kalmhiginin daha biiylik baski
kuvveti olusturdugunu ve bosluk olusumunu en
aza indirdigini ve buna baglh olarak kompozit
parcalarin mekanik oOzelliklerini ve ylizey
kalitesini iyilestirdigini gostermistir. Yazdirma
islem parametrelerini optimize ederken boyut
dogrulugu ile mekanik 6zellikler arasinda denge
kurulmasi gerektigini agiklamiglardir.

Mosleh vd. [16], Sekil 1l.e’de gosterilen
tasarimlarinda polimer matris ile fiber ara-
yiizey etkilesimini gelistirmek i¢in siirekli fiberi
aseton icginde ¢oziindirilen ABS soliisyonu
icerisinden  gecirmiglerdir. Saf ABS ve
kompozit parcalarin mekanik &zelliklerinin
karsilastirilmasi icin numunelere c¢ekme ve
egilme testleri uygulanmistir.  Deneysel
sonuglar, kompozitlerin egilme ve g¢ekme
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mukavemetinin, ABS numunelere gore arttigini
gosterdi.  Fiberlerin ABS ¢0zelti icinden
gegirilmesi ve diigiik yazdirma hizinin kompozit
numune dayanim artisinda 6nemli parametreler
oldugunu belirtmislerdir. Ayrica, fiberlerin
¢ozelti ile kaplanmasinin kompozit parcalarin
yazdirilmasini kolaylastirdigini belirtmislerdir.

Blok vd. [17], ¢aligmalarinda kompozit parca

yazdirilmasinda ise ticari olarak {iretimi
gerceklestirilen  MarkOne 3B yaziciyi
kullanmiglardir  (Sekil 1-f). MarkOne 3B

yazicida iki farkli nozul yardimiyla naylon
matrise gomiilii siirekli karbon fiber parga

yazdirillabilmektedir. Kapali kaynak kodlu
yazilim kullanilan bu yazicida yazdirma
parametrelerinin kullanici tarafindan
belirlenmesine izin verilmemektedir.

Calismada kisa fiberler kullanilarak yazdirilan
kompozit parga mekanik 6zellikleri MarkOne
3B yazict ile yazdirilan kompozit parga
mekanik ozellikleri ile karsilastirilmigtir. Kisa
fiberli kompozit pargalarin yazdirilmasinda
acik kaynak kodlu 3B yazict kullanmislardir.
Stirekli fiber ile yazdirilan parcalarda dayanim
ve rijitlik sirasiyla, 986 MPa ve 64 GPa olarak
elde edilirken, kisa fiberle gii¢lendirilmis
naylon baskili parcalarda bu degerler belirgin
sekilde diigserek sirasiyla, 33 MPa ve 1.9 GPa
olarak elde edilmistir. Yazarlar, siirekli fiber
yazicinin en biiyilk dezavantajinin, fiberin
yerlestirilmesi tizerindeki siirli kontrol ve daha
karmagik sekilleri yazdirirken meydana gelen
parga i¢indeki bosluklar olarak siralamigtir.

Yukarida belirtilen sistemler, fiberin emprenye
ile 6n hazirhginin yapildigi, nozul igerisinde
fiber ve matrisin es zamanli karistirildigi veya
fiber ve matrisin farkli nozullardan iletilerek
kompozit par¢a yazdirma islemi i¢in tasarlanan
yazici sistemleridir. Bu calismada literatiirde
yapilan ¢alismalardan farkli olarak, siirekli fiber
takviye elemanina sahip filament {iretimi
amaclanmigtir.  Siirekli  fiber takviyesinin
filament yapisi icerisine eklenmesi amaciyla
kalip tasarlanmig ve {iretilmistir. PLA matrisli
filament takviye elemani olarak kolay sekil
alabilen 0.25 mm c¢apa sahip piring tel
kullanilmustir. Uretilen kompozit filament ile
cekme test numuneleri yazdirilarak kompozit
par¢a dayanimlar1 belirlenmis ve saf PLA ile
iiretilen parca dayanimlar ile karsilastirtlmisgtir.
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2. MATERYAL VE METOD

2.1. Malzemeler

Kompozit filament iiretiminde siirekli takviye
malzemesi olarak 1040 MPa ¢gekme dayanimina
sahip piring tel ile PLA kullanilmistir. Piring tel
nispeten yumusak, kolay sekil degistirebilir ve
iyi mekanik o6zelliklere sahip oldugu icin
secilmistir. PLA’nin fiziksel 6zellikleri Tablo
1’de gosterilmisgtir.

Tablo 1. PLA fiziksel 6zellikleri [18].

Ozellik Deger
Elastisite modiili 3500 MPa
Cekme dayanimi 50 MPa
Kopmada uzama yiizdesi <5%
Ergime sicaklig1 175°C
Camsi gegis sicakligi 60°C

2.2. Kompozit Filament Uretim Kalib1

Sekil 2’de stirekli tel takviyeli kompozit
filament Uretimi amaciyla tasarlanan kalibin
detay resimleri ve olgiileri gosterilmektedir.
Kalibin 6lgiilendirilmesinde ve tasariminda tek

vidali  ekstriider ile uyumlu ¢aligmasi
amaclanmigtir.  Kalip  gdvdesi,  eriyik
termoplastik  matrisin  ilerletildigi  govde,

takviye elemanin siiriildiigli yolluk ve kompozit
filamentin sekillendirildigi nozul kisimlarindan
olusmaktadir.

M &
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100

Sekil 2. Kalip 6l¢iileri.

Sekil 3, kalip yollugu detay resmini
gostermektedir. Takviye elemanmin matris
icerisine ilerletilmesi igin tasarlanan yollugun
filament kesit merkezinde hassas sekilde
konumlanabilmesi i¢in vida adimi ile hareket
ettirilmesi saglanmigtir. Ayrica, yollugun gévde
icerisine acili sekilde yerlestirilmesi ile
yollugun igerisine eriyik polimer akiginin
engellemesi amaglanmigtir. Eriyik polimer ile
takviye elemaninin gdvde igerisinde temasi
bagladigi anda takviye elemani ile polimer
matris arasinda olusan kesme kuvveti ile
kesintisiz sekilde nozul igerisinde herhangi bir
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iticiye ihtiyag duyulmadan takviye elemani
ilerleyebilmektedir.
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Sekil 3. Takviye elemant gifig-ilollugu ve Olgiileri.

Sekil 4, kalibin ¢ikis ucuna bagh filament ¢ikis
nozulunu gostermektedir. Nozul kalip gévdesi
icerisinde birlestirilen matris ve takviye
elemanmin filament formunda c¢ekilmesini
saglamaktadir. Kalibin 1sitilmasindan once, tel
yolluktan ve nozuldan gecirilmektedir.
Baslangigta telin gegirilmesi i¢in kaliptan
ayrilan nozul, kalip ucuna tekrar baglanarak
kalibin kovan 1sisina ulagsmasi beklenmektedir.
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Sekil 5, tretimi yapilan kalibin tek vidah
ekstriidere baglantisim1 gostermektedir. Kalip
tek  vidali  ekstriiderin  vida  sonuna
konumlandirilmistir.  Eriyik  termoplastik
ekstriider  igerisinden  kalip  gdvdesine
iletilmektedir. Kalip govdesi icerisine 6nceden
konumlanan tel, eriyik polimer ile temas ettigi
anda matris ile kaplanmakta ve kesme kuvveti
vasitast ile nozul digina herhangi itici
kullanilmadan siiriilmektedir.
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Sekil 5. Kalip montaji.

