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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 uygulamalari yani mihendislik, bilim, teknoloji gibi tiim disiplinlerle ilgili
arastirmalarin sonuglarini yaymak igin agik, hakemli, disiplinlerarasi, uluslararasi, bilimsel, akademik,
online bir dergidir. ij3dptdi, Miihendislik, Teknoloji ve Bilimin Endiistri 4.0 daki uygulamalari, tiim
arastirmalari, gézden gecirme makalelerini, kisa bilgi paylasimlarini 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; biliylik veri, yapay zeka, dijital yasam dongiisii, sensor motorlari,
artirllmis gergeklik, gorsellestirme, sistem simiilasyonu, kablosuz iletisim, BIT giivenlik, dijital is, blok
zinciri, veri Glivenligi, 6zerk robotlar, sistem entegrasyonu, nesnelerin interneti (IoTs), siber giivenlik,
bulut bilisim, dijital fabrika v.d.

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

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

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

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

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

ISSN 2602-3350
web-site : http://dergipark.gov.tr/ij3dptdi
e-mail : korayozsoy32@gmail.com



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

Dear author,

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

International Journal of 3D Printing Technologies and Digital Industry

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

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

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

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

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

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

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

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

ij3dptdi, Its publication frequency is 3 issues per year.

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

HAaIll )KypHaJI MPUHUMACT CTaThU Ha 4-X S3bIKaX (TYPELKOM, aHTJIUHCKOM, PYCCKOM M YKPAaUHCKOM).
CraTtbu Ha TYpELKOM, PYCCKOM M YKPAaWHCKOM SI3bIKaxX JOJDKHBI COMPOBOXKAATHCS aHHOTAIMEW 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
Wupyctpun 4.0, B TOM YUCIIie — TEXHOIOTHH 1TH(POBO MPOMBINIICHHOCTH, 3D-1eyaty, aJuTHBHOTO
NpOU3BOJACTBA M pa3paboTku mnpunoxenuit. [J3DPTDI  mpuHmMaer 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  TMPOTE3MPOBAaHUsA, pa3paboTKa aHATOMHYECKUX  MOJENed Uil  THOATOTOBKH
XHPYProB,TECTOBBIX XHUPYPTHUECKUX OIepaluid, MEAMIUHCKOro 00OpyIOBaHUS; H3TOTOBICHHE
JATYNKOB C 3aIaHHBIM HA0OPOM XapaKTePHCTHK, CO3/IaHHE YHUKAIBHBIX JIEKaPCTBEHHBIX IIPETIapaToB C
UHAUBUAYAJIBbHBIMHU JO3UPOBKAMU, CJIOKHBIX MHOTOKOMIIOHEHTHBIX JICKAPCTBECHHBIX 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

Hu¢poBas mHaycTpUs: OONbLINE AaHHBIC, NCKYCCTBEHHBIH MHTEIIJICKT, >KU3HEHHBIA LIUKJI IIM(POBBIX
TEXHOJOTHH, TPHUBOAHBIE MEXaHM3MBl JAaTYMKOB, pACIIMPEHHAs pPealbHOCTh, BH3yalH3allUd,
MOJIETTMPOBAHUE CUCTEM, OECIIPOBOIHAS CBSI3b, I T-0€301acHOCTS, 31eKTPOHHAs KOMMEPIIHs, OJI0KYEHH
TEXHOJIOTHH, 0€301aCHOCTh JaHHBIX, aBTOHOMHBIE pOOOTHI, CUCTEMHAas UHTETPaLs, HHTEPHET BelleH,
KnOepOe30nacHOCTh, 00IaYHble BEIYMCICHHS, TH(POBOE TPOU3BOACTBO.

JAu3zaiin, MojeqMpoBaHue W aHAIW3. MojenvpoBanue aius 3D medartw, skcrpyzaepa; paspaborka
pPa3HOOOpa3HBIX  TPOAYKTOB,  MPOEKTUPOBAHME  CHUCTEM  KEPaMHUYECKOTO0  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,
texnosoruun 3D-ckanmpoBanms, TexHonoruu 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 TypenbpbKo, POCIHCHKOI Ta YKPAaiHCHKOK) MOBOK TOBHHHI CYITPOBO/KYBATHUCS AHOTAIIIEO
aHTTIHCHEKOI0 MOBOIO.

Mi:xHapoaHuii ;kypHaa TexHoJorii 3D-g1pyky i nndposoi ingycrpii

IJ3DPTDI — me perieH30BaHe BHIAHHS 3 BIAKPUTHM JOCTYIIOM, MDXIUCIMIUTIHAPHA MDKHAPOJIHA
mwiarpopma uisi OOMiHY pe3yJbTaTaMu JOCTIDKEHb 3 IHXCHEPHO-KOHCTPYKTOPCHKUX PO3POOOK,
TEOPETUYHUX MTOCIIIKEeHb, YIOCKOHANEeHHS TexHomorii [amyctpii 4.0, B TOMy 9HCIi — TEXHOJOTIH
uppoBoi MpoMucIoBOCTi, 3D-ApyKy, agUTUBHOrO BHPOOHHIITBA i po3podku aomartkis. 1J3DPTDI
MpUiiMae JOCTIHI CTaTTi, OTJISAAO0BI CTATTi, KOPOTKI MOBIJOMJICHHS 1 TEXHIYHI 3alMCKH, SIKI MICTATh
3HAUyIli pe3yJbTaTH AOCHIKEHb B Taly3l MalIMHOOYIYBaHHsI, TEXHOJIOTil, TEOPETHYHiId 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.

Meanuni Texnouiorii 3D-apyky: GionpiHTIHT — BiATBOpEHHS 00'€éMHHMX MOZeJel TKaHWH i OpraHiB,
CTBOPEHHS TPUBHUMIPHUX BacKYJSIPU30BAHUX OPraHiB, iHAMBIAyali30BaHMX IMIUIAHTATIB 1 MPOTE3iB,
CUHTETUYHOI INKipW, KICTOK, 3aMiHM YacTHH dYepena; 3/CIIEBICHHS TEXHOJOTIl MpOTe3yBaHHS,
PO3pOOJICHHSI aHATOMIUYHUX MOJEJCH Al MiArOTOBKM XipypriB, TECTOBHX XipypriuHUX OIeparii,
MEAUYHOTO OOJaHaHHS; BUTOTOBJICHHS NATYHMKIB 13 3aJaHUM Ha0OPOM XapaKTEPHCTHK, CTBOPEHHS
VHIKaIBbHUX  JIKAPCHKUX  TpemapariB i3  IHAWBIAyalbHUMH  JTO3yBaHHAMH;  CKJIQIHUX
0araTOKOMITOHEHTHHUX 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, IPOMHUCIIOBI 3pa3Ky i MaTepiajii, CTBOPEHHS Xap4OBHX MTPOIYKTIB,
TEXHOJIOTIT XyJJO)KHbOT 00pOOKH MaTepialiB, METOAM MOJICTIOBAaHHS Ta CKAaHYBaHHS 1 T.I1.

Hudposa ingycrpis: Benmuki naHi, IITy9HWH IHTENEKT, >KUTTEBUU MK MU(POBUX TEXHOIOTIH,
MPUBOJHI MEXaHI3MHU [aTYMKIB, PO3IIUPEHA pEANbHICTh, Bi3yami3allisi, MOJIENIOBAHHA CHCTEM,
0e3nporoBuii 3B's30k, [T-Oe3neka, elNEKTPOHHA KOMEDIlis, OJIOKYCHH TEXHOJOrii, Oe3leka naHuX,
aBTOHOMHI poOOTH, CHCTEMHa iHTErpallis, iHTepHeT peueil , kibepOe3meka, XMapHi OOYHCICHHS,
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-
ckanyBanHs1, TexHosorii DMLS, SLA, SLS, FDM, uudpoBsi TexHOIOTiT BAPOOHUIITBA, 1HIIT TEXHOIOTI1
3D-npyKky i T.IL

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

2-11 BUITYCK — TPaBEHb-CEPIICHb;

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

The effective use of the additive manufacturing method in the casting industry plays an important role
on rapid prototyping of casting samples. The production of negative-drafted and complex shaped casting
parts, which cannot be produced with the classical modeling technique with sand-mold, can also be
produced very easily with this method. On the other hand, it is very fast and effective, especially in
terms of rapid production of prototype castings, which can be directly molded without the need for
model production. In this study, a 3D Printer with binder jet technology was designed and produced. 3D
Printer; It consists of 3 parts, the main chassis, the sand spreader and the spraying part. Sand mold
samples were produced with different nozzle feed rates, different catalyst ratios and sand grain sizes.
The consumables used in the production of sand molds are silica sand, furan resin and catalyst. The
mechanical properties of the produced samples were determined by performing compression and gas
permeability tests. The compressive strength was found in the range of 0,6471 MPa - 0,0472 MPa and
the gas permeability was found in the range of 180 GP - 150 GP for the samples produced at different
printing parameters. Afterwards, it was determined which of the produced samples were more suitable
for a sand casting mold by comparing the results obtained from similar studies in the literature. In this
study, a new printer was designed with direct spray technique without using cartridges and preliminary
studies were carried out successfully.

Keywords: Binder Jetting, Casting, Additive Manufacturing, Sand Mold, Mechanical Properties, 3D
Printer.

1. INTRODUCTION

A three-dimensional printer is a machine that
produces three-dimensional solid objects from a
three-dimensional CAD (Computer Aided
Design) file prepared in the digital environment.
These machines are similar in design to CNC
(Computer Numeric Control) systems and work
similar to them. Thanks to three-dimensional
printers, models designed in  digital
environment can become objects that can be
handled and examined in a short time. Three-
dimensional printer technologies work with the
technique of stacking layers on top of each
other. But the methods of creating these layers
may differ. The most widely known of these
methods are those that form solid objects by
melting plastic materials [1].

Process differences in 3D printer technologies
are determined by the American Society for
Testing and Materials (ASTM) depending on
the machinery and materials used: 1- Vat
Photopolymerization, 2- Material Extrusion, 3-
Material Jetting, 4-Binder Jetting, 5- Powder
Bed Fusion, 6- Directed Energy Deposition and
7- Sheet Lamination was made in seven main
categories, including energy accumulation [2].

Today, 3D printers are used in a wide range of
areas from aviation, automotive, medical and
medical applications, molding applications,
nano composite production, energy sector,
construction industry, textile, food industry,
education, art and hobby applications [3].
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Ulkir et al. [4] investigated production of
piezoelectric cantilever using MEMS-based
layered manufacturing technology. The
fabrication of the piezoelectric cantilever was
made by Stereolithography (SLA), which is one
of the additive manufacturing methods. This is
an example of the uses of 3D printers.

There are several additive manufacturing
methods used to produce casting sand molds.
Some of these are Selective Laser Sintering,
Stereolithography, Fused Deposition Modeling,
Material Extrusion, Material Jetting, and
especially Binder Jetting (3D Printing) are the
most commonly used additive manufacturing
methods for making casting sand molds and
models [5].

The binder jetting process uses two materials; a
powder based material and a binder. The binder
acts as an adhesive between powder layers. The
binder is usually in liquid form and the build
material in powder form. A print head moves
horizontally along the x and y axes of the
machine and deposits alternating layers of the
build material and the binding material. After
each layer, the object being printed is lowered
on its build platform. In Figure 1 show an
example binder jetting method [6].

Liqued Binder

Inkjet Printhead
Powder Roller

Powder
Stock

Build Platform

Figure 1. Binder jetting [6].

Due to the method of binding, the material
characteristics are not always suitable for
structural parts and despite the relative speed of
printing, additional post processing can add
significant time to the overall process.

As with other powder based manufacturing
methods, the object being printed is self-
supported within the powder bed and is

removed from the unbound powder once
completed. The technology is often referred to
as 3DP technology and is copyrighted under this
name [6].

The Binder Jetting is capable of printing a
variety of materials such as metal, ceramics and
sand. Some materials, such as sand, do not
require additional processing. Other materials
often require additional treatments such as
curing or sintering. In the additive
manufacturing method, solid layers are
produced, there is no need for a separate mold
because the parts are supported with loose
powder in production, very large sized and
complex shaped parts can be produced, no
permanent thermal stresses are created on the
parts produced because no heat source is used
during production, and it is more cost effective
than other additive manufacturing methods.
Cast core and sand molds can be produced by
the additive manufacturing method with binder

jetting [5].

Cast core and sand molds can be produced by
the additive manufacturing method with binder
spraying. They are given in the Figure 2.

Figure 2. 3D printed sand casting cores and 3D
printing molds for casting metal, respectively [7].

In this study, sand molds with different printing
parameters that can be used for casting
applications according to the binder jetting



additive manufacturing method were produced
and the mechanical properties of the produced
molds were investigated. Thanks to this study,
we aim to create the infrastructure for producing
sand models ready for casting directly without
using wood and aluminum models.

In this study, a 3D printer with a new spray
nozzle system was produced with direct
injection technique without using cartridges.
Thus, sample production was provided in the
3D printer, which was produced with a more
economical design.

2. MATERIAL AND METHOD

Sand mold samples were printed in a binder
jetting 3D Printer, which was produced by
designing a special spray system. Binder jetting
3D Printer is given in Figure 3. The building
area dimensions of Binder Jetting 3D Printer are
320x345x300 mm. Axis motion speeds can be
adjusted with the speed of the stepper motors
used. Mach3 program was used as the software
in the binder jet 3D printer.

B

Figure 3. Binder jetting 3DP.

Afterwards, compression and gas permeability
tests were carried out to determine the
mechanical properties of the produced sand
molds at different printing parameters. The
work flow chart is given in Figure 4.

CAD-Three Dimensional Part Design
CAM and G Code Generating
Determining Printing Parameters

e Sand particle size,
e C(Catalyst ratio,
e Printhead feedrate
Sand + Catalyst Mixture

Sample Production
e Laying the sand+catalyst
mixture
e  Spraying the resin

Mechanical Tests
e Compression Test
e  Gas Permeability Test
Figure 4. Work flow chart.

For the production of sand molds, sand and
catalyst were mixed homogeneously at certain
mixing ratios and filled into the vibrating sand
chamber. In order to form the base layer and
prevent the part from sticking to the part of the
building area, the hopper was moved back and
forth in the Y-axis direction to form 3 layers.
Then, the spraying process was carried out by
selectively moving the sprayer head on the sand
layer for the CAD design, CAM and G codes of
the sample to be produced. Afterwards, a sand
spreading layer was laid and the sprayer part
was moved again. These processes continued
until the last layer was finished and the sample
was produced. Afterwards, the sample was kept
in the printer for a certain period of time to cure
at room temperature, and then the sample was
removed. Then, the mechanical properties of the
25x15 mm and 50x20 mm cylindrical samples,
which were printed on a binder-jet 3D printer,
were determined by performing the
compression test and gas permeability test.
Silica sand, furan resin and catalyst were used
as consumables for the production of sand
molds. Consumables are given in Table 1.

Table 1. The consumables.

Material Specifications Density(gr/cm3)
Foundry Silica Sand 2,65

Sand

Furan Resin  Furanol CS470 1,14-1,16

Furan Furanol Serter  1,22-1,27
Catalyst CS30-80

Sand particle size, catalyst ratio and printhead
feedrate were used as printing parameters in
sample production. The printing parameters are
given in Table 2.

Table 2. The printing parameters.

Parameters Specifications

Sand particle size Fine sand (125-250 um)
Coarse sand (250-500
pm)

Catalyst ratio (by %0,5-0,6-0,7

weight of sand)

Printhead feedrate F300-F400-F500

mm/min




3. EXPERIMENTAL RESULTS

25x%15 mm cylindrical samples were printed for
each parameter in the binder jet 3D printer.
Compression test was performed on the printed
samples with a special apparatus (loadcell)
mounted on the CNC vertical processing
machine. Precise results were obtained with the
load and displacement data obtained from the
CNC and recorded in the Labview Program.
Two samples were tested for each parameter
and the average was taken. Figure 5 shows the
sample in the compression test. Test results are
given in Figure 6-7.

L

Figure S. The sample in the compression test.
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Figure 6. Coarse-fine particle sand size, different
catalyst ratio and same printhead feedrate.

According to Figure 6, F=300 mm/min for
coarse sand (250-500 pum). It is seen that the
compressive strength increases as the catalyst
ratio increases up to a certain amount at the
printhead feedrate, and then it decreases. It is
seen that the highest compressive strength is in
the K6F300 sample with 0,6% catalyst ratio.
This is thought to be due to the appropriate resin
catalyst saturation ratio. That is, since the
amount of resin in the structure is constant, the
catalyst ratio that will react with the resin in that

ratio is important. If the catalyst ratio is more or
less than it should be, the compressive strength
is lower than the maximum.

In addition, F=300 mm/min for fine sand (125-
250 pm). It is seen that the compressive strength
increases as the catalyst ratio increases up to a
certain amount at the printhead feedrate, and
then it decreases. It is seen that the highest
compressive strength is in the 16F300 sample
with 0,6% catalyst ratio. This is thought to be
due to the appropriate resin catalyst saturation
ratio. That is, since the amount of resin in the
structure is constant, the catalyst ratio that will
react with the resin in that ratio is important. If
the catalyst ratio is more or less than it should
be, the compressive strength is lower than the
maximum,.

Guo et al. [8] show that when the resin content
is constant, the tensile and flexural strengths of
the sand mold initially increase and then
decrease with the increase in the curing agent
content. When the curing agent content is
constant, the tensile and bending strengths of
the sand mold increase with the increase in the
resin binder content. According to the analysis,
the main factors affecting the strength of the
sand mold are resin binder content, hardener
content and sand mold density. The higher the
resin binder content, the higher the strength of
the sand mold. The curing agent increases the
degree of crosslinking of the resin binder,
thereby increasing the strength of the sand
mold. Since three-dimensional printing on the
sand mold requires mixing the curing agent and
the sand particles, the curing agent content
directly affects the fluidity of the sand particles.
The higher the hardening agent content, the
lower the fluidity of the sand particles and the
lower the compactness of the sand layer.
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Figure 7. Coarse-fine particle sand size, same
catalyst ratio and different printhead feedrate.



According to Figure 7, for coarse sand (250-500
pum) at a constant (0,6%) catalyst ratio, it is seen
that the compressive strength decreases as the
printhead feedrate increases. It is seen that the
highest compressive strength is in the K6F300
sample, which has a feed rate of F300 mm/min.
It is thought that the reason for this is that the
increase or decrease in the print head advance
speed affects the amount of resin. As the
amount of resin decreases, the chemical bond
between the sand particles decreases. Thus, the
compressive strength also decreases.

In addition, for fine sand (125-250 pm) at a
constant (0,6%) catalyst ratio, it is seen that the
compressive strength decreases as the printhead
feedrate increases. It is seen that the highest
compressive strength is in the I6F300 sample
with a feed rate of F300 mm/min. It is thought
that the reason for this is that the increase or
decrease in the print head advance speed affects
the amount of resin. As the amount of resin
decreases, the chemical bond between the sand
particles decreases. Thus, the compressive
strength also decreases.

Khandelwal et al. [9] on the other hand, the
effects of sand grain size, binder percentage and
curing time on mechanical properties as well as
dimensional changes of chemically oven-free,
chemically bonded molds and cores were
investigated by laboratory experiments. As a
result of the study, the compressive strength of
the mold properties for different test parameters
was found to be in the range of 4,08 kg/cm2-
16,16 kg/cm2 (0,400 MPa- 1,584 MPa).
Optimum mold properties were obtained in
2,4% binder, 40 GFN grit and after 4 hours of
curing, and optimum compressive strength of
14,80 kg/cm?2 (1,451 MPa) was obtained.

Motoyama et al. [10] examined the validation of
thermal stress analysis, including the furan sand
mold used to predict the thermal stress in
castings. In addition, in the study, the
compression test result graph of the sample
produced using silica sand and 1,2% furan resin
was given and it was seen that the maximum
compressive stress was in the range of 0,8-1,0
MPa.

Said et al. [11] investigated the optimization of
the mold composition to improve the quality of
sand casting. They aimed to optimize the
composition of silica sand, bentonite, water and

coal dust in green sand to reduce defects in
foundry products. In the study, the effect of
parameters on compressive strength was
investigated. As a result of the study, the green
compression strength of the samples was
determined in the range of 30-100 kN/m2 (0,03-
0,1 MPa).

According to the literature research, it has been
seen that many printing parameters affect the
compression test results. When the compression
test results obtained according to the selected
compression parameters in our study were
examined, it was seen that it was lower than the
results of other studies in the literature. The
reason for the low compression strength is
thought to be due to the use of sand, resin and
catalyst used in traditional casting in production
with a 3D printer. However, when we look at
the literature as the green compression strength
of the traditional casting sand mold, it shows
that the compression strength result of the
samples produced in the study is sufficient for
the sand mold.

50x20 mm cylindrical samples were printed for
each parameter in a binder-jet 3D printer. Gas
permeability test was performed on the printed
samples. Gas permeability results were found
for a 50x50 mm cylindrical sample using the
equation below, since the test sample is 50 mm
in diameter and 50 mm high, and the gas
permeability measuring device gives the results
according to the standards accepted by AFS
(American Foundry Association) for gas
permeability. Two samples were tested for each
parameter and the average was taken.
Calculation of gas permeability is given in
Equation (1). Figure 8 shows the sample in the
gas permeabilitiy test and the samples
produced. The test results are given in Figure 9-
10.

GP=V.H/APt (1)

In this place; GP: Gas permeability number, V:
The volume of air passing through the test
sample (cm®), H: Height of test specimen (cm),
A: Cross-sectional area of the test specimen
(cm?), P: air pressure (gr/cm?), t: Time for air to
pass through the test sample (min).



Figure 8. K7F300 gas permeability sample and the
sample in the test tube, I6F400 compression test

sample, respectively.
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Figure 9. Coarse-fine particle sand size, different
catalyst ratio and same printhead feedrate.

According to Figure 9, it is seen that the gas
permeability decreases as the catalyst ratio
increases up to a certain amount at the printhead
feedrate of F=300 mm/min for coarse sand
(250-500 pm), and then increases. It is seen that
the highest gas permeability is in the K7F300
sample with 0,7% catalyst ratio. This is thought
to be due to the appropriate resin-catalyst
saturation ratio. That is, since the amount of
resin in the structure is constant, the catalyst
ratio that will react with the resin in that ratio is
important. If the catalyst ratio is more or less
than it should be, the gas permeability is higher
than the minimum.

In addition, for fine sand (125-250 pum), it is
seen that gas permeability decreases as the

catalyst ratio increases up to a certain amount at
the printhead feedrate of F=300 mm/min and
then increases. It is seen that the highest gas
permeability is in the I7F300 sample with 0,7%
catalyst ratio. This is thought to be due to the
appropriate resin-catalyst saturation ratio. That
1, since the amount of resin in the structure is
constant, the catalyst ratio that will react with
the resin in that ratio is important. If the catalyst
ratio is more or less than it should be, the gas
permeability is higher than the minimum.
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Figure 10. Coarse-fine particle sand size, same
catalyst ratio and different printhead feedrate.

According to Figure 10, it is seen that the gas
permeability increases as the printhead feedrate
increases at a catalyst rate of 0,6% for coarse
sand (250-500 pum). It is seen that the highest
gas permeability is in the K6F500 sample with
a feed rate of F500 mm/min. It is thought that
the reason for this is that the increase or
decrease in the printhead feedrate affects the
amount of resin. As the amount of resin
decreases, the chemical bond between the sand
particles decreases. Thus, the gas permeability
also increases.

In addition, for fine sand (125-250 pum), it is
seen that gas permeability increases as the
printhead feedrate increases at a catalyst rate of
0,6%. It is seen that the highest gas permeability
is in the I6F500 sample with a feed rate of F500
mm/min. It is thought that the reason for this is
that the increase or decrease in the printhead
feedrate affects the amount of resin. As the
amount of resin decreases, the chemical bond
between the sand particles decreases. Thus, the
gas permeability also increases.



Coniglio et al. [12] they calculated the gas
permeability of the sand mold samples
produced from silica sand and furan binder. In
the production of the molds, average sand
particle size (140 um), activator content (0.18%
of sand weight), magnesium inhibitor (0,4%
weight of sand), heating temperature (305 K)
were kept constant. Samples were produced
with the values of sand spreader speed (between
0,130-0,286 m.s!), sand layer thickness (280
um), printing resolution (120-140 pm).
According to the test results, the gas
permeability, which is an important property of
the sand mold for casting, varied within a wide
range from 70 to 160 GP.

Martinez et al. [13] on the other hand, sand
molds were produced by choosing round or
round-cornered silica sand with a grain fineness
number (GFN) of 65 and six different binder
deposition settings with a binder content
between 1% and 3%, and gas permeability was
calculated. Permeability values at different
resin ratios were found to be approximately
130-190 AFS. The permeability measurements
confirm the hypothesis that increased difficulty
in degassing will occur with the increase in
binder concentration during casting.

According to the literature research, it was seen
that many printing parameters affect the gas
permeability test results. In this study, when the
gas permeability test results obtained according
to the selected printing parameters were
examined, it was seen that they were in parallel
with the results of other studies in the literature.

4. CONCLUSION

Sand mold production for complex shaped,
reverse angled and especially prototype
products is important for the casting industry. In
recent years, the use of additive manufacturing
has increased in the casting industry. In
particular, the production method with a binder-
jet 3D printer is one of the areas open to
development for the casting industry. For this
reason, this study is important for the
production of sand molds in the -casting
industry. In this study, cylindrical samples were
produced as the mechanical properties of the
produced sand molds were investigated.

The study shows that for both sand grain size
ranges (coarse-fine) and F=300 mm/min. at the
printhead feedrate. It is seen that the

compressive strength increases as the catalyst
ratio increases up to a certain amount at the
printhead feedrate, and then it decreases. It is
seen that the highest compressive strength is in
the 16F300 sample with 0,6% catalyst ratio.
This is thought to be due to the appropriate resin
catalyst saturation ratio. That is, since the
amount of resin in the structure is constant, the
catalyst ratio that will react with the resin in that
ratio is important. If the catalyst ratio is more or
less than it should be, the compressive strength
is lower than the maximum.

In Addition, for both sand grain size ranges
(coarse-fine) and at a constant (0,6%) catalyst
ratio. it is seen that the compressive strength
decreases as the printhead feedrate increases. It
is seen that the highest compressive strength is
in the I6F300 sample, which has a feed rate of
F300 mm/min. It is thought that the reason for
this is that the increase or decrease in the print
head advance speed affects the amount of resin.
As the amount of resin decreases, the chemical
bond between the sand particles decreases.
Thus, the compressive strength also decreases.

It is seen that the gas permeability decreases as
the catalyst ratio increases up to a certain
amount at the printhead feedrate of F=300
mm/min for both sand grain size ranges (coarse-
fine), and then increases. It is seen that the
highest gas permeability is in the K7F300
sample with 0,7% catalyst ratio. This is thought
to be due to the appropriate resin-catalyst
saturation ratio. That is, since the amount of
resin in the structure is constant, the catalyst
ratio that will react with the resin in that ratio is
important. If the catalyst ratio is more or less
than it should be, the gas permeability is higher
than the minimum.

In Addition, it is seen that the gas permeability
increases as the printhead feedrate increases at
a catalyst rate of 0,6% for both sand grain size
ranges (coarse-fine). It is seen that the highest
gas permeability is in the K6F500 sample with
a feed rate of F500 mm/min. It is thought that
the reason for this is that the increase or
decrease in the printhead feedrate affects the
amount of resin. As the amount of resin
decreases, the chemical bond between the sand
particles decreases. Thus, the gas permeability
also increases.
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ABSTRACT

The purpose of this study is to determine the most suitable cutting tool for achieving the desired diameter
dimensions in parts produced using PLA material in a 3D printer. A plastic plate in the shape of a
rectangular prism with dimensions of 90x40x10 mm was printed without holes with a 100% filling ratio
in a 3D printer. A belt-pulley mechanism requiring bearing assembly was designed, manufactured, and
tested for applicability. The study successfully identified the optimum parameters for achieving a 15
mm diameter measurement with the desired tolerance in PLA material without causing melt damage.
These parameters are spindle speed of 15000 rpm, feed rate of 500 mm/min, cutting depth of 0.5 mm,
minimum end mill diameter of 10 mm, and 4 cutting edges. The study also found that the morphological
properties of the PLA workpiece were affected by the cutting process of different diameter milling
cutters. This study investigated the optimal milling cutter for drilling holes in 3D-printed PLA parts.
The method was found successful, allowing for manufacturing flexibility and reduced waste. Results
provide insights for improving post-processing efficiency and sustainability in 3D printing.

Keywords: Additive manufacturing, CNC milling, Cutting tool selection, PLA machining, 3D printing.

1. INTRODUCTION and they dissolve in nature and protect the
Polymer materials are preferred today, taking ecological balance [1-5]. In addition, the
the place of many metallic and ceramic production of biopolymers consumes less
materials, especially because of their lightness energy and has a lower carbon footprint
and ease of processing [1-3]. However, the fact compared to the production of petroleum-based
that polymeric materials used in the industry are polymers. For these reasons, the use of
produced with petroleum and its derivatives biopolymers in the industry is becoming
brings along various problems [2-5]. The increasingly common. The usage areas of
increasing difficulty of access to petroleum biopolymers are quite wide. It is used in many
resources, the increasing cost of petroleum, and sectors such as packaging materials, medical
the fact that petroleum-based plastics cannot materials, agricultural materials, textile
degrade in nature for many years have made products, construction materials, and the
polymer materials produced from petroleum a automotive industry [6-8]. For example,
global problem. For this reason, researchers are biopolymers made from starch and cellulose are
conducting studies for the discovery of used as packaging materials and reduce waste
biopolymers that do not cause environmental problems [9-11]. In addition, biodegradable
problems and are produced from non-petroleum materials such as lactic acid are used in the
natural resources. Biopolymers are polymeric manufacture of medicinal materials. As a result,
materials produced from biological sources. biopolymers gain importance as an
Naturally sourced biopolymers do not cause environmentally friendly and sustainable
waste and environmental pollution problems, alternative, since petroleum-based polymers do
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not degrade in nature and cause environmental
problems. The wuses of biopolymers are
expanding and researchers are working to
discover more biopolymers using natural
resources and renewable resources [12].

Additive manufacturing, also known as 3D
printing, has become increasingly popular in
recent years due to its flexibility in producing
complex and customized parts. ABS, PLA, and
PETG filaments are the most preferred filament
types, and among these, PLA filaments stand
out more than others in terms of some
advantages. Depending on the types of filament
used to manufacture 3D printed parts,
challenges such as surface quality, tensile
strength [13] and dimensional accuracy must be
overcome. In addition, it is aimed to obtain
more durable structures by optimizing
manufacturing parameters such as printing
speed, fill rate, and scanning angles [14]. This
is particularly important for functional parts that
require additional post-processing operations
such as CNC milling. PLA is one of the most
commonly used materials in 3D printing due to
its low cost, ease of printing, and
biodegradability. However, PLA has a lower
hardness and thermal stability compared to
other engineering plastics, which can cause
difficulties in machining processes such as
milling. Therefore, the selection of an
appropriate cutting tool and cutting parameters
is crucial to achieving a good surface finish and
dimensional accuracy of milled PLA parts [1-
5].

Additive manufacturing has gained significant
attention in recent years due to its ability to
produce complex and customized parts [12].
The ease of use and low cost of 3D printing
technology has made it an attractive option for
rapid prototyping and small-scale production.
However, one of the main challenges in 3D
printing is achieving the desired surface finish
and dimensional accuracy of the printed parts.
This is particularly important for functional
parts that require additional post-processing
operations such as CNC milling.

PLA is a biodegradable thermoplastic polymer
that is commonly used in 3D printing due to its
low cost, ease of printing, and biodegradability
[15]. PLA is derived from renewable resources
such as cornstarch or sugarcane, which makes it
an  attractive  option for  sustainable
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manufacturing [16]. However, PLA has a lower
hardness and thermal stability compared to
other engineering plastics [17], which can cause
difficulties in machining processes such as
milling. Machining PLA parts requires special
considerations due to the low thermal stability
of the material, which can result in melting,
deformation, and poor surface finish.

To overcome these challenges, selecting an
appropriate cutting tool and cutting parameters
is crucial to achieving a good surface finish and
dimensional accuracy of milled PLA parts. The
selection of the cutting tool and cutting
parameters can greatly affect the machining
performance and efficiency, as well as the
quality of the final product. Various types of
cutting tools and cutting parameters can be used
for milling PLA parts, but their effectiveness
and suitability need to be evaluated
experimentally.

This study aims to experimentally determine the
optimum cutting tool for CNC milling of 3D-
printed PLA parts. The conducted a series of
experiments using various cutting tools to
evaluate their effectiveness in machining PLA
parts.

2. MATERIAL AND METHOD

2.1. Materials

The main reason for using PLA material in this
study is that 3D printer users around the world
tend to prefer this material for printing. As seen
in Table 1, it can melt at relatively low
temperatures (~150 °C), making the work
casier. The possibility of warping during
printing is lower. Users mostly operate 3D
printers in personal living spaces. Therefore,
there are no special ventilation systems in these
environments. PLA material is bio-based and
does not harm the environment and humans [8].
On the other hand, ABS has a harmful aspect to
health due to users inhaling plastic fumes during
melting, so the environment must be ventilated
or printing should be done in open air, which is
not always possible for users.
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Table 1. Some properties of PLA material [15].

Features Symbol Unit Value
Polymer density p g/em®  1.21-1.25
Tensile strength c MPa 21-60
Tensile modulus E GPa 0.35-3.5
Ultimate strain € % 2.5-6
Glass transition Tg °C 45-60
temperature
Melting Tm °C 150-162
temperature
Rockwell HR kg/m? 88
hardness

2.2. Preparation of Test Samples

For the production of test samples, the Creality
Ender-3-S1 printer and conventional PLA
filaments, as shown in Figure 1.a, were used.
The plate parts with dimensions of 90x40x10
mm were modeled in Solidworks 2015
software. The created solid models were saved
in STL format and transferred to the Simplify
3D slicing program, as shown in Figure 1.b.
From there, G-codes were generated for the
printing process and defined as input for the
printer. After entering the position of the sample
on the printer tray, the fill ratio (%100), infill
angle offsets (+45°), printer bed temperature
(60°C), and other production parameters, the
samples were printed. The printing process of a
single sample with the given dimensions took 2
hours and 5 minutes. The filament length used
was 12.5 m, and the weight of the printed
sample was obtained as 37 gram. The printed
experimental sample is shown in Figure 1.c. To
achieve consistency in the manufacturing
parameters of the samples, 9 test samples were
printed using the same features and printing
technique.

Figure 1. a) Creality Ender-3 S1, where the
experimental samples were produced, b) slicing
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process and G-code generation in Simplify
software, c) completed experimental sample

When the necessary times for printing with and
without holes (Figure 2.a and Figure 2.b,
respectively) were calculated on the 3D printer,
very close times of 2 hours 5 minutes and 1 hour
59 minutes were obtained, respectively. The
reason for this is that the nozzle spends extra
time changing its position and direction to leave
the hole area empty. Therefore, it is thought that
not creating holes does not cause significant
time loss and it would be appropriate to achieve
precise tolerances by the final process of CNC
milling.

Build Statistics

Build time: 2 hours 5 minutes .
Filament length: 12335.9 mm :
v
y

Plastic weight: 37.09 g (0.08 Ib)
Material cost: 1.71

Build Statistics

Build time: 1hour 53 minutes
Filament length: 11574.3 mm
Plastic weight: 34.80 g (0.08 Ib)
Material cost: 1.60

;|

ST T ICIES

Figure 2. Manufacturing times of PLA printed
parts a) without holes b) with holes.

2.3. Pocket Milling

The most preferred method for drilling holes is
using a drill bit. However, delamination occurs
in wood, composite [9-11], and polymer
materials. As seen in Figure 3.a, a damaged
formation occurs in a larger diameter than the
diameter that needs to be drilled, especially
where the drill bit exits. These delamination
damages significantly affect the accuracy and
also negatively affect the bushing and bearing
seats that will be inserted into the hole,
shortening the life of the part. Since a similar
layering occurs in layered materials, such as the
composite material shown in Figure 3.b, it does
not seem appropriate to use a drill bit for PLA
material.
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K xd Z 2,
Figure 3. a) PLA melting and sticking to the drill
bit. b) melting and delamination formation during
drilling.

Several milling processes commonly used in
industry include surface milling, profile
shaping, pocket milling, and drilling. Other
processing methods, except for drilling, have
been studied in various literature. However, it
has been identified that small-diameter (<20
mm) drilling is a topic that needs to be
investigated. In assembly processes where
positional tolerance is important, the drill
cannot  provide sufficiently accurate
positioning. Therefore, the feasibility of drilling
operations with CNC milling has been
investigated. The special production CNC
milling machine used for surface machining
studies, as seen in Figure 4.a, is a 3-axis
machine with a processing area of 400 mm on
both the x and y axes and 200 mm on the z-axis.
The maximum spindle rotation speed is 18000
rpm. It is designed for medium to high-precision
manufacturing up to 0.01 mm. Coolants are
generally required for processing thermoplastic
materials, and petroleum-based coolants can be
used for semi-crystalline plastics such as nylon,
acetal, polyester, and thermosets. However, if
processing any amorphous material such as
PLA where it is difficult to determine its
interaction with the coolant, avoiding such
cooling liquids is generally a good solution
[11,12,15]. Therefore, during the experiments,
pressurized air was used to benefit from the
cooling effect and to prevent chip buildup in
front of the milling cutter. Machining of
thermoplastics is an effective solution to

153

overcome the challenges encountered in
molding and forming processes, such as high
cost, time consumption, and difficulties in
creating complex shapes. The process of
machining can produce high-quality products
with close tolerances, whether from plastics,
composites, or metals. Advancements in CNC
machining have led to increased accuracy and
quality, achieved by increasing the number of
axes or incorporating jointed-arm robots. In
drilling thermoplastics, however, issues such as
melting due to high temperature, product
cracking, and  non-optimized  process
parameters can arise. Researchers have
developed various techniques to mitigate these
problems, such as the use of hybrid machines
that combine Fused Deposition Modeling
(FDM) and CNC milling processes, and
increasing cutting speed to drill thermoplastics.
In the study, experiments were conducted to
open holes with a diameter of 15 mm. In order
to perform this operation, 7 different end
milling cutters with properties given in Table 2
and numbered, as seen in Figure 4.b, were used.
Milling cutters up to 10 mm in diameter have a
two tooth cutter. This means that it has more
contact with the material being cut and the heat
generated during cutting is distributed to two
tooth cutter. However, in four tooth cutter tools,
the total heat is divided by the number of cutting
edges. Thus, it is thought that more effective
cooling is achieved by transmitting the heat on
the contact surface to the end mill.

In addition, in order to determine the effects of
using coated end milling cutters, 2 coated
cutters were preferred. Thus, in order to
increase the performance of the end mills and to
cut faster, Titanium Aluminum Nitride (TiAIN)
tip number 3 and Boron Carbide (B4C) coated
insert number 7 were used. TiAIN coating is a
type of coating that is widely preferred in
carbide end mills that we encounter in the
market. It is widely preferred in high-
temperature applications. Aluminum in its
composition acts as a thermal insulator due to
its stability and heat resistance at extremely
high temperatures. The aluminum layer on the
tool surface not only provides oxidation
resistance but also provides a hardness that is
resistant to burrs, which are often encountered
in other coatings. B4C coating is preferred for
accurate cutting geometries and precise
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dimensional tolerances, and they are also inserts
that provide good heat transfer.