2.3. Kompozit Filament Uretimi

Kompozit filament {retiminde matris olarak
kullanilan PLA, hidrofilik yapida oldugundan,
neminin giderilerek kurutulmasi amaciyla 24
saat boyunca, 60°C sicakliktaki etiiv igerisinde
bekletilmistir. Nem giderme islemi yapilan
granil formdaki PLA, 200°C sicakliga
ayarlanan ekstriider kovani igerisine besleme
hunisi vasitasiyla dokiilmiis ve eriyik formda
kalip nozulundan ¢ikmasi beklenmistir. Kalip
nozulundan ¢ikan eriyik PLA teli siiriiklemeye
basladi anda, ekstriiderin sarma {initesindeki
filament makarasina baglanarak sarim islemine
baglanmistir. Sarim igleminde, filament c¢ap1
1.75 mm olacak sekilde sarim hizi kademeli
olarak arttinlmustir.  Sekil 6, sarim islemi
tamamlanmig ve 3B yazicida kullanima hazir
filament makarasin1 gostermektedir. Kompozit
filament ortam kosullarindan etkilenmemesi
icin yazdirilma iglemine kadar etliiv firin
icerisinde bekletilmistir.

Sekil 6. Filament makarasi.
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Sekil 7°de telin PLA matrisli filament
icerisindeki konumlanmasi1 gdsterilmektedir.
Vida adimi ile hareket ettirilen yolluk
tasarimiin, teli filament kesiti ortasinda
konumlandirilabildigi Sekil 7°de net olarak
gorilmektedir.

2.4. Test Numunelerinin Yazdirilmas: ve
Hazirlanmasi
Uretilen kompozit filamentlerin

yazdirilmasinda agik kaynak kodlu 3B yazici
kullanilmistir.  Yazict tablast tek yonde (y
ekseni dogrultusu), yazdirma nozulu iki yonde
(x ve z eksen dogrultular1) harekete sahiptir.
Tablo 2 kompozit filament ve PLA filament ile
iiretilen parcalarin yazdirma parametrelerini
gostermektedir. Cekme test numuneleri ASTM
D3039/D3039M-00 standardi ile uyumlu
200x15x1,2 mm Olciilerinde yazdirilmastir.
Biitiin numunelerde yazdirma yonii yiik yoniine
paralel olacak sekilde secilmistir. Yazdirma
islemi siiresince, 1.2 mm c¢apa sahip nozul
kullanilmis ve yazdirma hiz1 ile filament
besleme hizi esitlenmistir.

Tablo 2. Yazdirma parametreleri

Parametre Deger
Yazdirma hizi (mm/s) 50
Katman ytiksekligi (mm) 0.6
Yazdirma sicakligi (°C) 200
Nozul ¢ap1 (mm) 1.2
Yazdirma deseni Dogrusal
Doluluk orani 100%

Sekil 8 kompozit numunelerin 3B yazici ile
yazdirtlmasini gostermektedir.

Sekil 8. Numunelerin yazdirilmasi.



(a) Filament uzunlugu dogrultusunda tel konumu. (b) Filament kesitinde tel konumu.
Sekil 7. Kompozit filament igerinde telin konumlanmasi.

Tel Yazdirma yonindn degistigi
kenarlarda telin bukllmesi
Sekil 9. Yazdirilan Numune igerisinde tel detay goriintiileri.

Sekil 9’da yazdirilan katmanlarin
dogrultusunda tel detay goriintiileri
gosterilmektedir. Sekil 9 incelendiginde, tel
takviyesinin katmanlarm igerisinde numune
uzunlugu boyunca hatasiz sekilde
konumlandig1 goriilmektedir. Ayrica,
katmanlarin yo6n degistirdigi numune ug
kisimlarinda telde herhangi bir deformasyon ya
da kopma meydana gelmemesi kullanilan
yazdirma parametrelerinin = (yazdirma ve
besleme hizi) uygun olarak secildigini
gostermektedir.

Sekil 10. Cekme test numuneleri.

Sekil 10°da ¢ekme testi i¢in hazirlanan Cekme testlerinde Shimadzu marka elektro-

numuneler  gosterilmektedir. ~ Numunelerin mekanik 50 kN ¢ekme test cihazi kullanilmistir
¢ekme test cihazi ¢enesi tarafindan tutulan ug (Sekil 11). 2 mm/dk sabit cene hizinda

kisimlarina tablar yapistirilmig ve kiirlenmesi numuneler hasara ugrayana kadar yik

beklenmistir. uygulanmigtir. Deneyler siiresince yiik-yer
degistirme egrileri kaydedilerek hasar yiikleri
belirlenmigtir. Numunelerin ulastigi pik yiik
degerleri hasar yiikii olarak kabul edilmistir.
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Sekil 11. Cekme test cihazi.

3. DENEYSEL SONUCLAR

Sekil 12, kompozit ve PLA numune yiik yer-
degistirme egrilerini gostermektedir. Sekil 12
incelendiginde, tel takviyeli = kompozit
numunenin saf PLA numuneye gore daha
yiiksek  hasar  yiikii  degerine  ulastigi
goriilmektedir. Ayrica, kompozit filament
kullanilmasi durumunda parga rijitligini de
o6nemli dl¢lide artig1 gozlemlenmistir.

1800 [
——PLA ,/"
1600 —-—-- PLA+TEL -

1400 | /

1200 f i
Z 1000 -
X

800 7

Yu
~,

600 | #
400 F /

200F

0 05 1 15 2 25 3 35 4
Yer degistirme (mm)
Sekil 12. Numunelerin yiik-yer degistirme egrileri.

Sekil 13 numunelerin hasar yiikii ve maksimum
yer degistirme degerlerini gostermektedir.
Kompozit filament kullanim1 par¢a hasar
yiikiinii %39.53 oraninda arttirmig ve rijitlik
artisina bagl olarak yer degistirme degerini %
27.82 oraninda distirmiistiir.
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Sekil 13. Numunelerin yiik-yer degistirme
diyagrami.
Parca  yazdirilmasinda  siirekli  fiberin

kullanildigr onceki c¢aligmalarda da benzer
dayanim artiglarina ulagilmigtir. Heidari-Rarani
vd. [10], siirekli karbon fiber takviyeli PLA nin
¢ekme ve egilme dayanimlarinin saf PLA’ya
gore sirasiyla, %35 ve %108'e kadar arttirdigini
belirtmiglerdir. Ibrahim vd. [19], kompozit
par¢a yazdirma islemi i¢in filament ve takviye
elemanin nozul igerisine iletildigi cift girisli
tasarimlarinda tel takviyeli PLA matrisli
kompozit yazdirmiglardir. Tel takviyesi olarak
nikel krom ve bakir kullanmiglardir. Nikel krom
ve bakir tel kullanilan kompozit pargalarin
dayanimindaki artisin PLA  parcaya gore
sirasiyla, %9 ve %30 oranlarinda oldugunu
belirtmislerdir. Yapilan bu ¢alismalar siirekli
fiber kullaniminin dayanim degerlerini belirgin
sekilde gelistirdigini gostermektedir. Diizenli
fiber yoOnlenmesi dayanim artisinin temel
sebebidir. Ayrica, fiber ve matris arasinda
araylizey etkilesiminin yiiksek olmasi matris
fiber yiik transferini 6nemli oranda arttirir. Bu
calismada tel i¢in Ozel bir ylizey hazirlama
islemi yapilmamasina ragmen, PLA ve takviye
elemanlarinin yazici igerisinde karigtirildiklart

yukaridaki ~ ¢aligmalara  gdére  dayanim
degerlerinin  daha fazla  gelistirilebildigi
sonucuna ulagilmistir. Kalip yardimi ile
kompozit filament {retiminin dayanimda
sagladigi avantajlar ile beraber kullanim
kolaylign  agisindan  literatiirde  yapilan

caligmalara gére onemli avantajlar sagladiginin
vurgulanmast 6nemlidir. Uretilen filamentin
yazdirilmasinda herhangi bir agik kaynak kodlu
yaziciin kullaniminda sinir olmamasi ve 6zel
tasarimli yiiksek maliyetli yazicilara ihtiyag
duyulmamasi bu yontemin {istiinligii olarak
belirtilebilir.
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4. SONUC VE TARTISMA

Bu calismanin temel amaci siirekli takviye
eleman1  kullanilarak  kompozit filament
iretiminde kullanilacak kalip tasarimi ve
iiretiminin yapilmasidir. Elde edilen sonuglar,
tasarlanan kalibin siirekli takviyeli filament
iiretim kabiliyetine sahip oldugunu gostermistir.
Kompozit filament iiretim siirecinde kullanilan
tel takviye elemaninin 1.75 mm c¢apa sahip

filament kesitinin orta noktasinda
konumlanmasi saglanmis ve makara sarimi
siiresince  telin  konumunun degismedigi

belirlenmistir. Kalip yardimiyla basarili sekilde
uretilen kompozit filamentin yazdirilmasi
calismanin  numune  dretim  asamasini
icermektedir. Bu asamada yazdirma islemi
¢ekme test numuneleri igin tekrarlanmis ve
iiretimin hatasiz bir sekilde
gerceklestirilebildigi goriilmiistiir. Calismanin
son agsamasinda liretilen numuneler ¢gekme yiikii
altinda test edilmis ve kompozit filamentin
hasar yiikiinin O6nemli oranda arttirdig
belirlenmistir. Yazdirilacak parcalarin
geometrisi bu caligmanin sinirlarini
belirlemektedir. Hazirlanan kompozit filament
kesintili olarak yazdirilan karmagik
numunelerin {iretilmesi i¢in uygun olmamakla
beraber kesintisiz yazdirmanin miimkiin oldugu
levha veya silindirik parg¢a imalatinda basarili

bir sekilde uygulanabilir. Kesintili iiretim
yapilabilmesi filamentin belli asamalarda
kesilmesi ile miimkiin olabilir. Ilerleyen
caligmalarda  filamentin  kesilmesi  i¢in

tasarlanacak eklentilerin kullanilmasi ile farkli
geometrilerin yazdirilmasi miimkiin olacaktir.
Ayrica, tasarlanan ekstriizyon kalibinda, farkli
takviye elemanlar1 kullanilarak kompozit
filament cesitliliginin arttiritlmas1 miimkiindiir.
Son olarak bu kalip yardimyla {retilen
filamentler kirpilarak enjeksiyon kaliplama
sistemlerinde hammadde olarak da
kullanilabilir. Bu sayede belirlenen karigim
oranlar1 garanti edilmis graniil elde edilmesine
olanak saglanabilir.
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ABSTRACT

This study investigates the impact of production parameters on the quality of 3D-printed polyetherimide
(PEI) samples using a custom-made 3D printer. In contrast to traditional optimization approaches, this
research emphasizes the variability of outcomes despite maintaining fixed parameters such as nozzle
and bed temperatures and slicer options. The study involves real-time monitoring of factors including
nozzle, bed, and chamber temperatures, as well as relative humidity during the production process. Each
layer was photographed individually to analyze its impact on the final product. Detailed physical and
mechanical analyses revealed significant deviations in dimensions and flexural modulus, with a 10%
loss in density and nearly 25% loss in flexural modulus in lower-performing samples compared to the
best results. Results show correlations between critical parameters and product quality, underscoring the
necessity for proper preparation and precise control. Furthermore, the research proposes a new method
to geometrically represent the manufacturing process in a time-independent way using collected sensor
data in 3D printing. This approach provides valuable insights for future studies aimed at optimizing
additive manufacturing processes and enhancing the application of high-performance thermoplastics in
high-tech fields such as aerospace and defense industries.

Keywords: Additive Manufacturing, Material Extrusion, Fused Filament Fabrication, Polyetherimide,
DMA.

1. INTRODUCTION challenges. The advent of high-performance
Additive manufacturing (AM) has thermoplastics like polyetherimide (PEI) and
revolutionized industrial production processes polyether ether ketone (PEEK), along with
in recent years, providing flexibility and cost composites enhanced with various nano- and
savings in both the design and production micro-additives, has paved the way for the
stages. The advantages of AM technologies are application of FFF technology in high-tech
not only evident in prototyping but also extend areas, including aerospace and defense
to final product manufacturing. In particular, industries. These materials offer superior
AM methods enable the rapid and precise thermal stability, mechanical strength, chemical
production of parts with complex geometries, resistance, and multifunctional properties,
thereby making production processes more making them suitable for demanding
adaptable and economical [1-3]. Among the applications [4-6]. In sectors with stringent
various AM technologies, Fused Filament requirements, maintaining consistent quality
Fabrication (FFF), classified under Material control and physical and mechanical properties
Extrusion (MEX), has struggled to gain traction throughout the additive manufacturing process
in high-tech sectors due to disadvantages such is crucial [7-8]. Consequently, monitoring and
as limited material diversity and lower controlling relevant parameters during the
mechanical strengths compared to traditional production of high-performance thermoplastics
manufacturing techniques. However, recent has become vital for both production efficiency
advancements have begun to address these and product reliability.
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In FFF, extensive analytical, numerical, and
experimental studies have examined the
fundamental production parameters, general
characteristics, and limitations of all production
stages [9-12]. Additionally, optimization
studies employing parametric and statistical
approaches for various additive manufacturing
technologies are well-documented in the
literature [13,14]. On the other hand, research
focused on high-performance materials such as
PEI and PEEK has consistently demonstrated
their superior thermal stability and mechanical
strength, particularly under optimal printing
conditions [15]. The influence of nozzle
temperature and structural orientation on the
performance of PEEK and PEI is well-
documented, showing significant
improvements in mechanical properties when
these parameters are carefully controlled [16].
Additionally, it has been shown that optimal
infill parameters play a minimal role in the
mechanical performance of PEI parts, which is
particularly beneficial for weight-sensitive
applications in the aerospace industry [17].
Furthermore, detailed investigations into
process parameters that enhance print quality by
optimizing the thermal and mechanical
properties of PEEK and PEI blends have
provided valuable insights into the production
of high-quality components using FFF [18-20].
These studies underscore the critical role of
temperature control, structural orientation, and
material blends in achieving superior part
quality in additive manufacturing.

Several studies have emphasized the
importance of monitoring and controlling key
parameters that influence the quality and
physical properties of the final product. For
instance, Vanaei et al. [21] highlighted the
critical role of temperature control in optimizing
the crystallinity and mechanical integrity of 3D
prints produced via the FFF process. Their
research demonstrated that monitoring filament
temperature profiles is essential for enhancing
interlayer adhesion and overall print quality.
Similarly, Sgrulletti et al. [22] investigated the
effects of bed temperature on the microstructure
and tensile properties of FFF prints made from
polyamide 6, utilizing thermal and optical live
monitoring techniques. Their findings revealed
that precise control of bed temperature
significantly improves mechanical properties
and morphology, with the use of integrated live
monitoring systems resulting in a 70% increase
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in Young's modulus and a 79% improvement in
tensile strength. Alatefi et al. [23] assessed the
benefits of multivariate statistical quality
monitoring in additive manufacturing. Their
research demonstrated that the MEWMA
(Multivariate Exponentially Weighted Moving
Average) control chart reduces production
defects, thereby improving the quality and
stability of the FFF process. A transformation
algorithm was employed to normalize data
distribution, and MEWMA parameters were
optimized using a novel heuristic technique,
proving effective in maintaining process
stability. Ozsoy and Aksoy [24] investigated the
effectiveness of artificial intelligence and image
processing techniques in FFF printing. Their
study showed that these techniques
substantially enhanced the accuracy and quality
control of the printing process, achieving a
prediction accuracy of 92.5% for process
parameters. By employing Al algorithms and
image processing techniques, defects were
swiftly identified, thereby increasing process
efficiency.

Researchers investigating the critical effects of
production parameters on the final product
naturally aim to identify the optimal settings.
The general assumption is that end users will
apply these optimal parameters to achieve the
best possible results. However, the production
mechanism in AM is highly complex,
influenced by multiple factors, many of which
are non-linear. Parameters that are expected to
remain constant may vary for various reasons,
leading to deviations from the expected
outcomes. As highlighted in the literature, real-
time monitoring during production enhances the
understanding and control of these complex
processes. Therefore, further research is
essential to optimize quality in the additive
manufacturing of high-performance
thermoplastics such as PEI. This includes
developing  systematic  approaches  for
monitoring and controlling these parameters
throughout the production process to ensure
consistent and high-quality outputs.