During operations such as surface machining or
channel cutting in CNC, the cutting tool moves
on different axes on the flat surface, which does
not allow the same area of the PLA part to reach
high temperatures. However, in the drilling
process, as the diameter decreases, the hole is
vertically positioned and close to a single
center, which heats both the removed debris and
the surfaces of the hole that it is in continuous
contact with. The rotating movement of the
milling cutter in this way creates a risk of
damage to the PLA material.

b

Figure 4. a) Desktop CNC milling machine b) end
milling cutters used in processing.

Table 2. Schematic view and characteristics of cutting tools.

dI H: ''''''''''''''''' k\* al. ]D
‘ L
Cli:)t:; Tool body dil:lfleel;teer Tool overall c?t)t(:elr Helix ~ Number
ngumbe diameter (OD) length length Angle of teeth Coating
d o
(@d) [mm] [mm]| (L) [mm] @) [mm] (o) [°] (2)
1 10 10 100 60 45 4 Uncoated
2 8 5 130 75 30 2 Uncoated
3 10 7 75 30 45 2 Coated (TiAIN)
4 6 5 60 20 45 2 Uncoated
5 5 4 65 40 45 2 Uncoated
6 5 1.5 70 15 30 2 Uncoated
7 4 6 45 15 45 2 Coated (B4C)

3. RESULTS AND DISCUSSION

Experiments were conducted using the end
milling cutters with properties given in Table 2
to observe their effects on the PLA material
during processing. The drilling experiments
with number 2 and number 5 end mills are
shown in Figure S5.a and 5.b, respectively.
Although partial drilling was observed in these
experiments, the molten workpiece was
deformed. In the experiment with the number 6
cutter, as seen in Figure 5.c, the drilling process
did not occur at all. The intense melting
observed in the workpiece due to the heat
generated by the rotation of the small-diameter
cutter caused the workpiece to melt before
processing. Since a small diameter end mill was
used here, a situation similar to the friction stir
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welding of polymer materials was encountered
[18]. The high temperature required for friction
stir welding is a disadvantage for drilling holes.
Figure 5.d shows the drilling process with cutter
number 1. Accordingly, cutters 2, 4, 5, and 6
both melted the workpiece and failed to drill a
hole, and their tooth cutter have broken after a
while. Cutters 3 and 7 have been able to drill a
hole but caused deformation and plastic
accumulation at the entry and exit points of the
workpiece. It is observed that a successful
process that meets all expectations were
realized in the workpiece processed with cutter
number 1 without causing melting or
deformation.
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Figure 5. Machining of PLA parts with different
characteristics using an end mill.

Each drilling operation was repeated three times
with each end mill, using a total of 9
workpieces. In samples where multiple drilling
operations were performed on the same
workpiece, the workpiece was allowed to cool
sufficiently after each drilling attempt. As seen
in Figure 6, end mills 2, 5, and 6 were used on
one workpiece (Figure 6.a), while mills 4, 3, and
7 were used on another (Figure 6.b). A separate
workpiece was used with cutter 1 (Figure 6.c).
The surface roughness values were measured
for the hole drilled with cutter 1 because it was
measurable. Surface roughness values could not
be measured for the other processed surfaces
because they were overly deformed. The reason
why the average surface roughness of the PLA
parts could not be measured is that the high
values that exceeded the measurement range of
the roughness testing device existed before the
finishing process. However, even though the
surface roughness of the PLA part could be
measured, the results were quite high: Rt =
11.7um, Rz=6.91um, and Ra =2 pm. Figure 6
presents a collective view of the samples
subjected to the experiment. This image reflects
the fact that each sample has different properties
and process parameters, and therefore shows
different results after processing. In the image,
different diameters, shapes, and surface
structures of the samples can be observed.
Additionally, both perforated and non-
perforated versions of the samples are included.
The samples were processed using different
milling tools and cutting tools. Some samples
were processed using aggressive process
parameters such as high speed and feed rate,
while others were processed using lower speeds
and feed rates. The image demonstrates the
different results obtained using different
process parameters and milling tools.
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Figure 7 displays the scanning -electron
microscope (SEM) images of the melted surface
of PLA plastics that occurred during processing
with different cutting tools. The SEM images
provide a visual representation of the particle
distribution in each compound. The observed
macro surface morphological variability in
SEM images can be attributed to different
temperature distribution patterns exhibited by
various cutting tools. It is evident that the type
of cutting tool used significantly affects the
melting distribution behavior and general
viscoelastic properties of the plastics. Since
temperatures on the cutting surface reached up
to 173 °C, melting and accumulation occurred,
and the PLA melt adhered to the cutting tool tip.
PLA melts adhering to the cutting tool tip was
observed to rotate on the cutting tool for a while
before cooling and glassing occurred.
Furthermore, leaf-shaped formations and
crystalline buds in powder form were observed
in SEM images. This resulted in a more brittle
structure and a sharper and more difficult-to-
correct deformation pile-up. Lambiase et al.'s
[8] study showed that laser surface finishing
with a 30 W COz2 laser in continuous wave mode
significantly improves the surface roughness of
3D printed PLA components. The study
determined the influence of laser treatment
parameters on surface morphology and
identified surface ablation as the mechanism of
interaction. ANOVA, RSM, and MRO were
used to determine optimal process conditions,
resulting in enhanced surface roughness (Ra =
0.3 um) and minimized surface recession (0.1
mm). These findings provide valuable insights
for improving the surface quality of 3D-printed
PLA components. The article by Lalegani
Dezaki et al. [10] explores the effect of CNC
machining on the surface quality of FDM
products. The study investigates the surface
roughness of printed and machined samples in
various build orientations. The results show that
the horizontal surface roughness yielded the
best quality compared to perpendicular and
vertical specimens. Machining was found to
greatly influence thermoplastics, resulting in
smoother surfaces. The research emphasizes the
importance of surface quality in FDM products
for better mechanical properties. Figure 7
presents a SEM image of the melted PLA
pockets on the milled surfaces of the processed
parts. This image provides a detailed view of the
processed surface of the parts and helps
determine the size and shape of the damage that
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occurred after processing. The image shows the
melted PLA pockets on the processed surface
clearly, and their shape and size can also be
observed. Furthermore, the deformation of the
pockets during processing can also be seen. This
image can be used as a tool to examine the
details and deformations of melted PLA pockets
on the processed surface of the parts. It provides
valuable information for optimizing processing
parameters and cutting tools, which ultimately
enhances the quality of the processed parts.

. \
Figure 6. Overview of tested PLA plates processed
with 7 different end mill cutting tool samples.

melted chip h 2

100 um
3 s ““4 ,: 4

1000 . “s 100 um

Figure 7. SEM image of elted PLA pocket milled
surface of parts.
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Table 3 presents the appearance of the drilled
holes and the success rate of the drilling
process. The table provides information on the
appearance of the drilled holes in terms of their
shape, diameter, and whether or not they are
tapered. In addition, the success rate of the
drilling process is presented as the percentage
of holes that were drilled successfully without
any defects or damage. The data in the table is
organized based on the different processing
parameters and cutting tools used in the drilling
process. This information is important for
evaluating the quality and accuracy of the
drilled holes and for optimizing the processing
parameters and cutting tools for future drilling
operations. Overall, Table 3 provides a
comprehensive overview of the results of the
drilling process and can be used as a reference
for future research and development in this area.
The results led to the evaluation of CNC
machining success in two separate categories as
“Melting” and “Burring” as seen in Table 3.
Inserts 2, 4, 5, and 6 also failed in terms of burr
residue, as they did not melt the material and
perform acceptable machining. This is due to
the small diameter of these inserts, as well as
their inadequacy in heat conduction to the
cutting tool body, and it is thought that the heat
exerts an effect on the PLA material's melting
temperature during machining. Inserts 1, 3 and
7 were able to machine the PLA material
without melting, as seen in the "Hole view"
column in Table 3. On the other hand, it is seen
in Table 3 that although the coated inserts 3 and
7 can process, they cause burr residues. These
inserts have been successful at an acceptable
level in absorbing the heat generated as a result
of machining into their bodies. However, it is
thought that they are insufficient in terms of
burr-free machining due to the small diameter
of the cutting tool and their two tooth cutter.

Table 3 shows that the number 1 cutter is more
suitable for processing PLA material without
melting and burr-free, since it has a sufficient
body diameter and a four tooth cutter.
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A practical model has been designed and
manufactured based on the results obtained
from experimental studies. To achieve this, a
bearing with a diameter of 10 mm and 4 cutting
edges, which was successfully processed with a
precise end milling cutter measured at 15 mm
with a caliper, was used. Drilling is also
possible, but drill bits are manufactured with a
1 mm interval. For example, it is not possible to
obtain holes that provide the necessary tight fit
required in this model with a drill bit and that
can be used with standard bearings. In machine
elements, there are three types of fits defined as
clearance fit, transition fit, and interference fit.
The interference fit method should be preferred
when the bearing needs to be pressed in. For
this, if the hole is slightly larger than the
nominal diameter of the shaft, it should be
manufactured slightly smaller. Tolerance values
have been determined for metal-to-metal fits in
standards. However, there is no standard for the
combination of PLA and metal. Therefore, a
tolerance of 0.25 mm was preferred, and a hole
with a diameter of 14.75 mm was processed on
the workpiece. The standard bearing with a
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diameter of 15 mm was pressed (Figure 8.a) in
using the interference fit method. In Figure 8.b,
a body with the pressed bearing using a
hydraulic press is seen. A shaft was attached to
the body with a tight fit as shown in Figure 8.c
to the bearing. A weight of 1 kg was attached to
the shaft at a distance of 100 mm from the
bearing to test the durability of the tight fit by
causing a jerky movement. A belt-pulley
mechanism was placed inside the body. This
mechanism, driven by a stepper motor, was
tested for 200 hours of operation and no gap or
looseness was observed between the bearing
and the machined PLA material. Thus, it was
concluded that both the drilling and fitting
processes were successfully performed.
Lalegani Dezaki et al. [1] investigated the
effects of drilling parameters on FDM products
and examined the surface texture of 3D printed
samples to determine the effects of build
orientation. Results showed that increasing
build orientation worsened surface roughness,
with horizontal specimens having the best
surface quality. Moderate feed rate and spindle
speed values showed the best quality in drilled
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holes, and the 0° sample had the lowest Ra and
Rz wvalues. Build orientation also affected
surface quality in the drilling process. Tiwary,
Arunkumar, and Malik's [19] paper present a
novel classification of joining and welding
techniques for 3D-printed parts to create bigger-
sized components. Their literature review offers
insights into the various techniques, their
advantages, disadvantages, and critical
challenges. Their work provides a practical
approach to selecting and applying suitable
joining and welding techniques, enhancing the
potential of 3D printing in manufacturing.

Figure 8. Sample application manufacturing a)
rolling bearing on the successfully machined
workpiece b) bearing sample view c.)
manufacturing completed model.

According to the article by Pamarac and Petruse
[20], Optimum milling parameters for face
milling and profile contouring operations were
determined with different cutting tool diameters
for a constant spindle speed of 3500 rpm. It has
been determined that slower cutting speeds
provide a better surface quality for ABS
material, and a better surface quality is obtained
when higher cutting speeds are used for PLA
material. The article by Moradi et al., [4]
presents a thorough investigation of CO2 laser
cutting as a post-processing method for
improving the dimensional accuracy of 3D-
printed PLA parts. The study highlights the
significant impact of process parameters on the
quality of kerf dimensions and provides insights
into optimal input parameters for achieving
high-quality kerf features. The findings of this
study offer valuable information for researchers
and practitioners in the field of 3D printing.

This study, the article explores the optimal
parameters for achieving precise diameter
dimensions in PLA material parts produced
using 3D printing and CNC milling processes.
The study identifies the most suitable cutting
tool and process parameters, highlighting the
morphological changes induced by different
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diameter milling cutters. The research findings
can help reduce waste material accumulation,
and energy-time-raw material losses, and
improve the accuracy and efficiency of the
manufacturing processes. Moradi et al., [4]
investigates the post-processing of 3D-printed
poly lactic acid (PLA) parts using CO2 laser
cutting, while Pamarac and Petruse [20] focus
on determining the optimal parameters for
achieving precise diameter dimensions in PLA
material parts produced using 3D printing and
CNC milling processes. The article examines
the effects of laser-cutting process parameters
on the geometrical dimension of the kerf, while
this study identifies the most suitable cutting
tool and process parameters for achieving the
desired diameter dimensions. Overall, the two
articles differ in their research objectives,
methodology, and findings.

4. CONCLUSION

In this study, the optimal end milling cutter tool
selection for drilling holes in 3D-printed PLA
parts on a CNC milling machine was
investigated. Parameters such as fixed spindle
speed, feed rate, and cutting depth were taken
into consideration. The results showed that
completed PLA-printed parts can be used by
drilling holes in them. Additionally, it was
determined that PLA-printed parts can be
manufactured as a base and then drilled in
different positions where needed, providing
manufacturing flexibility. Furthermore, it was
found that the successful drilling of holes can
also provide the possibility of performing
similar operations such as channels and bean
slots. It was concluded that in cases of faulty
printed materials, other processing procedures
mentioned in this study, including hole drilling,
can be followed to reduce the amount of waste
material. The results of this study can serve as a
reference for machining studies from a broad
perspective.

The optimal end milling cutter tool selection for
drilling holes in CNC milling of PLA parts
printed on a 3D printer with selected parameters
including constant spindle speed (15000 rpm),
feed rate (500 mm/min), and cutting depth (0.5
mm) was investigated. Furthermore, the
functionality of the workpiece was tested on a
sample model based on the findings of the
study.
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Some important observations from the study
can be listed as follows.

e The method followed in this study was
found to be successfully applicable
when drilling holes in completed PLA
printed parts where it is possible to use
them.

e PLA printed parts can be manufactured
as a base (without holes) and then holes
can be drilled in different positions
where they may be required, providing
manufacturing flexibility.

e Achieving successful hole drilling also
allows for the possibility of performing
many similar operations (such as
channels, bean slots, etc.). The results
of this study can be a reference for

processing work from a broad
perspective.
e By following other machining

procedures indicated in this study, such
as hole drilling, waste material amounts
can be reduced for poorly printed
materials.

The results of this study can provide valuable
insights into the selection of an appropriate
cutting tool and cutting parameters for milling
PLA parts. These insights can help to improve
the efficiency and quality of post-processing
operations for 3D printed parts, especially for
functional parts that require high accuracy and
surface finish. Moreover, this study can
contribute to the development of sustainable
manufacturing processes by providing guidance
on the use of biodegradable materials in
combination with efficient machining methods.

Future work

In this study, no coolant was used during the
CNC milling of the PLA part. Therefore, since
local heat increases are likely to occur during
drilling rather than surface machining, drilling
can be considered a critical process. Thus, this
study revealed that drilling with a minimum 10
mm diameter milling cutter is possible. In future
studies, researchers could examine the
machinability of PLA material with smaller
diameter milling cutters without deformation by
using an additional cooling method.
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Another research topic is that, for parts
produced with 100% infill rate on a 3D printer,
there is no weakening around the drilled hole
when the method followed in this study is used.
However, for parts produced with lower infill
rates, the inner regions of the workpiece are
grid-shaped, which inevitably leads to
weakening around the drilled hole. Therefore,
studies can be conducted to strengthen the
planned area around the drilled hole for
different infill rates.
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Bu ¢aligmada, eklemli robotik sistemlerde kullanilmas1 amaciyla planet rediiktor yapili eklem tahrik
initesi tasarlanmistir. Aktiiator olarak ifade edilen robot eklem tahrik {initesinin yapisinda; tahrik
motoru, rediiksiyon sistemi, motor kontrol tiinitesi ve geri bildirim {nitesi (sensor, enkoder,
potansiyometre vb.) yer almaktadir. Eklem bacakli veya manipiilator yapili robotik sistemlerin eklem
hareketleri i¢in yiiksek torklu ve hizli tepki verebilecek tahrik sistemleri tercih edilmektedir. Kontrol ve
kullanim kolaylig1 agisindan tahrik motoru olarak DC motor kullanilmistir. Eklemlerde yiiksek tork ve
hiz elde edebilmek icin planet (gezegen) disli rediiktor sistemi tasarlanmistir. 3 boyutlu (3B) yazicilar
yardimiyla PLA malzemeden imal edilecek olan planet rediiktdriin, kullanilacak motor, siiriicii ve
enkoder ¢esidine gore tasarlanarak ilgili uygulamalarda kullanima sunulmasi amaglanmistir. Hedeflenen
rediiktor tahvil oranina gore planet dislilerin kinematik analizi gerceklestirilmis, robotik sistemlerde
verimli kullanilabilmesi i¢in uygun tasarim sonucu eklem tahrik sistemi olusturulmustur.

Anahtar Kelimeler: Robotik, Aktiiator, Planet Disli, Kinematik, Ug Boyutlu (3B) Yazici.

PLANETARY GEARED ROBOTIC ACTUATOR DESIGN AND
MANUFACTURING WITH 3D PRINTER

ABSTRACT

In this study, a planetary reducer joint drive unit was designed for use in articulated robotic systems. In
the structure of the robot joint drive unit, which is expressed as an actuator; drive motor, reduction
system, motor control unit and feedback unit (sensor, encoder, potentiometer, etc.). High torque and fast
response propulsion systems are preferred for the joint movements of arthropod or manipulator
structured robotic systems. In terms of control and ease of use, DC motor is used as the drive motor. A
planetary gear reducer system has been designed to achieve high torque and speed at the joints. The
planetary gearbox, which will be manufactured from PLA material with the help of 3D printers, is
designed according to the type of motor, driver and encoder to be used, and it is aimed to be used in
related applications. The kinematic analysis of the planetary gears was carried out according to the
targeted gearbox ratio, and a joint drive system was created as a result of the appropriate design so that
it can be used efficiently in robotic systems.

Keywords: Robotics, Actuator, Planetary Gear, Kinematics, 3D Printer.

1. GIRIS aktiiator ve algilayici yapilarinin birlesiminden
Bacakli robotlarin ve robot kol sistemlerinin olusmaktadir (Sekil 1).

cklem hareketlerini saglamak i¢in farkli

tasarimlara sahip birgok aktiiator c¢esidi

kullanilmaktadir. Robotik sistemler; kontrolor,
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Fiziksel

Aktiator |—»

Kontrolor |—»

Sistem

.

Sekil 1. Robotik sistemlerde eklem tinitesi
Robotik sistem uygulamalarinda, 6zellikle de
robot manipiilatér prototip uygulamalarinda
robotun eksenlerini hareket ettirmek igin geri
beslemeli tahrik sistemleri kullanilmaktadir.
Geri bildirim alabilmesinin yaninda eksenlerin
yliksek torka sahip olmasi ve hizli ve esnek
hareket kabiliyetinin olmasi beklenmektedir.
Robot manipiilator caligmalarinda genellikle
elektrik motorlar1 kullanilmaktadir. Endiistriyel
robot kol uygulamalarindan ziyade, akademik
ve prototip {irlin bazl g¢aligmalarda kullanim
kolayligindan &tiirti DC motorlar yaygin olarak
kullanilmaktadir.  Kiiglik  6lg¢ekli  fiziksel
parametrelere sahip olan robot sistemlerinde
step motor [1] veya fircasiz DC motor (BLDC)
[2] kullanilarak yapilan ¢aligmalar da literatiirde
mevcuttur. Bilyiik dl¢ekli robot kol yapilarinda
da tercih edilen BLDC motorlar, yapilar1 geregi
cok yiiksek hizlara sahip olduklarindan
genellikle bu yiiksek hizi  diiglirlip motor
torkunu artirabilmek i¢in tahrik iinitesinde
rediiksiyon sistemleri kullanilmaktadir [3].
Bununla birlikte arastirmacilar geri bildirim ve
yiiksek tork avantajlarindan dolay1
caligmalarinda DC servo motorlar da
kullanmislardir [4-6].

Algilayici

Ar-Ge kapsaminda yapilan robot kol
caligmalarina bakildiginda robot manipiilator
sisteminin mekanik parcalart ¢ogunlukla 3B
yazicilar kullanilarak imal edilmistir. Talagh
imalat tirinleri kadar dayanikli olmasa da kiigiik
Olcekli robotik uygulamalarda 3B yazicidan
imal edilen parcalar oldukca rijit mekanik
yapilar ortaya ¢ikarabildiginden dolay1
akademik ¢alismalarda [7] da kullanilmustir.

Robotik bir sistemde eklem tahrik {initesi
ardisik iki robot uzvunu birbirine baglar ve
hareketini saglar. Islevlerini yerine getirmesi
i¢in bir eklem tahrik {initesinin; eklem torkunu
saglayan bir aktiiator, aktiiator kuvvetini artiran
bir rediiksiyon sistemi ve eklem baglantilarinin
hareketini bir derecede sinirlayan bir eklem
yapisi igermesi gerekmektedir [8]. Bunun
yaninda bu yapi igerisinde yer alan sensor
birimi ile de fiziksel sistemin geri bildirimi
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almarak, Sekil 2.’deki [9] gibi yiiksek torklu,
geri beslemeli ve rediiktorlii bir aktiiatdr yapisi
elde edilmis olur.

Yiiksek Tahvil Oranh
Disli Sistemi

Eyleyici
(kol, bacak)

Sekil 2. Robotik aktiiatdr yapisi [9]

Robotik aktiiatorlerin  tasarimindaki temel
amaclardan biri, tahrik {initesinin torkunu
yiksek tutup toplam kiitlesini minimuma
indirmektir. Belirli bir amaca gore tasarlanan
robotik  sistemlerin  ihtiyaglarina  gore
kullanilacak tahrik iinitesinin yapisi da durum
kosullaria gore degisebilir. Bazi ¢alismalarda
robotik eklemlerin ¢ok hizli hareket kabiliyetine
sahip olmasi hedeflenirken bazi ¢aligmalarda
ise ylksek torka ihtiya¢ duyulmaktadir.
Dolayisiyla bu tiir farkli ihtiyaglara gore
aktiitadr tasarimi da degisiklik gosterecektir.
Ancak tim mafsalli (articulated) robot
yapilarinda tahrik sisteminin diisiik agirliklh
olmasi beklenir. Yin ve ark. [10] yapmis
olduklar1 calismadaki robot manipiilatdriinde
sistemin agirligin1 minimuma indirgeyecek bir
aktiiator tasarimi ortaya koymuslardir.

Bu ¢alismada da mafsalli robot sistemlerinde
eklemlerin hareketini saglamak i¢in, optimum
hiz, yiiksek tork ve minimum agirliga sahip bir
eklem tahrik {initesi tasarlanmis ve 3B yazici
yardimiyla PLA malzemeden imal edilmistir.
Caligma kapsaminda, robotik eksenlerin esnek
ve hizli hareket kabiliyetine sahip olmasi igin
tahrik motoru olarak DC motor segilmis,
eklemlerin torkunu artirmak igin bir planet
rediiktor tasarimi ve kinematik analizi yapilmis
ve bu dogrultuda  sistemin  imalati
gergeklestirilmistir.  Eklemlerin  hareketini
kolaylastirmay1 amaglayan bu aktiiator prototipi
calismasinda, eklemlerin hareket kisitlamasina
yol agmayacak ergonomik bir tasarim ortaya
konulmus ve imal edilmistir.

2. MATERYAL VE YONTEM

Caligma kapsaminda eklem tahrik sisteminde
kullanilmas1 planlanan uygun donanimlarin
belirlenmesi gerekir. Dolayisiyla belirlenen
amag¢ dogrultusunda malzeme se¢imi yapilarak
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mekanik ve elektronik tasarim  siireci
tamamlanabilir.

2.1. Malzeme Secimi

Robotik aktiiatorlerin  prototip uygulama

calismasini yapabilmek i¢in temel donanimlar
olan tahrik motorlarinin, motor siiriicii
devrelerinin, pozisyon ve hiz geri bildirimi i¢in
kullanilacak sensorlerin (enkoder) belirlenmesi
gerekmektedir. Bu c¢aligmada temel amag
yiksek tork ve minimum kiitleye sahip bir
aktiiator tasarimimi gergeklestirmektir. Bunun
yaninda robot manipiilator, bacakli (quadruped)
robot uygulamalart1 gibi mafsalli robot
caligmalarinda optimum eksen (joint) hizlarinin
belirlenmesi gerekir. Rader ve ark. [11] yapmis
olduklar1 calismada dairesel hareket yapan
robot eksenlerinin maksimum hareket hizinin
206 °/s oldugunu belirtmiglerdir. Buna gore
hareket ekseni icin kullanilan aktiiatoriin ¢ikig
mil  hizim  yaklastk 34 rpm olarak
ongormiislerdir. Akdag [12] ise robot
manipiilatorii izerine yapmis oldugu ¢aligmada
eklem hizim1 maksimum 37,5 rpm olarak
belirlemistir.

Bu calismada, literatiirdeki bu eklem hiz
degerleri goz 6niinde bulundurularak eklem hizi
yaklasik 50 rpm olan bir robotik eklem tahrik
tinitesi olusturulmas1 planlanmis ve kolay
kontrol edilebilirliginden dolay1 Sekil 3a’da
[13] goriilen ForceUp rediiktorliic DC motor
kullanilmas1 uygun goriilmiigtiir.

o
(a)
€
(c)

Sekil 3.a) ForceUp rediiktorlii DC motor [13], b)
BTS7960b DC motor siiriicii devresi [14] ¢)
Endiistriyel potansiyometre

Tahrik motorunun etiket degerlerinde motorun
¢ikis hizinin 1000 rpm oldugu belirtilmistir
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[13]. Bu ¢alismada hedeflenen 50 rpm robotik
aktiiator c¢ikis hizim1 elde edebilmek i¢in
yaklasik 20:1 tahvil oranma sahip harici bir
rediiktor sisteminin kullanilmasi
gerekmektedir. Tasarlanacak planet rediiktoriin
tahvil oraninin yaklasik 20:1 olmasi hedefiyle
rediiktor  hesaplamalar1  yapilmistir.  Aym
sekilde tahrik motorunun etiket degerine
bakildiginda 1000 rpm ¢ikis hizindayken tork
degerinin  yaklastk 21 kg.ecm  oldugu
gorilmektedir [13]. Planet rediiktoriin tahvil
orani da gbéz Oniinde bulunduruldugunda
olusturulacak robotik aktiiatoriin ¢ikis torku
yaklasik 420 kg.cm olacaktir ve bu deger
yaklasik 42 N.m’dir.

Secilen tahrik motorunun siiriicii devresinin de
yiiksek akimlara dayanikli yapida olmasi
gerekir. Motor etiket degerleri dikkate
alimdiginda ¢alisma akimlarinin yaklasik 2,45 A
oldugu gorilmektedir [13]. Olusabilecek
kayiplar ve tepe akimlari g6z Oniinde
bulunduruldugunda, Sekil 3b’de [14] goriilen
20 A akim kapasiteli BTS7960b DC motor
stiriicii  devresinin aktiiatérde kullanilmasina
karar verilmistir.

Aktiiator sistemindeki pozisyon ve hiz geri
bildirimlerinin alinmast i¢in Sekil 3¢’e goriilen
endiistriyel  potansiyometre  kullanilmustir.
Robotik aktiiator tasarimi yapilirken daha
hassas, daha hizl1 ya da daha yiiksek torka sahip
bir sistem hedeflendiginde farkli uygun
donanimlarin se¢ilmesi tercih sebebidir. Bu
calismada 50 rpm ¢ikis hizi igin uygun
donanimlar secilmis ve mekanik tasarim ve
planet rediiktor tasarimi bu hedef dogrultusunda
gergeklestirilmistir.

2.2. Planet Rediiktor Hesabi

Planet rediiktorler kompakt tasarimi, bosluksuz
yapilar1  ve Dbiiylik kuvvetlere dayanimi
avantajlarindan dolayr mobil mekanik tahrik
sistemlerinde yaygin olarak kullanilmaktadir
[15]. Planet disli sistemleri temel olarak kii¢iik
hacimde yiiksek tahvil oranlar1 elde etmeyi
saglamaktadir.
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Halka
disli
Tastyict Planet
E(}; (gezegen)
disli
Glines
disli

Sekil 4. Planet rediiktor yapisi

Sekil 4’te goriilen tek kademeli planet rediiktor
sistemi, glines disli, planet disliler ve halka disli
yapilarindan olusmaktadir. Temel prensip,
planet dislilerin merkezlerine bagli olan tasiyic
kol ile tahvil oranmi artirmaktir. Cogunlukla
giines disli merkezine tahrik motorunun mili
akuple edilerek giines dislinin doniisli saglanir
ve bu sekilde baglanan dislilerin de diger
disliler iizerinde hareket etmesi saglanir.

Planet disli tasarimi1 yapilirken dikkate alinmasi
gereken ilk kisit giines, planet ve halka
diglilerinin ~ modiillerinin  aymt  olmasi
gerekmektedir. Diger bir kisit ise Denklem
(1)’de verilen diglilerin dis sayilar1 arasindaki
bagmtinin saglanmasi gerekir.

TH1,2 = 2TP1,2 + TG1,2 (D

Planet

digli
3 p
# / A
|

Vo
o “Ta
g

TE T

Kol <

\ Ay

e

-7

Sekil 5. Planet disli sistemi kinematigi

Planet rediiktor kinematigi incelendiginde;
Sekil 5’te goriilen 2 serbestlik dereceli planet
disli sisteminde Q dislilerin temas noktasidir.
Sadece yuvarlanma hareketi gergeklestiginden
bu noktada 2 ve 3 ile gosterilen giines ve planet
dislilerinin ¢izgisel hizlart aynidir.

Buna gore, giines dislinin Q noktasindaki hizi
(2)’deki gibi olur.

2

VQZ = TGWG
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Planet dislinin O noktasindaki hiz1 ise kola gore
bagil olarak (3)’teki gibi yazilabilir.

VQ3 = VA + VQ3/A = (TG + rp)WK — TpWp (3)

(2) ve (3)’teki cizgisel hizlar esitlenirse (5)’teki
denklem elde edilir.

Vo, = Vg,» Tewg = (g +1p)wg —1pwp (4)

We—Wk _ _ TP 5)

wp—Wg re

Giines dislinin kola gore bagil agisal hizi, planet
diglinin kola gdre bagil acgisal hizina
oranlandiginda planet disli yapisindaki kolun
acisal hiz1 (6)’daki gibi hesaplanir.

We—WK _ WGK __

Tp
Tg

(6)

Wp—Wg  Wpg
Tek kademeli planet dislilerde kolun agisal hiz1
rediiktoriin girisi olan gilines dislinin agisal
hizina oranlandiginda tahvil orani (7)’deki gibi
hesaplanmaktadir.

Wqg
Wk

[= (7
Ancak iki veya daha fazla kademeli planet
rediktor sistemlerinde, hareket halinde olan
dislilere gore (giines, tastyici kol veya halka)
tahvil oran1 hesab1 degismektedir. Yukaridaki
hesaplamalarda kullanilan parametrelerde 7g:
gilines dislinin yarigapini, 7p: planet dislinin
yarigapini, wg: giines dislinin agisal hizini, wg:
kolun agisal hizin1 ve wp: planet dislinin agisal
hizini ifade etmektedir.

Bu c¢alisma kapsaminda tasarlanan planet
rediiktor yapisi iki kademelidir. Rediiktoriin ilk
kademesinde giines disli motor miline akuple
edilerek sisteme giris hiz1 verilir. Ik kademede
glines ve planet digliler hareket halindeyken
halka disli sabittir. ikinci kademede de giines ve
planet dislilerin  hareketi halka disliyi
dondiirecektir. iki kademeli planet rediiktor
yapisi Sekil 6’da goriinmektedir.

Glines!
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Halka,

2 kademe

Sekil 6. iki kademeli planet rediiktor yapisi
Planet rediiktdr hesab1 yapilirken disli kademe
sayist  arttikga  hesaplamalar da  dishi
hareketlerine gore degisiklik gostermektedir.
Bu ¢alismada Sekil 6’daki gibi tasarlanan planet
rediiktor yapisinda tasiyici kol
bulunmamaktadir. Ancak ikinci kademeye
hareketin aktarimi1 kademeli olarak imal edilen
giines ve planet disliler yoluyla saglanmaktadir.
Hesaplamalar yapilirken ise kol agisal hizinin
var oldugu kabul edilir ve (8)’deki gibi
hesaplanir.

We, —Wk Ty

= ®)

WH,—WK T,

Caligmadaki planet rediiktor yapisindaki ilk
kademede halka disli hareket etmedigi igin
wy, = 0 olarak kabul edilir. Daha sonra ikinci
kademedeki halka dislinin agisal hizi da wy,
(9)’daki gibi hesaplanir.

WH,~WK TGlsz
= - )

Ta,T1

WGl_WK

Iki kademeli planet rediiktoriin toplam tahvil
orani da denklem (10)’daki gibi hesaplanir.

| =% (10)

WH2

Tasarmmi gergeklestirilen iki kademeli planet
rediiktor sisteminin parametreleri,
hesaplamalarin yapildigi sinirlar ¢ergevesinde
istenilen  toplam tahvil oranma  gore
belirlenmistir.
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Cizelge 1. Planet disli sisteminin fiziksel

parametreleri
Parametre Deger

Ilk kademe giines dislinin dis
say1s1(Tg, ) 15
Ilk kademe planet dislinin dis

24
say1s1(Tp, )
ik kademe halka dislinin dis say1si
(Ty,) 63
(Denklem (1)’e gore hesaplanir)
Ikinci kademe giines dislinin dis

24
sayist (T, )
Ikinci kademe planet dislinin dis Is

sayist (Tp,)

fkinci kademe halka dislinin dis
sayist (Ty,) 54
(Denklem (1)’e gore hesaplanir)

Ik kademe giines dislinin agisal hiz1

(we,) 100
(Rastgele bir girig hiz1 verilebilir)
Ik kademe halka dislinin agisal hiz1
(WHl)

Cizelge 1’deki parametre degerleri (8)-(10)
denklemlerinde  kullamildiginda  tasarlanan
planet rediiktor sisteminin toplam tahvil orani
19,2:1 olarak hesaplanmig ve istenilen 20:1
tahvil oram1 yaklagik olarak yakalanmistir.
Hesaplanan bu tahvil oranina gore, kullanilan
rediiktorlii DC motorun etiket degerleri dikkate
almdiginda aktiatoriin ¢ikis hizi 52,08 rpm,
cikis torku da 403,2 kg.cm = 40,32 N.m olarak
elde edilmistir. Hesaplanan bu ¢ikis degerleri,
bu tahrik sisteminin kullanilacagi robotik
sistemlerin hizli, esnek ve kararli bir hareket
i¢in yeterli hiz ve tork degerleri iiretebilecegini
gostermektedir.

2.3. Planet Rediiktor Mekanik Tasarimi

Iki kademeli planet rediiktdr sistemi
SolidWorks programinda tasarlanmigtir. Tiim
donanimlarin yer aldig1 robotik aktiiator yapisi
Sekil 7a’da verilmistir.

DC motor stiriicli
Planet disli
w kutusu

Potansiyo
metre

y

ForceU;
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Sekil 7.a) iki kademeli planet rediiktoriin tasarim
gorseli b) Ardisik robotik aktiiator yapist

Tasarlanan aktiiator yapisi, robotik sistemlerde
ardisik iki tahrik ekseninin birbiri {izerinde
rahatca hareket edebilecek sekilde
tasarlanmistir. Ardisik eksenlerin hareketini
ifade edebilmek icin Sekil 7b’deki ardisik
robotik aktiiator yapis1 gériinmektedir.

Sekil 7b’de goriildiigii gibi aktiiator sisteminin
geri bildirimi icin enkoder de
kullanilabilecektir.

2.4. Planet Rediiktor Mekanik Imalati ve
Montaji

Rediiktoriin imalati Sekil 8’de goriinen Creality
CR 6 SE model 3B vyazica ile
gergeklestirilmistir.

Sekil 8. Creality CR 6 SE 3B yazici

PLA malzemeden iiretilen aktiatoriin disli
yapilart asirn yilke dayanim saglamasi igin
%100 doluluk oraniyla, diger mekanik parcalar
ise %90 doluluk oraniyla imal edilmistir. Sekil
9a’da  imal edilen mekanik pargalar
goriilmektedir.
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b
Sekil 9.a) Aktiiator mek(an)ik parcalar1 b) Montaji
tamamlanmis robotik aktiiator

Uretilen tiim mekanik pargalarm SolidWorks
ortaminda yapilan tasarima uygun olarak
gergeklestirilen montajinin ardindan aktiiatoriin
kullanima hazir hali Sekil 9b’de gosterilmistir.
Aktiiatoriin tim donamimlarla birlikte agirlig:
680 gr olup uctan uca uzunlugu 190 mm ve ¢api
ise 95 mm olarak Sl¢iilmiistiir.

2.5. Elektronik Devre Semasi

Aktiiator  yapisinda  kullanmilan  elektronik
donanimlarin ~ baglantist Sekil 10°da
gosterilmektedir. Elektronik devre sisteminde
yliksek akim saglama avantajindan dolay1 Li-Po
batarya kullanildigi  Ongoriilerek  sistem
donanimlarinin baglantilar gerceklestirilmistir.
Kullanicinin tercih ettigi mikroiglemcilerin
(Arduino, Raspberry Pi vs.) uygun olan analog
ve dijital bacaklarina yapilacak baglantilar da
Sekil 10°da verilmistir. Bununla birlikte DC
motor  silirlicii  devresi  yilkksek  akim
saglayabilecek 12 V gerilime ihtiya¢ duyarken,
mikroiglemci ve potansiyometreler 5 V DC
gerilim ile ¢alistigindan devre igerisinde L7805
gerilim regiilatorii kullanilmistir.
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Li-Po Batarya ]

5V

___’
_r} GND
i

Analog Pin 1

Dijital Pin 1

— Dijital Pin 2

Sekil 10. Aktiiator elektronik devre semasi

3. BULGULAR
Aktiiatoriin mekanik ve elektronik
baglantilarinin = tamamlanmasimin  ardindan
MATLAB/Simulink ortaminda Sekil 10’daki
gibi basit bir devre tasarimi ile bir uygulama
gergeklestirilmistir.

ARDUINO
’ sif—» ML
0000 Pin 6
— s
fud PWM1
Signal Scopet vb— [ aroumo |
Generator
- I
MATLAB Function Pin§

PWM2
ARDUINO

M)

Pin 1 Gain  Scope2
Pot

Sekil 11. Simulink ortaminda devre tasarim
uygulamasi

Tasarlanan devrenin temel amaci imalatt
yapilan aktiiatorlerin hesaplanan ¢ikis hizim
saglaylp saglamadigini  test etmek ve
ispatlamaktir. Devrede DC motora ¢ift yonlii
sinyal girisi uygulanarak etiket degerinde
belirtilen [13] 12 V DC gerilim altinda iki yonlii
motor doniisli gergeklestirilmistir. Aktiiatoriin
hareketi boyunca potansiyometrede olusan
sayisal veriler acisal konum verilerine
donitistiirilmiis ve hareket siiresince motorun
acisal konumunun degisimi Sekil 12’deki gibi
grafiksel olarak elde edilmistir.

Bu deneysel uygulamanim temel amaci teorik
olarak hesaplanan ¢ikis hizinin iiretilen prototip
aktiiatorde saglamasmi gergeklestirmektir. DC
motor 12 V gerilim altinda ¢aligtirilarak Sekil
12°deki ¢ift yonlil sinyal girisi uygulanmustir.
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Grafige bakildiginda aktiiator hareketine
baglarken 150° agisal konumdan 75°’ye 0,27 s
de, ayni1 sekilde 75° agisal konumdan 225°’ye
0,54 s de ulagsmigtir. Siipiirdiigli agrya dikkat
edildiginde aktiitatoriin ¢ikisinda 277,7 °/s’lik
acisal hiz elde edilmistir. Bu da yaklagik olarak

46,3 rpm aktiator cikis hizi  olarak
hesaplanmastir.