This study intends to contribute to both
academic literature and industrial practices by
critically examining the FFF production process
for high-performance thermoplastics,
specifically PEI, under controlled yet naturally
fluctuating environmental conditions. Unlike
previous research that focuses primarily on
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optimizing fixed production parameters, this
work addresses the complexities that arise from
variable chamber conditions, such as
temperature and relative humidity, which
inherently impact the production process. By
systematically tracking and analyzing these
parameters throughout the 3D printing process,
this study provides a novel perspective on how
real-time environmental monitoring influences
the physical and mechanical properties of the
final product. The adoption of ASTM D790
standard sample geometry, combined with
advanced data collection techniques, enhances
the robustness and applicability of this
approach. This study not only deepens the
understanding of FFF technology in the context
of high-performance materials but also lays the
foundation for future research aimed at
improving the reliability and quality control of
additive manufacturing processes in highly
demanding sectors such as aerospace and
defense.

2. MATERIAL AND METHODS

2.1. Filament Production

The polyetherimide (PEI - ULTEM™ RESIN
1010) granules was sourced from Sabic. The
chemical formula of PEI is C37H2406N», with a
density of 1.27 g/cm? and a molecular weight of
592 g/mol. The glass transition temperature (7)
of this material is 217 °C.

The PEI granules were subjected to a drying
process in an oven at a temperature of 150 °C
for a duration of eight hours. This was done to
remove any residual moisture present, thereby
preventing any undesirable conditions from
occurring during the extrusion process. A lab-
scale co-rotating twin-screw extruder was
utilized to fabricate neat PEI filaments with a
diameter of 1.75 mm. The extruder,
manufactured by Kokbir Import & Export,
features a screw diameter of 12 mm and a
length-to-diameter (L/D) ratio of 22 [5]. The
temperature gradient from the feed to the nozzle
was meticulously controlled within the range of
310-360 °C, with a maintained screw speed of
210 rpm.

2.2. Custom-Made 3D Printer

The 3D printer (ARC-Beta) developed at the
ITU Aerospace Research Center was designed
to handle high-performance thermoplastics and
includes several advanced features. Controlled
by Marlin firmware on RAMPS 1.4, the printer
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employs a direct drive extruder, DyzEND-X &
DyzeXtruder GT 1.75 mm kit with high-
temperature sensors, compatible with a range of
thermoplastic filaments, including PLA, ABS,
nylon, PEEK, and PEI Its Core-XY motion
system enables precise extruder positioning.
The printer is constructed with all-metal
components and 3D-printed PEI parts, allowing
it to reach print nozzle temperatures of up to 500
°C and bed temperatures of up to 200 °C. The
device offers a print area of 25 x 25 ¢cm and a
print volume of 25 x 25 x 30 cm, housed within
an 80 x 80 x 80 cm enclosed chamber. The
chamber can reach temperatures up to 85K °C
while maintaining a relative humidity of 10% or
lower. Furthermore, the printer is equipped with
remote control capabilities via OctoPrint
software and integrated cabin temperature and
humidity measurement. The design of the 3D
printer can be seen in Figure 1.

I

Figure 1. The custom-made 3D Printer ready for
high-performance thermoplastics.

To wunderstand the effects of production
parameters on the printed product, the objective
was to collect visual and real-time signal data
during printing. Consequently, additional
features were incorporated into the 3D printer
cabinet. One key enhancement is a camera
mounted above the printing bed, allowing it to
capture images of each entire layer during
printing. The Raspberry Pi Camera Module V2
was selected for this purpose and integrated
with the 3D printer using a Raspberry Pi 3
control board, which enables remote control of
the printer and the incorporation of mechanisms
to capture images. To ensure optimal layer
imaging, LED strips were installed for in-
cabinet lighting. Another feature added to the
3D printer is the BME280 sensor. This sensor
complements the monitoring of bed and nozzle
temperatures by measuring the instantaneous
chamber temperature and humidity, considering
the bed temperature and cabinet insulation. This
setup allows for the simultaneous capture of
each layer’s image and real-time recording of



Yildiz /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 8:2 (2024) 287-302

nozzle, bed, and chamber temperatures, as well
as chamber humidity, throughout the printing
process.

2.3. 3D Printed Sample Production

For the test specimens printed using a 3D
printer, the ASTM D790 standard was adopted.
Specimens measuring 65 x 13 x 3 mm were
produced in accordance with this standard,
which is designed to determine dynamic
mechanical properties (Dynamic Mechanical
Analysis - DMA) by the three-point bending
method for plastics. Based on experience [25],
the optimal parameters for printing the test
specimens are as follows:

Nozzle diameter: 0.4 mm

Nozzle temperature: 375°C

Bed temperature: 160°C.

Layer height: 0.2 mm

Number of layers: 15

Number of perimeter lines: 3

Infill: 100% with a +45° rectangle pattern
Outline overlap:15%

Skirt (First layer): 10 outlines without offset
Speed: 30 mm/ s, %350 reduced for 1% layer

Figure 2 illustrates the sample dimensions and
the specimen prepared for 3D printing using the
slicing program.

Figure 2. (a) Dimensions and (b) layered (sliced)
view of a DMA specimen conforming to ASTM
D790 Standard prepared for 3D printing using the
Simplify3D slicing program.

Each printing process followed a specific
protocol. First, the glass surface on the bed was
thoroughly cleaned with alcohol. The bed was
then carefully aligned to be exactly
perpendicular to the nozzle plane (or parallel to
the ground). The distance between the nozzle
and the bed was checked at a minimum of three
points using a feeler gauge for the z-end point
to ensure precise positioning. A very thin layer
of Nano Polymer Adhesive from Vision Miner
was applied to the surface using a brush. Both
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the nozzle and the bed were preheated, and after
a designated waiting period, the print-specific
protocol (gcode) prepared with Simplify3D
software was initiated. During printing, at the
end of each layer, the extruder was moved to the
side using a command added to the gcode, and
photographs with a resolution of 3280 x 2464
were taken using the camera module, capturing
the entire sample. Upon completion of the
printing process, the bed and chamber were
allowed to cool, and the sample was carefully
removed. The production steps described were
then repeated for the next print.

2.4. Characterization

Geometric measurements of the samples
included width, thickness, and length. Using
precision calipers, measurements were taken at
three different points: the center and near both
edges of the relevant surfaces (Figure 3). These
values were then averaged with standard
deviations to obtain the final dimensions.

Figure 3. Measurement points for (a) width,
thickness and (b) length on each specimen.

The mass of the samples was measured using an
analytical balance. Density calculations were
then performed using the mass data and the
averages of the dimensions of the relevant
sample.

Flexural modulus measurements  were
performed using a TA Instruments DMA 850
(New Castle, DE) following the ASTM D790
standard. The test utilized a 3-point bending
fixture with a span of 50 mm. The measurement
parameters included a crosshead speed of 0.05
mm/min and an initial force of 0.1 N.

2.5. Collecting Sensor Data from 3D Printer
In the study, in addition to the photographs
taken during the production of each layer, a data
processing algorithm was developed in Python
to collect and organize data by processing log
files generated by the OctoPrint and Marlin
Control software. The algorithm, written in
Python, reads data from two different log files
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(octoprint.log and serial.log), parses the
information, and structures it into a pandas
DataFrame. The resulting data is then made
available for analysis.

The contents of the log files are as follows:
Octoprint.log:

- This log file, generated by OctaPrint software,
contains information about the printer's state
changes (e.g., 'Starting', 'Printing"), events and
enclosure temperature and humidity readings
from the BME280 sensor.

- Each line includes a timestamp, the type and
detailed information about the event.

Example Lines:

2024-01-10 07:58:17,267 —

octoprint.util.comm - INFO - Changing monitoring
state from 'Starting' to 'Printing'

2024-01-10 07:58:17,276 —
octoprint.filemanager.analysis - DEBUG - Pausing
analysis

2024-01-10 08:10:15,387 —
octoprint.plugins.enclosure - DEBUG - BME280
result: 79.2 | 4.6

Serial.log:
- This log file, generated by Marlin firmware,

contains serial communication commands and
feedback between the printer and the software.
- It includes sent and received commands,
temperature readings, layer and coordinate
information, and sensor data (e.g., nozzle and
bed temperature).

Example Lines:
2024-01-10 07:58:17,257 -
Changing monitoring state from 'Starting' to 'Printing'

2024-01-10 07:58:17,309 -

Send: N1 G90*17

2024-01-10 07:58:17,377 —

Recv: ok T:375.1/375.0 B:160.0 /160.0 @:87 B@:55
2024-01-10 07:58:19,285 —

Recv: X:0.00 Y:220.00 Z:0.00 E:3663.27 Count A:
17600 B:-17600 Z:0

The algorithm designed to systematically
retrieve data from these two documents works
through the following steps:
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1. The log files are read line by line using the
command ‘with open(filepath, 'rt') as in_file:* and
each line is appended to a list. This process is
performed separately for both “octoprint.log’
and ‘serial.log" files.

2. Regular expressions (regex) are used to
extract the necessary data from each line. For
example, timestamps are parsed using the
‘pd.to_datetime()’ function. The ‘re.compile()’ and
‘re.search()’ functions are used to find lines that
match specific patterns.

3.Sensor data in '"serial.log" and
"Octoprint.log" are extracted from specific
command and feedback lines in two separate
locations.

4. The timestamps are converted to seconds
and normalized, enabling the seamless
integration of data from different sensors for
comprehensive analysis.

5. The parsed data is converted into a pandas
DataFrame and then exported as a csv file.

As a result, X-Y position of extruder, nozzle,
bed and chamber temperatures, and relative
humidity data were collected for 10 different
samples, with 3,375 data points each.

2.6. Data Analysis Methodology

Python was employed extensively for data
preparation, visualization, and statistical
analyses, including correlation and ANOVA in
this study. The data processing workflow
utilized a combination of Python libraries to
ensure thorough and accurate analysis. The
pandas library was used for data manipulation,
cleaning, and structuring, while numpy
facilitated numerical operations and data array
management. The scipy library provided tools
for  statistical computations, including
correlation and ANOVA, whereas the
statsmodels library was used for advanced
statistical modeling and hypothesis testing. For
visualization, matplotlib and seaborn libraries
were used for initial data visualization and
exploratory analysis, although these figures are
not included in the article to save space. All
final graphs presented in this article were
generated using Origin Pro to ensure
publication-quality figures.
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3. RESULTS AND DISCUSSION

3.1. Dimensional Analysis of 3D-Printed
Samples

The results of the geometric measurements of
PEI samples produced with the 3D printer using
the same parameters can be seen in the Figure 4
with deviation values.

The average dimensions of the 65x13%3 mm
samples were 64.51 + 0.10 mm for length, 12.87
+ 0.09 mm for width, and 2.91 £+ 0.04 mm for
thickness. Although the differences are at the
micron level, the targeted dimensions were not
fully achieved, resulting in slightly smaller
product sizes than expected. On the other hand,
considering the density value of 1.27 g/cm? for
PEI, mass values of 2.68 + 0.15 g were
measured, whereas the expected mass is
approximately 3.22 g (Figure 4d). The average
density value, calculated based on all relevant
measurements, was determined to be 1.11 +
0.06 g/cm® (Figure 4e).

3.0' "(j """"""""""""""""""""" 6 """""" C')' """"
i éé{{}{) ””” o o o
2.84
13.2

L L s T o

12.81 o ®
12.64
65.21 (0

64.8. o
64470 "G

64.0/
3309
3.0
270 T o0 T T
2.4 o
2.1

Width (mm) Thickness (mm)

Length (mm)

Mass (g)
O
O
O

—
(5]
U

—
o

-~

1.20/ o o
1050 o O o o

20.90

ensity (g/cm)

z,\ @q’ @’5 cb‘ z,‘) z,b z,’\ e,o° z,q D
SIS SIS S L
&P P PP
Figure 4. (a) Thickness, (b) Width, (c) Length, (d)
Mass values, and (e) Density calculations of 3D-
printed samples. The dimensional plots (a-c)
present values with deviation lines. In all plots, the
target values (red) and average values (black) of all
samples are indicated by horizontal dashed lines.
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The slightly lower than expected average values
can be attributed to the Extrusion Multiplier, a
production parameter that can vary for each
filament type. This parameter addresses the
issue where the filament is not extruded to the
correct length due to various physical properties
such as diameter and viscosity. For instance, if
10 mm of thermoplastic is expected to be
extruded from the nozzle by feeding a certain
amount of filament into the extruder, but the
actual extrusion falls short, a simple multiplier
value (e.g., 1.05) can be applied to push the
filament further, achieving the required 10 mm.
This adjustment allows the average dimensions
of the produced parts, whether above or below
the target, to be brought to the desired
specifications.  Although achieving these
targeted values was confirmed in additional
studies, the focus of this study is not on the
absolute values themselves, but rather on
examining the reasons for the deviations
observed around the average values.

3.2. Flexural Moduli Results

The flexural moduli of the 3D-printed
specimens were determined from the slope of
the stress (op) and strain (€) curves. After
applying linear curve fitting, moduli values
were obtained for all specimens. It should be
noted that these values are independent of the
specimen geometry. In the measurements, the
geometric dimensions of each specimen were
entered into the TA Instrument’s TRIOS
software and the specimen lengths were fixed at
50 mm due to the span value of the fixture.

Table 1. The flexural moduli of 3D-Printed PEI
samples.

Sample # Flexural Modulus (MPa)
Sample 1 1808.8
Sample 2 1797.4
Sample 3 1967.1
Sample 4 2387.6
Sample 5 2381.6
Sample 6 2530.4
Sample 7 1816.2
Sample 8 2550.0
Sample 9 2328.9
Sample 10 1941.4

The flexural moduli values with an average
value of 2150.93 +295.97 MPa are presented in
Table 1 for the samples. The distribution of
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relatively low, geometry-independent values
clearly highlights the anisotropic and complex
nature of additive manufacturing and
underscores the motivation for this study.

3.3. Relationship Between Flexural Moduli
and Physical Properties

Pearson, Spearman, and Kendall correlation
analyses were employed to investigate the
relationships between Flexural Moduli (FM)
and other physical properties, including
Thickness, Width, Length, Mass, and Density.
Prior to the analysis, the data distribution and
adherence to normal distribution were assessed
through histograms and Q-Q Plots. However,
these visualizations were omitted from the
article to conserve space. The distribution of
FM, Width, Mass, and Density variables closely
approximated a normal distribution, while
Thickness and Length variables exhibited some
deviations. Scatter plots (Figure 5) were used to
visually represent the relationships between FM
and other physical characteristics, revealing
negative correlations between FM and
Thickness and positive correlations between
FM and Width, Length, Mass, and Density.
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Figure 5. Flexural Moduli plots vs (a) Thickness,
(b) Width, (c) Length, (d) Mass and (e) Density.
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The correlation analysis results, conducted
using three different methods, are presented in
Table 2, with corresponding p-values in
parentheses.

Table 2. Results of correlation analysis between
flexural moduli (FM) and physical properties using
Pearson, Spearman, and Kendall methods, with p-
values in parentheses.