4. SONUCLAR

Caligmada, doner eklem yapili robotik
sistemlerin eksen hareketlerini rahatlikla
gergeklestirebilmesi icin bir eklem tahrik
iinitesi tasarlanmis ve imalati
gergeklestirilmistir.

Tasarim yapilirken mevcut donanimlarin uygun
bir sekilde birbirine akuple edilebilmesi ve
calisma entegrasyonunun saglanmasi
amaclanmigtir. Ayrica aktliatér  yapisinin
elektronik baglantilarini ifade edebilmek i¢in
elektronik devre semasi olusturulmustur.

Minimum agirlik maksimum tork elde etmek
amaciyla tasarlanan aktiiatoriin yapisinda;
planet rediiktor sistemi, tahrik motoru, motor
stiriicli devresi ve geri bildirim initesi olarak
potansiyometre  kullanilmistir. 3B yazici
kullanilarak PLA malzemeden imal edilmesi
planlanan planet rediiktor sistemi ile tahrik
linitesinin (aktiiatoriin) ¢ikisinda 20:1 tahvil
orani elde edilmesi hedeflenmis ve aktiiator
¢tkis  hizimin  yaklagtk 50 rpm olmast
amaclanmistir. Hedeflenen tahvil oranmi elde
etmek i¢in planet rediiktor sisteminin kinematik
analizi ve hesaplamalar1 yapilmis ve 19,2:1
tahvil oran1 elde edilmistir.

Tasarim ve montaji tamamlanan aktiiatoriin, iki
yonli DC motor hareketi uygulamasi
sonucunda elde edilen agisal konum grafigiyle
aktiiator ¢ikis hiz1 46,3 rpm olarak Slgiilmiistiir.
Boylelikle hedeflenen 50 rpm aktiiator ¢ikis hizi
hedefi yaklasik olarak elde edilerek basarili bir
calisma ortaya konmustur. Bu c¢alisma ile
ihtiya¢ olan tork ve hiz parametrelerine gore
uygun aktiiatdr tasariminin yapilabilmesinin
yontemi uygulama ¢aligmalari ile aktarilmigtir.
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Sekil 12. Aktiiator agisal konum grafigi

TESEKKUR

Finansman: Bu arastirma i¢in herhangi bir
finansman kaynagi bulunmamaktadir.

Cikar Catismast: Ahmet Burak TATAR
herhangi bir ¢ikar catismasi olmadigini beyan
eder.
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ABSTRACT

This research explores how temperature, pressure, and blade thickness influence stresses on impeller
blades. During operation, the impeller is subjected to a variety of temperature, fluid, and mechanical
stresses. If the tensions are too great, these may cause deformation of the impeller blades. HAUS
Centrifuge Technologies supplied the impeller used in this case study, which was destroyed in the field
during the 33000rpm operation. Six blade thickness offsets ranging from 0.05mm to 0.15mm were
structurally examined, and the Von-Mises stresses were compared to the impeller material yield
strength. Then, the impeller with the lowest stress (197.43MPa) was chosen for the Fluid-Solid
Interaction (FSI) analysis. It was then manufactured, and a performance test utilizing ISO 5389 was
conducted in a test facility. According to the Computational Fluid Dynamics (CFD) data, the polytropic
efficiency of the thicker impeller rose to 86.57%, whereas the polytropic efficiency of the original
impeller was 75.8%. With the thicker impeller, the volume flow rate reduced from 4211.3m*/h to
3658.3m>/h. Based on the data collected, it was determined that increasing the thickness of the blade
minimizes the forces operating on the blade.

Keywords: Blade thickness, CFD, FSI, Impeller, Von-Mises stress, Polytropic efficiency.

1. INTRODUCTION -
The turbo compressor shown in Figure 1 is
composed of an inlet cover, an impeller,
diffusers, and a volute. The inlet cover draws air
in, which then flows past the impeller. In
pressurizing air, the impeller is subjected to a
variety of stresses. These stresses are caused by

heat, fluid, and centrifugal forces. As seen in fpater T

Figure 2, these stresses can distort or even Figure 1. Compressor schematic.
fracture the impeller blades if they are

excessive. The cost of manufacturing an impeller is

extremely high, and a damaged impeller cannot
be repaired. Therefore, the impeller's design
parameters must be calculated and selected
prior to production.
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Figure 2. Fracture on impeller blade (HAUS Turbo

blower impeller).
Computer  Assisted Engineering (CAE)
software's are used to study and optimize
impellers to avoid the danger of producing
impellers that are not optimal. By doing
structural and fluid analyses on the impeller,
excessive stress locations can be discovered,
and the production of suboptimal impellers
avoided.

Using an FSI analysis, it is possible to see the
Coriolis forces and centrifugal forces generated
by the impeller. An FSI analysis is a
Multiphysics interaction between fluid flow and
a solid structure. There are two ways to do an
FSI analysis: one-way coupling and two-way
coupling. Benra et al. [ 1] compared the one-way
coupling method and the two-way coupling
method. In a one-way analysis, the CFD
analysis is conducted first, and the findings are
then imported into the structural analysis
module. In a two-way analysis, structural
analysis is performed first, and the results are
passed to a CFD module. The study by Gu et al.
demonstrates the effect of FSI on rotational
forces. The study indicated that fluid pressures
significantly affect Von-Mises stress [2].

As previously stated, there are two approaches
to conduct an FSI simulation. In a one-way
coupling analysis, the pressure forces influence
the impeller structural strength, life span and
stability as established by Lee et al. [3]. Gong et
al. [4] explain that in a two-way coupling
analysis, the structural deformation of the
impeller blades can influence the aerodynamic
stresses within the impeller blades. By utilizing
FSI analysis we can predict where the
maximum and minimum stresses occur in the
impeller and avoid the production of
unoptimized impellers.

2. MATERIAL AND METHOD

This study aims to determine whether Von-
Mises stresses are affected by blade thickness.
This study's impeller was constructed from an
aluminum alloy (AL T6 7075) with a yield
strength of around 490 MPa. In this study, six
distinct impeller models with differing blade
thicknesses were evaluated, as indicated in
Table 2. The weight of the impellers was also
considered, as it affects the balance of the
magnetic bearings. Six models were analyzed
structurally to determine which impeller had the
lowest Von-Mises stress. For comparative
purposes, the original impeller and the impeller
with the lowest Von-Mises stress were used for
the FSI study.

Table 1 shows the mesh statistics and type used
in the structural analysis study.

Table 1. Mesh data

Origin Thick

170

al ened Type  Element size
Blades Body
45130 45988 Tetra 0.4
Nodes 53 44 hedral mm 5 mm
26151 26729 Tetra 0.4
Elements 08 61 hedral mm 5 mm
Table 2. Impeller Blade Thickness.
Impeller blade thickness (t)
Blade Weight Total
offset (mm) gain (g) weight (g)
Original - 21355
0.05 12.863 2148.4
0.075 20.78 21563
0.1 26.75 2162.3
0.125 34.82 2170.4
0.15 42.06 2177.6

The impeller provided by HAUS can operate at
a maximum rotational velocity of 33000 rpm
with a pressure rise of 1 bar and ambient
temperature of 40 °C. These same conditions
were used for the FSI analysis. In the CFD
setup, a shear-stress transport (SST) turbulence
model with an automatic wall function as well
as heat transfer model of total energy was used
as our domain boundary conditions. The
analysis also had a residual target of 1076, The
same boundary conditions were used for the
structural analysis of the impeller (Figure 3).
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0 0.150

0.300 (m)
]

0.075
Figure 3. Impeller Fluid Domain.

3. RESULTS AND DISCUSSION
3.1. Static Structural Analysis Results
From the initial static structural analysis results,
it was observed that the impellers Von-Mises
stresses did not exceed the yield stress of the
material. Figure 4 shows that the 0.1 mm offset
has the lowest stress of 186.64MPa acting on it.

0.225

VON-MISES STRESS COMPARISON

Von Mises Stress (MPa) ALTE 7075 Yeild Strength (MPa)

Discharge

Pressure (P2) 2.10 bar 2.06 bar
Pressure

Ratio (P2/P1) 2.08 2.04
Inlet . )
Temperature (T1) 40.9°C 40.2°C
Discharge . .
Temperature (T2) 126.9°C 123.7°C
Temperature

Ratio (T2/T1) 3.10 3.08
Polytropic

Exponent (n) 1.83 1.73
Polytropic . .
Efficiency (np) 63.05% 67.54%

H
- rl;?;de thick"r‘l:;ss - ”
Figure 4. Von-Mises Stress Comparison of

Original and Thickened Impeller.

3.2. Computational Fluid Dynamics (CFD)

Analysis Results

CFD results of original and thickened impeller

are presented in Table 3.

Table 2. CFD Results of Original and Thickened
Impeller.
Impeller CFD Performance Results
Original 0.1 mm offset
impeller impeller
Rotational
Speed () 33000 rpm 33000 rpm
Mass
Volume
Flow Rate (Q) 435 1'1’13/S 4.32 m3/s
Inlet

1.01 bar 1.01 bar

Pressure (P1)
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According to the CFD data, the polytropic
efficiency (1) of the thicker impeller increased
by 4.49% compared to the original impeller. By
using the polytropic exponent n, the polytropic
efficiency can be calculated. The value of the
polytropic exponent n varies with the pressure
ratio and temperature ratio. The formulas for
these calculations were derived from ISO 5389
standards.

__ n(k-1)
P kn-1)

e

Where k is the isentropic exponent. The value
of the isentropic exponent for ideal gases is
approximately 1.4 according to the ISO 5389
standards [5].

In()
=P T 2)
nGD-InGD)

The polytropic efficiency derived from CFD
studies is only applicable to the impeller and not
the entire compressor stage. The thicker
impeller has a lower temperature ratio than the
original impeller. The reduction in discharge
temperature increased the polytropic efficiency.
[6, 7] Xingian Zheng et al have demonstrated
that high temperatures result in large loads on
the impeller. However, it is important to note
that results collected from Table 2 are only
within the impeller fluid domain and not the
whole compression operation.

The volume flow rate was also another
important factor to note. Since the impeller
blades have been thickened, it was predicted
that the volume flow rate would decrease. The
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CFD study results indicate a small decrease in
volume flow from 4.35 m%/s to 4.32 m%/s. This
is due to the fact that the volume flow rate is
affected by the passage area between the
impeller blades. By increasing the thickness of
the blades, the total passage area between the
blades decreases, hence reduce the volume flow
rate.

The HAUS turbo blower was utilized to test the
impeller's performance. Figure 5 is a schematic
representation of the test bench. The turbo
blower and discharge pipes were configured in
accordance with ISO 5167 [8] specifications.

[LHAUS]

Figure 5. HAUS Turbo Blower Test Bench.

During the performance test of the impellers, a
small increase in polytropic efficiency was
noticed during the compression stage shown in
Table 3. This slight increase is not as high as
that to the CFD results. Reasons for this could
be due to heat loss, friction, and ambient
conditions. The volume flow rate has decreased
from 1.33 m?/s to 1.26 m?/s. This is consistent
with the CFD predictions.

Table 3. Experimental Performance Test Results of
the Original and Thickened Impeller.

Experimental Performance Test Data Results

Original 0.1 mm offset
impeller impeller
Rotational
Mass
Flow Rate 1.51 kg/s 1.53 kg/s
(i)
Volume
Flow Rate 1.33 m%/s 1.26 m%/s
Q
Inlet
Pressure (Pl) 1.02 bar 1.03 bar
Discharge
Pressure (PZ) 2. 15 bar 2.11 bar

172

Pressure
Ratio (P2/P1) 2.11 2.06

Inlet

Temperature 13.9 °C 12.3°C
(T1)

Discharge

Temperature 101.9 °C 96.8 °C
(T2)

Temperature

Ratio (T2/T1) 7.33 7.87

Polytropic

Exponent () 1.60 1.57

Polytropic
Efficiency 79.50% 79.60%
(Mp)

3.3. Fluid-Solid Interaction (FSI) Results
Based on the results of the FSI, the original
impeller experienced some type of deformation
or fracture. Figure 6(a) shows the highest value
of the Von-Mises stress on the impeller, which
is 577.95 MPa. As previously stated, the yield
strength of AL T6 7075 is 493 MPa. This
indicates that the stress exerted on the original
impeller significantly exceeds the yield stress of
the material. The fracture location depicted in
Figure 2 is similar to where the maximum stress
point is shown in Figure 6(a). The total
deformation of the original impeller shows a
maximum value of 1.3mm. Since the yield
stress of the material was exceeded, the blade
tips will not go back to their original shape
because of the plastic deformation effect.
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(b)
Figure 6. Von-Mises Stresses (a) Original Impeller,
(b) Thickened Impeller.

The maximum Von-Mises stress exerted on the
thicker impeller, on the other hand, is 208.64
MPa. This value is much lower than the yield
stress of the material, which is 493 MPa. In
addition, the total deformation decreases
significantly from 1.3mm to 0.9mm. These
results show us that the thicker impeller will
experience only elastic deformation.

(b)
Figure 7. Total Deformation (a) Original Impeller,
(b) Thickened Impeller.

3.4. On Site Performance Testing Results
Both impellers were produced at the HAUS
facility and tested using the HAUS XMP122
turbo blower in accordance with ISO 5167 [§]
specifications.
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Figure 8. Experimental Performance Map of
Original Impeller.
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Figure 9. Experimental Performance Map of

Thickened Impeller.
Performance maps were created for both
impellers to identify any performance
discrepancies between them. Compared to the
thickened impeller, the original impeller has a
slightly greater volume flow rate working range
as shown in Figures 8 and 9. At 33,000 rpm, the
thickened impeller cannot reach 1200 mbar
before reaching the surge point, but the original
impeller may run slightly above 1200 mbar
before reaching the surge point. On the
performance map in Figure 9, the thicker
impeller's surge line has shifted to the right.
This indicates that the thickened impeller will
be subjected to surge events sooner than the
original impeller.

4. CONCLUSION

There is an overall improvement in the
structural strength of the thickened impeller. It
is demonstrated that the thicker impeller can
endure higher mechanical and hydrodynamic
loads. However, the impeller slightly decreased
the performance of the machine. Compared to
the original impeller, the volume flow rate has
also decreased. This is due to the smaller
passage area which directly influences the
volume flow rate.

According to the CFD data, the polytropic
efficiency of the thickened impeller increased
from 75.8% to 86.57%. The volume flow rate
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reduced from 4211.3 m3/h to 3658.3 m*h when
the thicker impeller was utilized. Based on the
collected data, it was found that increasing the
thickness of the blade decreases the forces
operating on the blade.

In addition to a minor change in the volume
flow rate, the polytropic efficiency was proven
to have increased. Consequently, it can be
concluded from this study that thickening the
impeller had an overall favorable effect, since it
can function under the same conditions as the
original impeller with the minor effects on the
overall performance. By applying CFD
software, the time and the expenses were
reduced required to produce and test the six
distinct impellers. From this experimental
study, the same techniques were used for the
other HAUS turbo blower models and improve
and optimize the service life of the impellers.
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oz

Son yillarda, ti¢ boyutlu (3B) yazici saglik alaninda yaygin olarak kullanilmaya baglanmistir. Normal
Ol¢iilerdeki bir insan viicudundaki, organlari orijinal boyutlarinda elde etmek igin 3B teknolojisinden
yararlanilmaktadir. Calismada Ogrenci egitiminde ve ¢ok amacgl arastirmalarda kullanilmak iizere,
icinde patolojik bir karaciger modeli olan fantom dijital ortamda tasarlanip 3B olarak basilmistir.
Tasarlanip basilan model insan anatomisine uygun olup, {izerinde karaciger organinda goriilen
anatomik oOzelliklerin ¢ogu ¢eperinde tasarlanmig ve ek olarak safra kesesi trasesine uygun olarak
modellenmistir. Fantomun ¢eper bdliimiiniin haricinde model i¢ boliimiinde iki ayri kanalla disar
acilan birbirinden bagimsiz 2 bosluk yer almaktadir. Bosluklardan biri kiire formunda tiimér boslugu
digeri ise parankim boslugudur. Fantomda, tiimdral ve periferik bosluk radyolojik ve niikleer tip
aragtirma ve egitimlerinin saglanmasi icin tasarlanmig olup i¢ine radyoniiklit ve gerekli sivilarm
doldurulmasina uygun olarak basilmistir. Modelimizin niikleer tip, radyoloji, fizik ve anatomi egitim
ve arastirmalarinda aktif olarak kullanilmasi amaglanmustir.

Anahtar Kelimeler: Karaciger Fantomu, 3B Baski, Anatomi.

3D PRINTED LIVER PHANTOM DESIGN FOR EDUCATIONAL AND
RESEARCH PURPOSES

ABSTRACT

In recent years, three-dimensional printers (3D printers) have been widely used in health care. 3D
technology is used to preserve organs in a human body of normal size in their original dimensions. In
this study, a phantom with a pathological liver model was designed in a digital environment and 3D
printed for use in undergraduate education and multi purpose research. The designed and printed
model is suitable for human anatomy, most of the anatomical features of the organ liver are shown on
its wall, and the gall bladder is also modeled according to its trace. Apart from the periphery of the
phantom, there are 2 independent spaces that open with two separate channels in the inner part of the
model. One of the cavities is the spherical tumor cavity, the other is the parenchymal cavity. The
tumor and peripheral cavity of the phantom is used for radiological and nuclear medicine research and
training and is printed according to the filling with radionuclides and the required fluids. It is
envisaged that our model will be actively used in nuclear medicine, radiology, physics and anatomy
education and research.

Keywords: Liver phantom, 3D Printing, Anatomy.
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1. GIRIS
3 Boyutlu (3B) basim teknolojisi, ii¢ boyutlu
dijital ~ verilerden = karmasik  geometrik

Ozelliklere sahip fiziksel nesneler olusturmak
icin katmanli {iretim anlamina gelir. 3B baski
olarak bilinen katmanli {iretim, malzemelerin
bir alt tabaka {izerine veya icine birlestirilmesi
veya biriktirilmesiyle nesnelerin
olusturulabildigi bir iiretim yontemidir [1-2].
Saglikta bu teknolojinin tercih edilmesinin
sebebi ise, ihtiyag¢ duyulan tibbi iiriiniin
gelistirilmesinde  ve  dretilmesinde  diger
seceneklere gore hizli ve diisik maliyetli
olmasidir. Ayrica bu teknoloji hasta icin ¢ok
onemli olan, kisiye 6zel tibbi 3B baskilarda
one g¢ikmaktadir [3]. 3B baski teknolojisinde
iirinlerden beklenilen performans
almmaktadir. Uretilen tibbi modeller, insan
viicudunu  benzer sckilde ve fiziksel
Ozelliklerini ~ gosterebilmelidir. Ayrica bu
modellere geregi durumunda talep edilen
uygun  patolojiler ve  deformasyonlar
eklenebilmektedir [4-6]. 3B baski ile iiretilen
tibbi {irtinler 2022 yilina kadar yaklasik 26
milyar dolarlik bir pazara ulastigi tahmin
edilmektedir [7]. 3B baski kavramu ilk olarak
1986 yilinda Charles tarafindan tanimlamistir
[8]. Son on yilda ise, 3B baski teknolojisinin
Oonemli bir gostergesi olan baski dogrulugu,
baski verimliligi ve baski hizi biiylik Olclide
gelismistir  [9-10]. 3B baski teknolojisi,
kisilerin hastaligina dayali olarak belirli tibbi
cihazlarm imalatinda yaygin olarak
uygulanmaktadir. Bu iiriinlerde en basta tibbi
modeller, kisisellestirilmis ve
islevsellestirilmis implantlar gelmektedir. 3B
modellerle, hasta  lezyonlarmin  gorsel
grafikleri doktorlara ve hastalara gosterilebilen
tibbi  goriintiileme teknolojisinin  siurlar
zorlanmaktadir. Bu 3B modeller, elle
hissedilebilen ve hastalarin durumunu gergekei
olarak gosteren somut nesnelerdir. Bu teknoloji
klinik tibbi egitim ve 0gretim, tan1 ve cerrahi
planlama i¢in daha sezgisel, kullanigh ve
vazgecilmez duruma gelmistir. Bugiine kadar,
kafatasi, kalp, pelvis, kan damar1 ve tiimor
gibi; cerrahi yardim, hastalik analizi ve egitim-
Ogretim malzemesi igin g¢esitli 3B  baski
teknolojileriyle bir dizi tibbi modeller
iretilmigtir [11]. 3B baskili hastalik model,
cerrahi yardim ve hastalik analizi, insan
viicudu ve patolojik anatomi gibi tip egitiminin
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temel konular1 olmak {izere klinik tip
Ogretiminde de yaygm olarak kullanilmaktadir
[12].

Son yillarda, hasta giivenligi ve risklerini
azaltmaya yonelik cabalar artmistir. Bu
nedenle, simiilasyon klinik egitimde 6nemli bir
adim olarak kabul edilmektedir. Ozellikle
tanisal ve girisimsel prosediirlerde, asistanlarin
tibbi uygulamalar1 ilerletmeleri igin uygun
egitime Onem  verilmektedir.  Glivenlik
amactyla 3B simiilatrler iizerinde biyopsi
veya ablasyona yonelik girisimler konusunda
egitim verilmektedir. 3B baski ile iretilmig
simiilatorlerin kullanima, O0grenme
deneyimindeki gelismeler ve hasta
giivenliginin  artmast gibi bircok fayda
saglamaktadir [13].

3B teknolojisinin egitim ve arastirmada
kullanildigr  bilimlerin arasinda radyasyon
onkolojisi, radyoloji, niikleer tip gibi klinik
bilimler ve anatomi, fizyoloji gibi temel
bilimlerde yer almaktadir [14]. Niikleer tip
gorlintiileme sistemleri genel olarak fiziksel
fantomlarla dogrulanmaktadir. Bu fantomlar,
kaliplama teknikleriyle iiretilen ve daha sonra
radyoaktif sivilarla doldurulan igi bos kiire ve
silindirlerdir. 3B baski teknikleri ile basilan
fantomlarin, standart kaliplama yontemleriyle
karsilagtirildiginda daha efektif olmasinin
sebebi farkli organlar ve diizensiz timor
lezyonlar1  gibi  ince  yapilara  sahip
antropomorfik yapilarin hazirlanmasina olanak
saglamalaridir [15]. 3B baskili fantomlarin
kullanimina sirayla Dbilgisayarli tomografi
(BT), manyetik rezonans goriintileme (MRG)
ve ultrason (US) ile baslanmistir. Ardindan
Pozitron Emisyon Tomografi (PET) ve Tek
Foton Emisyon Bilgisayarli Tomografi
(SPECT) bunlan takip etmistir. Fantomlar,
gorlintiileme tekniklerinin test edilmesi ve
cihaz tarafindan  yapilan Olciimlerin
degerlendirilmesinde ~ pratik  yaklagimlar
sunmaktadir [16]. Fantomlar ayni zamanda
saglik fizik¢ilerinin akreditasyon sinavlarinda
bir muayene aract olarak da gelistirilmistir
[17]. SPECT  gorintileme ve PET
gorlintiilemenin cihaz karakterizasyonu ve
yontem testleri de fantom kullanilarak
yapilmaktadir [18]. Fantomlar tibbi
goriintiilemede kalite giivencesi, kalibrasyon,
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aragtirma, egitim ve Ogretim igin de
kullanilmaktadir [19]. Egitim fantomlar1 tip
ogrencileri, saglik fizikgileri, niikleer tip
teknikerleri, niikleer tip asistanlar1 ve radyoloji
asistanlar1 i¢in kullamilabilir [20]. Fantomlar
ayrica simiile edilmis verilerin
dogrulanmasinda, radyoniiklid tedavilerin
planlamasinda ve gorintiilleme cihazlarinin
kalitesinin gosterilmesi ig¢inde tasarlanabilir
[21].

Caligmanin amaci, arastirmalar ve egitimlerde
kullanilacak olan, insan anatomisine benzer,
patolojik olarak icinde timdr Kkitlesi iceren
SPECT, PET, MRG ve BT uyumlu anatomik
karaciger fantomu tasarlamak ve 3B basimini
yapmaktir. Calismada, anatomik, tiimorlii
karaciger fantomu hem bir kalite gilivence
cihazi hem de egitim ogretim araci olarak
tasarlanmistir. Karaciger fantomunun kendine
0zel olan i¢ formu ve disa agilan vana ve
tipalar1 sayesinde anatomik karaciger modeline
istenildigi kadar radyoniiklid verilip, giivenli
olarak  goriintiileri  alinabilmektedir. Bu
goriintiiler asistan ve tekniker egitiminde
kullanilabilecektir. Ayrica fantom Niikleer Tip
doktorlar1 i¢in bir Ogretim araci ve referans
kaynag1 olarak da tasarlanmistir.

2. MATERYAL VE METOT

2.1. Fantom Malzemesi Secimi ve Baski
Teknigi

Calismada, icinde tiimor olan patolojik bir
karaciger modeli (fantom) dijital ortamda
tasarlanmis ve 3B olarak basilmistir. Fantomun
ylizey anatomisinin tasarimiyla beraber,
calismamiza Ozgiinlilkk kazandiran, organ
modeline radyoniiklidi giivenli ve kolayca
transfer edip, gorlintii almayi saglayan 6zel bir
ic tasarim diistiniilmiistiir. Modelde
kullanilacak malzemenin sintigrafik
gorlintiilemeye uygun oOzelliklerde olmasi,
viicut dokularina benzer farkli foton sagilmasi
ve foton sogurmast yapmasi, radyoaktif
kontaminasyona yol agmamasi i¢in sizdirmaz
Ozellikte olmasmin saglanmasi planlanmistir.
Tim bu oOzelliklerin arastirmasi i¢in kimya
mithendisligi ile is birligi yapilmustir.

Anatomik karaciger fantomu, 3B yazici ile
basilacagi icin yazici se¢imine Ozel Onem
verilmistir. 3B yazicilarin baski teknikleri, aym
anda farkli malzemeler kullanilarak bask1
yapmalar1 ve kullanilan filamentlere gore
degisiklik gostermektedir. Calismada tasarimi
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planlanan fantom igerisinde ¢esitli doku
yogunluklar1 bulunur (karaciger yapist ve
bosluk). Her bir doku yogunlugunun
Hounsfield Unit (HU) degeri de farkli oldugu
icin 3B yazicida kullanilacak malzemelerin
HU numaralarinin  bilinmesi gerekmektedir
[22]. Literatiirdeki c¢aligmalara gére mevcut
baski malzemelerinde her malzemenin HU
numarasini belirlemek i¢in kiibik test nesneleri
basilarak bir BT tarayicida taranmasi
gerekmektedir. Calismada 3B malzeme ile
iiretmeyi planladigimiz karacigerin,
bilgisayarli tomografisi ¢ekildiginde yogunluk
ve HU agisindan insani taklit etmesi igin uygun
olan  malzeme  arastinilmistir.  Fantom
basiminda karaciger parankim dokusunun HU
degerinin normal insan karaciger parankim
doku HU degerlerine yakin olmasi malzeme
secim kriterlerinden biri olarak alinmistir.

Degerlendirmeye almnan farkli marka ve
malzemelerden {iretilmis modeller arasindan
Fillamentium Poliaktik Asit (PLA) malzeme
kullanilarak, agik kaynakli Cura (Ultimaker,
Geldermalsen, Hollanda) yaziliminda 3B bask1
islemi icin hazirlandi. Masaiistii Fused
Deposition Modeling (FDM) Ultimaker S5 3B
yazicida basildi.

2.2. Fantom Tasarimi

Modelin i¢ tasariminin olduk¢a karmasik
olmast ve kullanilan malzemenin sizma
ihtimalinin olmamasi i¢in modelin en uygun
olarak 3B baski ile yapilabilecegine karar
verildi. Fantomun tasariminda 6nemli noktalar:
fantomun tam anlamiyla anatomik ve viicuttaki
yerine uygun olmasi, fantomun i¢ bdlgesine
radyontiklitin rahat¢a doldurulup bosaltilabilen
sizdirmaz bir araligin olmasi, dolu iken
malzemenin diisiik su emme 6zelligine sahip
olup ve vida-contalarin giivenli olmasi,
kullanilan materyallerin olusturulmasi istenen
dokuya benzer olmasidir.

Tasarimin kesit goriintiileri incelendiginde, sag
dis yan ¢eperine bir kanalla agilan kiire timor
kitlesini taklit etmektedir. Dis tarafa agilan
kanaldan tiimor igine radyoniiklit veya kontrast
madde transferi emniyetli olarak yapilabilecek
Ozellikdedir. Bos kiirenin hemen disinda
parankim dokusunu olusturan i¢i bos ayri bir
bolim yer almaktadir. Burasi parankim
boslugunun iist tarafinda yer alan bir kanal ile
disar1 acilmaktadir. Bu kanaldan da yine
gerekli oranda radyoniiklit veya kontrast
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madde organ parankim bolgesine
verilebilecektir. Her iki bosluga da radyoniiklit
verildikten sonra emniyetin saglanmasi i¢in
vidali kapaklar 06zel vida ve contalarla
emniyetli olarak kapatilabilecek 06zelliklerde
tasarlanmistir (Sekil 1).

Karaciger modeli, Zbrush 3B grafik tasarim
programinda basilmak lizere dizayn edilmistir.
Zbrush  yazilimi, gergek zamanli 3B
modelleme ve boyama yapabilen ve kendine
0zel modelleme araglari ile yiiksek ayrintili ve
gergekei organik modeller iiretmeye imkan
saglayan bir programdir.

Sekil 1. Modelin frontal plan kesitinin arkadan
gorliniimii. (a) Timor kitlesine modelin disindan,
kapag1 acilip kapatilabilen bir kanaldan radyontiklit
doldurulmasi. (b) Karaciger parankim dokusuna
model disindan, kapag1 acilip kapatilabilen bir
kanaldan radyoniiklit verilmesi.

3. BULGULAR
Karaciger modeli o6nden incelendiginde
organin sag ve sol loblarindaki boyut

farkliliklart ve modelin ventralinde yer alan
safra kesesinin fundus boliimii goriilmektedir.
Sag dis yanda tiimor bosluguna agilan kanalin
giris noktast ve bu kanalin emniyetli olarak
kapanmasini saglayan vidali kapak; lstte de
parankim bosluguna acilan kanal girisi ve
vidal1 kapak bulunmaktadir. Modelin anatomik
olarak karacigere birebir benzemesi i¢in organ
¢eperinde komsuluklarindan olusan
cukurlagmalarin ve cikintilarin tasarlanmasina
0zen gosterilmistir. Arkadan goriinen viicudun
alt boliimiiniin vendz kanini kalbe tasiyan,
organin i¢ine gomik bir formda bulunan vena
cava inferior yer almaktadir. Bu biiyiik
damarmn sol yaninda 6ne dogru bir girinti
olusturan aorta’nin gegis olugu bulunmaktadir.
Sol triangiiler ligamentin tutundugu sol ugtaki
cikinti net olarak goriilmektedir (Sekil 2).

Modelin ventralden tasariminda anatomik
olusumlarin cesitliligi, fazlalig1 ve
komsuluklardan kaynaklanan g¢ukurlagsmalar
bulunmaktadir. Yesil rengiyle safra kesesi,
orijinal anatomik trasesiyle tasarlanmistir.
Karaciger’in 6nemli noktalarindan  birini
olusturan organa giren arter, ven ve ¢ikan safra
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yollar1 da  ventralden  goézlenmektedir.
Karaciger loblarim besleyen a. hepatica propria
ve bu arterin iki dali, a. hepatica dextra ve
sinistra, yer almaktadir. Arterlerin yan
tarafinda karacigere giren ana ven, vena porta
hepatis’te secilebilmektedir. Safra kesesinden
cikan safra kanali yesil olarak goriilmektedir.
Ventralden vena cava inferior’un kesiti organin

arka duvarinda bulunmaktadir. Tasarim
sirasinda, modelin altinda dikkat c¢eken
¢ukurlasmalar ise; sol tarafta midenin

olusturdugu c¢ukurlasma, sagda safra kesesinin
yaninda bobrek, kalin barsak ve 12 parmak

barsagi ¢ukurlasmalar1 net olarak
izlenebilmektedir. Safra kesesinin 6n ve
arkasinda ise lobus quadratus ve lobus

caudatus goriilmektedir.

Sekil 2. (a) Karaciger tasarimimin arkadan
goriiniimii, modele arka dis yandan bakildiginda
tiimor bosluguna agilan kanalin giris noktasi ve bu
kanalin emniyetli olarak kapanmasini saglayan vida
kapak goriilmektedir. (b) Tasarimin {istten
gOriiniimii, tiimor haricindeki boliime radyoniiklit
akisini saglayacak olan kanal ¢ikigi goriilmektedir.
(c) Karaciger frontal plan kesitinin arkadan
gOriliniimii; parankim bosgluga acilan kanal (1),
parankim bosluk (2), i¢i bos tiimor kitlesi (3), dis
yandan tiimor bosluguna agilan kanal (4), kanalin
emniyetle kapanmasini saglayan kapak (5). (d)
Karaciger horizontal plan kesitinin iistten
goriinimii. (e¢) Model tasarimia 6nden goriinimi.
(f) Model tasariminin ventralden goriiniimii (g)
Karaciger modelinin 6nden goriiniimii (h) Karaciger
modelinin ventralden goriiniimii.

Degerlendirmeye alinacak farkl
malzemelerden  iretilmis modeller agik
kaynaklt Cura (Ultimaker, Geldermalsen,

Hollanda) yazilimi kullanilarak 3B  baski
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islemi i¢in hazirland1 ve farkli 3B malzemeler
kullanilarak masaiistii FDM Ultimaker S5 3B
yazic1 ile basildi. HU degerlendirmelerini
yapmak icin malzemelerin  Bilgisayarh
Tomografi  goriintileri ¢ekilerek ROI’ler
iizerinden HU  degerlendirmesi  yapildi.
Yapilan HU  degerlendirmesi  sonucu,
karacigerin baski malzemesi olarak Polylactic
Acid (PLA) Ultimaker malzeme
kullanilmasina karar verildi. Cilinkii deneme
malzemeleri igerisinde 58 HU ile karaciger’e
en yakin olarak PLA malzemesi bulundu.
Gergek insan karacigeri HU degeri 58°dir [23].
Calismada tasarlanan ve basim1
gergeklestirilen fantomda 30 mm c¢apinda
kiiresel sekilli tiimor hacmi 66 ¢cm? ve saglikl
karaciger dokusunu temsil eden kismin 789
cm® hacimdedir. Modelimizin boyutlar1 dis
yandan i¢ yana 35 cm, yukardan asagi 19 cm
ve 6nden arkaya 18 cm’dir.

4. TARTISMA

3B baski teknolojisi ile birlikte bilgisayar
ortamindaki dijital modeller somut nesneler
halinde iiretilebilmektedir. Tim sektdrlerde
oldugu gibi saglik sektoriinde de 3B baski
teknolojisindeki yayginlasma one ¢ikmaktadir.
Hizl prototipleme ile baski teknolojisi saglikta
pek cok farkli alanlarda kullanilmaktadir.
Kisilere = veya  ihtiyaca  Ozel  iretim
yapilabilmesi nedeniyle ‘butik iiretim’ olarak
da adlandirilabilen bu teknolojinin baslica
kullanim alanlar;; doku ve organ {iretimi,
ortez-protez-implant {iretimi, cerrahi planlama
ve radyolojik uygulamalar, cerrahi enstriiman
iretimi, egitim uygulamalaridir [24]. Cerrahi
planlamada 3B baski olduk¢a sik olarak
kullanilmaktadir. Beyin, kalp gibi karmagik
organlardaki veya pelvis, omurga gibi
anatomik bolgelerdeki kusurlarin anatomi ve
fizyolojisini incelemeyi ve bilgileri cerrahi
planlama i¢in kullanmayi igermektedir. 3B

modeller; cerrahlarin  ameliyattan  Once
bozulmus organlar1 incelemesine, ¢esitli
yaklasimlar1 kesfetmesine ve ameliyathaneye
girmeden once  uygulamali deneyim

kazanmasina yardimci olmaktadir. Bu siireg
operasyon siiresini 6nemli Slc¢iide kisaltir ve
sonu¢ olarak hasta ve cerrahlar i¢in
operasyonun sonucunu iyilestirir. Protez
teknolojisinde de 3B’ye sikca rastlanmaktadir.
Hastaya 6zel 3B anatomik hassas protezlerdeki
son geligsmeler, bir kazadan veya genetik bir
deformiteden etkilenen cok g¢esitli engelli
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kisilerin normal yasamlarina devam etmelerine
olanak saglamaktadir [25].

Fantomlarin  sikca kullanildigi radyasyon
onkolojisi ve niikleer tip gibi bilim dallarinda,

glinimiizde kullanilan mevcut fantomlarin
¢ogu, dozimetri dlglimlerinin  sonuglarin
etkileyebilecek ilkel geometrik formlara

sahiptir. Radyasyon dozimetrisi fantomlarmin
temel amaci, radyasyonun insan viicudundaki
belirli bir organin dokusu i¢inde sogurulmasini
ve sagilmasini taklit etmektir. Fantomlar, test
edilen organin sekline sahip olmali; malzeme
ve sekil, radyasyona maruz kaldiginda viicut
dokusunun  hareketini  simiile etmelidir.
Uluslararasi Radyasyon Birimleri ve Olgiimleri
Komisyonu'na (ICRU 96) gore [26], klinik
dozimetriyi kullanmanin amaci, istenen organa
dogru radyasyon iletimini  saglamaktir.
Radyasyon dozimetrisinde, bu amaca ulagmak
icin ana iki kalip; dogru radyasyon dozu ve
sekil hassasiyetidir [27]. Bununla birlikte,
viicuda doz dagiliminin arastirilmasi onem
tasimaktadir. Insan viicudunun dogru seklini ve

boyutunu  simiille etmek i¢in  bircok
antropomorfik fantom prototipi iiretilmektedir.
Doz  birikimi  viicut igindeki  sagilma
kosullarmma baghdir. Bu nedenle, sagilma

yollariin uygun sekilde modellenmesi gerekir.
Dolayisiyla  ilgilenilen  organa  verilen
radyasyon dozunun dogru olarak
degerlendirilmesi i¢in organ sekli ve bdlge
anatomisi 6nem tasimaktadir [28].

Karaciger fantomunu tasarlarken anatomik
forma, modelin komsuluklarina ve organlarla
olan temasina Onem verilmistir.
Arastirmamizda bu temel noktalara dikkat
etmemizin sebebi arastirma ve egitimlerimizde
kullanacagimiz radyoniiklit sagiliminin
uzaklik, yogunluk ve hareketten direk olarak
etkilenmesidir. Ayrica modelin i¢ bolgesinde
iki farkli b6liim bulunmasinin nedeni, modelin
parankim  dokusunun alacagi radyasyon
dozunun, timoér dokusunun aldig1 doz
miktarindan farkli olmasidir.