Variable Pearson Spearman Kendall
Thickness -0.4346 -0.5079 -0.3581
(0.2095)  (0.1340)  (0.1679)

. 0.7853 0.6991 0.4944
Width — 16071)  (0.0245)  (0.0482)

Lensth 0.6455 0.6383 0.5394
g (0.0438)  (0.0470)  (0.0311)

Mass 0.8346 0.6485 0.4222
(0.0027)  (0.0425)  (0.1083)

Densit 0.9428 0.8268 0.6293
y (4.36e-5) (0.0032)  (0.0119)

Pearson's correlation, which measures linear
relationships between FM and other physical
characteristics, showed a negative relationship
between FM and Thickness, and positive
relationships with Width, Length, Mass, and
Density, with strong positive correlations for
Density (0.942811) and Mass (0.834605).
Spearman correlation, less sensitive to outliers
of data, mirrored these results, with significant
relationships for Width, Length, Mass, and
Density (p <0.05), but not Thickness (p > 0.05).
Kendall correlation, robust to outliers, also
showed positive relationships, with significant
results for Width, Length, and Density (p <
0.05), but not for Thickness and Mass (p >
0.05). Overall, the strongest associations
between FM and other physical properties were
observed with Density and Mass. Given that the
data were mostly normally distributed and
exhibit linear relationships, Pearson analyses
were more appropriate for revealing the
relationships between variables. However,
Spearman and Kendall correlations should also
be considered, particularly for non-linear
relationships or those deviating from normal
distribution, such as Thickness and Length.

The observed relationships between physical
properties and FM provide valuable insights
into the additive manufacturing process. The
positive correlation between FM and width,
alongside the negative correlation between FM
and thickness, suggests that specimens tend to
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be relatively flattened and edge-spread. These
characteristics indicate denser specimens with
better interlayer adhesion when fully filled.
Such findings imply that the pre-production
distance between the nozzle and the bed may
not have been uniformly adjusted across all
samples, and/or the bed was not aligned
perpendicularly (or parallel to the ground) to the
nozzle plane. Additionally, the adhesive used to
fix the samples to the bed might contribute to
this issue. Uneven application of the adhesive
with a brush after cleaning the surface with
alcohol before each production can lead to
adhesion problems to the bed and varying
thicknesses.

These problems were particularly evident in the
thickness measurements of the first five
samples, where the thickness decreased toward
one end, albeit by microns. The variations in
thickness values shown in Figure 4 represent
this observation. Furthermore, improperly set
nozzle-to-bed spacing exacerbates anisotropy in
printed products by causing road distortion, as
noted by Turner et al [9]. In some cases, this can
also lead to blockages, interrupting material
flow and compromising print quality.

On the other hand, the relationship between FM
and densities, along with the varying mass
distributions, raises questions about the amount
of polymer extruded. Two scenarios can lead to
this situation: insufficient material being
extruded or completely cutoff. The lower
material output could result from a localized
reduction in filament diameter used in the feed
and/or fluctuations in production parameters
that are expected to remain constant (such as the
sensors monitored in this study), affecting the
extrusion flow. Layer photographs were
examined to identify these issues in the
products.

3.4. Analysis of Layer Photographs

A total of 150-layer photographs, 15 from each
sample, were collected at the end of production.
Each layer was meticulously examined to check
for proper production. Particular attention was
paid to any deficiencies in layer production and
the specific areas where they occurred. The FM
values were considered during the examination
of the layers, using the segregation observed in
the FM values provided in Table 1 as a basis for
analysis. The FM wvalues of the samples
exhibited a clear division, with values above
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and below 2000 MPa. Samples 1, 2, 3, 7, and 10
belonged to the low-FM class, averaging
1866.15 + 72.16 MPa, while Samples 4, 5, 6, 8§,
and 9 belonged to the high-FM class, averaging
2435.70 £+ 87.94 MPa. Layer photographs were
categorized and analyzed based on these low
and high-value FM groups, respectively.

In all but one of the low-FM specimens,
deformations and deficiencies incurred during
layer production were evident. With an average
density of 1.06 = 0.01 g/cm?, these defects,
typically observed across multiple layers, were
most noticeable in the middle and edge regions
of the samples. Examples of these defective
layers are illustrated in the Figure 6.

Figure 6. Examples of defective layers in low-FM
samples. In the upper left corner of each image, the
specific layer number of the sample (S) is indicated.

The most notable sample in this cluster is
Sample 7, which exhibits no issues across any
of its layers. Remarkably, this nearly flawless
specimen has the lowest density and an above-
average thickness. This anomaly can be
attributed to a relatively high nozzle-to-bed
distance and a consistent reduction in filament
diameter during printing. Consequently, despite
the production process being executed
correctly, the low density and weak interlayer
adhesion of this sample likely result in a lower
FM value.
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The samples in the High-FM cluster either
exhibit very minor defects or are entirely
flawless. Samples 8 and 9 show no issues at all.
Sample 4 has only small imperfections in the
last layer, and Sample 6 displays a slight mark
in the tenth layer. Sample 5 is distinct from the
others as it has defects in a few layers; however,
these imperfections are located near the edges,
well outside the 50 mm span used for FM
measurements. Figure 7 illustrates the layer
photographs of these High-FM samples,
highlighting the minor defects where present.

Figure 7. Defective layers in High-FM samples. In
the upper left corner of each image, the specific
layer number of the sample (S) is indicated.

The case observed in Sample 5 underscores that
anisotropy resulting from additive
manufacturing can lead to varying mechanical
properties depending on the specific use and
purpose of the fabricated product. This
observation further emphasizes the critical
importance of maintaining high production
quality. In this context, the next section
discussed the impact of production parameters,
monitored via sensors, on the final products.

3.5. Sensor Data Analysis

Sensor data was collected for four different
physical quantities. Two of these are the nozzle
temperature and bed temperature, which were
obtained from the log records of Marlin, the 3D
printer's control software, and were entered as
fixed values. The other two measurements are
the chamber temperature and relative humidity,
recorded by the BME280 sensor and collected
from the log records of the OctoPrint software.
Unlike the fixed nozzle and bed temperatures,
these values vary and reflect the in-cabinet

conditions during printing, particularly in
relation to the bed temperature.

For the four monitored quantities, the mean
values obtained across all samples were
375.062 = 0.203 °C for nozzle temperature,
160.004 £ 0.009 °C for bed temperature, 80.544
+ 0.937 °C for chamber temperature, and 3.952
+0.106 % for relative humidity.

Sensor data from the production of 3D printed
PEI samples can be seen in the Figure 8 as box
charts. The graphs in the figure visualize the
distributions of nozzle temperature, bed
temperature, chamber temperature, and relative
humidity data. Each plot displays the median,
quartile values (25%-75%), mean values, and
outliers identified according to the 1.5 IQR
method. The green boxes represent the central
tendency and spread of each sample, circle
symbols denote the mean values, and the
whiskers indicate the range of the data,
including outliers.
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Figure 8. Box charts of sensor data from the
production of 3D printed PEI samples: (a) Nozzle
temperature, (b) Bed temperature, (c) Chamber
temperature and (d) Relative Humidity.

When analyzing the nozzle temperature data, it
was observed that the temperature remained
stable around the target value of 375 °C. Both
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the median and mean values were remarkably
close to 375 °C, with the data distribution
concentrated within a narrow range. This
indicates that the Nozzle temperature was well-
maintained. However, some samples contained
outliers, identified using the 1.5 IQR method,
suggesting occasional temperature fluctuations.

For the bed temperature data, the values were
centered around the target temperature of
160°C. The median and mean values were
generally close to 160°C, with minor
deviations. Outliers in some samples indicated
unexpected fluctuations in temperature control.

Analysis of the chamber temperature data
revealed a range of 70 — 80 °C across samples.
Differences between the median and mean
values suggested potential asymmetries in the
data distribution. The data spread over a wide
range, with outliers indicating that chamber
temperature  might fluctuate due to
environmental factors or equipment condition
during the production process.

Relative humidity data showed wvariation
between 3.9% and 4.8% among samples. The
median and mean values were remarkably
close, with a narrow distribution range,
indicating general stability in moisture levels.
However, outliers were detected in certain
samples according to the 1.5 IQR method,
indicating occasional unexpected fluctuations
in humidity levels. In conclusion, the analyzed
physical quantities were generally stable, but
certain  samples  exhibited unexpected
fluctuations and outliers.