Alssabbagh ve ark., [29] tiroid bezi lizerinde
dozimetri ve goriintii kalitesi i¢in yaptiklar
fantom c¢alismasinda, makalemize benzer
sekilde organin anatomik Olgiilerine 06zen
gOstermis, modelin i¢ini bos olarak 3B
bastirmigtir. Karaciger prosediirlerinde
basariya ulasabilecek ideal bir karaciger
fantomu gelistirmek igin ¢esitli materyaller
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kullanilmugtir. Karaciger fantomunu
tasarlarken mutlaka gergek karaciger organinin
anatomisi ve yapisi dikkate almmalidir [30].
Ayn1  zamanda 3B baski  veya hizh
prototipleme  iiretimi, karmasik varliklar
yliksek dogrulukla {iretebilen uygulanabilir
egitim araglarindan biri olmustur [31]. 3B
baski, tip alaninda onlarca yildir gelistirilip
kullanilmigtir [32-33]. Arter, ven ve trakeal
brong ve pulmoner segmentlerle birlikte
akcigerin fiziksel modelleri 3 boyutlu olarak
basilmistir [34]. Ardindan, vaskiiler ve safra
yapilarinin  karmasik aglarma sahip fiziksel
karaciger modelleri de dondr karaciger
transplantasyonunda preoperatif planlama igin
3B yazdirlmistir [35]. Calismamizda ayni
zamanda, anatomik  egitime  etkilerini
iyilestirmek i¢in 3B anatomik tiimorli
karaciger modeli gelistirilmisgtir. Fantomun
tasarimi sirasinda makro anatomik goriiniime
0zen gosterilmesinin nedeni iyi bir karaciger
egitim fantomunun gergek hastalarin tarama
kazanimlarinm1  yakindan  taklit etmesidir.
Modelin  yiizey  bolgelerinin,  organin
abdomende bulundugu topografik bdlgelere
uyumlu  olmasi  saglanmigtir.  Anatomik
komsuluklar1 ve komsuluklarindan dogan
cukurlagmalar modelde gosterilmigtir. Bunun
sebebi aragtirmanin daha sonraki kisimlarinda,
3B basilmast disiiniilen komsu organlarin
(akciger, kalp gibi) fantomlariyla birebir uyum
saglamasi ve dogru etkilesimlerde
bulunmasidir.

Tip hekimleri ve saglik¢ilarin egitimi icin
kadavra kullanimi, tedarik sebebiyle oldukca
sikintilidir. Bunun baslica sebebi etik sorunlar
ve maliyetin ¢ok yiiksek olmasidir. Kadavraya
ulagimin zor oldugu giiniimiizde, 3B baski
teknikleri,  bircok  vaka igin  yiiksek
¢Ozlinlirlikli BT  gorintiilemeden  dogru
karmasik anatomik organlar1 yeniden iireterek
yeni ve etkili bir egitim sunabilir. 3B baskinin
herhangi bir anatomik nesnenin ¢ok sayida
kopyasin1  farkli  boyutlarda iiretebilmesi,
egitim i¢in biiyiik avantaj saglamaktadir [36].

Mc Menamin ve ark. egitim amaciyla insan
anatomik nesnelerinin 3B baskili kopyasinin
dogrulugunu dogrudan veya dolayli olarak
etkileyen Onemli unsurlar1 arastirmistir [37].
Calismada, diger alternatiflerle karsilastirmali
olarak 3B baskil1 bir kopya yapmanin maliyeti
aragtirllmig ve sonugta 3B baskinin tip
egitimde insan Orneklerini ¢ogaltmak igin en
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hizli ve ekonomik teknik oldugu sonucu
cikmustir.

3B modeller asistan egitiminde de One
cikmaktadir. Egitimlerden biri olan karaciger
lizerine yapilan girisimler igin karaciger
fantomuna ihtiyag¢ duyulmaktadir. Egitimler

kisilerin uygulamalarin1 iyilestirmeye ve
gelistirmesini saglamaktadir. Perkiitan
biyopsiler ve karaciger rezeksiyonu gibi
uygulamalar gercek hasta iizerinde

uygulanmadan Once tibbi becerisini gelistirmek
icin fantom iizerinde yapilmaktadir. Boylece
hasta gilivenligi artmis, kaza ve hata riski
azalmigtir. Ayrica, karaciger anatomisinin
(organlar, safra kanallari, hepatik arterler,
portal damarlar) karmasik tasarimi nedeniyle,
fantomlar ayrintili olarak tasarlanmalidir [38-
39].

Caligmada Pacioni ve arkadaglarinin belirttigi
sekilde  karaciger = anatomisini  Onemi
vurgulanmig ve ventral boliimiinde yer alan
anatomik olgularin, ¢ukurlagsmalarin, girinti ve
c¢ikintilarin  tasarimina ve basimina Gzen
gosterilmistir [13].

Ozel olarak tasarlanmis fantomlar, hasta
raporlama ve tedavilerinin kalite giivencesini
artirmaya ve mikemmel deneme verileri
toplamaya yardimci1 olmaktadir [40].

3B fantomlar goriintileme ve tedavi
sistemlerinin  kontroli ve organlara olan
etkilerini incelemek icinde tasarlanir. Niikleer
tipta, fantom olusturmanin temel amaci
istenilen fonksiyonun bu fantom {iizerinde
simiilasyonunun gergeklestirilmesidir.

Fantomlar  dozimetri ve  goriintiileme
fantomlar1 olmak tizere genel olarak iki sinifta
incelenebilir. Dozimetre fantomlarinin
tasarlanma amaci, teshis veya tedavide
viicudun belli bir bolgesinin maruz kaldigi
radyasyon oraninin belirlenmesidir.
Gorilintileme  fantomlar1  ise  sistemler
tarafindan alman goriintlilerin  kalitesi ve
dogrulugunun  degerlendirmesini  amaglar.
Model {iretimindeki temel amag istenilen
fonksiyonlarin bu model tizerinde
gergeklestirebilmektir. Radyontiklitlerin sikca
kullanildig1 saglik fizigi ve niikleer tip gibi
bilim dallarindaki deneylerde ve egitimde
fantom kullanimi kagiilmaz olmaktadir [41].
Robinson ve ark. 2 karaciger, dalak, bobrekler
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(yetiskin, 5 yas ve 10 yas) ve pankreastan
olusan fantomlar gelistirdi [42]. Fantomlarin
icerisine Tc-99m perteknetat ya da Lu-177
(Lutesyum-177) Dotatate iceren salin ile
doldurularak fantomlarin SPECT/CT
goriintiileri alinmis ve 3B baskili organlar i¢in
SPECT kalibrasyon faktorleri belirlenmistir.
Tran-Gia geometrilere dayali farkli kismi
hacim tekniklerini kiiresel ve elipsoid ticari
fantomlarla karsilagtirmak i¢in bir bobrek
fantomu gelistirmistir [43].

Tasarlanan  tiimorlii  karaciger  modeli
kullanilarak BT, MR, SPECT ve PET/BT
¢ekimleri yapilabilecektir. Modelin gorseli ile
tibbi  goriintiileme  cihazlarindan  alinan
gorlintiiler iki boyutta incelenebilecegi gibi
tomografik goriintiilerde aksiyal, sagittal ve
koronal kesit goriintiileri de gorsel olarak
incelebilecektir. Bu yoni ile modelimizin
faydali bir egitim materyali olabilecegini
diistiniiyoruz. Tasarimin diger bir Onemli
amacit da radyoniiklitin parankim bdlge ve
timor lizerine olan saliniminin miktart belirli
olarak verilen doza gore goriintiisiiniin
netlesmesi ve Olglimiiniin  yapilip sistemin
¢alisma seklinin kisilere anlatilmasidir.

5. SONUC

3B olarak tasarlanip basilmis olan tiimorli
karaciger modeli anatomi, radyoloji ve niikleer
tip egitiminde ve aragtrmalarinda efektif
olarak kullanilabilecektir. Modelimize
Ozgilinliik saglayan i¢ tasarimi sayesinde
timore ve parankim dokuya direk olarak
radyoniiklit vererek karaciger tiimor tedavisi
modellemesine  ve  tedavi  dozimetrisi
yapilabilmesine olanak saglayabilecektir.
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ABSTRACT
In this study, PLA and ABS materials produced by 3D printing with 14 mm diameter and 300 mm length
were processed by turning with abrasive water jet machining. The effect of processing parameters with
abrasive water jet on the surface roughness was investigated. The processing parameters are nozzle feed
rate (60-210 mm/min), abrasive flow rate (150-225 g/min), chuck turning speed (75, 125, 175 and 225
RPM) and nozzle distance (3, 5, 7 and 9 mm). Experimental studies have shown that the increase in
nozzle feed rate (from 60 to 210 mm/min), abrasive flow rate (from 150 to 225 g/min) and nozzle
distance (from 3 to 9 mm) results in average surface roughness values increased by 26%, 35% and 19%,
respectively. It was concluded that the increase in the rotation speed of the mirror (from 75 RPM to 225

RPM) resulted in a 17% decrease.

Keywords: Abrasive water jet, Engineering plastics, ABS, PLA, Surface roughness, 3D printing.

1. INTRODUCTION

Polylactic acid (PLA) and acrylonitrile—
butadiene—styrene (ABS) are the two most
common fused deposition modeling printing
materials. Both soften when heated and can be
casily remolded and recycled. Thermoplastics
are expected to have good mechanical
properties, as well as heat and chemical
resistance, depending on the conditions in
which they are located. Engineering
thermoplastics are expected to be suitable for
one or more high performance engineering
applications.  Additive manufacturing is
becoming widespread as a production method in
which parts with a complex geometry can be
obtained very quickly and with less energy
consumption. It provides a fast solution in
prototype manufacturing and the production of
parts that are not possible with conventional
methods can be successfully manufactured with
this method. The disadvantages of this
manufacturing method are that the time that can
be considered reasonable for prototype
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manufacturing takes more time compared to
mass production lines where large numbers of
production are expected. Deficiencies in
repeatability and process stability can also be
counted as other disadvantages. On the other
hand, although it is not a problem for some
products, we see that additive production often
cannot meet the expected surface roughness in
some sensitive industrial applications. In areas
where surface roughness is limited, an
additional process is performed to obtain the
desired delicate surfaces.

In the literature, 3D printed PLA and ABS
samples; There are studies such as
determination of optimization parameters [1],
determination of structural properties by
recycling [2], mechanical properties of
graphene filaments [3], determination of tensile
and bending behavior [4].

Water jet cutting, unlike other machining
processes, is a production method that uses
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water at high pressure and speed for the cutting
process. The water jet processing method is
used in a wide range from soft materials such as
plastic to hard metals. While no abrasive is
needed for soft materials when the water jet
contacts the workpiece, abrasive particles are
added for hard metals. Thus, the effect of
cutting power is increased [5]. Among the
important advantages of the water jet processing
method are that it can be used in many areas
regardless of the hardness of the material, as
well as the fact that it does not create a heat-
affected zone in the material structure by not
creating high heat at the time of cutting due to
the cooling effect of water. In addition, not
using cutting tools provides an important
economic advantage. It provides a reduction in
labor costs in terms of keeping the cutting
surface clean as a result of the cutting process
and not requiring any additional processing. On
the other hand, the size and surface tolerances
obtained as a result of processing are at an
acceptable level for many manufacturing,
together with the fact that they do not create any
waste harmful to the environment during
processing.

The disadvantages of this method are the high
initial setup costs, the necessity of using
abrasives in the processing of hard metals, and
the longer time compared to cutting using tools.
For this reason, the number of production per
unit time is lower than conventional methods
[6]. In the processing of thick-walled materials,
due to the decrease in the effect of water jet,
sometimes there are situations where the cutting
process cannot be performed with the desired
precision throughout the thickness.

In the literature, in the field of abrasive water jet
(AWIJ), machinability of multi-directional
CFRP laminates [7], hybrid composites [§],
parameter optimization of aluminum/tungsten
carbide composites [9], kerf width and surface
quality definition of metal-composite materials
[10], carbon fiber reinforced polymers There
are studies such as fluid-structure interaction
modeling of abrasive waterjet puncture [11] and
experimental investigation and optimization of
abrasive waterjet processing parameters for
GFRP composites [12] using metaphor-free
algorithms. There is no study in the existing
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literature on the surface roughness to be
obtained by processing 3D printed PLA and
ABS materials with abrasive water jet.

In this study, cylindrical parts made of PLA and
ABS printing material are processed with AW]J
without any thermal effect [13]. It has been
determined  how  different = machining
parameters affect the average surface
roughness. Nonlinear regression analysis and
logarithmic transformation were used for
experimental data.

2. MATERIAL AND METHODS

2.1. Materials

The work piece material produced with open
source 3D printing machine, the materials
properties of ABS and PLA (Table 1). The
diameter of the test sample is 28 mm and its
height is 150 mm. (Figure 1).

Table 1. PLA and ABS filament materials

properties

Item Units ABS PLA
Density kg/m3 1.01 1.20-1.25
Melt Point °C 220-260  190-220
Tensile Yield MPa 4096  62.63
Strength
Elongation at % 20.86 443
Break
Flexural Strength  MPa 45.44 65.02
Flexural Modulus MPa 1948.45 2504.4
Impact Strength  kJ/m? 22.11 4.28

Figure 1. 3D printing machines used in the
production of cylindrical parts

2.2. Experimental Layout

Experimental studies were carried out ona CNC
abrasive water jet processing machine. This
machine is max. It can produce a pump pressure
of 415 MPa. The test sample was determined by
calculating the arithmetic mean by making
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several roughness measurements on the
symmetry axis. A new turning mechanism was
developed by removing the negativities in the
water jet turning mechanisms available in the
literature. While existing turning arrangements
are made open air, loud noise and water
abrasive particles are scattered around. In this
study, by means of submerged working, on the
one hand, it was possible to prevent water
splashing during contact with the workpiece,
and on the other hand, it was possible to reduce
the noise level during machining. The structure
of the specially developed underwater turning
experimental setup, in which the defects that
occurred in the previous studies were eliminated
(Figure 2). During the processing with
submerged abrasive water jet, sound level
measurement is observed (Figure 3).

‘/,Nozzle

%
4 work pieces
stepper motor
Figure 2. Technical design and fabricated views of
the newly designed AW] system.

water jet

noise 85 dB\
submerged AWJturning

submerged AW]

2.3. Test Parameters and Measurement

The parameters were determined based on the
experiences obtained from the preliminary
experiments and literature survey [14-18]
(Table 2). Experiments were carried out at 350
MPa pump pressure. Output parameters were
measured with the Mitutoyo sj-201 surface
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roughness measuring device in the same
direction as the water jet.

Table 2. AW] Processing levels and parameters

Parameters Units Levels
E\II\‘I’;}Z{I; feed = rate  /min 60 110 160 210
‘&’;*I‘{S)ive flow e in 160 185 210 235
(Célﬁgl)‘ Tuming speed  poni g5 135 185 235
Nozzle distance (ND) mm 35 7 9

3. RESULTS AND DISCUSSION

Graphs and estimation equations were obtained
by making nonlinear regression analysis on
average surface roughness values obtained from
the surfaces of processed plastic parts. The
correlation between surface roughness and
spindle speed in AWJ machining of ABS and
PLA materials can be seen in Figure 4 and
Figure 5. The average surface roughness value
(5.80 um to 4.96 pm to 17%) decreased as the
lathe speed increased for PLA plastic material.
High turnover speed has resulted in good macro
surface quality. Similarly, for ABS material,
when the rotation speed is increased from 85
rpm to 235 rpm, the average surface roughness
value decreases from 5.80 um to 4.96 um and
decreases by 14%.

Ra (um)=6.31251*exp(-0.000944776* ‘Turning speed (RPM)’)

6.5 \'\_\ -—

6.0

4.5

4.0
85 135 185 235
Turning speed (RPM)

Figure 4. Influence of rotation speed on roughness
when machining PLA material.

Regression
5% Cl
95% P1
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Ra (um)=7.55571*exp(-0.000768929* ‘Turning speed (RPM)’)

80 —— Regression
95% Cl
95% PI

75 b

6.0

55

100 125 150 175 200 225
Tuming speed (RPM)

250

Figure 5. Influence of rotation speed on roughness
when machining ABS material.

The Ra values obtained from experiments
performed for ABS and PLA plastics using four
different NFR’s (Figure 6 and Figure 7). Ra
increased by 26% (5.45 pm to 7.37 um) when
the NFR for PLA was increased from 60
mm/min to 210 mm/min. Ra increased 22%
(6.70 um to 8.62 um) when the NFR for ABS
was increased from 60 mm/min to 210 mm/min.
The increase in roughness is due both to the
heterogeneity of the jet's effect on the surface
and to less processing time. The abrasive
particles included in the water jet are not
homogeneous in size. As the nozzle feed rate
(NFR) increases, the number of particles
contacting the surface of the treated material
will be reduced. For this reason, the particles
which are not homogeneous and have less
contact with the surface will not be able to
provide a homogenous plastic deformation.
This causes deterioration of surface quality, the
findings present a good fit with the literature
[19-21].

Ra (um)=4.62564%exp(0.00217897* ‘Nozzle feed rate (mm/min)’)

9 Regression
T 95% CI
95% PI

Ra (um)

50 75 100 125 150 175
Nozzle feed rate (mm/min)

200

225

Figure 6. Influence of NRF on roughness when
processing PLA material.
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Ra (um)=5.84911*%exp(0.0018103* ‘Nozzle feed rate (mm/min)’)

— Regression
—— 95% I
95% PI

Ra (um)

50 75 100 125 150 175
Nozzle feed rate (mm/min)

200

225

Figure 7. Influence of NRF on roughness when
processing ABS material.

The variation of the abrasive flow rate (AFR) in
the AWJ turning method with the variation of
the surface roughness values of PLA and ABS
(Figure 8 and 9 Figure). AFR increased from
160 g/min to 235 g/min average 35% surface
roughness on PLA (6.58 um - 4.85 um) and
ABS (7.82 um - 6.11 pm) provided
improvement. The higher AFR improved the Ra
values by providing a more stable cutting
process. The increase in the AFR will allow
more abrasive particles to be contacted on the
surface per unit time. The surface quality of the
treated material has increased since this
situation provides homogenization at the
particle contacting surface. In addition, the
increase in the amount of particles in the water
jet provides the more rigid behavior of the jet.
As the speed increases with increasing speed,
more stable cutting will be expected.

Ra (um)=11.7996"* exp(-0.00366783* ‘Abrasive flow rate (g/min)’)

Regression
95% Ci
95% P

160 170 180 190

200 210
Abrasive flow rate (g/min)

220 230 240

Figure 8. The effect of abrasive flow rate on the Ra
when machining PLA material.
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Ra (um)=12.6526*exp(-0.00301443* ‘Abrasive flow rate (g/min)’)

Regression

—_— 95% CI

Ra (pm)

5
160 170 180 190 200 210 220 230 240
Abrasive flow rate (g/min)

Figure 9. The effect of abrasive flow rate on the Ra
when machining ABS material.

The Ra values obtained from experiments
performed at four different nozzle distances (2,
4, 6 and 8 mm) for PLA and ABS plastics
(Figure 10 and Figure 11). Increasing the ND
parameter worsened the mean Ra value. This
can be explained by the nature of the jet
produced by the nozzle. Degradation of the jet
core results in the formation of rougher surfaces
due to a larger and inhomogeneous impact.
When the nozzle distance (ND) from PLA
plastic material was increased from 3 mm to 9
mm, the average surface roughness values
increased by 19% (5.07 3um- 6.24 pm). When
the distance between the material and the nozzle
was increased from 3 mm to 9 mm during
machining, the average surface roughness value
increased by 19 %5.07 3um-6.24 um for PLA
material and 16% (6.17 3um-7.35 um) for ABS
material.

Ra (um)=4.53349*exp(0.0357618* ‘Nozzle distance (mm)’)

65 S

6.0

Ra (um)

55

50

45

Nozzle distance (mm)

Figure 10. Surface roughness obtained in PLA
material due to ND change.

95% PI
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Ra (um)=5.6157*exp(0.0299208* ‘Nozzle distance (mm)’)

—— Regression

76 e - %5%Cl
il 4 95% PI

60 e

Nozzle distance (mm)

Figure 11. Surface roughness obtained in ABS
material due to ND change.

The surface roughness values were statistically
significant. The variation of the input parameter
and the variation of the surface roughness
values and the estimation interval vary in the
95% confidence interval. Furthermore, the fact
that the values change with the low differences
along the linear axis in the center of the figure
proves that the experimental results have a high
regression coefficient (relation rate). It can be
argued that the wvariation of the surface
roughness values with the change of each
parameter can be modeled as nonlinear
regression (obtaining empirical equations) in
the mathematical modeling stage. The macro
surface view obtained at the NFR 225 mm/min
(Figure 12.a).

There are jet grooves and spiral cavities formed
here. The cavities formed depending on the feed
rate of the nozzle were obtained at 225 mm/min.
This value can be said to be high for the
processing of plastic materials. The Scanning
Electron Microscope (SEM) image of the
machined ABS and PLA plastic material work
piece, (Figure 12.b), because of the lower
density of PLA material, it is more easily
processed than ABS material and jet lines are
not visible in the area processed behind the
nozzle. One reason for this may be related to the
density and mechanical properties of the
material. PLA is more easily broken and hard
surface. It is more likely to break when bent.
The 3D models produced by PLA can be cut,
grinded, painted and bonded with strong
adhesives. 3D models manufactured with ABS
are stronger and more impact resistant.
Therefore, it is recommended to use in
mechanical parts and against variable weather
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conditions. When plastic materials are tried to
be processed with traditional methods, since
heat is applied above the melting temperature
(Tm) of plastics, it is not possible to process
such materials because the material undergoes
deformation. For this reason, plastic materials
are produced by molding technique and used in
industry with a limitation that does not allow
processing. However, since the heat generated
in the material during turning with water jet is
transferred by means of water, high heat does
not occur. Thus, it is possible to keep the plastic
material below the glass transition temperature
(Tg) value at which it will start to deform.

(b)
Figure 12. Machined ABS and PLA plastic parts

4. CONCLUSIONS

The machinability of ABS and PLA materials
was investigated by turning with abrasive water
jet. The input parameters considered are ND,
AFR, NFR and CRS. The input parameters are
determined as four levels and the surface
roughness (output parameter- Ra) values are
changed depending on the change of the levels.
The following results were obtained from the
studies carried out with the newly designed and
developed experimental system.

The increase in flow rate (from 160 g/min to
235 g/min) and chuck speed (from 85 rpm to
235 rpm) resulted in a 35% and 26% decrease
in the average surface roughness value,
respectively. The increase in ND resulted in a
19% increase in the surface roughness value.
Thus, it has been determined that the increase in
flow rate and chuck speed improves the surface
roughness, while the increase in ND worsens it.
The most important problem in front of the
processing of thermoplastics by removing
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sawdust is the melting and deformation of the
part due to the high heat generated during
processing. It can be said that an effective
solution has been presented by overcoming this
problem with the abrasive water jet turning
method. It has been determined that this
method, which eliminates all the costs such as
tool supply, coating and renewing them as they
wear, is a very economical method during the
manufacturing process.

But the three major disadvantages of the process
should not be ignored. The first is the difficulty
of loom installation and sealing problems. The
second element is that it is difficult to obtain
adequate and desired surface quality. For this
reason, roughing process is more effective in
turning with abrasive water jet. The minimum
surface roughness value obtained in the
processing of ABS and PLA material is 4.86
pum. This value is high even for roughing. For
this reason, considering the industry
expectations, the abrasive water jet turning
method is difficult to use as final processing.
The third factor is ergonomic factors. Due to the
excessive noise of the water jet machine,
operators need protective equipment. In this
study, submerged turning operation was also
carried out successful submerged, resulting in a
lower noise level in the open atmosphere (85
dB). In order to remove the mentioned
disadvantages, further research is needed on the
subject of abrasive water jet and submerged
turning.
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ABSTRACT

The widespread use of the Internet of Things (IoT) and the rapid increase in the number of devices
connected to the network bring both benefits and many problems. The most important of these problems
is cyber attacks. These cyber attacks cause financial losses as well as loss of reputation and time.
Intrusion detection systems (IDS) and intrusion prevention systems (IPS) are used to eliminate or
minimize these losses. IDS are designed to be signature-based or anomaly-based, and are currently being
developed using anomaly-based systems as machine learning methods. The aim of this study is to detect
whether there is an attack on your network, with a high success rate, by considering botnet as one of the
attack types. In order to develop this system, it is aimed to use Ensemble Deep Neural Networks (DNN),
which is one of the machine learning methods, and to search for solution methods for the most accurate
result. In the study, N-BaloT dataset in the UCI Machine Learning library was used for scientific
research. The data consists of 1 benign network stream and 9 malicious network streams carried by 2
botnets. Stacked ensemble of DNN networks has been used from the classification stage. The proposed
method has achieved %99 accuracy and the results are encouraging for future studies.

Keywords: Botnet, Internet of Things, Ensemble, Deep Neural Network, Cyber Threats.

1. INTRODUCTION security requirements come to the same level of
The Internet of Things (IoT) is the priority as product innovation [4]. Network
interconnection of physical devices and objects security, which is the biggest problem of our
through networking [1]. The most important age, is now a big problem not only for
benefit is that it provides remote sensing and computers, but also for every device connected
control of objects. It also provides economy and to the internet. Millions of new devices are
efficiency by minimizing human intervention. connecting to the internet every day. However,
10T consists of internet-connected devices such this great development brings with it great risks.
as smart home appliances, water meters, Every day, cyber crimes are spreading rapidly
security cameras. These devices are small and cybercriminals are carrying out various
computers with processor and IP address attacks [5]. For this reason, increasing the
running on Linux devices [2]. While there are at performance of intrusion detection systems is
least 10 billion active IoT devices in 2021, it is among the most important goals of information
predicted that this number will exceed 25.4 technologies [6]. Botnets are one of the threats
billion in 2030 [3]. that can most exploit IoT vulnerabilities [7]. A

botnet is a collection of devices connected to the
IoT devices generate, process and exchange internet and infected with malware. These bots
significant amounts of data during their can be used for denial of service and various
operations. IoT devices are prone to a variety of spam attacks [8]. Also, bots goal to distribute
physical, network, and application layer attacks false information from illegal sources, to
that can lead to business disruptions, privacy obtaine identity, password and financial data
breaches, and even physical injury. Therefore, and to processe data to crack the password for
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access to additional hosts [9]. Therefore, the
detection and elimination of botnets are
significant cybersecurity challenges. Reliable
and inexpensive Botnet detection models are
essential to detect and warn of risks without
corrupting transmission data [10]. Detection of
botnets is different from malware detection
systems or anomaly detection systems. Because
while other attacks represent an individual
pattern, botnet attacks are part of a large attack
network [11].

Artificial intelligence and machine learning
algorithms learn complex patterns on data that
cannot be noticed by the human eye, and
provide fast, accurate, human-independent
results [12]. Artificial intelligence and machine
learning have achieved successful results in
health [13-14], agriculture [15] and safety [16-
17]. With the developments in hardware and
processing capacity technology in recent years,
machine learning and artificial intelligence
algorithms make network security studies more
successful [18]. Stevanovic and Pedersen
(2016) emphasized supervised learning
methods such as artificial neural networks and
unsupervised learning methods such as
hierarchical clustering in their botnet
identifying studies [19]. Verma and Ranga
(2020) found that ensemble methods are
successful for detecting Denial of Service
(DoS) attacks in IoT networks [20]. Altunay and
Albayrak (2021) implemented an attack
detection application based on feature selection
using a Convolutional Neural Networks (CNN)
to prevent cyber attacks. The success of
detecting data as a threat was 98.7% for Brute
Force, 98.5% for DoS, 98.9% for Botnet and
99.1% for SQL Injection [21].

In this study, the detection of botnet attacks on
IoT devices is classified with Ensemble Deep
Neural Network. The network traffics of 10
different IoT devices, including 1 benign and 9
malignant, belonging to 2 botnet attacks, were
classified with 99% accuracy. The proposed
method is fast, secure and automatic with high
accuracy.

2. MATERIAL AND METHODS

2.1. Dataset

The dataset used in the study, N-BaloT, created
by Meidan et al.[22], is a general dataset used to
detect botnet attacks on [oT devices with open
access for academic studies. Network traffic
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belongs to 10 IoT devices, 9 attack classes and
1 benign, carried by 2 botnets. [oTs consist of a
thermostat, a baby monitor, a webcam, two
different doorbells, and four different
inexpensive security cameras. Devices that
wereDanmini (Doorbell), Ecobee (Thermostat),
Ennio(Doorbell), Philips B120N10
(Baby Monitor), Provision PT 737E
(Security Camera), Provision PT 838
(Security Camera), Samsung SNH 1011 N
(Webcam ), SimpleHome XCS7 1002 WHT
(Security Camera),

SimpleHome XCS7 1003 WHT(Security Ca
mera), were malignant.This private network
was created by infecting one of the security
cameras with a real sample of Mirai botnet
malware [23]. The traffic information of the
dataset is given in Table 1.

Table 1. Traffic Information [24]

Device
ID Name Type Traffic
All
0  benign Devices 555932
1  Danmini Door bell 968750
Thermost
Ecobee at 822763
3 Ennio Door bell 316400
Baby
4 Philips B120N10 Monitor 923437
Provision PT 737 Security
5 E camera 766106
Security
6  Provision PT 838 camera 738377
Samsung SNH 10
7 11N Webcam 323072
SimpleHome XC  Security
8 S7_1002_WHT camera 816471
SimpleHome XC  Security
9 S7 1003 WHT camera 831298

Mirai is malware that mostly targets networked
smart home and consumer devices and can turn
them into a zombie network of remote bots [25].
The largest distributed denial of service (DDoS)
attack in 2016 was carried out by the Mirai
botnet. Mirai botnet detection is important when
it is predicted that the number of devices using
IoT will gradually increase [26]. The main
features based on the classification are
information that summarizes the flow traffic,
information that summarizes the jitter of the
traffic, time frame information, the number of
items that have appeared recently, and the
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variances of the two flows. While the dataset
consists of 165645 samples, the number of
features that are the basis for classification is

115.
2.2, Ensemble Deep Neural Network
Machine learning is a useful artificial

intelligence technique that automatically finds
useful information from large datasets. Deep
learning is a branch of machine learning [27].
Since there are many security areas, machine
learning is important for this area. Bots generate
different flows than normal flows. In this way,
machine  learning  (ensemble  classifier
algorithms) can classify flows with the highest
accuracy [10]. It seems more rational to use
machine learning to detect botnet [28]. Deep
neural networks (DNN) learn the parameters
that provide the best approximation by mapping
the convergence of a function f with input I to
the value O. The information flows through the
calculated function starting from I, passes
through the f function with intermediate
calculations and reaches the output value of O.
The output of the model has no feedback links
fed into it. Model f(I)=f3(f2(f1(I))) can consist
of functions linked like a chain. In this case, fl
constitutes the first layer of the network and 2
constitutes the second layer of the network. The
length of the entire chain gives the depth of the
pattern. This is where the concept of depth in a
deep neural network comes from. The layers
between the input and output layers of the
neural network are hidden layers. The
dimensions of the hidden layers give the width
of the model. The last layer of the deep neural
network gives the output layer [29].

Ensemble learning is learning that allows
building the model with more than one learner.
It aims that the models will make more accurate
decisions in solving the problem. There are
different ensemble learning techniques such as
Boosting, Bagging, Stacking, Voting. Stacking
ensemble was used in the study [30]. Stacking
involves training a different classifier by
combining the predictions of several classifiers.
In the first stage, the existing data is trained with
classifiers. It is then trained with a final meta-
learner algorithm, using the predictions of the
first-stage algorithms as additional inputs [31].

3. EXPERIMENTAL RESULTS

All codes of the study were developed in open
source Python environment. 70% of the dataset
is split for training and 30% for testing. The
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proposed ensemble model was developed on the
basis of the model that was successful in
diabetes detection before [32]. In the first stage,
output prediction values were taken from 2
DNN models. The neuron numbers of the model
used at this stage are 128-64-32-10. While the
activation function of the intermediate layers is
ReLu, the activation function of the output layer
is Softmax. Activation function is necessary fort
his model structure because this neural network
is need to learn nonlinear situation as well. If the
activation function is not used, the output signal
becomes a simple linear function. Linear
functions are only polynomials of odd degree.
A neural network without activation function
will act like a linear regression with limited
learning power. In the DNN structure used in
the Meta Learner stage, two layers, 32-10, were
used. While the number of learnable parameters
of the models used in the first stage is 25514,
the total number of learnable parameters of the
whole model is 52030. The architectural
structure of the proposed model is given in
Figure 1.

input. | [(None, 115)]
dense_input: InputLayer
output: | [(None, 115)]
input: | (None, 115)
ensemble_1_dense: Dense
output: | (None, 128)
input: | (None, 128
ensemble_1_dense_1: Dense |2t | )
- output: | (None, 64)
input: | (None, 64)
ensemble_1_dense 2: Dense
T output: | (None, 32)

input: | (None, 32)
ensemble_1_dense_3: Dense
output: | (None, 10)

input: | [(None, 115)]

dense_4_input: InputLayer -
output: | [(None, 115)]
input: one, 115
ensemble_2_dense_4: Dense | — il )
output: | (None, 128)
input: one, 125,
ensemble_2_dense_5: Dense |—r al )
- output: | (None, 64)
input: | (None, 64)

ensemble 2_dense 6: Dense

- output: | (None, 32)

input: one, 32
ensenble_2_dense_7: Dense | bt | )
output: | (None, 10)

[input_| [(None, 10). ®one, 10)] |
[ output [ (None, 20) ‘

]

input. | (None, 20)
output: | (None, 32)

input: | (None, 32)
dense_9: Dense [
output. | (None, 10)

Figure 1. Proposed Model.

dense_§: Dense

While the networks in the first layer were run
500 epochs, Stacked Ensemble model 300
epochs were run. Adam Optimizer was used as
the optimizer. Adam Optimizer was preferred
because it gave more successful results. Other
hyperparameters are given in Table 2.

Table 2. Hyperparameters

Parameters Value
Learning Rate 0.001
Beta 1 0.9
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Beta 2 0.999

Epsilon le-07

The loss function is the categorical cross
entropy. Because our problem to be classified is
multiclass. Figure 2 shows the accuracy epoch
graph for the training process.

0990

0988

0.986

0984

0982

0.980

0a7s — firain

test

0976

o 50 100 150 200 250 300

Figure 2. Accuracy- Epoch Graph.

According to the figure, the training processes
of the training and test groups are compatible
with each other. This shows that there is no
over-fitting in the training of the model and that
the proposed model has a high generalization
capacity. In Figure 3, the confusion matrix of
the test set is given.

Confusion Matrix
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Figure 3. Test set confusion matrix.

According to the figure, most of the samples
were estimated correctly. Accuracy, precision,
recall, F1 score performance metrics are 0.99,
0.991, 0.986, 0.988, respectively. Performance
metric values calculated separately for each
class are given in Table 3.

Table 3. Performance Metrics.

2 1.00 1.00 1.00 4083
3 0.99 0.93 0.96 4380
4 0.92 1.00 0.96 4680
5 1.00 1.00 1.00 7963
6 1.00 0.98 0.99 1972
7 1.00 1.00 1.00 9130
8 1.00 1.00 1.00 4625
9 1.00 1.00 1.00 6971

Clas Precisio Reca Fl- Number of
s n 1l Score Samples

0 1.00 0.97 0.98 1427

1 1.00 1.00 1.00 4463
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According to the results obtained, the lowest
0.96 F1 score was obtained in the malignant
network traffic of the doorbell coded as 3 and
the baby monitor coded as 4. Figure 4 shows the
ROC curve for each label. The results show that
the AUC value for each label is close to 100%.

Roc Curve with Labels

1.0 —
K s
L
e

0.8 o
% —— ROC curve of class 0 (area = 1.00)
T} 0.6 ROC curve of class 1 (area = 1.00)
2 —— ROC curve of class 2 (area = 1.00)
2 —— ROC curve of class 3 (area = 1.00)
?]'J 0.4 —— ROC curve of class 4 (area = 1.00)
Z _+—— ROC curve of class 5 (area = 1.00)
,f’, ROC curve of class 6 (area = 1.00)
0.2 ’/' —— ROC curve of class 7 (area = 1.00)
// ROC curve of class 8 (area = 1.00)
g —— ROC curve of class 9 (area = 1.00)

0.0+ . : = =

0.0 0.2 0.4 0.6 0.8 1.0
False Positive Rate
.
Figure 4. ROC Curve.

4. DISCUSSION AND CONCLUSION

In the era of digital transformation, IoT is
undoubtedly one of the leading technologies
that revolutionize the lives of both institutions
and individuals. 10T is the communication of
physical devices that have an IP address,
connect to the internet and share data with each
other. Although this technology is the key point
of the industrial revolution, it is also frequently
used in smart home, smart agriculture and smart
health applications. [oT devices communicating
with each other can pose a security threat to
networks. Even a seemingly simple device can
pose serious dangers when compromised by
attackers. For example, a baby camera captured
by a hacker can be used for spying. Attackers
can disrupt network services, steal data, cause
physical harm or even harm people. Botnet is
one of the biggest threats to IoT devices. For
this reason, many studies have been conducted
on artificial intelligence-based botnet detection.
Botnet is one of the biggest threats to IoT
devices. For this reason, many studies have
been conducted on artificial intelligence-based
botnet detection. Ahmetoglu and Das (2019)
tried to detect benign, FTP patator, SSH-
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patator, DoS, Heartbleed, Brute Force, Web
Attack—SQL Injection, DDOS, Port attack,
Botnet attack types with a fully connected
artificial neural network [6]. Wai et al. (2018)
proposed a botnet traffic detection technique
based on machine learning. Their research relies
on multi-layer perceptrons and decision trees to
analyze network traffic for automatic traffic
detection [33]. It can be seen that deep learning
methods are effective in creating behavioral
analysis of the large amount of data created in
the IoT network. It has been determined that
deep learning mechanisms outperform other
contingency solutions in multiple domains
using unstructured and heterogeneous data.

The problem with traditional machine learning
algorithms is that while they can run well in a
self-created environment, data increases as
more devices are included in the network,
giving these models a display of wear. Since
deep learning algorithms learn more from more
data, there are studies in this area where deep
learning solves this problem. In addition, the
state of art algoritms which aredecision tree and
artificial neural networks, are used for botnet
detection. Regarding to comparision of these
algorithms, CTU-13 that contained network
trafic dataset, was used in this study. Neural
network and decision tree have accuries 0.91
and 0.98, respectively. Our proposed solution’s
F1 score which is 0.99, is more accurate than
these two algorithms [26]. In another study,
Cyber Clean Center dataset which containes
traffic packets 6667 as port number used for
IRC and 80 as port number http. According to
comparision of F1-score of botnet detection, our
proposed algorithm is better than ELM (91.6%),
CNN(92.56%), SVM(93.36%) and Ensemble
Classifier Algorithm with Stacking Process
(ECASP) (94.08%) [34].In Meidan and friends’
IoT botnet detection, deep autoencoders was
used in their proposed method. The detection of
IoT botnet attacks N-Balot dataset was used in
this study. Mirai and Bashlite which are most
popular IoT based botnets, were infected for
each device. Meidan and friends” model
structure were occured by four hidden layers of
encoders which decreasing sizes of 75%, 50%,
33% and 25% of the input layer’s dimension.
The other next layers contained decoders via
similar size as encoders. This structure of their
model’s true positive rate is 100% similar with
our proposed solution of true positive rate.
Local Outlier Factor (LOF), One-Class SVM,
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and Isolation Forest were also other evaluated
algorithms in Meidan and friends’ study. Their
proposed solution of TPRis similar with LOF
and SVM and more accurate than Isolation
Forest [22].

In another study Algelal and friends’ botnet
detection methods was trained and tested with
CTU-13 dataset and 10 fold cross validation.
The accuracy of proposed model is 99.84%.
Ensemble classifiers in this study consist of
AdaBoost and Jrip algorithms. IoT botnet
detection via ensemble deep neural networks
has almost similar accuracy with AdaBoost and
Jrip algorithms. The rest of method which are

Clustering  (98.39%), Neural Network
(89.38%), Recurrrent Neural  Network
(83.09%), K-medoids, L-means, LSTM,

decision trees, has less accuracy detection than
proposed model for botnet detection [10]. The
another study which was used ISCX dataset,
analyzed botnet traffic with Ensemble of
classifie algorithm This dataset contained
normal traffic and botnet traffic. This study also
showed that ensemble classifier algoritms
which were Ada-Boost with Decision Tree
(94.78%) and Soft Voting of KNN & Decision
Tree (96.41%), increased the accuracy of botnet
detection as our proposed model’s accuracy
[35]. Recently, real time automatic botnet
detection tool was developed for large network
bandwidths. Since the duration botnet detection
was really important, they developed ultra fast
network analysis tool by using their proposed
new machine learning model. Although their
processing time was very fast (0.007 ms), their
F1 score was less (0.926) than F1 score of our
proposed model [36]. In another recent study
was related with economic system to detect [oT
botnets with deep learning model. Their
proposed model asserted that decrease the
implementation budget and supplied used
effiectient low cost development structure for
their model. However, the F1 score was really
low, especially test class 2 (0.41), class 3 (0.77)
and class 5 (0) [37].

In this study, the network traffic of 10 devices,
9 malignant and 1 benign, belonging to the N-
BaloT dataset was classified with an Ensemble
DNN-based approach. According to the results
obtained, the proposed method works with 99%
accuracy. The problem, which is a complex and
multi-classification problem due to its structure,
works quickly, independently of the user, and
with high accuracy thanks to the proposed
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method. It resolves concerns by providing
solutions to individual and corporate security
problems. The results are promising and
encouraging for future studies.
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ABSTRACT

Designers often face the challenge of getting stuck with rigid and dogmatic ideas, leading to a limited
number of design options being produced. While experience and talent can help overcome this, it can
still take a significant amount of time and effort. This study proposes a repeatable, dynamic process that
transforms all design components into parameters, creates a structural analysis model, and performs an
optimization process that integrates design and structural analysis. Thus, by leveraging the power of
technology, designers can generate a larger number of high-quality design options quickly and
efficiently. The article evaluates the effectiveness of this proposed method in generating 2D lattice
design concepts and highlights its ability to improve the quality of the design options generated and
simplify the idea and concept generation process. The novelty of this method lies in its ability to create
a flexible and dynamic approach to design, enabling designers to move beyond dogmatic ideas and
generate a larger number of innovative design options. Another purpose of this article is to explore the
potential of computer-aided computational design software in generating new and innovative design
concepts.

Keywords: Computational design, Generative design, Design Optimization, Lattice structures.

1. INTRODUCTION strength, stiffness, and energy absorption [4-5].
The creation of a parametric design model Additionally, AM methods offer a wide
through the combination of mathematically working field for parametric design, allowing
expressed design elements in an algorithm has for a high strength-to-volume ratio and an ideal
become commonplace in engineering works geometry by changing the material distribution
that require structural performance and low in the entire volume [6-7].
weight [1-2]. These models offer advantages
such as automation, speed, and increased The optimization of geometry and shape using
variety in geometry.  These features of parametric, computational, and generative
parametric design have special importance in design methods has become a popular area of
the design of lattice structures. Because of their study. These methods provide an autonomous
lightness and strength, lattice structures made of structural analysis tool in the early design
truss or cellular structures are a popular design process, allowing for the generation of
element in architecture, construction, and good/optimal design alternatives quickly and
mechanical design [3]. economically [7]. Moreover, it enables the
determination of the design option that meets
Recent advancements in Additive the design and engineering needs while
Manufacturing (AM) have provided a new requiring the least revision.
avenue for designing and producing lattice
geometry. AM enables the fabrication of Several studies have explored the application of
structures with micro-dimensions and areas that parametric and computational design methods
cannot be produced wusing traditional in different design fields [3]. In architecture,
manufacturing methods, resulting in structures these methods have been used to optimize
with superior mechanical properties such as building shapes for energy efficiency, to create
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lightweight structures with high structural
performance, and to generate form variations
with similar functions [8-9]. In machine design,
these methods have been used to optimize the
design of mechanical components for better
performance and reduced weight [10].
Additionally, several studies have examined the
use of parametric and generative design
methods in the design of lattice structures,
focusing on improving their mechanical
properties and thermal conductivity [11]. In
conclusion, the integration of parametric and
computational design methods has become an
essential tool in all design fields and activities,
providing advantages such as automation,
speed, and increased variety in form and
geometry. The use of these methods, combined
with advancements in AM, has opened up new
possibilities in designing lattice geometry with
superior mechanical properties. The application
of these methods in various design fields has
shown promising results and is expected to
continue to develop in the future.

2. BACKGROUND

2.1. Computational Design

Computational design involves incorporating
design parameters into a design algorithm with
advanced computer technology. Computer
software creates and evaluates design options
with  some  mathematical  operations.
Computational design algorithms; create a
dynamic, repeatable, and sustainable process.
Different from the traditional design process,
the use of time and resources is optimal here, as
the designer is independent of his knowledge
and intuition. Computational design tools break
down the overall design structure into
meaningful subunits and processes. The input-
output relations between these subunits are
made with visual programming.

With an interest in computational design,
different techniques have been developed over
time. Some of these are parametric and
generative design concepts/techniques that are
often used interchangeably. Although they do
not have clear boundaries, they have important
differences. First, the parametric design creates
an interactive process by establishing semantic
relationships between the elements (size, angle,
volume, position, etc.) that make up the
building. A change to a parameter causes other
associated parameters to change automatically.
Parametric models enable alternative design
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exploration with real-time editing capability.
On the other hand, generative design is an
iterative design technique that can create an
infinite number of alternatives with the help of
artificial intelligence and cloud technologies
according to predetermined design goals. Here,
unlike parametric design, design evaluation
criteria (weight, amount of material used,
manufacturability, strength) are also included in
the generative design algorithm. The ideal
design is reached by making changes to the
design parameters by trial and error. Thus, the
design geometry is determined according to the
current production method, and it is optimized
in terms of strength and material used.

2.2. Design Optimization
Firms/manufacturers try to make economical
production that saves material and cost to
maintain market competition. In addition, it is
aimed that the products produced are robust and
long-lasting [12]. All these requirements have
caused shape, size, and topology optimization
problems in engineering design [13]. Size
optimization adjusts material cross-sections and
thicknesses to create designs with better
performance. Shape optimization, another type
of optimization, makes partial changes to the
outer geometry of the part. Topology
optimization, however, tries to provide the
intended physical strength by using the least
material under certain load and volume
limitations [14-15].

In engineering design, some optimization and
artificial intelligence techniques (evolutionary
algorithms, swarm intelligence, artificial neural
networks, machine learning, etc.) are used for
ideal sizing, reshaping, weight, and cost
reduction. These techniques have also been
used to develop optimum truss and lattice
structures. Raina et al. used a deep learning-
based design support system for a lattice design
problem in one of these studies. This system
aimed to create an ideal lattice structure by
following the mental processes after sequential
design stages [16]. Zhengtong et al. proposed
the use of a Particle Swarm Optimization (PSO)
algorithm for multi-plane lattice problems with
different layout and design configurations [17].
Caferi et al. integrated Cultural Algorithm (CA)
into PSO to create an efficient hybrid algorithm
for optimal Ilattice structure design [18]. In
addition, algorithms such as Genetic
Algorithms (GA), Simulation Annealing (SA),
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and Differential Evolution (DE) are also widely
used in lattice design problem solutions [19-21].

3. MATERIAL AND METHOD

This study proposes a process that will design a
lattice structure with maximum energy
absorption  ability. "Grasshopper," a
commercial computational design software,
was used to solve the identified problem.
Grasshopper is a visual programming language
that offers parametric modeling and coding on
Rhino CAD [22-23]. Model creation, structural
analysis, and optimization can be done with
various plug-ins in this software.

There are many unique tools for the operations
mentioned above and the like. One of them,
Karamba3D enables engineers and designers to
perform various structural analyzes and
optimizations within the platform. Karamba3D
creates more efficient and high-performance
designs by considering factors such as material
usage, weight and structural integrity [24]. It
can be used actively in optimization processes
with its integration with other plugins. Another
popular plugin, "Galapagos," is a single-
purpose shape optimization tool. Optimizing
two or more parameters (genome) provides a
fitness function that expresses the maximum or
minimum numerical value.

The Galapagos plugin includes two different
solvers, Evolutionary Algorithm and Simulated
Annealing. The Evolutionary Algorithm starts
with a certain number of randomly generated
populations. Population variation is achieved by
creating different genomes over several
generations. Each generation's high-performing
members (parents) are determined according to
their fitness function. New members (children)
are formed by crossing the parents. Members
with a low fitness value are prevented from
being passed on to the next generation. In
addition, the entire solution space is scanned
with the mutation applied to randomly selected
members. This iterative process continues until
the specified stopping condition is met [1-2].

The simulation annealing algorithm starts with
a random initial solution. Due to its structure,
the algorithm avoids local optima by navigating
the solution space at the beginning. In the final
stages, a precision search is performed to
approach the fitness function [25]. It tries to find
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solutions that meet or are close to the objective
function [26]. The simulation annealing process
is stopped when a certain number of iterations
or the run time has elapsed. Like other heuristic
search algorithms, there is always the
possibility that the best solution may not be
found.

4. RESULTS

This study proposes a computational design
process to create 2D lattice geometries with
high energy absorption capability. In the first
stage of this process, all structures/beams
forming the lattice geometry are parametrically
modeled in the Grasshopper environment. The
numerical range and boundary conditions that
the parameters can take are also determined at
this stage. A parameter's minimum and
maximum value range are arranged so that it
does not affect other parameters. The workflow
for the study is shown in Figure 1.

Data Data
CreateGeamEtrﬂ Transfer’j Structural ] Transfer

Analysis in
in Grasshopper | Karamba3D

Is the
result ideal?

Yes
{>{ Final Model

Change Design Parameters Galapagos

Optimizer

Figure 1. Computational design flowchart

The parametric lattice model used in this
research is one of 8 axially equally divided parts
of a square. Beam length, position, and angles
are determined on one of these equally divided
parts. As seen in Figure 2, three different
parameters are created to obtain different lattice
geometries. A slider is used to set these
parameters manually. The sliders here allow
dividing a beam length into 100 equal parts and
bringing the connection points to the desired
position. In the next step, the symmetries of this
geometry are created around a diagonal axis. In
the last stage, all of these geometries are
reproduced by rotating them around a center.
The resulting geometry is the unit lattice cell
bounded by a square (Figure 3).

(Paameter2] o025
\

Figure 2. Unit geometry and parametric control
representation
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Y

Figure 3. Parametric design steps and lattice unit
cell

In order to perform structural analysis on the
parametric model, the geometry must be
converted to a structural analysis model. The
Karamba3D plugin mentioned in the previous
section was used in this conversion and analysis
Process [24]. In order to determine the
relationship of the lattice cell with other lattice
cells, a 2x2 periodic structure is first created. In
the next step, all beam and connection locations
to be analyzed are determined. Then, the
support coordinates and support forms to which
the structure will be fixed are defined. In order
to test the ability of this lattice structure to
absorb energy and flex, the direction and
magnitude of the loads and forces to be applied
are regulated accordingly. After the material
and cross-section of the lattice structure are
determined, the structural analysis model is
completed [24]. The created structural analysis
model is shown in Figure 4. Here, the red
arrows indicate the position and magnitude of
the applied loads, while the green arrows
indicate the reaction forces at the support points.
The yellow and green markings in the lattice
geometry (stress intensity decreases from
yellow to green) indicate stress intensity.

200.00 200.00 200.00 200.00 200.00

140.14

381.56

Figure 4. Structural analysis model of Lattice
geometry
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Since the comparison will be made between
Lattice cells, the beam cross-section, size,
material, numerical value, and unit of the
applied force are unimportant. This study aims
not to determine the energy absorption ability
but to determine the lattice geometry with the
highest energy absorption ability.

At the last stage of the computational design
process, the lattice geometry with the highest
energy dissipation ability was tried to be
determined with the Galapagos optimizer. For
this purpose, Input variables such as the value
of the applied load, support positions, material,
and cross-sectional area are kept constant.
Galapagos iteratively performs the structural
analysis processes with different combinations
of three design parameters defined within
certain rules. Here, two different optimization
algorithms, Evolutionary Algorithm and
Simulated Annealing are used [2, 25]. The ideal
design concepts and energy apsorbtion
capabilities suggested by the algorithms are
shown in Figure 5.

Evolutionary Algorithm

000%%:

2.991 kNm

Simulated Annealing

2.985 kNm 2.714 kNm

generated by

3.015 kNm

concepts

3.024 kNm

Design

3.167 kNm
Figure 5.
Evolutionary Algorithm (top) and Simulated
Annealing (bottom)

5. DISCUSSION

This study highlights the effectiveness of the
computational design process in detecting
lattice geometries with superior energy
absorption  capabilities. By  combining
modelling, structural analysis, and optimization
techniques, the method facilitates a thorough
examination of the design landscape, generating
a variety of lattice geometries.

Utilizing the Karamba3D plugin streamlines the
structural analysis process and ensures precise
evaluations of the lattice geometries. Moreover,
developing the 2x2 periodic structure enables a
more authentic assessment of the energy
absorption potential of the lattice configurations
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[24]. The Galapagos optimizer, on the other
hand, is instrumental in identifying the lattice
geometry with the most efficient energy
dissipation capacity. Although the Evolutionary
Algorithm and Simulated Annealing yielded
comparable outcomes [27], neither has a clear
advantage over the other. However, the fact that
these two algorithms achieve similar results
strongly indicates that the potential global best
has been reached [21, 28].

Future investigations could broaden the design
scope and enhance the performance of lattice
geometries by incorporating additional design
parameters and constraints.  Integrating
alternative optimization algorithms or multi-
objective optimization techniques may offer a
more in-depth  understanding of the
compromises between distinct performance
metrics and uncover innovative high-
performing lattice designs.

6. CONCLUSION

In conclusion, this study presents a
computational design process for generating 2D
lattice geometries with high energy absorption
capabilities. =~ The parametric modeling,
structural analysis, and optimization processes
were carried out within the Grasshopper
environment using the Karamba3D plugin. By
defining a set of parametric design rules and
constraints, various lattice geometries were
generated, analyzed, and optimized to find the
optimal geometry with the highest energy
absorption ability. The Galapagos optimizer
was employed in the final stage of the
computational design process, using two
different optimization algorithms, Evolutionary
Algorithm and Simulated Annealing. Although
the best design concepts produced by both
algorithms exhibited similar energy dissipation
capabilities, the study found that neither
algorithm provided a clear advantage over the
other in this specific context. Nevertheless, the
design  concepts  generated by these
optimization algorithms show promising
potential for being global best concepts.

This research demonstrates the power and
flexibility of computational design methods in
developing innovative and efficient lattice
geometries for solving similar design problems.
The insights gained from this study can be
further explored and applied to various fields,
such as architecture, engineering, and materials
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science, to develop advanced structural
solutions that address specific performance
requirements. Moreover, future research can
expand upon the presented methodology by
incorporating additional design parameters,
constraints, and optimization techniques, to
develop even more effective lattice geometries
for energy absorption and other applications. In
addition, similar computational  design
processes can be developed for all outputs
obtained with structural analysis models, such
as weight, strength, volume, energy absorption,
displacement, and Poisson's ratio of the designs
produced.
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0z

Bu calismada, 3 boyutlu (3B) yazicilarda kullanilan poli(laktik asit) (PLA) filamentlerinin ve Eriyik
Yigma Modelleme (EYM) esasli 3B yazici kullanilarak iiretilen PLA standart ¢gekme numunelerinin
mekanik ve baski Ozelliklerinin nemli ortamlarda nasil degistigi incelenmistir. Filamentler 25 °C
sicaklik ve %80 bagil nemli ortama 5, 10, 15, 20 giin siireler ile maruz birakilarak sartlandirilmis
numuneler tretilmistir. Bu filamentlere ve fretilen standart ¢ekme numunelerine ¢ekme testi
uygulanmig, FTIR spektrometresi ile analizleri yapilmis ve kirilma ylizeylerinin taramali elektron
mikroskopu (SEM) goriintiileri alimmustir. Sartlandinlmis filament ve standart ¢cekme numunelerinin
¢ekme dayanimlari 20. giinde sirasi ile 3,7 MPa (%6,8) ve 3,6 MPa (%6,8) diistiigii fakat bekletme
siiresinin ¢ekme dayanimlar {izerinde Onemli bir etkisinin olmadig1 goriilmistiir. Sartlandirilmis
filamentten basilan standart ¢ekme numunelerinin ¢ekme dayanimlar bekletme giin sayisi ile orantili
olarak azalmig ve ¢ekme dayanimindaki en biyiik diislis 11,6 MPa (%29,5) degerinde 15. giinde
gergeklesmistir.

Anahtar Kelimeler: PLA Filament, 3B Yazici, Filamentlerin Mekanik Ozellikleri, 3B baska.

INVESTIGATION OF THE CHANGE IN THE MECHANICAL AND

PRINT PROPERTIES OF THE POLY(LACTIC ACID) FILAMENTS

USED IN 3D PRINTERS AS A RESULT OF EXPOSURE TO HUMID
ENVIRONMENT

ABSTRACT

In this study, it was investigated how the mechanical and printing properties of poly(lactic acid) (PLA)
filaments used in 3D printers and PLA standard tensile samples produced using 3D printer based on
Fused Deposition Modeling (FDM) change in humid environments. Conditioned samples were
produced by exposing the filaments to 25 °C temperature and 80% relative humidity for 5, 10, 15, 20
days. Tensile test was applied to these filaments and produced standard tensile samples, analyzed with
FTIR spectrometer and scanning electron microscope (SEM) images of fracture surfaces were taken.
The tensile strengths of the conditioned filament and standard tensile samples decreased by 3.7 MPa
(6.8%) and 3.6 MPa (6.8%) on the 20th day, respectively, but the holding time did not have a significant
effect on the tensile strengths. The tensile strength of standard tensile specimens printed from
conditioned filament decreased in proportion to the number of days of holding, and the greatest decrease
in tensile strength occurred on the 15th day at a value of 11.6 MPa (29.5%).

Keywords: PLA Filament, 3D Printer, Mechanical Properties of Filaments, 3D printing.
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1. GIRIS

3B baski yenilik¢i ve ¢ok yonlii bir teknoloji
asamasi olarak ortaya ¢ikmig, iiretim
verimliligini arttirmak i¢in yeni imkanlar
saglamistir. 3B baski teknolojileri 1980'lerden
beri vardir. Son zamanlardaki malzeme, makine
ve yazilimdaki hizli gelismeler ile daha genis
bir kullanici kitlesi igin erisilebilir haldedir.
Giiniimiizde masaiistii 3B yazicilarin maliyeti
bireysel ve endiistriyel kullanicilar icin elde
edilebilir seviyededir. Mevcut diisiik maliyetli
masaiisti ve tezgah istli, profesyonel 3B
yazicilar ev tirlinleri, yara ortiileri, dikisler, dis
telleri, ambalaj, havacilik, otomotiv, tip ve
endiistri alanlarindaki bir¢ok uygulamada tercih
edilen bir segenek olmustur [1-3]. 3B yazicilar
pratik olmalar1 ve kolay kullanimlar1 sayesinde

inovasyonu hizlandirmakta; imalat,
mithendislik, saglik, egitim, dis hekimligi,
odyoloji ~ve  miicevherat gibi  cesitli
sektorlerdeki isletmeler tarafindan

kullanilmaktadir. Cok sayida amator kullanici
hobi veya is amach olarak bu yazict ve
filamentleri kullanmaktadir [4-5].

Polilaktik asit (PLA) biyolojik olarak
parcalanabilen ve %100  yenilenebilir
kaynaklardan elde edilen ¢ok yonlii kullanimi
olan bir polimerdir [3,6-7]. PLA farkh
kullanimlarinin yan1 sira 3B baskida hem
profesyonel hem de amatér kullanicilar
tarafindan kullanilan en yaygin biyobozunur
filamenttir. Cogu masaiistii 3B yazicida baski
icin Onerilen "varsayilan" malzemedir [8-12].
PLA filamenti yazdirma esnasinda toksik koku
iiretmedigi icin kapali ortamlarda kullanimi
giivenlidir. PLA  filamentin  yazdirilmasi
kolaydir ve yazdirma esnasinda genellikle sorun
¢ikarmaz [2,8-12].

PLA  filamentlerde siklikla  karsilasilan
problemlerin  basinda filamentlerin  nem,
sicaklik gibi ¢evresel sartlara maruz kalmalart
sonucu baski kalitelerinde yasanan olumsuz
degisimler ve mekanik dayamimlarindaki
azalmadir [13]. 50 °C sicaklik ve %90 bagil
nemli ortamda, hem amorf hem de kristal
enjeksiyon kaliplama dereceli PLA regine
numuneleri 6nemli nem emilimi gostererek
hidrolizin ger¢eklesmesine izin verirler [14]. 70
°C ve %80 bagil nemli ortamda nem ve sicaklik
kosullandirmas1 sirasinda kimyasal degisim
meydana gelir ve polimer zincir kirilmasi
gergeklesir [15]. Sicakliktaki artis, nem alma
oranindaki ve kristallesme miktarindaki artiga
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neden olur. Suya daldirilmis numunelerin
kristallik derecelerindeki artislarla baglantili
olarak camsi ge¢is ve erime sicakliklarindaki

distsler, kurutulmus PLA numuneler ile
karsilastirildiginda acgik bir sekilde
belirlenmistir [16]. Neme maruz kalma

mekanik 6zelliklerde de 6nemli diisiislere neden
olmaktadir [17].

Incelenen literatiir ¢alismalarinda  eksiklik
olarak belirlenen PLA filamentlerin ve bask1
iirtinlerinin farkl stirelerdeki degisen mekanik,
baski ve kimyasal Ozelliklerindeki degisimi
aragtirmak amaci ile aragtirmacilar tarafindan
nem sartlandirma kosulu olarak sec¢ilmistir. Bu
sartlar altinda numunelerin mekanik, baski ve
ylizey ozellikleri gibi parametreleri
incelenmistir. Bunun i¢in PLA filamentler oda
sicakligi kabul edilen 25 °C sicaklik ve
iilkemizdeki ortalama en yliksek nem orani olan
%80 bagil nemli ortam kosullart olusturularak
deneysel calismalar gercgeklestirilmistir.
Bekletme siiresi olarak yapilan 6n galismalar
neticesinde 5, 10, 15 ve 20 ginliik siireler
secilmistir. Bu ortamlarda sartlandirilmis
filamentlerden c¢esitli numuneler iiretilmistir.
Filamentlerin mekanik ozelliklerinin
degisiminin belirlenebilmesi i¢in hem filament
hem de filamentlerden iiretilen standart ¢ekme
numuneleri ¢ekme testine tabi tutulmuslardir.
Bu numunelerin kirilma yiizeylerinin SEM
gorlntileri  alinmis, nemin filamentler
iizerindeki kimyasal etkisini degerlendirmek
icin FTIR analizleri yapilmistir. Elde edilen
sonuglar tilkemizin ortalama nem kosullarimin
PLA filamentlerin vakumlu posetlerinden
acildiktan sonra kullanimi  veya cesitli
kompozitlerine etkisinin aragtirilmasi1 amaci
icin yapilacak c¢alismalarda kullanilabilecek
optimum bekletme giin sayist tespit edilmeye
calisiimisgtir.

2. MATERYAL VE METOT
2.1. Deneylerde Kullanilan Filament

Cizelge 1. PLA filamentin teknik dzellikleri.

Uretici Firma Microzey
Malzeme Cinsi PLA

Filament Yogunluk 1,24 g/cm®
Filament Cap1 1,75 mm/+£0,05 mm
Baski Sicakhg 200-220 °C

Baski Tabla Sicakhigi  60-80 °C

Baski Hiz 25-100 mm/s
Baski Tabla Onerisi  Buildtak/pei
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Deneylerde PLA’dan dretilmis 1,75 mm
capinda 0,5 kg agirlikta makaraya sarili ve
vakumlu pakette bulunan ticari beyaz renkli
filament kullanilmistir. Filamente ait teknik
ozellikler Cizelge 1°de verilmistir.

2.2. Numunelerin Uretilmesi

Numuneler (Sekil 1) ¢ekme dayanimlarinin
belirlenmesi igin ASTM D638-14 (Plastiklerin
Cekme Ozellikleri i¢in Standart Test Yontemi)
Standardi Tip I numuneye uygun 6l¢iilerde PLA
filamentlerden {iretilmislerdir [18]. Numune
sekli ve boyutlart Sekil 2°de verilmistir.

w51
sund
*9
aw

Sekil 1. Cekme numunesi.
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Sekil 2. ASTM D638-14 Tip I’e gore standart
¢ekme numunesi boyutlari.

Numunelerin 3B yazicida yazdirilabilmesi igin
dilimleyici yazilimi olarak Ultimaker Cura 3B
baski yazilimi1 kullanilmistir. PLA numunelerin
yazdirtlmast i¢in  kullanilan parametreler
Cizelge 2°de verilmistir.

Cekme deneylerinde kullanilacak olan standart
cekme  numuneleri  verilen  yazdirma
parametreleri uygulanarak Creality marka EYM
teknolojili (Model: CR-10 S4, Creality,
Shenzhen, China) 3B yazicida yazdirilmistir
(Sekil 3). Tim yazdirma islemleri oda
sicakliginda gerceklestirilmis ve her bir
yazdirma isleminde 5 adet numune
yazdirilmistir (Sekil 3).

Yazdirilan tim numunelere yapilacak deneysel
caligmalara gore seri numaralari verilmistir.
Verilen seri numaralarinda; F-REF referans
PLA filament numuneyi, F-2580 25 °C ve %80
bagil nemli ortamda sartlandirilmig PLA
filament numuneyi, K-REF referans PLA
filamentten  basilmis standart ¢ekme
numunesini, K-2580 25 °C ve %80 bagil nemli
ortamda sartlandirilmis PLA standart g¢ekme
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numunesini, FK-2580 25 °C ve %80 bagil nemli
ortamda sartlandirilmis PLA  filamentten
basilmis standart gekme numunesini, 5, 10, 15,
20 degerleri ise nemli ortamda bekletme giin
sayisini temsil etmektedir.

Cizelge 2. 3B yazicida PLA numunelerin
yazdirilmasi i¢in kullanilan parametreler.

Filament Cinsi PLA
Nozul

Nozul Cap1 0,4 mm
Kalite

Katman Yiiksekligi 0,2 mm
Dolgu

Dolgu Yogunlugu %100
Dolgu Sekli Grid
Malzeme

Yazdirma (Nozul) Sicakligi 210 °C
Yazdirma (Bask1) Tablasi 60 °C
Sicakligi

Hiz

Yazdirma Hizi 60 mm/s
Gezinti

Geri Cekmeyi Etkinlestirme Evet
Sogutma

Baski Sogutma Etkinlestirme Evet
Fan Hiz1 %100
Baski Tabla Yapismasi

Baski Tabla Yapismasi Cesidi Brim

2.3. Numunelerin Sartlandirilmasi

Filament ve tiretilen standart cekme numuneleri
nemin PLA ilizerindeki etkisinin
incelenebilmesi igin iklimlendirme kabini
igerisinde 25+0.5 °C sicaklik ve %80+2 bagil
nem de 5, 10, 15 ve 20 giin siire ile
bekletilmislerdir.

2.4. Numunelere Yapilan Analiz ve Deneyler
Filament ve standart ¢ekme numunelerine
cekme deneyleri ASTM D638-14 standardina
gore Tinius Olsen Universal Testing Machines
(Model: HI0KS, Tinius Olsen, United
Kingdom) test cihazinda gergeklestirilmistir
(Sekil 4). Cekme deneyleri esnasinda cihazdan
¢cekme kuvveti (N) ve yer degistirme (mm)
degerleri elde edilmistir. Cekme deneyleri
filament numunelere 200 mm/dk ve standart
¢ekme numunelerine 5 mm/dk [18-19] kafa
ilerleme hizinda uygulanmistir.

FTIR analizleri Perkin Elmer (Model: Frontier,
Perkin Elmer, United States) FT-IR, NIR and
FIR Spectroscopy cihazinda yapilmaistir.
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Sekil 3. Standart ¢ekme numunelerinin
yazdirilmasi.

Numunelere ait baski ve kirilma yiizeylerinin
SEM goriintiileri Zeiss (Model: EVO® LS10,
Zeiss, Oberkochen, Germany) elektron
mikroskopunda 50-2000x biiylitme
araliklarinda alinmistir.

Sekil 4. Standart gekme ve filament numunelerin

¢ekme deneyi.
3. DENEYSEL SONUCLAR
Filament ve fdretilen standart ¢ekme
numuneleriyle yapilan ¢ekme deneyleri

sonucunda test cihazindan kuvvet (N) ve uzama
(mm) degerleri elde edilmistir. Bu degerler
kullanilarak numunelere ait ¢ekme dayanimi
(MPa)-uzama (mm) egrileri ¢izilmistir. Tiim
numunelere uygulanan ¢ekme deneyi sonrasi
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elde edilen ¢ekme dayanimlar Cizelge 3’te
verilmigtir.

Cizelge 3. Cekme deneyi sonuglari.

Deney Numune Cekme Dayanim
Numarasi (MPa)
F2580-5 Filament 51,6+0,71
F2580-10 Filament 52,2+0,65
F2580-15 Filament 51,24+0,67
F2580-20 Filament 51,0+0,93
FK2580-5 Cekme 34,3+0,54
FK2580-10 Cekme 31,2+0,28
FK2580-15 Cekme 27,7+0,43
FK2580-20 Cekme 28,0+0,58
K2580-5 Cekme 50,2+0,71
K2580-10 Cekme 50,5+0,76
K2580-15 Cekme 50,0+0,78
K2580-20 Cekme 49,6+0,47

3.1. Cekme Deneyi Sonuclarinin ve SEM
Goriintiilerinin Degerlendirilmesi

PLA filamenti 25 °C sicaklik ve %80 bagil
nemli ortam igerisinde 5, 10, 15 ve 20 giin siire
ile bekletmenin etkisinin incelenmesi igin
numunelere ¢ekme deneyi uygulanmistir.
Cekme deneyi sonrast numunelere ait ¢ekme
dayanmi ~ (MPa)-uzama  (mm)  egrileri
cizilmistir. Filament numuneler i¢in ¢izilen
egriler Sekil 5’te verilmigtir.

Sekil 5°te filament numunelere ait g¢ekme
dayanimi-uzama  egrileri incelendiginde
referans ve sartlandirilmis tiim numuneler
maksimum ¢ekme dayanimi noktasinda boyun
vermigler  belirli bir uzama  gosterip
kopmuslardir. Bu da malzemelerin siinek
oldugunu gdstermektedir. Numunelerin nemli
ortamda bekletilmelerinin slinek davraniglari
iizerinde olumlu veya olumsuz yonde onemli
bir etkisi olmamustir.

Filament numunelere ait ¢ekme dayanimi
grafigi incelediginde (Sekil 6) en yiiksek ¢cekme
dayanimi referans numunede en diisiikk ¢cekme
dayanimi nemli ortamda 20 giin bekletilmis
numunede elde edilmistir. Nemli ortamda
bekletme siiresinin artmasi ile numunelerin
cekme dayanimlari azalmistir. Ancak c¢ekme
dayanimlarindaki azalma tiim siirelerde
birbirine yakindir. Dayanimin degismesinde
siire onemli bir etken olmamistir. 20 giinliik
numunede ¢ekme dayanimi referans numuneye
gore %6.8 oraninda azalmistir.
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Sekil 5. Referans, 25 °C sicaklik ve %80 bagil nemli ortamda sartlandirilmis filament numunelerin gekme
dayanimlari (a) 5 giin, (b) 10 giin, (c) 15 giin, (d) 20 giin, (¢) referans.
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Sekil 6. Referans, 25 °C sicaklik ve %80 bagil nemli ortamda 5, 10, 15 ve 20 giin siire ile bekletilmis PLA
filament numunelerin ¢cekme dayanimlari.

Cekme Dayammm (MPa)
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25 °C sicaklik ve %80 bagil nemli ortam
igerisinde filamenti 5, 10, 15 ve 20 giin siire ile
bekletmenin  etkisinin  incelenmesi  igin
sartlandirilmig olan bu filamentlerden iiretilen
standart ¢ekme numunelerine ¢ekme deneyi
uygulanmig ve ¢ekme dayanimi (MPa)-uzama
(mm) egrileri c¢izilmistir. Cizilen bu egriler
Sekil 7’de verilmistir.

Referans numuneye ait (Sekil 7e) ve 10 giin siire
ile sartlandirilmig filamentten basilan standart
cekme numunesine ait (Sekil 7b) egrileri
incelendiginde her iki numune de maksimum
cekme dayanimi noktasinda boyun vermis ve
belirli bir uzama gosterip kopmustur. Bu da

malzemelerin yari stinek oldugunu
gostermektedir. Fakat sartlandirilmis
filamentlerden  basilan  standart  ¢ekme

numunelerine ait (Sekil 7a, c, d) egriler
incelendiginde numuneler maksimum c¢ekme
dayanimi noktasinda kopmuslardir. Bu da
malzemenin gevrek oldugunu gostermektedir.
Filamentlerin nemli ortamda bekletilmelerinin
basilan standart ¢ekme numunelerinin hasar
davraniglar1 iizerinde 6nemli bir etkisi olmustur.
Fakat 10 giin siire ile sartlandirilmis filamentten
tretilen  numunenin  ¢ekme  dayanim
azalmasina ragmen referans numune ile benzer
kopma davranigi sergilemistir.
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Sekil 7. Referans, 25 °C sicaklik ve %80 bagil nemli ortamda sartlandirilmis filamentten basilan standart gekme
numunelerinin ¢ekme dayanimlari (a) 5 giin, (b) 10 giin, (c) 15 giin, (d) 20 giin, (e) referans.
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Sekil 8. Referans, 25 °C sicaklik ve %80 bagil nemli ortamda 5, 10, 15 ve 20 giin siire ile bekletilmis PLA
filamentlerden basilan standart cekme numunelerinin ¢ekme dayanimlari.

Sartlandirilmig filamentlerden basilan standart
¢ekme numunelerine ait g¢ekme dayanimi
grafigi (Sekil 8) incelediginde en yiiksek ¢cekme
dayanimi referans numunede en diisikk ¢cekme
dayanimi ise 15 giin sartlandirilmis filamentten
basilan standart ¢ekme numunesinde elde

edilmistir. Bekleme siiresinin artmasi ile dogru
orantili olarak numunelerin ¢ekme dayanimlari
azalmistir. 15 giin bekletilen numunede ¢ekme
dayanimi referans numuneye gore %29
oraninda daha distktiir.

Sekil 9. Sartland1r11mam1$ PLA ﬁlamentten basﬂan referans standart gekme numunesinin ¢gekme deneyi sonrast
gOrilintiisii, numune ve kirtlma yiizeylerinin SEM goriintiileri.
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Sekil 9 ile verilen referans standart cekme
numunesine ve Sekil 10 ile verilen 15 giin
sartlandirilmig filamentten basilan standart
¢ekme numunesine ait 3, 4, 5 ve 6. SEM
gorintileri incelendiginde; referans numunede
kinlma daha yumusak ve siinek olarak
gergeklesirken sartlandirilmis olan numunede
kirllma  daha  keskin, gevrek  olarak
gergeklesmistir.  Sartlandirilmis  filamentler
kirilma esnasinda ayni anda farkli noktalardan
da kirilmistir (Sekil 10-4). Daha 6nce verilen
¢ekme dayanimi-uzama egrileri de (Sekil 7)
kirilma durumlarint desteklemektedir.

Sekil 9’daki 1. ve 2. goriintiiler referans standart
¢ekme numunesinin yiizeylerini, Sekil 10°daki
1. ve 2. goriintiiler ise 15 giin sartlandirilmis
filamentten basilan standart ¢ekme
numunesinin ylzeylerini gostermektedir. Tim
bu goriintiiler sartlandirilmig numunedeki baski
kalitesinin diistiglinli gostermektedir. Referans
numune  ylizeylerinde baski  esnasinda
filamentler  birbirine  yapismistir  oysa
sartlandirilmis numunede filamentler arasinda
¢ok fazla bosluk olusmus filamentler birbirine
yapismamistir. Bu da baski ve yiizey kalitesinin
bozulmasina ve ¢cekme dayaniminin azalmasina
neden olmustur.

[=rer= w—y— - = e

[—pry=

& n— o = ——

-

Sekil 10. 25 °C sicaklik ve %80 bagil nemli ortamda

PLA standart cekme numuneleri 25 °C sicaklik
ve %80 bagil nemli ortam igerisinde 5, 10, 15
ve 20 gin siire ile bekletmenin etkisinin
incelenmesi i¢in numunelere ¢ekme deneyi
uygulanmig ve ¢ekme dayanimi (MPa)-uzama
(mm) egrileri ¢izilmistir. Standart ¢ekme
numuneleri i¢in ¢izilen egriler Sekil 11°de
verilmigtir.

Sekil 11°de referans ve sartlandirilmis standart
¢cekme numunelerine ait ¢ekme dayanimi-
uzama egrileri gosterilmektedir. Referansa ait
(Sekil 11e) ve sartlandirilmis numunelere ait
(Sekil 11a, b, ¢, d) egrileri birlikte
incelendiginde numuneler maksimum c¢ekme
dayanimi noktasinda boyun vermis ve belirli bir
uzama sonrast kopmuslardir.
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15 giin siire ile bekletilmis PLA filamentten basilan
standart gekme numunesinin ¢gekme deneyi sonrasi goriintiisii, numune ve kirilma yiizeylerinin SEM goriintiileri.

Bu durumda numunelerin siinek olduklarini
gostermektedir. Standart ¢cekme numunelerinin
nemli ortamda 5, 10, 15, 20 gin
bekletilmelerinin siinek davranislar1 {izerinde
onemli bir etkisi olmamistir.

Standart g¢ekme numunelerine ait g¢ekme
dayanimi grafigi (Sekil 12) incelediginde en
yliksek ¢ekme dayanimi referans numunede en
diisiik ¢ekme dayanimi ise 20 giin bekletilmis
numunede elde edilmistir. Bekletme siiresinin
artmasi ile dogru orantili olarak numunelerin
cekme dayanimlari azalmistir fakat bu azalma
birbirine yakindir. 20 giin bekletilen numunede
¢ekme dayanimi referans numuneye gore %6,8
oraninda azalmaistir.



Sahin vd., /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 7:2 (2023) 204-219

60

50

30 7
20

10 -~

Cekme dayanim (MPa)

0 1 2 3 4 5 6 7 8
Uzama (mm)

—K2580-5-1 ——K2580-5-2 ——K2580-5-3 K2580-5-4 ——K2580-5-5

(a)

60

50 > —_—

30 /

20

10 ~

Cekme dayanim (MPa)

0 1 2 3 4 5 6 7 8
Uzama (mm)

—K2580-10-1 ——K2580-10-2 ——K2580-10-3 K2580-10-4 ——K2580-10-5

(b)

60

50 —
30 S~

20 /
P

10

]

Cekme dayanim (MPa)

0 1 2 3 4 5 6 7 8
Uzama (mm)

—K2580-15-1 ——K2580-15-2 ——K2580-15-3 K2580-15-4 ——K2580-15-5

(©)

214



Sahin vd., /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 7:2 (2023) 204-219

60
<
& 50 — ——
=
E //
g ~
g 30 L~
"g 20 /
[}
£
< 10 ~
o
0
0 1 2 3 4 5 6 7 8
Uzama (mm)
—K2580-20-1 —K2580-20-2 —K2580-20-3
K2580-20-4 —K2580-20-5
(d)
60
=
& 50 , M
E 40 /
y 4
z 30
3 /
D
2
g2 /’
-5}
o /
0
0 2 4 6 8 10
Uzama (mm)
——K-REF-1.1 =——K-REF-2.1 ——K-REF-3.1 K-REF-4.1 =——K-REF-5.1

(e)

Sekil 11. Referans, 25 °C sicaklik ve %80 bagil nemli ortamda sartlandirilmig standart gekme numunelerinin
¢ekme dayanimlari (a) 5 giin, (b) 10 giin, (c¢) 15 giin, (d) 20 giin, (e) referans.
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Numune Cesitleri

Sekil 12. Referans, 25 °C sicaklik ve %80 bagil nemli ortamda 5, 10, 15 ve 20 giin siire ile bekletilmis PLA
standart gekme numunelerinin ¢ekme dayanimlari.
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Sekil 13. 25 °C sicaklik ve %80 bagil nemli ortamda 20 giin siire ile bekletilmis PLA standart ¢gekme

numunesinin ¢gekme deneyi sonrasi goriintiisii, numune ve kirilma yiizeylerinin SEM goriintiileri.