3.6. Relationship Between Sensor Data,
Physical Properties and Flexural Moduli

For the correlation analysis between sensor data
and physical measurements, the distribution and
relationships of the data were first assessed to
determine the most appropriate correlation
methods. A preliminary examination using
scatter plots, which were not included here to
save space, revealed mostly non-linear
relationships and the presence of some outliers.
Consequently, Pearson correlation was deemed
unsuitable due to its assumption of linearity.
Instead, Spearman and Kendall correlations
were identified as more appropriate for this
analysis.
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The results of the Spearman and Kendall
correlation analyses are presented in Table 3,
which includes both correlation values and p-
values for each pair. The Spearman correlation
analysis showed significant results for the
variable pairs nozzle temperature and width,
and nozzle temperature and length, suggesting
potential monotonic relationships between
these pairs. Both Spearman and Kendall
correlations indicated significant results for bed
temperature and mass, and bed temperature and
density, implying consistent order-based
relationships in these pairs. Additionally, the
Spearman correlation revealed a significant
result for the enclosure temperature and length
pair, indicating a potential monotonic
relationship.

Table 3. Correlation Analysis Results between
Sensor Data and Physical Dimensions with p-values
in parentheses.

Coor. Feature Nozzle . Bed  Cham. Hum.
Temp. Temp. Temp.

. 20204 0215 0.180 -0.099

; Thickness 6 571) (0.551) (0.620) (0.785)

= Widp, 0498 0471 0298 -0.182

£ (0.143) (0.169) (0.403) (0.614)
i

2 0.559 -0.550 0517 -0.116
o

= Length 1 003) (0.099) (0.126) (0.751)

§ Mass 0339 -0.622 0.103  0.152

g (0.108) (0.055) (0.777) (0.676)
w2

Densiy 0352 0634 0.309 0079

Y (0.098) (0.049) (0.385) (0.829)

Thickness 0167 0220 0.119 0,072

(0.520) (0.405) (0.646) (0.783)

H Widg, 0405 0322 0.180 -0.135

k- (0.106) (0.205) (0.473) (0.590)

£ Lengty 0449 -0414 0315 0135

o M 0.072) (0.103) (0.209) (0.590)
<

< Mass 0333 0432 0067  0.156

S (0.216) (0.087) (0.862) (0.601)

Densiy 0422 <0523 0.156 0022

Y (0.108) (0.038) (0.601) (1.000)

To accurately evaluate the relationship between
sensor data and flexural modulus (FM), an
appropriate method must be employed. FM, an
intrinsic property of the material, was measured
individually for each sample, independent of
physical dimensions. However, the analyses
revealed that FM values were distributed into
two distinct clusters, which were strongly
correlated with the density of the samples.
Defects such as filament diameter fluctuations,
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bed and nozzle misalignment, and incomplete
layer production were identified as contributing
factors. To address this issue, although not a
complete solution, the relationship between
sensor data and FM was analyzed using
normalized FM values, obtained by dividing the
FMs by the density values.

For the correlation analysis between the sensor
data and FMnorm (normalized flexural moduli),
the distribution and relationships of the data
were first analyzed using scatter plots, which
are not presented here. Preliminary examination
showed that the data showed mostly non-linear
relationships and some outliers were present.
This once again showed that Pearson's
correlation may not be suitable due to the
linearity assumption, whereas Spearman and
Kendall correlations may give more meaningful
results.

Table 4 presents Spearman and Kendall
correlation  coefficients alongside  their
respective p-values for the relationships

between sensor data (nozzle, bed and chamber
temperatures, and humidity) and FMnom.
Significant monotonic relationships were
identified between the nozzle and bed
temperatures and FMnom. The Spearman
correlation for nozzle temperature is 0.685 (p =
0.029), and for bed temperature, it is -0.744 (p
= 0.014), indicating medium strength and
significant correlations.

Table 4. Spearman and Kendall Correlation
Analysis between sensor data and normalized
flexural moduli (FMnom) With p-values in

parentheses.
Sensor Spearman Kendall
Correlation Correlation
Nozzle Temp. 0.685 (0.029) 0.511 (0.047)
Bed Temp. -0.744 (0.014) -0.568 (0.024)
Chamber Temp.  -0.200 (0.580) -0.111 (0.727)
Humidity 0.285 (0.425) 0.156 (0.601)

Similarly, the Kendall correlation analysis
shows significant relationships for nozzle and
bed temperatures. The Kendall correlation for
nozzle temperature is 0.511 (p = 0.047), and for
bed temperature, it is -0.568 (p = 0.024). These
findings confirm that nozzle and bed
temperatures are significantly correlated with
FMyom in terms of ranking consistency. No
significant correlations were found for chamber
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temperature and humidity data, as both
Spearman and Kendall correlations and p-
values indicate no significant relationships with
FMNorm-

In addition to correlation analyses, ANOVA
was performed to investigate the relationships
between the FMnom and the sensor data. Despite
the lack of strong correlations, one-way and
several multivariate ANOVA models were
examined, the models of which are given below:

1) FMnorm ~ Nozzle

2) FMnom ~ Bed

3) FMnorm ~ Chamber

4) FMnyom ~ Humidity

5) FMnorm ~ Nozzle + Bed + Chamber +
Humidity

6) FMnom ~ Nozzle x Bed x Chamber x
Humidity

7) FMnom ~ Nozzle x Bed x Chamber

8) FMnom ~ Nozzle x Bed x Humidity

9) FMnom ~ Nozzle x Bed

10) FMNorm ~ Nozzle + Bed + Chamber +
Humidity + Nozzle? + Bed? + Chamber? +
Humidity?

ANOVA results were obtained for all models
except the sixth model, which produced infinite
values and could not be analyzed. To save
space, only the key findings are presented here,
as many results were mnot statistically
significant.

The one-way ANOVA analyses (models 1-4)
examined the effects of nozzle, bed and
chamber temperatures, and humidity on FMnorm
individually. The effect of nozzle temperature
on FMnom (F=1.887653, p=0.206729) was not
statistically significant. Similarly, the effects of
bed temperature (F=3.866159, p=0.084834),
chamber temperature (F=0.124862,
p=0.732950), and humidity (F=0.233881,
p=0.641621) were also found to be non-
significant.

In the multivariate model (model 5), which
included all sensor wvariables, none of the
variables exhibited a significant effect on

FMnom: nozzle temperature (F=1.044978,
p=0.346102), bed temperature (F=1.714087,
p=0.238357), chamber temperature
(F=0.078238, p=0.789092), and humidity

(F=0.147595, p=0.720394).
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When analyzing the interaction between nozzle,
bed, and chamber temperatures (model 7), the
interaction term Nozzle:Bed (F=1.805673,
p=0.250190) and other main effects remained
non-significant.

However, in the model examining the
interaction  between nozzle and bed
temperatures, and humidity (model 8), a
significant interaction was found for the
temperature term (F=9.576104, p=0.036414),
while the other interaction terms were not
significant.

Further analysis of the interaction between
nozzle and bed temperatures (model 9) also
revealed no significant results for the nozzle
temperature interaction term (F=2.418823,
p=0.170884).

Finally, the relationship between FMyom and
the variables nozzle, bed and chamber
temperatures, and humidity, along with their
squared terms (model 10), was analyzed. None
of these variables were found to have a
statistically significant effect in this model.

In summary, while some individual and
interaction terms approached significance, most
of the ANOVA results did not indicate
statistically significant relationships between
FMnom and the sensor data. This suggests that
other factors or more complex interactions may
influence FM, or that the variability in the
measurements was too high to detect significant
effects with the current dataset. The lack of
significance in many results underscores the
complexity of additive manufacturing processes
and the need for further investigation into other
potential influencing factors.