Sekil 9 ile verilen referans standart cekme
numunesine ve Sekil 13 ile verilen 20 giin
bekletilmis standart ¢ekme numunesine ait
SEM goriintiileri incelendiginde; 3, 4, 5 ve 6.
goriintillerde  numunelerin = ve numuneler
icerisindeki  filamentin kirnlma yiizeyleri
goriilmektedir. Hem referans numune hem de
sartlandirilmis numunede kirilma siinek olarak
gergeklesmistir. Daha oOnce verilen ¢ekme
dayanimi-uzama egrileri de (Sekil 11) bu siinek
kirtlma durumunu desteklemektedir.

Sekil 9’daki 1. ve 2. goriintiiler referans standart
¢ekme numunesinin yiizeylerini, Sekil 13’teki
1. ve 2. gorintiiler ise sartlandirilmig standart

cekme numunesinin ylizeylerini
gostermektedir. Tim bu goriintiiler
incelendiginde referans ve sartlandirilmis

numune yiizeylerinin benzerligi goriilmektedir.
Sartlandirmanin numunenin yiizey kalitesi
iizerinde herhangi bir olumsuz etkisi
olmamistir. Her iki yiizey de diizgiindiir ve
filamentler birbirine yapismistir.
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3.2. FTIR Analizi
Degerlendirilmesi

PLA filamenti nemli ortamda bekletmenin
iiretilen standart ¢gekme numunelerine etkisinin
incelenmesi igin referans ve nemli ortamda 15
giin siire ile bekletilmis filamentten basilan
standart ¢ekme numunesine FTIR analizleri
yapilmistir. Analiz sonrast numunelere ait %T
(gegirgenlik), cm™ (dalga sayisi1) degerleri elde
edilmis ve gecirgenlik-dalga sayis1 egrileri
¢izilmistir (Sekil 14).

Sonug¢larimin

Sekil 14’teki spektrumda PLA’ya ait tipik
bantlar goriilebilmektedir. PLA filamentten
iretilen standart ¢ekme numunelerinin; C-C
gerilme bandi 866 cm™’de; C-O gerilme
bantlar1 1078 cm™ ve 1180 cm™’de; C-H band:
1361 cm™’de; CHj3 biikiilme absorpsiyon bandi
1453 cm™'; C=0 ester karbonil gerilme gruplari
1748 cm™’de; ve C-H gerilme pikleri 2919
cm! ve 2997 em™’de goriilmektedir [20].

Sartlandirilmis  PLA  filamentten iiretilen
standart ¢cekme numunelerinde, O-H gruplarina
ait yeni pikler 3750 cm™’de goriilmektedir
(Sekil 14).
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Sekil 14. Referans, nemli ortamda 15 giin siire ile bekletilmis PLA filamentten tiretilen standart cekme
numunelerinin FTIR analizleri.

4. SONUCLAR

Tim filament numunelere ait c¢ekme
dayanimlari Sekil 15°teki grafik ile toplu olarak
verilmigtir. ~ Sartlandirilmig  tiim  filament

60

numunelerin ¢ekme dayanimlart bekletme giin
sayis1 farketmeksizin diigmiistiir. En yiiksek
dayanim diisiisii nemli ortamda 20 giin siire ile
bekletilmis filamentte ger¢eklesmistir.
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Sekil 15. Referans ve sartlandirilmis filament numunelerin ¢ekme dayanimlari.

Tim sartlandirilmis standart ¢cekme
numunelerine ve sartlandirilmis filamentten
iiretilen standart cekme numunelerine ait cekme
dayanimlari Sekil 16°daki grafik ile toplu olarak
verilmigtir. Sartlandirilmis PLA filamentten
yazdirilan standart cekme numunelerinin ¢gekme
dayanimlar1 ve baski kaliteleri bekletme giin
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sayist farketmeksizin diismistiir. En yiiksek
dayanim diisiisii 15 giin siire ile sartlandirilmig

filamentten  yazdirilan  standart  ¢ekme
numunesinde gergeklesmistir.
Sartlandirilmamis filamentten yazdirilip daha
sonra sartlandirilmig standart  ¢ekme

numuneleri birbirlerine hem ylizey olarak hem



Sahin vd., /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 7:2 (2023) 204-219

de ¢ekme dayanimlari olarak benzer sonuglar
sergilemislerdir. Tim deneysel sonuglar
incelendiginde nemli ortama maruz kalmis
filamentlerden yapilan numune baskilarinda

baski Kkalitelerinin ve ¢ekme dayanimlarinin
azalmasinda numunelerin basildiktan sonra
nemli ortama maruz kalmasina kiyasla ¢ok daha
etkili oldugu bulunmustur.
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Numune Cesitleri

Sekil 16. Referans ve sartlandirilmis filamentten basilan tiim standart gekme numunelerinin ¢ekme dayanimlari.

Nemli ortama farkli siirelerde maruz birakilan
PLA filamentin ve bu filamentlerden basilan
standart ¢ekme numunelerinin mekanik ve

baski  Ozelliklerinin  nasil  degistiginin
belirlenmesi i¢in yapilan bu arastirma
sonucunda;

1. Nemli ortama maruz kalmis PLA filamentten
yapilan 3B baskilarda baski kalitelerinin ve
cekme dayanmimlarinin azaldig1 goriilmiistiir.

2. Standart ¢ekme numunelerinin  baski
kaliteleri ve ¢gekme dayanimlarindaki en biiyiik
diisis 25 °C sicaklik ve %80 bagil nemli
ortamda 15 giin sire ile bekletilmis
filamentlerden  {iretilen standart ¢ekme
numunelerinde gorilmiistiir.

3. PLA filamentten basilmis standart ¢ekme
numunelerinin nemli ortama maruz kalmalari
sonucu yiizey Ozelliklerinde ve ¢ekme
dayanimlarinda 6nemli bir degisim olmadigi
gOrilmiistiir.

4. Nemli ortama maruz kalmis PLA
filamentlerin yazdirilmasi esnasinda
filamentlerin birbirine yapismamasi gibi baski
problemleri ile karsilasilabilmektedir.
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PLA filament ve filament iiriinlerinin nemli
ortamlardan fiziksel ve kimyasal olarak nasil
etkilendigi amaci ile yapilan bu arastirmada;
filamentin 25 °C sicaklik ve % 80 bagil nemli
ortamda 15 giin siire ile bekletilmesinden sonra
yazdirilan standart ¢ekme numunelerinde en
bliylik  dayanim  dislisi =~ goriilmiistiir.
Filamentlerde ve sartlandirilmamis filamentten
basilan standart ¢ekme numunelerinde nemli
ortamin etkisi fazla olmamistir. Bu sebeple
iilkemiz nem kosullarmin PLA veya kompozit
tiirevlerinden tiretilecek filamentlerin yazdirma
Ozelliklerine  etkisinin  arastirilmasi  igin
yapilacak sonraki calismalarda deneysel
kosullar olarak 25 °C sicaklik, %80 bagil nemli
ortam ve 15 giinlik bekletme siiresinin
kullanilmasinin uygun olacagi goriilmektedir.

Bu c¢alisma  kapsaminda ele  alinan
parametrelere bagli olarak elde edilen sonuglar
akademik arastirmalara ve endiistriyel olarak
filament {iretimi yapan firmalarin {iriinlerine
katki saglayacak niteliktedir. Farkl1
parametreler ve burada arastirma kapsami
disinda birakilmis filamentler ve filamentlerden
elde edilen iiriinler ile yapilacak akademik
caligmalar endiistriyel iiriinlerin gelismesine
katki saglayacaktir.
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Yapistirma; iki veya daha fazla par¢anin birlestirilmesinde vida, per¢in gibi mekanik eleman ihtiyaci
olmadan, yapistirict kullanilarak gergeklestirilen bir islemdir. Yapistirma baglantilarinda ¢ogunlukla
mukavemetin yiiksek olmasi istenir ve bu beklenti yapistirict malzeme se¢imini etkileyen en énemli
faktorlerden biridir. Baglantilarin mekanik dayanimlarinin artmast i¢in yapistirictya dolgu maddeleri
eklenebilmektedir. Baz1 iireticiler ticari yapistiricilarinin formiillerine glimiis, bakir, celik, titanyum,
aliminyum, bronz gibi metal veya aliimina oksit gibi seramik esasl partikiiller eklemislerdir. Bununla
birlikte; dolgu maddeleri eklenerek yapistiricilarin giiglendirilmesi konusu, gelisen yeni teknolojik
malzemeler sayesinde arastirmacilarin ¢alismalarina devam ettigi bir alandir. Bu ¢alismada 3B yazici
ile PLA Plus filamentten iiretilen farkli doluluk oranlarindaki pargalar (%20 ve %100) 2 farkl ticari
(Araldite 2015, Loctite 9466) ve 2 farkli ticari olmayan yapistirict (PVC esasli ve PS-Th esash
yapistirict) kullanilarak birlestirilmistir. Bu yapistiricilar igerisine agirlikga %5 oraninda iki farkli dolgu
malzemesi (44~100 pm yumusak lehim tozu, 45 um findik kabugu tozu) ilave edilmistir. Yapistirma
islemi sonrasinda baglantilarin mekanik 6zellikleri incelenmistir. %100 dolu baglantilarda Loctite 9466
yapistirici igine %35 lehim ve findik kabugu tozu katkisi, baglantt mukavemet degerini arttirmistir. %20
dolu baglantilarda ise yapistiriciya dolgu malzemesi eklenmesinin mukavemeti olumsuz etkiledigi
gOrilmistir. Yapistirilan pargalarin doluluk oranlari, yapistirict malzemenin sade veya katki eklenerek
kullanilmasi gibi degiskenlerin baglanti mukavemetini oldukga etkiledigi anlasilmistir.

Anahtar Kkelimeler: Eklemeli imalat, 3B baski, Yapistirma islemi, Katkili yapistirict, Tekli bindirme
baglantist.

EFFECT OF FILLING MATERIALS ON JOINT STRENGTH IN
BONDED JOINTS

ABSTRACT

Adhesive bonding is a process of using adhesive to join two or more parts without needing mechanical
fasteners, such as screws and rivets. Adhesive joints are desired for high strength, and this expectation
is one of the most critical factors affecting the choice of adhesive. Fillers can be added to the adhesive
to increase the mechanical strength of the joints. Some manufacturers have added metal-based particles
such as silver, copper, steel, titanium, titanium, aluminum, and bronze or ceramic-based particles such
as alumina oxide to the formulas of their commercial adhesives. However, strengthening adhesives by
adding fillers is an area where researchers continue to work thanks to new technological materials.

In this study, parts with different filling ratios (20% and 100%) produced from PLA Plus filament with
a 3D printer were joined using two different commercial adhesives (Araldite 2015, Loctite 9466) and
two different non-commercial adhesives (PVC-based and PS-Th-based adhesive). Two different fillers
(44~100 pm soft solder powder and 45 pm hazelnut shell powder) were added to these adhesives at a
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rate of 5 wt%. The mechanical properties of the joints were examined after the adhesive bonding process.
Solder and hazelnut shell powder (5%) additive in Loctite 9466 adhesive increased the joint strength
value in infill ratio 100% joints. In the case of 20% infill ratio joints, it was observed that the addition
of filler material to the adhesive negatively affected the strength. It is understood that variables such as
the filling ratios of the bonded parts, and the use of the adhesive material plain or with additives affect

the joint strength considerably.

Keywords: Additive Manufacturing, 3D Printing, Adhesive Bonding, Filled Adhesive, Single Lap

Joint.

1. GIRIS

Yapistirma; malzemelerin birlestirilmesinde
kullanilan en eski yontemlerden biridir.

Yapistirma isleminde ilk girdi; yapistirict ve

yapistirtlacak ~ malzemelerdir.  Yapistirma
islemi; bu girdilerin yam sira yiizey hazirlama
islemlerinden, c¢alisma  sartlarindan  ve
uygulayicinin yetkinliginden etkilenir.

Insanoglu gecmisten giiniimiize kadarki siire
zarfinda, dogal kaynaklardan elde edilen
yapistiricilardan laboratuvarda iiretilen yapay
yapistirici formiillere gecis yapmistir. Bununla
birlikte, teknolojinin ilerlemesiyle yeni
malzeme ihtiyacinin artmasi, bu malzemelerin
birlestirilmesi i¢in yeni nesil yapistiricilarin
gelistirilmesini  zorunlu hale  getirmistir.
Ornegin, endiistride c¢ok kullanilan epoksi
yapistiricilarin toklugu ve ¢atlak ilerlemesine
direnci yiiksek degildir [ 1-3]. Bu nedenle epoksi
yapistiricilarin yapisal ve fonksiyonel malzeme
olarak uygulamalar1 kisitlanmaktadir. Ureticiler
bu tarz sorunlart yapistirictnin  kimyasin
degistirerek asmaya calismaktadir. Yapistirma
baglantilarinin ~ performansini  (dayanimini)
artirmak ve kullanim alanlarini genigletmek igin
arastirmalar halen devam etmekle birlikte bazi
uygulamalar da [4] bulunmaktadir. Bu
uygulamalardan biri, yapistirici igerisine ¢esitli
dolgu maddelerinin eklenmesidir. Bu yaklagim,
aynt zamanda maliyeti azaltma avantaji da
saglamaktadir. Dolgu maddeleri olarak
genellikle ugucu olmayan, yapigkan olmayan ve
yapistiricilarda  ¢oziinmeyen  lignoseliilozik
veya inorganik parcaciklar kullanilir [5]. Dolgu
malzemeleri, kimyasal yapilarina gore organik
veya inorganik maddeler olmak {izere ikiye
ayrilir [6-7] Inorganik dolgu maddeleri olarak
silikon, kalsiyum, kaolin, talk, vb. sayilabilir.
Nanoseliiloz, organik ve dogal bir takviye
maddesidir. Piring kabugu, hindistancevizi
kiilii, odun unu, jit, hindistan cevizi elyafi,
kenevir, sisal, muz, bambu and palm ¢ekirdegi
kabugu kullamlan diger organik dolgu
malzemeleridir [8-10].
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Yapistiricilara katilan dolgu malzemelerine,
cam/karbon fiberler [11-13], polimer [14-16],
metal/seramik tozlar1 [17-20] 6rnek olarak
verilebilir. Yapistirictya ilave edilen dolgu
maddesinin  tiiri, miktar1 ve  boyutu,
yapistiricinin  6zelliklerini (yogunluk, sertlik,
cekme, basma ve kayma gerilmesini) etkiler
[21-25]. Bu etkilesim, bazen dolgu maddesi ile
yapistirict  arasindaki ~ kimyasal ~ bagin
olusmasiyla bazen de dolgu maddesinin
kapladig1 hacim sayesinde olabilmektedir [26].
Literatiir  incelendiginde, dolgu maddesi
kullanimindaki genel egilimin, nano ve mikro
boyutta tozlar veya fiberler/lifler yoniinde
oldugu goriilmektedir [27-31]. Nano tozlarin
veya nano liflerin yiizey 6zellikleri (boyut ve
sekil), icinde bulunduklar1 yapmnin temel
ozelliklerini degistirmede etkilidir [4, 19]. Nano
toz ve liflerin yilizey/hacim oranlariin yiiksek
olmasi eklendigi yapiya daha yiiksek mekanik,
manyetik, termal ve elektriksel oOzellikler
kazandirabilmektedir. Nanoliflerin boyutlarinin
kiigiik olmasi yiiziinden yapisal kusurlar1 daha
az oldugu i¢cin mekanik ozellikleri ¢cok daha
tyidir [32].

Parcacik  boyutunun mekanik  ozellikler
iizerindeki etkisinin oldukca fazla oldugu
bilinmektedir  [33-34]. Mikro  Olgekli
parcaciklarin, nano Olgekli muadili ile
degistirilmesinin yliksek katiik ve akma
mukavemeti sagladigi  gorlilmistir [35].
Polimerlerde bulunan mikro boyutlu pargalar
catlak baglangic noktasi olabilir ve stres
konsantrasyonlarini indiikleyebilir [36].
Nanopargacik kullanimi, yapistirma bolgesinde
ince yapistirma kalinligina olanak saglar [37].
Bu nedenler, mikro yerine nano boyutlu
parcaciklarin tercih edilir olmasini saglamistir.
Fakat nano dolgu malzemesinin iiretilmesi ve
kullanilmas1 hem zahmetli hem de maliyetli bir
siirectir. Nano tozlarin yapistirma
baglantilarinin mekanik o6zellikleri gelistirmesi
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miimkiin olsa da uygulamanin dikkat istemesi,
islemi zorlastirmaktadir. Ayrica nano tozlarin
epoksi matriste dagiliminda homojenligin
saglanmasi, mikro boyuttaki tozlara kiyasla ¢ok
daha  zordur [38] ve topaklanma
(agregasyon/aglomerasyon) problemleri daha
fazladir [39]. Topaklanma durumu, istiin ve
gelismis  Ozelliklerin ~ elde  edilmesini,
dolayisiyla nanoyapili malzemelerin ¢esitli
uygulamalarda kullanilmasim1 engeller. Ayrica
nanokompozitlerde, yapinin 6zelliklerini bozan
birgok  kusur ve istenmeyen  gerilme
konsantrasyonu iiretebilir [40].

Metal malzemelerin yapistirilmasi isleminde,
yapistiricilara eklenen metal veya organik
katkilarin  (mikro veya nano) baglantinin

yapistirma mukavemetini artirdigt
bilinmektedir [41-43]. Mikro boyutta tozlarin
dolgu  malzemesi  olarak  yapistiriciya

eklenmesi, nano tozlara gore daha basittir.
Mikro tozlarin maliyeti uygun, iiretilmesi ve
temini kolaydir. Yesil ekonomi, yesil kimya ve
siirdiiriilebilir ekonomi odaginda, 6zellikle, atik
malzemelerden veya yan {irlinlerinden olusan
dogal dolgu malzemeleri gelistirme egilimi

artmistir  [44]. Bu egilim, dogal dolgu
malzemelerinin mikro toz olarak kullanilmasini
destekleyecek yondedir. Kaynaklarin
kullaniminda israfin azaltilmasi ve

siirdiiriilebilir iiretim kavrami 4. Sanayi devrimi
olarak da adlandirilan Endistri 4.0’1a birlikte
oldukca onemli hale gelmistir. Uretim
sektoriinde eklemeli imalat veya katmanl
imalat adi verilen yenilikgi bir ydntem
kullanilmaya  baslanmistir., Bu  yoOntem,;
iiretimde atik miktarinin azalmasinin yani sira,
siirdiiriilebilir malzemelerin kullanimina olanak
saglamasiyla karbon ayak izlerinin
azaltilmasina yardimci olmaktadir [45]. Ayrica,
agirlilk ve enerji tasarrufu gibi teknolojik
faydalar1 da bulunmaktadir.

Bu yontem sayesinde, geleneksel yontemlerle
iiretilmede zorluk yasanan pargalarin iiretilmesi
saglanmistir. YOntemin popiilaritesini arttiran
araglardan biri 3B yazicilardir. 3B yazicilar,
Endiistri 4.0 konseptinin uygulanmasinda
hayati bir rol oynamaktadir [46]. 3B yazicilarda
kullanilan ~ ana  malzeme, termoplastik
filamentlerlerdir. Plastik malzemeler c¢evre
sorunu olarak nitelendirilseler de hala cesitli
sanayil dallarinda ve giindelik yasantimizda
vazgecilmezdir. Yazicilarda liretim
gergeklestirmenin maliyet ve zaman agisindan
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avantajlar1  bulunmasina ragmen, Tretilen
pargalardaki boyutlar yazicinin tabla boyutlar
yliziinden smrhidir.  Sanayide, iiretilen
pargalarin  birlestirilmesiyle ana parganin
olusturulmasi gereken pek ¢ok durum vardir.
Bu nedenle biiyiik boyutlu pargalar igin, kiigiik
pargalarin birbirine monte edilmesi ydntemi
benimsenmektedir. Termoplastik malzemelerin
birlestirilmesinde, par¢ca goriiniimiine (estetik
olarak) zarar vermeyecek hem pratik hem de
hizli  bir teknik kullanilmasi gereklidir.
Geleneksel birlestirme yontemlerinden olan
yapistirma iglemi, 3B yazicilarda {iretilen
pargalarda  kullanmak i¢in uygulanabilir
yontemlerden biri olarak 6n plana ¢ikmaktadir.
3B yazicidan ¢ikan parcalarin yapistirilmast
hakkinda bazi c¢alismalar vardir. Plastik
malzemelerin yapistirilmasi konusunda ise, toz
katkili yapistiricilarin - baglanti  dayanimina
etkilerinin incelendigi bir ¢alisma yoktur. Bu
calisgmada, 3B yazicida basilan pargalarin
birlestirilmesinde kullanilan yapistiricilarin toz
katkis1 ile giiclendirilmesi yontemi tiizerinde
calisilmstir.

Bu calismanin amaci, cklemeli imalat
yontemiyle iiretilmis plastik esasli
malzemelerin  yapistirici  ile  birlestirmesi

isleminde, malzeme doluluk oran1 ve yapistirici
cesidine (katkisiz/sade ve katkili yapistirici)
bagli  olarak  olusturulan  baglantilarin
dayanimini incelemektir. Eklemeli imalat bask1
parametrelerinden, iki farkli malzeme doluluk
oran1 (%20 ve %100) ve yapistirma
parametrelerinden, iki farkli ticari (Araldite
2015, Loctite 9466) ve iki farkli ticari olmayan
yapistirict (PVC ve PS-Th esash yapistirici),
mekanik ylizey hazirlama (240 SiC) ile metal
klips kullanilarak deneyler gerceklestirilmistir.
Bu calisma, 3B yazici ile iiretilen malzemelerin
yapistiriciyla birlestirilmesinde onemli
parametrelerden biri olan yapistirict gesidi ile
yapistiriciya eklenen dolgu malzemesi etkisinin
anlagilmasinda ve islem i¢in uygun sartlarin
belirlenmesinde literatiire katkida bulunacaktir.

2. DENEYSEL PROSEDUR

2.1. Numunelerin Hazirlanmasi

Yapilan ¢alismada dort farkli yapistirict (PS-Th
ve PVC esasli, Araldite 2015, Loctite 9466), iki
farkli doluluk oraninda (% 20 ve %100) PLA
Plus plakalar kullanilmistir. Yapistirici igine
5% lehim ve findik kabugu tozu katilmig ve
tozlarin  yapistirma  dayanimina  etkileri
incelenmistir. PLA Plus filamentin (1.75 mm
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capinda ESUN marka) mekanik &zellikleri
Cizelge 1’de, numunelerin hazirlanmasinda
kullanilan baski parametreleri Cizelge 2’de
verilmistir. Numunelerin iiretilmesinde Ender
S-1 3B yazici kullanilmistir. Deneylerde PLA

Plus
belirlemek

Ozelliklerinin
%100 doluluk

mekanik
%20 ve

malzemenin
i¢in

oranlarinda ASTM D608-10 [47] standartlarina
uygun ¢ekme test numuneleri, sonra yapistirma
baglantilari igin 25*100*1.5 mm plakalar (Sekil
1) hazirlanmigtir.

Cizelge 1. PLA Plus malzemesinin teknik
ozellikleri [48].

Mekanik Ozellikler ~ PLA Plus
Filament Cap1 (mm) 1.75
Renk Siyah

Cekme Dayanimi (MPa) 63
Kopma Uzamasi (%) 20
Yogunluk (g/cm?) 1.23

Erime Noktasi (°C) 205-225

Cizelge 2. 3B yazic1 baski parametreleri.

Doluluk Katman  Nozul Tabla  Basma
Oram  Kalmh@ Sicakhgr  Sicakh@g  Hiz
20% 50
100% 02mm  210°C 55°C /s

N

~O-
%

25

1.5 Yapigtirma bolgesi
Numune 1 Numune 2

12.5
100

Sekil 1. Tekli bindirme baglantis: dlgiileri.

2.2. Yapistiricl ozellikleri
Calismada iki farkli ticari yapistiric1 (Araltide
2015 ve Loctite 9466) ve iki farkli ticari

olmayan (PVC esash

ve PS-Th esash)

laboratuvar ortaminda iiretilen yapistirici olmak
lizere dort yapistirict kullanilmustir. Araldite
2015; ¢ok amagly, iki bilesenli, oda sicakliginda

kiirlenen,

yiksek mukavemetli, korozyon

direnci yiiksek bir epoksi yapistiricidir [49-50].
Loctite 9466 giiclendirilmis bir 2K-Epoksi
yapistirici olup, uzun ¢alisma siiresi ve yiiksek
yapisma mukavemeti saglayan epoksi bazli bir

yapistiricidir

[51-53]. Metal, seramik ve
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plastikler olmak iizere bir¢ok uygulama alanina
sahiptir. Cizelge 3’te Araldite 2015 ve Loctite
9466 yapistiricilarin - mekanik  6zellikleri
verilmistir.

Cizelge 3. Araldite 2015 ve Loctite 9466 mekanik

ozellikleri

Araldite Loctite 9466

2015 [54] [55]
Elastisite 1850 1718
modiilii (MPa)
Cekme 21.6 32
gerilmesi (MPa)
Poisson orani 0.33 0.33
Cekme akma 12.6 -
gerilmesi (MPa)
Uzama % 4.2 3
Shore D sertlik - 60

PS-Th (polistiren) ve PVC (polivinil kloriir)
esaslt yapistiricilar, sirasiyla  Toluen ve
Tetrahidrofuran (THF) c¢oziiciiler kullanilarak
hazirlanmustir. Polistiren ile PVC’nin mekanik
ozellikleri ve ¢ozelti i¢indeki agirlikga oranlar
Cizelge 4’te verilmistir.

PVC Kkiitlesinin %57’si klordan olusan bir
termoplastik malzemedir. PVC, dayaniklilig1 ve
ekonomik olmasi nedeniyle en ¢ok kullanilan
plastik malzemelerden birisidir  [56-57].
Polistiren  arastirmalarda  yaygin  olarak
kullanilan ve tiretim 6l¢egi yillik birkag milyon
tonu bulan plastiklerdendir [58-59]. Kullanim
alanlarmin basinda kaplar, kapaklar, siseler,
tepsiler, bardaklar ve tek kullanimlik catal,
bicak takim1 gelmektedir [60]. Termoplastik bir
polimer olan polistiren oda sicakliginda kati
(camsi) haldedir ancak camsi gecis sicakligi
olan yaklagik 100 °C' nin iizerinde 1sitildiginda
akar. Sogutuldugunda tekrar sertlesir. Bu
sicaklik davranisi ekstriizyon (straforda oldugu
gibi) ve ayrica kaliplama ve vakumla
sekillendirme i¢in kullanilir, ¢iinkii ince detayli
kaliplara dokiilebilir.

Coziiciilerden THF, ¢ok cesitli polar ve polar
olmayan bilesenleri ¢ozen heterosiklik organik
ve polar aprotik bir ¢oziiciidiir [61]. THF'nin
ucucu  karakterinden dolayi, hazirlanan
yapistirict  uygulandiktan  sonra  kolayca
ucabilmekte ve baglanti bolgesinde diger
maddeler kalmaktadir [62]. PVC, THF
cOziicide iyl ¢Oziliniir ve  yapistirict
uygulandiktan sonra hizli ugucu olarak yapisma
islemini tamamlar. PS-Th deki Toluen ¢oziici,
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yapisma siirecinde THF den daha ge¢ buharlasir
ve yapisma biraz daha ge¢ tamamlanir.

Cizelge 4. PS-Th ve PVC yapistiricilarin mekanik 6zellikleri.

Molekiiler Agirhk
Cekme Agirlik
gerilmesi Uzama Coziicii (&) Mn Mw  PDI
(MPa) g (kDa)  (kPa)
PS-Th 13.09 10.5 Toluen 15/85 120 201 1.67
PVC 84 174 2.07
40.36 14.12 THF 10/90
2.3 Dolgu Malzemeleri Yapilan ¢aligmada, findik kabugu tozu ve lehim

Yapistiricilara eklenen yumusak lehim tozu, 44-
100 um boyutlarinda ve 63Sn37Pb-6tektik
malzemedir. %63 kalay ve %37 kursundan
olusan ve erime noktast 183°C olan bir
alasimdir. Sekil 2 (a)’da lehim tozu SEM
gorlintiisi.  ve  (b)’de  EDX  analizi
bulunmaktadir. Yumusak lehim tozunun
seklinin yuvarlaga yakin fakat diizensiz oldugu,
tozun kursun ve kalay elementlerinden olustugu
goriilmektedir.

Findik kabugu tozu, findik kabuklarindan elde

edilmistir. Findik kabuklari, firinda
kurutulduktan sonra halkali degirmende
ogitiilmiis ve elek sarsma makinasinda

elenerek, boyutu 45 um olan tozlar ayrilmistir.

tozu agirlikca %5 oraninda yapistiriciya
eklenmistir. Deneylerde eklenen tozlarin boyut
farkliliklarindan kaynaklanabilecek problemleri
ortadan kaldirabilmek i¢in miimkiin mertebe
yakin boyutlarda tozlar kullanmaya 6zen
gosterilmigtir. Lehim tozunun yogunlugu 7.31
g/cm® ve findik kabugu tozunun yogunlugu
0,7240 g/cm>’tiir.

Findik kabugu tozunun kirilgan yapisindan
dolay1 farkli geometrilere sahip oldugu
gorilmektedir (Sekil 3.a). Findik kabugu
tozlarinin element analizlerinde (Sekil 3.b),
karbon ve oksijen elementlerinin oldugu
gbzlemlenmistir. Sekil 4.’te findik kabugu tozu
FTIR analizi sonuglar1 verilmistir.

Sekil 2. Yumusak lehim tozunun (a) SEM gériintiisii, (b) EDX analiz.
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Sekil 3. Findik kabugu tozunun (a) SEM goériintiisi, (b) EDX analiz.

Findik organik yapidadir, -OH ve -CH gruplar
gozlenir (3330 cm™ OH ve 2923 cm™ CH). Ayni
sekilde organik yapilarda da 1604'lerde alken
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Sekil 4. Findik kabugu tozu FTIR analizi.

2.4. Yapistirma Parametreleri

Sekil 1°de tekli bindirme baglantisinin
gorlinlisii ~ verilmistir.  Eriyik  biriktirme
yontemiyle iretilen parcalarin yapistirma
performansini  incelemek ig¢in  parcalarin

doluluk orani (%20 ve %100), yiizey hazirhig
icin 240 SiC zimpara kullanilarak yapistirma
gerceklestirilmistir. Belirlenen parametrelere
gore deney tasarimi Cizelge 5’de verilmistir. 3B
yazicidan elde edilen plakalardan, yapistirma
baglantilar1 olusturabilmek i¢in ilk olarak yiizey

hazirlama islemi gergeklestirilmistir.
Yapistiricinin -~ temas  edecegi  yiizeylerin
pliriizlendirilmesi i¢in mekanik asindirma
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yontemi 240 SiC zmmpara kullanmilmistir.
Zimparalama islemi sirasiyla  yapistirma
bolgesinde parca eksenine dik ve yatay olarak
gergeklestirilmigtir.  Zimparalama  islemi
yapistirma yiizeyinin hepsini  kapsayacak
sekilde yapilmistir. Yapistirilan numuneler
bindirme bdlgesinde, metal kagit klips
sikigtirma tipi ile basing uygulamasina maruz
birakilmistir. Ayni ortam sartlarinda, yapistiric
iireticisinin tavsiyesine uygun sekilde kiirleme
isleme gerceklestirilmistir. Yapistirici
kiirlendikten sonra (24 saat) basing ortadan
kaldirilmig ve baglantilar olusturulmustur.
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Cizelge 5. Deney tasarimi

No Malzeme  Yapistrici Doluluk Katki Katki Yiizey Sikistirma
1S orani Maddesi oranm % hazirlama tipi
1
2 PS-Th
3
4 %20
Sade
2 PVC %0
PLA Plus Findik 240 SiC Klips
7 %100 %5
8 Araldite 2015 .
9 Lehim
10
11 Loctite 9466
12
2.5. Cekme testi yapistirict  saglamis olup, lehim tozunun
Yapistirma baglantisinin mukavemetini sertliginin yiiksek olmasi sayesinde baglanti

belirlemek i¢in ¢ekme testleri, 5 KN kapasiteli
WDW-5 model universal ¢ekme cihazinda,
¢ekme hizi 1 mm/dk olarak oda sicakliginda
gergeklestirilmistir. Tiim deneyler bes tekrarlt

olarak  yapilmis, sonuglarin  ortalamasi
almmustir.
3.BULGULAR VE TARTISMA

3.1.Yapistirma baglanti mukavemetlerinin
degerlendirilmesi

%100 doluluk oraninda basilan pargalarla
yapilan yapistirma baglantilar1 her durumda,
%20 doluluk oraninda basilan pargalarla
yapilan yapistirma baglantilarindan  daha
mukavemetli ¢ikmistir. 3B yazicilarda basilan
parcalarin doluluk orami arttik¢a, malzemenin
mukavemetinin arttigi anlasilmaktadir. Sekil
5.’den goriildiigi ilizere en yiiksek ¢ekme
mukavemetini lehim tozu katkili Loctite 9466

mukavemetinde avantaj yakalanmistir. Buna
ragmen, Loctite 9466°e eklenen findik kabugu
tozunun kirilganlig1 yiiziinden mukavemet artisi
lehim tozuyla elde edilene kiyasla biraz daha
azdir. PS-Th, PVC ve Araldite 2015
yapistiricilarin - %5 findik veya lehim tozu
eklenmesiyle elde edilen mukavemet degerleri,
sade hallerine kiyasla diisiik ¢ikmistir (Sekil 5).
Loctite 9466°da ise %5 findik veya %5 lehim
tozu eklenmesi ile sade Loctite 9466’ya gore
mukavemet yiikselmistir. %100 dolu pargalarda
yapistirma mukavemeti sade veya katkilt
yapistiriciya bagli olarak degerlendirildiginde
siralama  PS-Th<PVC<Araldite2015<Loctite
9466 olarak bulunmustur. Sekil 6.’da ise
gorildiigli  lizere en  yiksek c¢ekme
mukavemetini sade Loctite 9466 yapistirict
saglamstir.

PLA Plus (100%)

16.00
14.00
12.00
10.00
8.00
6.00
4.00
2.00
0.00

2.45 l

PS-TH

Kayma Gerilmesi (MPa)

H Sade

384| 4.31 I 5.58 ,
PVC

Araldite
2015 Loctite 9496
Lehim Tozu ™ Findik Tozu

Sekil 5. %100 doluluk oranina sahip baglantilarda ortalama kayma gerilmeleri.
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Sekil 6’da PS-Th, PVC, Araldite2015 ve
Loctite 9466 yapistiricilarin %5 findik veya
lehim tozu eklenmesiyle elde edilen mukavemet
degerleri, sade olanlara kiyasla diisiiktiir.
Bununla birlikte Araldite 2015 ve Loctite 9466
yapistiricilarda %5 lehim tozu eklenmesi ile
olusan mukavemetteki diisiis, %5 findik kabugu
tozu eklenmesinden daha fazladir. PS-Th ve
PVC yapistiricilarda %5 lehim tozu eklenmesi
ile olusan mukavemetteki diisiis, %5 findik
kabugu tozu eklenmesinden daha azdir. %20

dolu pargalarda yapistirma mukavemeti sade ve
%S5 findik kabugu tozu katkili yapistiriciya
bagl olarak degerlendirildiginde siralama PS-
Th<PVC<Araldite2015<Loctite 9466 olarak
bulunmustur. Lehim tozu katkis1 eklendiginde,
PVC esash yapistirici baglanti mukavemeti
lehim tozu katkili Araldite2015’in baglanti
mukavemetinden bir miktar yiiksek ¢ikmistir.
Sekil 5.ve Sekil 6.’da, en diisiik baglanti
mukavemetini  PS-Th  Toluen  ¢oziiciilii
yapistiricinin sagladigi goriilmektedir

PLA Plus (20%)

= 14.00
o
S 12.00
‘% 10.00
[
£ 800
=
@ 6.00
O
® 4.00
€
> 2.00
2

0.00

PS-TH
H Sade

Lehim Tozu

Araldite 2015 Loctite 9496

B Findik Tozu

Sekil 6. %20 doluluk oranina sahip baglantilarda ortalama kayma gerilmeleri

Araldite 2015 yapistirict  tiksotropik
viskoziteye, Loctite 9466 yapistirici ise orta
seviye viskoziteye sahiptir. Dolgu maddeleri,
yapistiricilarin reolojik davranisini
etkilemektedir [63]. Lehim tozunun igerigi,
boyutu ve seklide reolojiyi Onemli Olgiide
degistirir  [64]. Dolayisiyla, deneylerde
kullanilan yapistiricilarin reolojik davranislari
birbirinden farklidir.

Sekil 6.°da sade ve katkihi yapistirma
baglantilarin  tlimiinde mukavemet, %100
doluluk oranindaki es baglantilara kiyasla
diisik  ¢ikmistir.  Par¢ca  doluluk  oram
azaldiginda, yapistirici icine eklenen toz cinsine
bagli olmaksizin baglantt mukavemeti olumsuz
etkilenmigtir.

%100 doluluk oranlarinda {iretilen pargalar,

geleneksel  yontemlerle  diretilen  parca
ozelliklerine daha yakin oldugundan bu
kiyaslamayla mekanik ozellikleri

degerlendirmek daha anlamlidir. Doluluk orani
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azaltilmig malzemeler i¢in referans alinabilecek
¢alisma sonuglar1 sinirlidir.

Yapistirma baglantilar1 i¢in dolgu malzemesi
seciminde, baglanti mukavemetleri kadar
tiretim maliyetleri de dikkate alinmalidir. Atik
malzemelerin geri doniistirilerek
degerlendirilebilecegi kullanim alanlarindan
biri, dolgu malzemeleri kategorisi olabilir. Bu
calismada kullanilan lehim tozu, hem
iiretilmesindeki zorluk hem de yiiksek maliyet
acisindan findik kabugu tozundan ayrilir. %100
dolu parcalarda en yiiksek mukavemeti
saglayan Loctite 9466’ya lehim tozu ve findik
kabugu tozu eklenmesiyle elde edilen sonuglar
birbirine yakin  ¢ikmistir.  Bunun  gibi
durumlarda, yapistirma baglantisinin
kullanilacag1 yerdeki calisma sartlar1 goz 6niine
almarak uygun dolgu malzemesi sec¢ilmesi
maliyeti azaltacaktir.
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3.2. Kopma yiizeylerinin degerlendirilmesi

Cekme testi sonrasi yapistirict baglantilarin
kopma yiizeylerinin goriintiileri alinarak hasar
tiirleri incelenmistir. Sekil 7°de %100 dolu

1-5L-200-100-L | L :

2:50-20,0~§99-L F' 950200+ $00-

%S5 lehim tozu katkili Loctite 9466 (yiiksek
mukavemet)

3-51:200-000-L, H3-St-200-100-L

§-5L-240-400- |84 =20s0-400-4

L-ane-00-2 N

parcalarla yapilan en yiikksek ve en diisiik
mukavemete sahip yapistirma baglantilarmin
kopma ytizeyleri gosterilmistir.

{~VE=-2¢0-1°
i L e

2-SF-240-/¥-T |

T-Spe2to -9
-

G- STF=24p =fot

L

%?3 findik kabugu tozu katkili PS-Th (diisiik
mukavemet)

Sekil 7. %100 dolu parcalarda baglant1 kopma yiizeyleri

a) Sade Loctite 9466

{-5P-240-20-iHF

2-5P- 2,0-200F 1

3-5P-20-20-HF |

Ly -5f-240~20-WF

b) %>5 findik kabugu tozu katkili PVC

Sekil 8. %20 dolu parcalarda baglant1 kopma yiizeyleri

%5 lehim tozu katkili Loctite 9466
baglantilarinda kopma, yapisma bdlgesinin
sinirinda  ana malzemede gergeklesmistir.
Tabaka kusuru adi verilen bu durum,
yapistiricinin mukavemeti parca
mukavemetinden fazla ise meydana
gelmektedir. Yapistirici igine eklenen lehim
tozunun seklinin diizensiz olmasi, yapistiriciya
tutunmasi i¢in pozitif etki olmustur.

Sekil 8 a)’da %20 dolu parcalar i¢in en yiiksek
dayanima sahip sade Loctite 9466 kullanilan
baglantilardaki tabaka kusuru goriilmektedir.
Sekil 8 b)’de ise %5 findik kabugu tozu katkili
PVC esasli THF ¢oziicii yapistiricida karigik
hasar (yapisma ve kohezyon hatasi) olan
numuneler verilmistir. Sekil 7 ve Sekil 8’deki
numune Orneklerinden findik kabugu tozu
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eklenmesiyle yapistirict formiiliiniin seffaf olan
rengini kahverengine, lehim tozu eklenmesiyle
ise metalik gri renge  doniistirdigi
goriilmektedir.

4. SONUCLAR

¢ 3B yazicida liretilen parcalarda doluluk orani
azaldiginda, parga mukavemeti azalmaktadir.

e Yapistirma  baglantilarinda en  yiiksek
dayanimi Loctite 9466 yapistirici, en diisiik
dayanimi ise PS-Th yapistiric1 gostermistir.

e Eklemeli  imalatla  {retilen  pargalar
degerlendirilirken, geleneksel yontemlerle
iretilen parcalar referans alinmaktadir. Bu
nedenle 3B yazicilarla iretilen parcgalarda
yapilan islemlerin doluluk oranlar1 dikkate
almarak yorumlanmasi1 gerekliligi ortaya
cikmustir,
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® %100 doluluk i¢in Loctite 9466 yapistirict
icine %5 lehim ve findik kabugu tozu katkisi,
deneylerde tiim yapistiricilara kiyasla daha
yiiksek mukavemet saglamistir.

® %20 doluluk oranindaki parcalarla yapilan
yapistirma isleminde, yapistirictya dolgu
malzemesi eklemenin mukavemeti olumsuz
etkiledigi gorilmistiir.

e Yapistirici  dolgu malzemesi seciminde,
mukavemetin yani sira maliyette goz Oniine
almmasi toplam maliyeti azaltmak igin
onemlidir. Organik, atitk malzemelerin katma
deger yaratacak yapistirici veya kompozit dolgu

malzemeleri olarak kullanilmalar1
desteklenmelidir.
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0z

Dort bacakli robotlar, ceviklik, dengeli hareket ve farkli zorlu arazi sartlarna uyum saglama
yetenekleri nedeni ile kesif, arama kurtarma, tarim, ingaat ve askeri alanlarda biiyiik ilgi gérmektedir.
Ayakli robotlara her alandan uzmanin ilgisi artarken, arastirmacilar uygun maliyetli ve yiiksek
manevra yetenekli robotlar gelistirmek adina ¢aligsmalarini siirdiirmektedirler. Bu ¢alisma, dort bacakl
bir 12 serbestlik dereceli bir robotun tasarimi, 3 boyutlu yazicida iretilmesi ve ileri kinematik
analizine ait detaylar sunulmustur. Robotun ii¢ boyutlu modeli SolidWorks programinda modellenmis
ve sonrasinda parca modelleri 3 boyutlu baski teknolojisi kullanilarak PLA malzemeden imal
edilmistir. Robotun her bir bacag: ii¢ serbestlik dereceli olup, aktuatér olarak DC servo motorlar
kullanilmigtir. Robotun denge ve yoriinge kontrol yazilimlart Arduino Mega gomiilii sistem karti
lizerinde gelistirilmistir. Robot uzaktan kumanda edilmektedir ve ilizerinde yer alan RGB kamera
sayesinde cevresel algilama da yapabilmektedir. Bu g¢aligmanin, diisiik biitceli ve kolayca imal
edilebilir dort ayakli bir robota ihtiyag duyan aragtirmacilara yol gostermesi agisindan akademik
calismalara katkida bulunmasi hedeflenmistir.

Anahtar Kelimeler: Dort Bacakli Robot, Robot Kinematigi, U¢ Boyutlu (3B) Yazic1, Kesif Robotu.

PROTOTYPE DESIGN AND MANUFACTURING OF A FOUR-
LEGGED EXPLORATION ROBOT WITH A THREE-DIMENSIONAL
(3D) PRINTER

ABSTRACT

Four-legged robots have gained significant interest in fields such as exploration, search and rescue,
agriculture, construction, and the military due to their agility, balanced movement, and adaptability to
various challenging terrains. As person from different domains show increasing interest in legged robots,
researchers continue their efforts to develop cost-effective and highly maneuverable robotic systems.
This study presents the details of the design, 3D printing, and advanced kinematic analysis of a twelve-
degree-of-freedom quadruped robot. The three-dimensional model of the robot was created using the
SolidWorks program, and its component parts were 3D printed using PLA material. Each leg of the
robot has three degrees of freedom, utilizing DC servo motors as actuators. The robot's balance and
trajectory control software were developed on an Arduino Mega embedded system board. The robot can
be controlled remotely and is equipped with an RGB camera for environmental perception. The aim of
this study is to contribute to academic research by providing guidance to researchers in need of a low-
budget and easily manufacturable four-legged robot.

Keywords: Quadruped Robot, Robot Kinematics, 3D Printer, Exploration Robot.

1. GIRIS Bacakli robotlar, zorlu arazi kosullarinda
Bacakli robotlar engebeli arazide hareket etmek tekerlekli veya paletli araclara gore; yiiksek hiz,
icin en iyi secenek olarak goriilmektedir. hareketlilik, zemin diizensizliklerinde uyum
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gibi dnemli avantaja sahiptirler. Ozellikle de
son yillarda batarya ve kiiciik ebatli yiiksek
torklu motor teknolojilerinin geligsmesi ile
quadruped robotlardaki gelisim hizlanmistir [1].
Kanz ve ark. [2] tasarladiklar1 dort ayakli robot,
kii¢iik ve ucuz olmasina karsin oldukea giiclii ve
saglam bir robottur. Robotun boyu 0,3 m ve
agirlign 9 kg’dir. Robot saniyede 2,45 metreye
varan  hizlarda  siiratli  kosu, ziplama
hareketlerini yapabilmektedir ve ters takla
atabilmektedir.

Sombolestan ve ark. [3] 12 kg agirhiginda
Unitree Al isminde dort ayakli bir robot
gelistirmiglerdir. Gelistirdikleri robot i¢in yeni
bir uyarlanabilir kuvvet tabanli kontrol yontemi
sunmuslardir. Yontemlerinin basarisini hem
benzetim hem de donanim deneyleri ile
gostermiglerdir. Robot agirliginin yarisi kadar
yiikleri engebeli arazide dahi tasiyabilmektedir.
Ayrica robot 6nerdikleri kontrolor yontemi ile 5
cm'den daha az izleme hatasiyla, 11 kg'a kadar
yiikleri tagiyabilmektedir.

Cardenas [4] ve ark. diisiik maliyetli bir dort
ayakli robotun tasarimmi ve kontroliinii
gergeklestirmislerdir. Bu robot, ROS (Robot
Operating System) c¢ercevesi kullanan acgik
kaynakli, diisiik maliyetli, dort ayakli bir
tasarima sahiptir. Simiilasyon ve testlerle
robotun dogal hareket gorevlerini basariyla
yerine getirdigi gosterilmistir.

Boney ve ark [5] arastirmacilarin kolayca
iiretebilmeleri igin diisiik maliyetli agik kaynak
bir ant robot gelistirmistir. Robotun malzeme
maliyeti yalnizca 410 USD ve bir saatten daha
kisa stirede monte edilebilir. Robotun kontrolii
ise  takviyeli  Ogrenme  yontemi ile
saglanmaktadir.

Sun ve ark. [6] acik kaynakli, kiigiik boyutlu,
yeniden yapilandirilabilir olan Lilibot adli dort
ayakli robotun tasarimini gergeklestirmislerdir.
Modiiler yapisi sayesinde her yonde esnek
hareket yapabilmektedir. Robotun kontrolii i¢in
uyarlanabilir sinir denetleyicisi tasarlamiglardir.

Kau ve ark. [7] dinamik hareket kabiliyetine
sahip yar1 dogrudan tahrikli Stanford Doggo
isimli dort ayakli bir robot gelistirmislerdir.
Robotun donanim ve yazilimi agik kaynaklidir,
iretim ve montaj i¢in yalmzca el aletleri
gerektirir ve maliyeti 3000 USD’dan diisiiktiir.
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Grimminger ve ark. [8] diisiik maliyetli, basit
yapili ve tork kontrollii ayakli robot tasarimi
onermislerdir. Robot 2.2. kg olup, genis bir
hareket araligina sahiptir. Robotta ayrica sekiz
0zdes aktiiator modiilii ve ayak temas sensorleri
mevcuttur. Robot, plastik 3D baski ile
uretilmistir.

Kim ve ark[9] on iki serbestlik dereceli,
iizerinde derinlik sensorii ve GPU da yeni bir
actk kaynakli dinamik dort ayakli robot
PADWQ isimli platformu gelistirmislerdir.
PADWQ tamamen kullanima hazir
bilesenlerden ve standart 3D yazicidan imal
edilmis yapisal parcalardan iiretilmistir.
Robotun wuygun fiyath ve arastirmacilarin
calismalarina hizli ve kolay bir sekilde adapte
edilebilir oldugunu vurgulamiglardir.

Gu Yuping ve ark. [10] dort kol mekanizmasi
ile c¢alisgan dort bacakli  bir  robot
tasarlamiglardir. Her bir bacak iki serbestlik
dereceli olup servo aktuatorler ile hareket
ettirilmektedir. Robotun wuzuvlar 3D baski
yoluyla {iretilmis ve bacak parametrelerini
manipiile edilebilirlik ve kuvvet iletimini analiz
ederek optimize etmislerdir.

Wing Lu ve ark. [11] iki serbestlik dereceli hafif
ve modiiler paralel mekanizmali dort ayakli bir
robot tasarlamislardir. Robotun prototipinin 3D
teknolojisi ile yapmislardir. Robotun bacak
agirhgim azaltmak ve aktarim hassasiyetini
artirmak i¢in, tahrik mekanizmasini yatay
yerlestirmislerdir.  Eklem aktuatorii olarak
MG90 servo motorlar kullanmislardir. Robot
tirts, ayakta durma, kalkis ve yiiriime
kosullariin hepsini saglamaktadir. Robotta
kontrol modiilii olarak STM32 bulunmaktadir.
Robotu wireless modiilii ile uzaktan kontrol
edebilmektedirler.

Tsvetkov ve ark. [12] kabuklu yengeglerden ve
gorillerin mafsalli yliriiteg on ayaklarindan
esinlenilerek  6n  iki bacaga  monteli
manipiilatérle donatilmig kiigiik olgekli dort
ayakl1 bir robot tasarlamislardir. Robotun her
bir bacak {ii¢ serbestlik derecelidir. Robot 3D
teknolojisi ile imal edilmis olup toplam
agirlig11408.8 gr dir.

Dhananjaya ve ark. [13] 3D teknoloji ile
iiretilmis ve dokunsal algilama sensorleri ile
donatilmig ayaklara sahip DogTouch isimli dort
bacakli robot gelistirmislerdir. Robot tizerinde
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yer alan sensorlerden aliman veriler ile
gelistirilen evrisimli sinir ag1 sayesinde farkli
ylizey dokularmin tanminmasi saglanmistir.
Deneysel sonuglar, Onerdikleri modelin
%74,37'lik bir dogrulukla yiizey tespiti
yapabildigini gostermektedir.

Weerakkodi ve ark. [14] HyperDog isminde
tamamen 3D baskili pargalardan ve karbon
fiberden dort ayakli bir robotik kopek tasarlamis
ve tiretmislerdir. Robot 12 RC servo motor, bire
adet NVIDIA Jetson nano ve STM32F4
gelistirme kart1 icermekte olup agik kaynakli bir
platformdur. Robotun ROS ortaminda dayali
olarak  hareket kontrol yazilimlart ve
simiilasyonunu da gelistirilmislerdir.

Rahme ve ark. [15] hobi servolari ve yerlesik bir
mikroiglemci ile donatilmis agik kaynakli 3D
baskili teknolojisi ile OpenQuadruped isimli
robotu iiretilmis ve farkli ylizey kosullarinda
yiirlime analizine dair sonuglart sunmuslardir.

Rahman ve ark. [16] egitim ve giivenlik amac1
ile diisiik maliyetli Iron Dog Mini dort ayakli
robotunu tasarlamislardir. Robotun maliyetini
diisiik ve bakimin1 basit tutmak i¢in dort ayakli
robotlarint modiiler formda tasarlamiglardir.
Robotun bacaklarii alt1 kol mekanizmasi ile
tasarlamiglardir. Bacagin hafif olmast igin
aktuatorler govde icine yerlestirilmis ve bu
mekanizma ile eklemlere giic aktarim
saglanmistir. Robotlariin kinematik analizini
ve yiiriime simiilasyon sonuglarini sunmusglar ve
prototip robotun sonuglari ile
karsilastirmiglardir.

Sun ve ark. [17] robotik bacaklarin verimli
ile egilme esnekligini dengelemek i¢in i¢in
topoloji optimizasyonuna dayali bir ydntem
gelistirmislerdir. Ayrica, robotun 3D yazici
teknolojisi ile prototipini iretmis ve test
sonugclarini da sunmuslardir. Robotun kararli ve
stirekli diiz ¢izgi ylirlime hareketlerini bagariyla
gerceklestirebildigini gostermislerdir.

Zhang ve ark. [18] son derece diisiikk maliyetli
dort ayakli bir robotun tasarimimi yapmis ve
prototipini {lretmiglerdir. Tasarladiklar1 robot
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icin Ozel itici kuvvet aktarim mekanizmasi
tasarimi yapmis, 3D baski teknolojisi ile bu
bilesenleri imal etmis ve sonlu elemanlar analizi
(FEA) ile de parcalarin dayanim test sonuglarini
analiz etmislerdir.

Bu c¢aligmada, standart 3B yazici ile PLA
malzeme yapisindaki pargalardan olusturulmus
acik kaynakli, dinamik dort ayakli bir robot
platformuna ait detaylar sunulmustur. Robotun
kinematik denklemleri de sunularak her bir
bacak eckleminin agisal hareket sinirlari
belirlenmistir. Makalenin organizasyon plani
ise Boliim 2’de aktuator ve malzeme se¢imi, {i¢
boyutlu tasarim kinematik modelleme ve
imalata ait detaylar yer almaktadir. Boliim 3’de
robotun hareket analizine ait gorseller ve veriler
sunulmustur. Son olarak, Boliim 4’de tasarimin
var olan acik kaynak robotlar ile 06zellik
karsilastirmas1  ve gelecek c¢alisma plam
tartigilmugtir,

2. MATERYAL VE YONTEM

Bu c¢alisma kapsaminda dort bacakli kesif
robotunun tasarimini yapabilmek icin 6ncelikle
robotun eklem hareketleri i¢in uygun tahrik
sisteminin, gii¢ kaynaginin ve uygun elektronik
donanimlarin seciminin yapilmasi
gerekmektedir.

2.1. Malzeme Secimi

Eklem bacakli robotik sistemlerde eklem tahrik
motorlarinin ve elektronik donanimlarin se¢imi
yapilirken uygulanacak imalat yonteminin de
g0z onilinde bulundurulmasi gerekmektedir. Bu
calismada mekanik parcalarinin imalatinin {i¢
boyutlu (3D) yazici ile PLA malzemeden imal
edilmesi planlanmigtir. Calismada temel amag
hizlih  ve yike dayamkli esnek bacak
hareketlerine sahip, tasarim amaci olan kesif
gorevini yaparken kararli dinamik hareketler
gergeklestirebilecek bir dort bacakli robotun
prototip uygulamasini gergeklestirmektir.

Dort bacakli robot galigmalart incelendiginde,
belirli bir yiiriime oriintlisiinii ger¢eklestirirken
bacak eklem frekanslarinin 1-2,9 Hz araliginda
oldugu goriilmiistiir [19-20]. Sistemdeki tiim
eklemlerin hizlar bu frekans araligina gore



Tanyildizi /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 7:2 (2023) 233-242

gOvdesi

Arduino
Mega

DC-DC Gerilim
Regiilatorii

Kamera

Kamera
Hareket
Motoru

Eklem Motoru
(TD8135MG DC
Servo motor)

Sekil 1. Robotun montaj esnasinda goriintiileri

belirlenebilirse dort bacakli robotun kararli
dinamik hareketi ger¢eklestirmesi saglanmis
olacaktir. Bu cgaligmadaki dort bacakli robot
prototipinde eklem frekansmin yaklasik 2 Hz
olmasi hedeflenmistir.

Prototip tasarimina uygun fiziksel
parametreleri, yiiksek tork, seri ve esnek hareket
kabiliyeti, dahili motor siiriicii, konum geri
bildirimi gibi belirleyici avantajlarindan dolay1
eklemlerin hareketi i¢in TD8135MG DC Servo
Motor kullanilmasi uygun goriilmiistiir.

Cizelge 1. TD8135MG DC Servo Motor teknik

ozellikleri

Parametre Deger
Agirhik 56 gr
Disli Tipi Metal
Sinir Agisi 270°
Calisma Gerilimi 48-72V
Tutma Torku 32,7-35,2 kg.cm
Calisma Akimi 2,6-3,4 A
Cahsmfl I:IIZI (180 0,5-2,5 ms
acty1 sliptirme hizi)
Boyut 40 x 20,5 x 40,5 mm

Cizelge 1’de TD8135MG DC servo motorun
teknik  Ozelliklerine bakildiginda motorun
180°’lik ag¢ty1 tarama hizimin max. 2,5 ms
oldugu goriilmektedir. Belirli bir yiiriime
oriintiisiinde  eklemlerin hareket periyodu,
eklemin hedef agisal konuma gidis ve doniis
hareketinin toplam siiresi olarak hesaplanir.
Bacak eklemlerindeki en biiyiik acisal hareket
araligt 135° olarak Ongoriilmiistiir. Buna
ragmen eklemlerin 180°’lik acisal hareketi
yapabildigi varsayildiginda servo motor 1 cycle
hiz1 yaklasik 5 ms’ e kadar tiim hareketleri
yapabilecektir. Bu calismadaki dort bacakli
kesif robotunun eklem hareketi yaklagik 2 Hz
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oldugu daha o&nce belirtilmistir. Dolayistyla
robotun eklemlerinin 1 cycle hiz1 0,5 s =500 ms
olacaktir. Bu dogrultuda etiket degerlerindeki
sayisal veriler analiz edildiginde TD8135MG
DC servo motorun dort bacakli kesif robotuna
kararli, esnek ve hizli hareket kabiliyeti
kazandiracagi ongorilmiistiir.

Kullanim kolayligi, ¢ok sayida dijital ve analog
giris/cikis pini, kolay programlanabilirligi gibi
ozelliklerinden dolay1 gomiilii elektronik sistem
karti olarak Arduino Mega 2560 kullanilmistir.
Dort bacakli robotun kesif yapabilmesi igin
ihtiyact olan g¢evresel algilama birimi olarak
OV7670 kamera secilmistir.

12 serbestlik dereceli dort bacaklt kesif
robotunun gii¢ kaynagi olarak Li-Po bataryalar
tercih edilmistir. Her bir eklem i¢in motorlarin
cekecegi ortalama akim degerleri dikkate
alinarak sistemin ¢ekecegi toplam akim
degerine gore mevcut imkanlar dogrultusunda
11,1 V 5200 mAh kapasiteli Li-Po batarya
kullanilmas1 uygun goriilmiistiir. Cizelge 1°de
eklem tahrik motorlarinin ¢alisma akim
degerleri g6z 6niinde bulunduruldugunda tercih
edilen Li-Po bataryanin 25C kapasitesinden
dolayr  enerji  ihtiyactm  karsilayacagi
ongorilmiistiir. Ancak tahrik motorlarinin,
gOomiilii sistem kartinin, kamera ve diger
elektronik donanimlarin g¢aligma gerilimleri
farkli oldugundan ©6n ve arka bacaklarin
eklemleri i¢in 2 adet ZK-12KX 12A akim

kapasiteli ~DC-DC  gerilim  regiilatori
kullanilmisgtir.
2.2, Kinematik Analiz

Robotik sistemlerde kinematik analiz, ileri ve
ters kinematik analiz olarak ele alinmaktadir.
Ileri kinematik, robotun wug¢ islevcisinin
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pozisyon ve oryantasyonunun hesaplanmasi
[21], ters kinematik ise robotun ug islevcisinin
yoOnelim ve pozisyonu bilindiginde eklem agisal
konumlarinin belirlenmesidir [22-23].

Caligmada sunulan dort bacakli robotun tek
bacaginin kinematik analizi i¢in gerekli olan
eksen yerlesimi [24] Sekil 2°de verilmistir. ileri
kinematik analizde Denavit-Hartenberg
yontemi  kullanilmis ve D-H  tablosu
olusturularak Cizelge 2’de verilmistir.

Sekil 2. Bacak eksen takimi yerlesimi

Cizelge 2. D-H Tablosu

Link No ] d a a
1 6, 0 90° 0
2 6, 0 0 l,
3 04 0 0 I

Cizelge 2°deki D-H tablosuna gore her bir
bacak ekleminin doniisim matrisi  (4;)
hesaplanmig ve bu matrislerin ¢arpimiyla tek bir
bacagin temel doniisiim matrisi (2)’deki gibi
elde edilmistir.

gT = A14,4; (D
C3Cy —S53C; S LGCy + 130,03
3T = (2381 —S2351 —Cip 15,0, +135,Co3
S23 Cy3 0 ;S5 + 15555
0 0 0 1

2)

Denavit-Hartenberg metoduna gére 3T temel
doniisim  matrisinin ~ son  siitunundaki
matematiksel ifadeler robot ug¢ noktasinin
konumunu vermektedir. Ileri kinematik analiz
sonucu x,y,z eksenlerindeki konum ifadeler
(3)’te verilmistir.
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px =1, cos 8, cos B, + I3 cos 6, cos(6, + 63),
py = l,sin @, cos B, + I sin 8, cos(6, + 63),
pz = l;sin @, + I3 sin(6, + 63) 3)
Ileri kinematik analiz ile elde edilen u¢ noktanin
koordinatlar1 kullanilarak ters kinematik analiz
gergeklestirilmistir.

14 az
0, = arctan (%), 6, = arctan (————————
1 (Px ), 0, (axc0591+aysin61)
03
p, cos 8, — p, cos O, sin 6, + p, sin b, cos O,
= arctan (

—l; + p,sin8, + py cos 0; cos 0, + p, sin 6, cos B,

4

Burada ayy, ,, doniistim matrisinin vektorlerini
ifade etmekte olup [25] ters kinematik analiz
sonucunda  eklemlerin  ag1  degerlerinin
hesaplandigi matematiksel ifadeler (4)’teki
gibidir.

2.3. Mekanik Tasarim

Do6rt  bacakli  kesif robotu  SolidWorks
programinda tasarlanmistir. Tiim donanimlarin
yer aldig1 ve montaji tamamlanmig dort bacakl
robot yapisi Sekil 3’de verilmistir.

Tasarlanan robot yapisinda her bir bacakta 3
adet doner eklem bulunmaktadir. Kamera
sisteminin tek eksendeki hareketi ile birlikte
tiim sistem 13 serbestlik derecelidir. Tasarim
yapilirken sistem uzuvlarinin miimkiin oldukga
hafif ve mukavemetli Ozellikte olmasi
hedeflenmistir. Ayrica bacak eklem ve uzuv
yapilariin esnek hareket kabiliyetine sahip
olmasi, belirlenen yiirlime oriintiilerine gore
hareketini gerceklestirebilmesi ve mekanik
kilitlenmelere yol agmamasi gbéz Oniinde
bulundurularak tasarlanmistir.

2.4. imalat ve Montaj

Dort bacakli robotun mekanik parcalarinin
imalat1 40 x 40 cm tabla 0l¢iilerine sahip bir 3B
yazici ile gergeklestirilmistir. Robot pargalari
PLA malzemeden imal edilmistir. Uretime
iliskin diger parametreler Cizelge 3’de
Ozetlenmistir.

Cizelge 3. Robotun fiziksel boyutlari

Nozzle Sicakligi 216 °C
Yatak Sicakligi 62 °C
Doluluk Orani %40

Baski Hiz1 100 mm/s
Desen Tipi Izgara Tipi
Oryantasyon Agisi 90 derece
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Sekil 4. Dort bacakli kesif robot montaji

. Sekil 4’de imalat1 gergeklestirilen dort bacakl Cizelge 4. Robotun fiziksel boyutlari

kesif robot yapis1 goriinmektedir. Uretilen tiim a 380 mm

mekanik parcalarin  SolidWorks ortaminda b 167 mm

yapilan tasarima uygun olarak gerceklestirilen c 258 mm

montajinin ardindan tiim donanimlarla birlikte d 216 mm

sistemin toplam agirhigi 2,64 kg olup fiziksel e 121 mm
f 274 mm

parametre degerleri Sekil 5 ve Cizelge 4’te
verilmigtir

3B yazici ile imalat asamasinda robot
sistemindeki tiim parcalarin agirhigi ve liretim
stireleri Cizelge 5°te goriinmektedir.

Cizelge 5. 3B yazdirma sonuglarinin dzeti

Parca Ada Ad Kullanllan Yazdirma
Malzeme  Siiresi (hr)

®

Govde Ust Kapak 1 238 19,6
Govde Alt Kapak 1 363 28,8

Kamera Aparat 1 8 1,1

Tibia Uzuv Sag 2 24 3,5

Tibia Uzuv Sol 2 26 3,6

Femur Uzuv Sag 2 44 7

Sekil 5. Dort bacakli kesif robotu fiziksel 6lgiileri Femur Uzuv Sol 2 44 7
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Hip Eklem Sag 2 45 7,1
Hip Eklem Sol 2 45 7,1
Hip Aparat Sag 2 3 0,5
Hip Aparat Sol 2 3 0,5
Govde On Parca 1 36 5,2
Govde Arka Parga 1 35 5,1

2.5. Elektronik Devre Semasi

Dort  bacakli robot yapisinda kullanmilan
elektronik donanimlarin baglantis1 Sekil 9°da
gosterilmektedir. Elektronik devre sisteminde

Sag 6n bacak eklem
motorlan

EEREEENY

yliksek akim saglama avantajindan dolay1 Li-Po
batarya kullanilarak sistem donanimlarinin
baglantilart  gerceklestirilmistir. Kamera
hareket motoru ile birlikte toplamda 13 adet
servo motorun, DC-DC konvertériin ve
kameranin tiim baglantilart Arduino gomiilii
sistem kartimin uygun pinine baglanarak
elektronik devre semasi Sekil 6’daki gibi
olusturulmustur.

__________ T
¥ seavo. 1 Sag arka bacak
1
] yeklem motorlar

DC-DC
Dénustiirdcd

0V7670

i,Kamera

»m E—

— !

-
|
|
I
|
|

111V Sol 6n bacak ekllb

Kamera hareket motoru

Li-Po motorlan |

Batarya : ‘

Sol arka bacak
eklem motorlari

Sekil 6. Robotun elektronik devre semast

3. DENEYSEL SONUCLAR
Imalat1 ve montaj1 yapilan dort bacakl kesif
robotunun hareket kabiliyetini géstermek
amaci ile yatis, yakta durus, saga dogru
egilme, sola dogru egilme, 6ne ve arkaya
dogru egilme hareketleri ve sabit hizla trot

ylirlime hareket testleri yaptirilmigtir.
Robotun bu  hareketler esnasindaki
gorselleri Sekil 7°de sunulmustur. Ayrica
robotun hareketine iliskin ¢ekilen test
videosunun linki tesekkiir baslig1 i¢erisinde
paylasilmistir.

Sekil 7. Dort bacakli robotun hareketi esnasinda ¢ekilmis videodan 6rnek gorseller
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Cizelge 6. Robotun maliyet dokiimii (Malzemelerin Mart 2023 tarihindeki piyasa fiyatlar1 dikkate alinmigtir)

Malzeme Birim Fiyat Adet Toplam Fiyat Toplam Maliyetteki
(USD) (USD) Pay1 (%)

Servo Motor 34 13 442 70,50
Arduino Mega 45 1 45 7,18
RGB Kamera 8 1 8 1,27
3B Yazic1 Malzeme 16 1 16 2,55
DC-DC Konvertor 18 2 36 5,74
Li-Po Batarya 77 1 77 12,28
Sarf Malzeme (Civata, somun,

rulman, Jumper kablo) 3 1 Tk. 3 0,48

GENEL TOPLAM FiYAT (USD): 627

Cizelge 7. Mevcut agik kaynak dort bacakli robotlarin karsilastirmas:

Robot Serbestlik Govde Bacak Toplam  Maliyet Imalat Yontemi
Derecesi Uzunlugu Uzunlugu Kiitle (USD)
(DoF) (m) (m) (kg)
Mevcut
Calismadaki 12+1 0,38 0,274 2,64 627 3B Yazici
Robot
PADWAQ [8] 12 0,42 0,44 12,7 7692 3B Yazici
Solo [7] 8 0,42 0,44 2,2 4720 3B Yazici
Doggo [6] 8 0,42 0,44 4.8 3000 Lazer Kesim-
Karbon/Aliiminyum
Iron Dog Mini 12 0.30 0.29 2.572 332.18 3B Yazici
[16]

Cizelge 6’da robotun imalatinda kullanmlan
malzemelerin  Mart 2023  tarihi piyasa
fiyatlarina dayali olarak maliyeti hesaplanmis
ve sunulmustur. Robotun toplam imalat
maliyeti 627 USD’dir. Maliyetin biiyiik bir
kismin1 motorlar, batarya ve gomiilii sistem
karti  olusturmaktadir. 3D  baski  sarf
malzemeleri (PLA), toplam maliyetin yalnizca
%2,55'ini  olusturmaktadir. Cizelge 7’de ise
mevcut agik kaynakli dort bacakli robotlarin
Ozellik  karsilastirmasi  sunulmustur. Bu
caligmada imal edilen robotun maliyeti diger
acik kaynakli robotlardan (Iron Dog Mini [16]
hari¢g) nispeten daha uygundur. Hareket
kabiliyeti olarak da 12 serbestlik dereceli
oldugundan Solo ve Doggo’dan ¢ok daha
yiiksek hareket kabiliyetine sahiptir. Ayrica en
hafif ve ebatsal olarak en kiiciik robotlar
arasinda yer aldigi goriilmektedir.

4. SONUCLAR

Bu c¢aligmada, dort bacakli 12 serbestlik
dereceli agik kaynakli robotun tasarim ve imalat
siireci  aktarilmistir. Robotun temel bazi
hareketler (ylirlime, One arkaya ve iki yana
egilme) icin deneysel testleri yapilmis ve uzun
stireli caligma i¢in dayanikli ve giivenilir oldugu
gosterilmistir. Dort ayakli  robotumuzun

240

maliyeti yalnizca 627 USD'dir ve bu, acik
kaynak olarak tasarlanmis pek ¢ok dort ayakli
robot platformlarindan Onemli Olgiide daha
diistiktiir. Ayrica mevcut robotlarla
karsilastirildiginda, Onerilen robot hafif ve
manevra yetenegi de oldukea iyidir. Bu yonii
ile sunulan tasarimin arastirmacilara ilham
olacag diisliniilmektedir.

Gelecekteki galigmalar olarak su anda uzaktan
kumanda ile kontrol ettigimiz robotun, goriintii
temelli  cevresel algilama  yazilimlar
gelistirilerek otonom hareketinin saglanmasi ve
kesif goriintiilerinin uzak haberlesme ile ana

karar  birimine  aktariminin  saglanmasi
hedeflenmektedir.

TESEKKUR

Finansman: Bu arastirma i¢in herhangi bir
finansman kaynagi bulunmamaktadir.
Calismanin  videosuna https://youtu.be/JtS-

inlSaQY linkinden ulasabilirsiniz.

Cikar Catismasi:  Alper Kadir Tanyildizi
herhangi bir ¢ikar ¢atismasi olmadigini beyan
eder.
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https://youtu.be/JtS-inlSaQY
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Elektrikli araglarin giinlimiizde yayginlagmaya baglamasiyla birlikte batarya teknolojileri gelisimiyle
sorunlar1 da beraberinde getirmektedir. Yiikselen depolama talebiyle birlikte batarya yonetim sistemine
olan ihtiya¢ da artmaktadir. Ancak endiistride kullanilan yontemlerin yani sira maliyetin diistiriilmesi
amaciyla role anahtarlamali batarya yonetim sistemi tasarimi ile bu makale literatiire 6nemli bir katki
saglamistir. Bu c¢alismada 23 Seri LiFePOs hiicre ile yaklasik SkW/h enerji kontrolii Master-Slave
yoOntemi, role anahtarlamali ve Stm32f108c¢8t6 mikroislemcileri ile kontrolii saglanmistir. Master-Slave
arasindaki haberlesme CAN-Bus protokolii ile yapilarak her Slave kartin géndermis oldugu hiicre
gerilimleri, hiicre paketi ve hiicrelerin sicaklik degerlerini Master kart1 {izerinden kalan enerji miktar
ile birlikte, izlenme merkezi tarafindan takip edilmesi igin Master kartina lora modiilii entegre edilerek
sistemin uzaktan izlenmesi saglanmistir. Bu sayede hiicrelerin dogru bir sekilde izlenebilmesinden
dolay1 sarj aninda herhangi bir hiicrenin 3.6 V seviyesine ¢iktiginda dengelemeye girmesi ve desarj
aninda ise 2.8 V seviyesine indiginde sistemin kapatilmasi saglanarak hiicrelerinin dogru kullanimu ile
Oomriinii uzatma islemi saglanmistir.

Anahtar Kelimeler: Elektrikli Araglar, Batarya Yonetim Sistemi, LiFePO4, Master-Slave, Can-Bus
Haberlesme, Pasif Dengeleme.

DESIGN AND IMPLEMENTATION OF A RELAY-SWITCHED
BATTERY MANAGEMENT SYSTEM FOR THE ELECTRIC
VEHICLES

ABSTRACT

As electric vehicles are becoming more widespread today, battery technologies bring problems with
their development. With the increasing storage demand, the need for a battery management system is
also increasing. However, in addition to the methods used in the industry, this article has made an
important contribution to the literature with the design of a relay-switched battery management system
in order to reduce the cost. In this study, approximately SkW/h energy control with 23 Series LiFePO4
cells is provided with Master-Slave method, relay switching, and Stm32f108c8t6 microprocessors. The
communication between Master-Slave is done with CAN-Bus protocol and the cell voltages, cell
package, and temperature values of the cells sent by each Slave card are monitored remotely by
integrating the lora module into the Master card in order to be monitored by the monitoring center
together with the remaining energy amount on the Master card. In this way, since the cells can be
monitored accurately, it is ensured that any cell enters into balancing when it reaches 3.6 V level at the
time of charging and the system is turned off when it drops to 2.8 V level at the time of discharge, thus
extending the life of the cells with the correct use of the cells.
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1. GIRIS

Artan niifus yogunlugu ve cevre kirliligiyle
birlikte atmosfere yayilan karbon salinimi giin
gectikce  Onlem  alinamaz  bir  sekilde
artmaktadir. Bu nedenle fosil yakitli araglardan
elektrikli araglara gegis Onemli bir hale
gelmigtir. Boylece elektrikli araglar ile birlikte
elektrikli araglarda kullanilan batarya ve bu
bataryalarin yonetim teknikleri de onemli bir
hal almaktadir. Elektrikli araglarin batarya
yonetim sistemi (BYS) fizerinde literatiirde
pasif dengeleme (PD) iizerine birgok calisma
vardir [1-6]. Uygulanabilirlik ve maliyet
acisindan 6n plana ¢ikan PD yontemi bir¢ok kez
tercih sebebi olmustur. Bu yontemle birlikte
kullanilan modiiler sistemlerin  gelismesi
glinimiiz elektrikli araclarin temel ihtiyaglari
arasina girmektedir [7]. BYS’de bataryalar
kontrol etmenin yan1 sira seri haldeki
bataryalarin enerji akis1 icin ayr1 bir devre
yapisina ihtiya¢ vardir. Bu devre yapisinda
bataryalar1 kontrol eden {inite/ler Slave, bu
Slave tinite ile enerji giris-¢ikigini kontrol eden
iiniteye ise Master olarak isimlendirilir [5,8].
Master-Slave arasinda haberlesme giiniimiiz
12C, USART ve CAN-Bus protokolleri ile
yapilmaktadir. Gergeklestirdigimiz
calismamizda ise otomobillerinde de bulunan
ve kullanilan kontrolciide ¢ikis pinleri kontrol
edilebilen CAN-Bus haberlesme protokolii
kullanilmistir.

Maliyetin giin gectik¢e arttigindan dolay1 eski
anahtarlama yontemlerinden rdlenin birgok
avantajli oldugu kisimlar goriilmiistiir ve
tasarlanmasi planlanan BYS yapisinda rdle ile
basarili sonuglar alinacagi diistiniilmektedir.
Seri hiicrelerin fazla olmasi batarya kontroliinii
zorlagtirmaktadir.

Literatiir incelendiginde 2021 yilindaki bir
caligmada [1], 4 seri hiicre kontrol edilmis ve
hiicre dlglimleri fark alma Op-Amp devresiyle
yapilmistir.  Yapilan ¢alismada CAN-Bus
kullanilarak da veri gdnderimi
gergeklestirilmistir. Baska bir calismada ise,
hiicre dengeleme kontroliiniin anahtarlama
sirasinda PC817 optokuplorii  kullanilmistir
[4,9]. Bunun yani sira, LiFePO4 (Lityum Demir
Fosfat) hiicreler i¢in hizli dengelemenin
yapildig1 calismada hem optokuplér hem de
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Op-Amp yardimiyla fark alma islemi
gergeklestirilmistir [3]. Diger bir ¢alismada,
STM32f103C8 mikroislemcisi kullanilarak
CAN-Bus ve Uart haberlesmesi kullanilarak
yapilan Master-Slave ¢aligmasi yapilmstir [5].

Hiicre olglimlerinin  genellikle literatiirde
yaygin olan Op-Amp kullanarak fark alma ile
yapildigi  tespit  edilmistir.  Boylelikle

tasarimlarin hassas Ol¢iim aliabilmesi ve
uygun maliyetli olmasi saglamaktadir [1-4, 10].