The most significant challenge encountered in
these analyses is that the average values of the
sensors do not accurately represent the
production process. In fact, for a sample
production that takes an average of 14.6
minutes, sensor data comprising 3,375 values
each are more meaningful when analyzed on a
layer-by-layer basis. For a layer that takes an
average of 52.3 seconds to complete (excluding
the first layers, which take an average of 144
seconds, about 2 and a half minutes, due to the
inclusion of skirts and 50% speed reduction),
each sensor records approximately 200 different
values (an average of 554 values for the first
layers). Therefore, an accurate representation of
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the sensor data must be provided on a per-layer
basis.

Within the scope of this study, conclusive
results based on mathematical models were not
obtained from analyzing sensor data on a layer-
by-layer basis to uncover their relationships in
physical specifications or production quality.
However, a novel method was developed that
can geometrically represent a layer's production
using sensor data and completely independent
of time constraints, which could lead to more
precise results with more extensive studies in
the future.

3.7. Representative Layer Figures by Sensor
Data

A method was developed to correlate the sensor
data with the extruder positions (X and Y) and
to compare the layer photographs taken during
printing for each layer. The algorithm, utilizing
the numpy and svgwrite libraries, processes the
collected data and generates SVG visualizations
that illustrate sensor values across different
layers. The primary steps of the algorithm are as
follows:

1. The algorithm reads the dataset
containing X-Y coordinate data along with
sensor values such as nozzle temperature, bed
temperature, enclosure temperature, and
humidity created by the log files.

2. A function maps the sensor values to RGB
color values, which are used to visually
represent the different sensor readings in the
SVG. For instance, nozzle temperature, with
minimum and maximum values of 363.3 °C and
379.3 °C respectively, 379.3 °C is defined as
full red (RGB: 255, 0, 0) and 363.3 °C as full
black (RGB: 0, 0, 0). For intermediate values,
the corresponding red value is determined by
linear interpolation between 0 and 255 (e.g.,
370°C — RGB: 107, 0, 0).

3. For each layer in the dataset, an SVG file
is created. The X and Y coordinates are used to
draw lines representing the movements of the
3D printer nozzle, with the line colors indicating
the sensor values at those points.

4. The code iterates through all layers,
generating individual SVG files for each layer
and sensor type. These individual SVGs are
then combined into a comprehensive SVG file,
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providing a visual representation for a single
sample.

An example of the visualization of data
collected from a single sensor during the
production of a layer is shown in Figure 9. For
Sample 1, this visualization -clarifies the
significant deviation in nozzle temperature
observed in Figure 8a. The deviation was a
momentary issue during the printing of the first
layer, causing the temperature to drop to 363.3
°C and rise to a maximum of 376.3 °C. In fact,
this fluctuation occurred only in specific parts
of the layer and did not impact the entire layer.

(a)
104

70

363.3°C I 3793 °C
Figure 9. (2) Extruder paths generated from the X-
Y coordinates of the first layer without skirt lines,
with (b) photograph belongs to the relevant layer
and (c) nozzle temperature values along these paths
during the production of Sample 1.

The optimal approach for further research
involves examining the representative layer
figures produced using sensor data alongside
the layer photographs. Figure 10 presents the
layer photographs and corresponding sensor
data layers for Sample 6, which exhibited the
lower flexural modulus (Low-FM) value.

Figure 10 clearly demonstrates that the nozzle
temperature, a critical parameter, deviated from
the target value during the production of the first
and fifth layers. Correspondingly, the layer
photographs exhibit printing defects within this
range. It appears that the initial defect originates
from a gap in the first layer, subsequently
affecting the layers above it. This imperfection
may be related to the temperature variation,
although conclusive evidence is lacking.
Additionally, faded surfaces on the left side of
the first five-layer photographs can exist
because of the temperature drop in the first
layer. This temperature variation could have
resulted in weaker adhesion to the bed, causing
the observed color difference. Alternatively, the
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bed may not have been perfectly parallel to the
nozzle. In both scenarios, thickness variation
across the sample is evident, as shown by the
standard deviation plots in Figure 4a.

On the other hand, instantaneous fluctuations in
humidity are particularly significant for PEI, a
thermoplastic highly sensitive to moisture.
Notably, a marked decrease in humidity is
observed in the fifth layer. This reduction may
contribute to the production of relatively higher-
quality layers following this point.

Although these interpretations can be made
through straightforward observation, the high
resolution of the images and the narrow
oscillation range of the fixed parameters make
these conclusions highly speculative. To
establish such relationships with greater
precision, a larger number of samples is
required.  Comprehensive  studies  with
parameters taking multiple values, similar to
classical optimization approaches, are essential.
By employing advanced data analysis methods
such as machine learning and neural networks,
these relationships can be more robustly
determined.

Finally, to facilitate a comparison between
specimens in the Low-FM and High-FM
clusters, Figure 11 presents the layer
photographs of Sample 8 alongside their
corresponding representative layers.

4. CONCLUSION

In this study, a comprehensive critique of the
3D printing process for PEI filament produced
in a domestically developed extrusion park
using a custom-made 3D printer were
conducted. The investigation focused on the
diverse outcomes produced by fixed printing
parameters under complex influences, without
eliminating or selecting specific samples.

The results clearly demonstrated the significant
impact of production parameters on the final
product quality. In addition to examining
physical attributes such as dimensions and
density, the study also evaluated the mechanical
properties of each specimen through flexural
modulus tests, as determined by the chosen
specimen geometry. The findings revealed the
formation of two distinct clusters (Low- and
High-FM). The Low-FM cluster exhibited a
10% reduction in density and a 25% reduction
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in flexural modulus compared to the High-FM
cluster. These results underscore the necessity
for precise control of production parameters,
considering the complex and anisotropic nature
of additive manufacturing. Correlation analyses
between sensor data collected during
production and  mechanical  properties
highlighted the critical role of nozzle and bed
temperatures in determining product quality.
However, none of the wvariance analyses
(ANOVA) models yielded significant results.

The main findings of this study highlight
several critical considerations that differentiate
this research from previous works in the field.
Unlike many studies that focus on parameter
optimization by eliminating outliers or selecting
specific conditions, this study uniquely explores
the variability in outcomes when parameters are
kept constant yet subjected to complex and
uncontrolled  influences. This approach
provides a more realistic insight into the
challenges of maintaining consistency in
additive manufacturing. The detailed analysis
of each layer, including photographing and
examining potential defects, further
distinguishes this study by providing practical
methods for improving quality control.
Moreover, while some studies have not fully
explored the subtle impacts of the nozzle and
bed temperature adjustments and fluctuations,

Nozzle Temperature

Layer Photographs

Y
4

363.3°C
Figure 10. Layer photographs and corresponding sensor data-generated representative layers for Sample 1. The

color scale for each sensor is provided below the respective representative layers.

379.3°C 159.0°C

Bed Temperature

300

this research highlights their role in determining
product quality, providing new insights into the
importance of these parameters. In addition to
temperature control, precise alignment of the
nozzle and bed, along with proper surface
preparation, especially when using adhesives,
has also been identified as essential for
achieving optimal production outcomes.

The findings from this study will form the basis
for more extensive future research. Further
exploration into real-time monitoring with more
precise sensors and control of production
parameters promises to enhance process
efficiency. The use of machine learning and
advanced data analysis techniques, supported
by the representative layer algorithm, has the
potential to reveal complex relationships within
manufacturing processes. These innovative
approaches will be instrumental in enhancing
the consistency of additive manufacturing
processes. By demonstrating that varying
outcomes can arise in manufacturing processes,
even with fixed parameters, this study opens up
new avenues for quality control and
optimization in additive manufacturing
technologies. Future research will build on
these findings to enable more effective use of
high-performance thermoplastics in industrial
applications.

Chamber Temperature Relative Humadity

160.5°C 71.5°C 80.3°C 3.6% 4.9 %
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Layer Photographs Nozzle Temperature

363.3°C 379.3°C 159.0°C

Bed Temperature

Chamber Temperature Relative Humadity

160.5°C 71.5°C 80.3°C 3.6% 4.9 %

Figure 11. Layer photographs and corresponding sensor data-generated representative layers for Sample 8. The
color scale for each sensor is provided below the respective representative layers.
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