Literatiir incelendiginde genellikle Li-lon
hiicrelerin 4-12 seri ve maksimum 20 seri
oldugu tespit edilmistir [2]. Bu ¢alismada ise
Ozgiin olarak 72V nominal gerilime sahip
BLDC (firgasiz DC) motorun ¢alisabilmesi igin
23 seri hiicreyle kontrol edilmistir. 3 adet Slave
karti kullanilmis ve bunun avantaji ise, her
Slave hiicre paketinin dengelemesinin ayri
sekilde olmasi nedeniyle sistemin ve
dengelemenin hizli yapilabilmesidir. Sistemin
belirli araliklarda dengelemeyi baslatmasi ise
sahip olunan enerjiyi verimli kullanmak ve
hiicrelerin saglig1 agisindan avantajlidir.

Tasarmmi ve gergeklestirilmesi yapilan modiiler
BYS, Master-Slave  kontroliiyle  pasif
dengeleme yapisi bozulmadan role
anahtarlamali olarak gergeklestirilmistir ve bu
sayede endiistriyel olarak uygulanabilirligini
arttirilmistir. Sistemin modiiler 6zellikte olmasi
ile daha sonra kullanicinin isterse BMS
devresindeki toplam gerilimi artirabilmesi veya
azaltabilmesi hedeflenmistir. Elektrikli araclar
icin tasarlanan sistem LiFePO, hiicrelerinden
olusturulmus 23S 11P bir hiicre paketine
sahiptir. Tasarlanan sistemin haberlesme
protokolleri ile birlikte hem kendi i¢cindeki veri
aktarimi hem de uzaktan izleme merkezine
aktarilan verilerin kontrolii gergeklestirilmis
olup, riskli durumlara karsi alinan Onlemler
belirtilmigtir.

Gergeklestirilen calismada 2. Boliimde batarya
yonetim sisteminin simiilasyon ve PCB
tasarimlart gerceklestirilmis, tasarim sonuglari
ve entegrasyonu aciklanmistir. Makalenin 3.
Boliimiinde BYS’nin hiicre gerilimleri smur
degerleri ve bu degerlere bagli olarak
gergeklestirilen dengeleme araliklari
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verilmistir. 4. Boliimde ise elde edilen sonuglar
gOsterilmis ve tartisilmistir.

2. MATERYAL VE METOT

LiFePO,4 batarya hiicrelerin Omiirleri, 2000
cevrimi bulmakta ve giivenlik agisindan yanma,
patlama ve 1smnma riskleri oldukca diisiiktiir.
Elektrikli araglar gibi yiiksek kapasite ve desarj
gereken uygulamalarda yaygin olarak kullanilir
ve farkli tiplerde bulunmaktadirlar. Bu
calismada, LiFePO4 32700 3.2V 6000 mAh
modeli tercih edilmistir LiFePO4 32700 hiicre
ozellikleri Cizelge 1’de verilmistir. Bu Cizelge
incelendiginde, kapasitelerinin yiiksek
olmalarindan dolayr bu hiicreler tercih

edilmistir [11]. Lityum tabanli hiicrelerin
karsilagtirilmasinin  literatiirde var oldugu
bilinmektedir [12].

Cizelge 1. LiFePO4 32700 hiicre ozellikleri.

Parametreler Degerler Birimler
Ortalama voltaj 3.2 v
Desarj kesme voltaji 2.0 A%
Sarj voltaji st sinir1 3.65 A%
Hiicre kapasitesi 6000 mAh
Beklenen sarj akimi 1200 mA
Beklenen desarj akimi 3 A
Hizli sarj akimi 6 A

Onerilen bataryalar1 saglikli bir sekilde kontrol
eden Master-Slave kartlar1 igin tercih edilen
mikroiglemci olarak STM32F103C8T6
secilmistir. Piyasada bulunan Blue Pill olarak
da adlandirlan gelistirme kartina karar
verilmigtir. ~ Sekil 1’te  STM32f103c8t6
gelistirme kartinin pin baglantilart verilmistir.
Blue Pill kartlar1 tizerinde, 72MHz’a kadar hiza
sahip ve ARM Cortex-M3 mikroislemcisi
bulunmaktadir ve 3.3V gerilimde ¢alisan bu
kart, 10 adet ADC Pini igerir ve Can protokolii
kullanir.

| 18

H
&

|

1

EEH
H]

baglantilart [13].
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2.1. Batarya Yonetim Sisteminin
Tasarlanmasi

Onerilen BYS i¢in LiFePOy hiicrelerden olusan
23 seri, 11 paralel modiler bir sistem
tasarlanmistir. Bunun yaninda modiiler bir
sistemle birlikte, Slave kartlarinin
arttirllmasiyla yiiksek voltajlarin kontroliiniin
saglamak miimkiindir. Kullanilmasi planlanan
role ve fark alict Op-Amplar ile tasarimin uygun
maliyette olmas1 planlanmistir. Dogru veri
aktarimi1 ve diigsiikk enerji tiiketimi gibi
avantajlarindan dolay1 literatiirde CAN-Bus
protokoliiniin kullanildigi bilinmektedir [14].
Bu nedenle bu ¢alismada haberlesme sistemleri
icin CAN-Bus protokolii kullanilmistir.

Elektrikli araglar i¢in BYS akis semas1 Sekil
2¢de verilmistir. BYS tasarimi igin, 1 adet
Master, 3 adet Slave kart ile devre yapisi
olusturulmustur. Sistemde izleme merkezi,
aydinlatma, fan ve sicaklik gibi giris-gikis
birimleri bulunmaktadir. Ayrica piller igin
gerekli olan 72 V DC gerilim girisi igin sarj
iinitesi girisi olusturulmustur.

MASTER

Stm32f103c8Tx

Optik Yalitimi letim

Sekil 2. Elektrikli araglar i¢in BY'S akis semast

BYS’nin en 6nemli kisimlarindan biri, gerilim
Olciimiidiir.  Hiicrelerin ~ gerilim  degerleri
izlenerek dengeleme ve saglikli sarj-desarj
islemine karar verilir. Bu islem gerilim 6lglim
entegresi, op-amp ile gerilim boliicii devresi
veya fark alici devresi seklinde
gergeklestirilebilir. Ancak burada maliyet ve
performans agisindan yapilabilecek en iyi
calismanin fark alic1 op-amplar ile kontrolciiye
bilgi verilmesi oldugu goriilmiistiir. Bu nedenle

hiicre gerilim oOl¢limii i¢in, Sekil 3a’da
simiilasyonu  verilen fark alic1 devresi
kullanilmigtir.  Simiilasyonu  yapilan bu
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devrenin sematik tasarimi da Sekil 3b’de
gosterilmistir. Tasarim asamasinda kullanilan
fark alici devresi i¢in yaygin olan Op-Amp
¢esitlerinden LM358 modeli tercih edilmistir
[15].

-

8 AG uls

=A A

U]

(b)
Sekil 3. Hiicre gerilim 6l¢lim devresinin a)
simiilasyon goriintiisii, b) sematik tasarimi

R5_bell

Onerilen BYS akis semasi Sekil 4’te verilmistir.
Buna gore, tasarimi yapilan Slave kart, anlik
hiicre gerilimlerini okuyarak 23 seri hiicreden
herhangi biri 3.65V’u gegmesi durumunda sarj
kapatip ilgili hiicrenin enerjisini tas direng
lizerine bosalmasini saglar. Bosalma islemi
belli bir siire devam ettikten sonra Slave kart,
Master karttan aldigi komutla dengeleme
islemini kapatir ve Master kart sarj islemini
tekrar baslatir. Boylece, pasif dengeleme
sistemi gercgeklestirilir [16-17].

Hayr_<" Herhangi bir Evel

Hilcre >= 3.65V
L
‘Sarji Durdur
igili Hiicreyi Bogalt

Sekil 4. Onerilen BYS akis semasi

LiFePO, batarya paketinin puntalanmuis, izole
edilmis ve metal kutulanmis goriintiisti, Sekil
5’te  verilmistir. Pil  hiicreleri  6ncelikle
puntalanarak dizginlenmis olup daha sonra alev
gecirmez kagit ile izole edilmistir. Son olarak,
metal bir kutu icerisinde kullanima hazir hale
getirilmistir.

Dengeleme anahtari olarak 3 adet 8 kanal 5 V
role kart1 kullamilmistir. Bu role tipinde, kanal
tetik pin hattina OV uygulandiginda anahtar
kesime gegerek hiicrenin tag direng lizerinden
bosalmasina izin verilir. Bunun yam sira,
yapilan tasarimin hiz, batarya gerilimleri,
sicaklik degerleri ve kalan enerji gibi verilerin
goriintiilenmesi i¢in Nextion model 5.0 inch
dokunmatik ekran kullanilmistir.

BYS ile dokunmatik ekran arasindaki veri akisi
saglamak i¢in CAN-Bus haberlesme protokolii
kullanilmistir. Ciinkii bu haberlesme protokolii,
saglikli veri aktarimindan dolay1 otomotiv
sektoriinde yaygin olarak kullanilir. Burada,
veri aktarimi saglanirken Master Kart, Slave
kartlar ile kendi aralarinda veri hatlarim
karsilagtirarak dogru veri hattinda mesajin
iletilmesini saglar. Bu sayede veri kaymasi veya
veri kaybolmasi gibi durumlar ortadan
kaldirilir.

(c)
Sekil 5. LiFePO4 batarya paketinin a) puntalanmis
b) izole edilmis c¢) metal kutulanmis goriintiisi
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Hiicreler saglikli sekilde sarj edilebilmesi igin
seri baglanan hiicre gerilimlerinin ayni olmasi
istenmektedir ve bu, BYS’nin temel
amaclarmdan biridir. Pasif dengeleme i¢in
bataryanin onceki ve sonraki hali Sekil 6’da
verilmistir. Bu islem, gerilimi yiiksek olan
hiicrenin tag diren¢ iizerine bosaltilmasi ile
diger hiicrelerin gerilim degerlerine esitlenir.
Bu yontemin, aktif dengeleme yontemine gore
enerji kaybinin daha fazla olmasindan dolay1
verimligi daha  disiiktiir.  Ancak, aktif
dengeleme yOntemi, maliyet ve
karmasikligindan dolayr pasif dengeleme
yontemi kadar endiistride kullanilmamaktadir

SN

Dengeleme Oncesi

Dengeleme Sonrasi

Sekil 6. Pasif dengeleme i¢in bataryanin 6nceki ve
sonraki hali

Dengeleme yaparken anahtarlamayr rdle ile
yapmak maliyet agisindan verimli olacaktir.
Her bir seri hiicreye bir role olmak tizere 23 adet
role kullanilmigtir. R6le kullanimindaki topoloji
sekil 7‘de verildigi iizere islemci tarafindan
tetiklenmesi durumunda akim 1 A olacak
sekilde hiicreyi bosaltmak igin 3.3 Q’luk tas
direng tercih edilmistir. Dengeleme esnasinda
hangi  hiicrenin  dengelemeye  girdigini
gostermek icin de led kullanilmistir.
R2

3.3Q
5W

MWW~

LED1

RELAY !L—/V\M

Rl
3300 A

stm32f103cBth

HUCRE 3.6V
Sekil 7. Dengeleme topolojisi
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Sekil 10°da goriildiigii iizere Slave kartin
sematik devre cizimi verilmistir. Kullanilan 23
seri hiicre rolesi, 8 adet seri hiicre alabilen 3
Slave karta son kartin 7 hiicre alabilecegi
sekilde paylastirilmistir. Slave kartlar, 8 adet
seri hiicrenin gerilim okumasm ve role

tetiklemesini yaparken CAN-Bus ve sicaklik
okuma 0Ozelliklerini de biinyesinde barmdirir.
Sematigi verilmis olan Slave kartin, PCB
baskist Sekil 8’da verilmistir.

Sekil 8. Uretilen Slave PCB kart

Uretilen Master kart1, Sekil 9°da gosterilmistir.
Buna gore, tasarimi yapilan Master kart, her
Slave karttan seri hiicrelerin gerilim bilgisini
alip yine Slave kartlara komut génderir. Bunun
yant sira kablosuz haberlesmeyi saglayan LoRa
(long range) modiilii ve log kaydi saglamak icin
kullanilan SD kart ve modiilii, Master kart
iizerinde bulunur. Ayrica Master kart, sicaklik
Olglimii ve kontrolii, akim okuma ve CAN-Bus
ile veri aktarimi gibi Ozelliklere de sahiptir.
Slave kartlarin ve Master kartlarin test setuplari
kurulmus olup algoritmalar1 yazilmis ve testler
yapilmistir. Bdylelikle, tiim birimler harici
olarak test edilmis.

Sekil 9. Master karti
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2.2. Batarya Yonetim Sisteminin
Entegrasyonu

Entegre edilmis batarya yonetim sistemi ve
elektrikli arag tizerindeki montaji, Sekil 11°de
verilmigtir. Buna gore, Master kart ve Slave
kartlarin entegrasyonu ile birlikte batarya
hiicrelerinin  sarj, hiicre gerilim kontroli,
kablosuz haberlesme ve veri depolamasi gibi
islemler basariyla gerceklestirilmistir. Daha
sonra entegre edilmis Master-Slave kartlar
elektrikli araca uygun bir sekilde yerlestirilmis
ve ara¢ lzerinde test edilmistir. Elde edilen
bulgular Boliim 3’te verilmistir. Bu batarya
yonetim sistemi, Isparta Uygulamali Bilimler
Universitesi biinyesinde iiretilmis ve Teknofest
Uluslararas1 Efficiency Challenge Elektrikli
Ara¢ Yariglarinda 2022 ve 2023 yillarinda

kullanilmgtir.

®)
Sekil 11. a) Entegre edilmis batarya yonetim
sistemi, b) elektrikli arag {izerindeki montaji

3. DENEYSEL BULGULAR

Tasarimi  yapilan BYS’nin  dengeleme
durumlari test edilmistir. Asir1 gerilim sinirlar
tanimlanmistir. Asirt gerilim smirlan Cizelge
2’de verildigi gibi ¢alistirilmis ve sinir degerler
incelenmistir.

Cizelge 2. Dengeleme gerilim araliklari

Parametreler Degeri Birimi
Dengeleme 3.60 Volt
Giris
Dengeleme
Cikis 3.40 Volt

Slave kart sarj dengeleme baglangici igin seri
hiicrelerdeki gerilim degerleri Cizelge 3’te
gosterilmigtir. Tasarimi yapilan Slave kartin
asirt gerilim korumasi ve dengeleme sonuglari
test edilmistir. Grafik 1’de verilen Slave kartin
seri hiicrelerinin gerilim degerleri
goziikmektedir. Seri-2 hiicresi 3.60V iizerinde
bir gerilim algiladiginda dengelemeye giris igin
sarj islemi kesilip, Seri-2 hiicresinin geriliminin
3.40 V seviyesine gelene kadar desarj islemi
yapmustir.

Cizelge 3. Slave kart sarj dengeleme baslangici
Gerilim

Hiicre o . Dengeleme
degeri
Numaralan Durumu
(0]
1. Seri Hiicre 3.29 0
2. Seri Hiicre 3.62 1
3. Seri Hiicre 3.35 0
4. Seri Hiicre 3.25 0
5. Seri Hiicre 3.28 0
6. Seri Hiicre 3.28 0
7. Seri Hiicre 3.25 0
8. Seri Hiicre 3.24 0

Cizelge 4’te gosterildigi gibi ilgili seri hiicre
desarj islemini 3.40V gerilim seviyesinin altina
diistirdiikten sonra tekrar sarj islemine devam
etmesi i¢in islemciden Master karta CAN-Bus
haberlesmesi ile veri aktarilmistir.

Cizelge 4. Slave kart sarj dengeleme sonras1
Gerilim

Hiicre o . Dengeleme
degeri
Numaralan Durumu
(0]
1. Seri Hiicre 3.26 0
2. Seri Hiicre 3.39 0
3. Seri Hiicre 3.35 0
4. Seri Hiicre 3.20 0
5. Seri Hiicre 3.28 0
6. Seri Hiicre 3.27 0
7. Seri Hiicre 3.25 0
8. Seri Hiicre 3.23 0
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Slave kart desarj dengeleme siras1 Cizelge 5’te
verildigi gibi desarj islemi sirasinda hiicre
gerilimleri anlik olarak takip edilerek 3.1 V’da
uyart ve 2.8 V altina diistiigiinde ise sistemi
kapatma komutu Master Kkart tarafindan
verilmektedir.

Cizelge 5. Slave kart desarj dengeleme sirasi

. Gerilim Sistem
Hiicre . .

Numaralar: degeri Kapatma
V) durumu

1. Seri Hiicre 2.86 0

2. Seri Hiicre 3.00 0

3. Seri Hiicre 2.95 0

4. Seri Hiicre 2.80 1

5. Seri Hiicre 2.90 0

6. Seri Hiicre 2.92 0

7. Seri Hiicre 2.85 0

8. Seri Hiicre 2.89 0

Batarya paketine konumlandirilan 10 adet
sicaklik sensoOrliiniin ~ tepki durumlari
incelendiginde 40 °C seviyesine geldiginde
fanlar ¢alisarak ve 60 °C iistiine ¢iktiginda ise
sistemi kapatma komutu Master kart tarafindan
verilmektedir. Bu durum Cizelge 6’da detayl
bir sekilde gosterilmistir.

Cizelge 6. Sicakliga bagli olarak fan ve sistem
kapatma durumlar1

Maksimum Fan Sistem
sicakhk degeri  calisma Kapatma
(°O) durumu durumu
35 0 0
40 1 0
60 1 1

4. SONUCLAR

Yapilan tasarimda yiiksek desarj, hizh
dengeleme ve maliyet, batarya yOnetim
sisteminin ~ Onemli  parametrelerindendir.

Tasarlanan sistemin Elektrikli ara¢ yariglarinda
yarigan aracimizda kullanilarak galigmasi
yakindan takip edilmistir. Boylelikle role
anahtarlamal1 bir sistemin otomotiv sektoriinde
dahi kullamilabilirligi kanitlanmistir. Yapilan
calismada roleli anahtarlama ile kontrolciiniin
gerceklestirilen gerilim izleme yontemi ile
batarya hiicrelerinin dogru zamanda 3.6 V
degerinde dengelemeye alarak 2.8 V degerinde
de bataryalarin émriinii uzun tutmak amaciyla
sistemin  kapatilmas1  gergeklestirilmigtir.
Kapladigi alan ve biiyiikliigiinden dolay1
gergeklestirilen batarya yonetim sistemi igin
iyilestirmeye gidilebilir.
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ABSTRACT

This paper investigates the printability and mechanical performance of 3D printed recycled PET (rPET)
filaments with the incorporation of PLA and TPU blend additives. The study focuses on evaluating the
tensile, flexural, and impact properties of the resulting hybrid blends. Tensile testing revealed that the
neat rPET specimens exhibited average maximum tensile strength of 51.4 MPa and a tensile elasticity
modulus of 3.63 GPa. The addition of PLA and TPU additives slightly reduced the tensile strength and
modulus. Regarding flexural properties, the rPET specimens demonstrated an average maximum
flexural stress of 43.4 MPa, indicating their ability to withstand bending forces without significant
deformation. The addition of the hybrid PLA and TPU additives led to a slight reduction in flexural
performance. However, the specimens still exhibited acceptable flexural strength and modulus.
Furthermore, the impact test results showed a significant improvement in impact strength for the hybrid
blend, with the TPU/PLA (rPET blend) exhibiting a remarkable increase (%187 and 36%) compared to
the commercial and neat rPET specimens, respectively. These findings suggest that the hybrid
combination of PLA and TPU additives contributes to the microstructural integrity and printability of
3D printed objects made from recycled PET filaments, thereby contributing to the advancement of
sustainable manufacturing practices.

Keywords: Additive Manufacturing, Recycled PET, PLA/TPU Blend, FFF, Mechanical Properties.

1. INTRODUCTION serves as the raw material for 3D printers. This
3D printing, also known as additive approach reduces the reliance on virgin plastic
manufacturing, has  revolutionized the materials and helps divert plastic waste from
manufacturing industry by enabling the landfills and water bodies, contributing to a
production of complex and customized objects more circular and sustainable economy. The
with ease. However, the extensive use of utilization of recycled PET bottles in 3D
conventional plastic materials in 3D printing printing offers several advantages. Firstly, it
has raised concerns about environmental reduces the carbon footprint associated with
sustainability and the accumulation of plastic traditional plastic production by avoiding the
waste. In response to these concerns, the energy-intensive process of producing virgin
utilization of recycled PET (polyethylene plastic materials [1]. Secondly, it promotes the
terephthalate) bottles as a feedstock for 3D concept of upcycling, as the discarded PET
printing has emerged as an innovative and eco- bottles are transformed into valuable and
friendly solution. Recycled PET (polyethylene functional objects through the 3D printing
terephthalate) bottles are a readily available and process. This approach aligns with the
abundant source of plastic waste. By collecting principles of the circular economy, where
and processing these bottles, they can be resources are kept in use for as long as possible.
transformed into high-quality filament, which Furthermore, 3D printing with recycled PET
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bottles provides designers and manufacturers
with a versatile and cost-effective solution for
producing a wide range of objects. The
utilization of recycled PET filaments derived
from plastic bottles in 3D printing represents a
significant step in terms of environmental
sustainability [2-3]. These filaments contribute
to the reuse of plastic waste and offer numerous
opportunities in various industries, including
prototyping, product design, and manufacturing
applications. For instance, investigations
demonstrate the feasibility of utilizing 3D
printing technology and recycled PET material
for the cost-effective fabrication of sensors [4].

Studies have been conducted to evaluate the
mechanical properties of 3D-printed parts made
from recycled PET bottles. Researchers have
examined parameters such as tensile strength,

flexural strength, impact resistance, and
elongation at break to assess the material's
overall  mechanical  behavior. These

investigations have provided valuable insights
into the strengths and limitations of recycled
PET as a material for 3D printing.

The mechanical properties of recycled PET
filaments can vary depending on factors such as
printing  parameters, filament chemical
composition, the quality of the recycled
material, and processing methods [5].
Consequently, the mechanical performance of
these filaments may exhibit differences
compared to the original PET material.

PLA, a widely recognized biodegradable
polymer, can be combined with TPU to create a
material that exhibits exceptional shape
memory properties (SMP) and improved
viscosity characteristics [6]. As such, numerous
scientists and scholars are focusing their efforts
on the advancement of the PLA/TPU blend,
which holds great potential for utilization in the
field of 3D printing. As such, numerous
scientists and scholars are focusing their efforts
on the advancement of the PLA/TPU blend,
which holds great potential for utilization in the
field of 3D printing [7-8].

Research studies have investigated the impact
of TPU and PLA additives on the mechanical
properties of 3D-printed parts using the
recycled PET filament. The incorporation of
TPU improves flexibility, elasticity, and impact
resistance, making it suitable for applications
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that require durability and resilience. On the
other hand, PLA additives enhance stiffness,
dimensional stability, and heat resistance,
expanding the potential uses of 3D-printed
parts.

In this paper, we aim to provide a
comprehensive overview of the mechanical
properties of 3D-printed parts from recycled
PET bottles with TPU and PLA additives. It will
examine the mechanical properties, printability,
and environmental implications of using
recycled PET filaments in 3D printing
applications. Additionally, we will show
potential applications with the goal of
advancing sustainable manufacturing practices
and expanding the utilization of recycled
materials in 3D printing technologies.

2. MATERIAL AND METHOD

2.1. Preparation

Firstly, waste PET bottles were collected for the
purpose of recycling. Following the collection
of waste PET bottles, a cleaning process was
conducted. This process involved removing the
PET bottle packaging, adhesive labels, and caps
to decontaminate them from foreign substances.
Subsequently, the PET bottles were washed
with water and acetone to eliminate any
remaining label adhesive (Figure 1).

Figure 1. Preparation of waste PET bottles; (a)
cleaned PET bottles, (b) collected waste PET
bottles and (c) washed bottles.

The cleaned PET bottles were then placed in an
oven above the glass transition temperature
(approximately 140°C) for 4-5 hours. This
allowed the residual water from the washing
process to evaporate, additionally increasing the
brittleness of the PET and facilitating its
shredding. The dried PET bottles were shredded
using a blade mill (Figure 2) for the extrusion
process. Following this step, the PET surface
was dried below the glass transition temperature
to remove any remaining moisture. After this
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process, the PET bottles were prepared to an
average particle size of 4 mm for the extrusion
process.

w0

Figure 2. Blade mill shreer.

2.2. Twin Screw Extrusion

In the process, waste PET bottle particles were
colorized and homogenized using a twin-screw
extrusion system with an L/D ratio of 40:1. The
extrusion temperature was set at 240 °C for the
feed zone and 270 °C for the metering zone. The
main motor speed was adjusted to 40 rpm, and
under these parameters, a torque value of 28
N/m was observed during production. The
polymer output from the twin-screw extruder
was passed through a cooling section and
directed to a granulator device, resulting in
granules with an average size of 2 mm.

Subsequently, the shredded recycled PET
(rPET) granules were combined with TPU and
PLA polymers at a ratio of 10% each to create a
polymer blend (80% rPET, 10% TPU, 10%
PLA). The obtained polymer blend was further
processed using a twin-screw extruder and
shredded to ensure a homogeneous mixture. To
minimize the moisture content within the
shredded blend, a drying process was carried
out in an oven at 100 °C.

2.3. Filament Production Utilizing Single-
Screw Extrusion

The prepared granules were transformed into
filaments with a diameter of 1.75 mm using a
single-screw extrusion device. The rPET
filament's interior structure is uniform, and its
outward structure lacks any signs of
deformation, as shown in the image below
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(Figure 3). The filament extrusion process, the
preheating temperatures of the extruder, and the
output nozzle, as well as the extrusion speed,
significantly affect the quality and diameter of
the filament. In particular, the temperature
influences the surface quality, porosity, and
structure of the filament [9]. In this context, the
preheating and output temperatures of the
single-screw extrusion device were optimized
to be 255 °C and 265 °C, respectively, while the
extrusion speed was set between 80-100 rpm,
maintaining a head pressure of 2 bar.

2
Figure 3. Filament production process; (a) single-
screw extrusion, and (b) the resulting filament.

2.4. Mechanical Tests

In this study, tensile, flexural, and impact tests
were conducted to determine the mechanical
properties of filaments produced from the neat
rPET and a blend of 10% TPU, 10% PLA, and
80% recycled PET (rPET blend). The tensile,
flexural, and impact specimens were designed
using the CAD program SolidWorks, according
to the ISO 527 1A, ISO 178, and ISO 179
standards, respectively. Subsequently, the
designs were converted to the STL (Standard
Triangle Language) format for transfer to the
slicer program. Printing parameters, such as
printing temperature, bed temperature, printing
speed, etc., were adjusted using the slicer
program Cura (Table 1). The infill direction
parameter in 3D printing has been chosen as 0°
according to the printer bed in order to be
parallel to the tensile direction during the tensile
testing. The filaments were then printed using
a Creality brand CR6SE model FFF-type
printer. Three prints were on each specimen
type for tensile, bending, and impact tests
(Figure 4).

Table 1. Printing parameters of filaments

Parameter Unit Value
Nozzle Temperature °C 255
Bed Temperature °C 80
Layer Thickness mm 0.1
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Printing Speed mm/s 30
Infill Ratio % 100
Lines [0°]

Infill Pattern -

el

Figure 4. Preparation of tensile test specimens; (a)
during printing, and (b) printed specimens.

Tensile tests, in accordance with ISO 527
standards, were performed on the MTS Model
45 Universal Testing Machine at a speed of 5
mm/min for the tensile specimens. Flexural
specimens were tested on the same device at a
crosshead speed of 10 mm/min, following the
ISO 179 standard for flexural properties. The
impact strength of the specimens was evaluated
using an Instron Charpy impact testing machine
with a 50 J capacity (Figure 5c¢).

va b
Figure 5. Mechanical tests; (a) tensile test, (b) 3-
point bending, and (c) impact test.

3. RESULTS
3.1. Tensile Test
The stress-strain curves obtained from the

tensile tests are illustrated in Figure 6.
70
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Figure 6. The representative stress-strain curves of
tension test.

Upon examination of the results, it was
observed that the addition of TPU and PLA
additives to the neat recycled PET filament
resulted in a reduction in both the tensile
strength and elastic modulus of the material.

The rPET specimens exhibited an average
maximum tensile strength of 51.4+3.6 MPa,
indicating that the recycled PET filaments
possess good tensile strength. This suggests
their potential suitability for applications
requiring structural integrity, where the material
needs to withstand significant tensile forces.

In terms of the tensile elasticity modulus, the
rPET specimens displayed a value of 3.63+0.85
GPa. This modulus value suggests that the
recycled PET filaments possess a reasonable
level of stiffness and are capable of resisting
deformation under applied tensile stress. This
characteristic is crucial for maintaining the
shape and structural integrity of printed objects
when subjected to tensile loads.

When comparing these results with prior
studies, Helen et al. [10] utilized recycled PET
bottles to produce tensile specimens using a 3D
printer and reported an average maximum
tensile stress of 20.35 MPa for their specimens.
Van de et al. [5] investigated the mechanical
properties of recycled PET filaments at
different crystallinity levels and various
production parameters. They achieved the
highest tensile stress of 46.43 MPa among the
specimens printed using different production
parameters. In another study by Saidi etal. [11],
the effect of adding polybutylene terephthalate
(PBT) to recycled PET at different ratios on its
mechanical properties was examined. The
maximum tensile stress for neat rPET was
determined as 60.6 MPa, with a modulus of
elasticity of 1.09 GPa. It was noted that the
addition of PBT resulted in lower tensile
strength compared to neat PET.

3.2. Flexural Testing

The stress-strain curves obtained from the
three-point flexural tests are summarized in
Figure 7. It is evident that the addition of TPU
and PLA additives led to a decrease in the
maximum flexural strength and flexural
modulus.
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Figure 7. Representative flexural stress strain
curves of three-point bending test

The rPET specimens demonstrated an average
maximum flexural stress of 43.36+0.65 MPa,
indicating their ability to withstand bending
forces without significant deformation. The
flexural elasticity modulus of the rPET
specimens was measured at 1.22+0.12 GPa,

reflecting their resistance to bending and ability
to maintain shape under applied flexural loads.

Comparing these results with the available
literature, specific values for the flexural
properties of recycled PET filaments with TPU
and PLA additives are not directly provided in
the mentioned studies. However, it is worth
noting that the flexural properties of polymer
composites can vary based on several factors,
including the composition of the material,
processing parameters, and specimen geometry.

In the context of the present study, the addition
of TPU and PLA additives in the rPET blend
specimens resulted in a slightly lower average
maximum flexural stress of 35.42+0.89 MPa,
indicating a reduction in flexural strength
compared to the neat rPET specimens.
Similarly, the flexural elasticity modulus of the
rPET blend specimens was measured at
1.01+0.07 GPa, reflecting a slight decrease
compared to the rPET specimens.

Table 2. Summarized mechanical properties obtained from tensile and flexural tests.

Mag. Elasticity Max.
Tensile Flexural
Modulus Flexural
Strength (GPa) Strength Modulus
(MPa) (MPa) (GPa)
Com-
mercial
rPET[12] 37 2.3 ) )
rPET 5444 3.6£0.9 43%1 1.240.1
rPET Blend 31+2 3.1£0.3 35+1 1.0£0.1

The results obtained from the tensile and
flexural tests provide insights into the
mechanical properties of the specimens.
Comparatively, the rPET blend specimens,
which contained 80% recycled PET and 10%
each of TPU and PLA additives, exhibited a
lower average maximum tensile strength of
30.842.23 MPa. This reduction in tensile
strength might be attributed to the incorporation
of additives, which could affect the overall
structural integrity of the material.

However, it is noteworthy that the rPET blend
specimens still exhibited reasonable tensile
strength values, albeit lower than the rPET
specimens but with higher elasticity values than
commercial rPET (OnePET, Filamentium).
This suggests that the hybrid combination of
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recycled PET with TPU and PLA additives can
still provide a level of strength suitable for
certain applications.

Overall, the results indicate that while the
incorporation of TPU and PLA additives
slightly affected the tensile and flexural
properties of the recycled PET filaments, the
hybrid combination, which still demonstrated
acceptable mechanical performance. These
findings suggest the potential of using recycled
PET filaments with TPU and PLA additives in
3D printing applications where lower strength
requirements are needed.

3.3. Impact Test
The impact test results according to ISO 179
standards are presented in Table 3, showcasing
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the impact strength of the specimens. A notable
observation from the table is the significant
increase in impact strength exhibited by the
TPU/PLA mixture samples (rPET blend)
compared to both the commercial rPET and the
neat rPET specimens.

Table 3. Charpy impact test results

Specimens Re Standard
> (kJ/m?) Deviation
Commerical
PET 3.9 -
rPET ) 1.6
rPET Blend 11.2 1.1

a i o2 b e

i

Figure 8. Fracture surfaces of (a) neat rPET and (b)
rPET blend impact test specimens

The rPET blend specimens demonstrated an
impact strength of 11.2 kJ/m? which is
significantly higher than that of the commercial
rPET (3.9 kJ/m?) and the neat rPET (8.2 kJ/m?).
This result indicates a remarkable increase of
187% and 36% in impact strength for the
PLA/TPU mixture samples compared to the
commercial rPET and neat rPET specimens,
respectively. Moreover, the optical images
provided in Figure 8 illustrate the fracture
surfaces of the impact specimens. These images
likely depict the microstructural integrity of the
materials and can potentially offer visual
evidence supporting the higher impact results
achieved by the rPET blend specimens (Figure
8).

4. CONCLUSION

In conclusion, this study investigated the
printability and mechanical performance of 3D-
printed recycled PET filaments with PLA and
TPU hybrid additives. The findings indicate that
the addition of PLA and TPU additives
influenced the mechanical properties of the
resulting hybrid materials. While there was a
slight reduction in tensile and flexural
properties compared to the neat rPET
specimens, the rPET specimens still exhibited
good mechanical performance, suggesting their
potential suitability for applications requiring
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structural integrity. The incorporation of PLA
and TPU additives contributed to the
microstructural integrity of the specimens,
resulting in improved impact resistance with a
significant 36% increase in impact strength
compared to the neat rPET specimens. These
results highlight the potential of utilizing a PLA
and TPU hybrid combination to enhance the
mechanical properties of 3D printed objects
made from recycled PET filaments. By
leveraging these hybrid additives, it is possible
to improve the overall performance of recycled
PET filaments while promoting sustainability in
manufacturing processes. Future research could
explore further optimization of the hybrid
composition and investigate the influence of
printing parameters on the printability and
mechanical properties of the hybrid materials.
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Termoelektrik modiiller (TEM), 1s1l enerji yonetimi ve sera gazi emisyonunu azaltma konusunda biiyiik
potansiyele sahip ve uygulanabilir teknolojilerden biri olarak kabul edilmektedir. Termoelektrik
modiiller (TEM) yariiletken malzemelerden olusup, elektrik kullanarak 1sitma veya sogutma
yapabilirler. Bunun tersi olarak da sicaklik farkimi kullanarak elektrik iiretebilirler. Termoelektrik
modiiller elektriksel olarak seri, termal olaraksa paralel baglidirlar. TEM c¢alisma prensiplerine gore
termoelektrik jeneratér ve termoelektrik sogutucu olmak iizere iki gruba ayrilirlar. Bu aragtirmada,
termoelektrik jeneratdér (TEG) kullanarak bir deney diizenegi olusturulmustur. Yapilan deneysel
caligmalarda tim TEG yiizeyi kullanilarak analizler gergeklestirilmistir. Buna ek olarak, deneysel
calismada iki farkli durum igin (TEG+ 1s1 emici ve Sadece TEG) incelenmistir. TEG’1n sicak tarafi
elektrikli 1siticiya baglanmustir. Is1 emici ise soguk tarafa yerlestirilmistir. Termal kamera kullanarak
sicaklik 6l¢timi yapilmistir. Elde edilen sonuglara gore, TEG ve 1s1 emici oldugu durum igin sistemin
performansi %60 artti1 gosterilmistir.

Anahtar Kelimeler: Is1 Geri Kazanimi, Termoelektrik Jenerator, Termal Kamera.

EXPERIMENTAL INVESTIGATION OF THE THERMAL
PERFORMANCE IN THERMOELECTRIC GENERATORS

ABSTRACT

Thermoelectric modules (TEM) are recognized as one of the viable technologies with great potential for
thermal energy management and greenhouse gas emission reduction. Thermoelectric modules (TEM)
are composed of semiconductor materials and can heat or cool using electricity. Conversely, they can
generate electricity using the temperature difference. Thermoelectric modules are electrically connected
in series and thermally connected in parallel. They are divided into two groups as thermoelectric
generator and thermoelectric cooler according to their working principles. In this research, an
experimental setup was created using a thermoelectric generator (TEG). In the experimental studies, the
analysis was carried out using the entire TEG surface. In addition, two different cases (TEG + heat sink
and TEG only) were investigated in the experimental study. The hot side of the TEG is connected to the
electric heater. The heat sink was placed on the cold side. The temperature was measured using a thermal
camera. According to the results obtained, it was shown that the performance of the system increased
by 60% for the case with TEG and heat sink.

Keywords: Heat Recovery, Thermoelectric Generator, Thermal Camera.

259


mailto:mustafa.asker@adu.edu.tr
https://orcid.org/0000-0001-5989-3366
https://orcid.org/0000-0002-9494-5405
https://orcid.org/0000-0003-1375-5616

Asker vd., /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 7:2 (2023) 259-267

1. GIRIS

Son vyillarda, insan faaliyetleri ve sanayi
sektorlerindeki enerjiye olan talep artmustir.
Enerji ihtiyacinin biiyiik bir boliimii karsilayan
fosil yakitlarin tiikketiminde ¢ok biiylik bir artig
yasanmistir. Bu nedenle konuyla ilgilenen
arastirmacilar, temiz, siirdiiriilebilir ve
yenilenebilir enerji kaynaklar1 bulmaya ve
enerji kaynaklarimt daha verimli olarak
kullanmaya yonelmislerdir. Niifus sayisinin
hizli bir sekilde artmasi ile birlikte enerji
gereksinimi  belirli bir seviyenin {izerine
cikmugtir.

Diinyadaki enerji kaynaklarim1 korumak ve
enerjiyi daha uygun bir sekilde kullanmak i¢in
bilim insanlar1 ve arastirmacilar biiyiik bir ¢aba
harcamaktadir. Buna ek olarak, fosil yakitlarin
tiikenmesi ve bu tiir yakitlarin ¢evreye verdigi
zarardan dolay1 yenilenebilir enerji kaynaklar1
kullaniminda, termoelektrik modiiller (TEM)
bliyik bir Onem tasimaktadir.  Enerji
Tiiketiminin  Sektérel Dagilimi  Sekil 1°de
gosterilmistir.

Ticari %7.10

Sanayi %55.6
Konut %12.70

Ulagim %25.60

Sekil 1. 2017 y1l1 igin Sektorlere gore kiiresel enerji
kullaniminin yiizdeleri [1].

Kablosuz iletisim ve ag teknolojisi, insan
toplumunun yagam tarzint ve Ttretkenligini
gelistirmistir.  Mobil  terminaller,  veri
merkezleri ve bulut bilisim gibi kablosuz
iletisim hizmetleri ve veri isleme, insan
toplumuna kapsamli bir bilgi kaynagi
saglamigtir. Termoelektrik modiilii, dogrudan
1s1l enerjiyi elektrik enerjisine (veya tersini

yapmak) doniistiirmektedir. Termoelektrik
modillin  genel goriiniimii  Sekil 2’de
gosterilmistir [2-3]. Termoelektrik modiiller
(TEM), Termoelektrik jeneratdrler  ve

Termoelektrik sogutucular olarak iki farkl
grupta siniflandirilmaktadir.
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Sekil 2. Termoelektrik modiiliin genel goriinimii
verilmistir [2-3].

Termoelektrik modiiller (TEM), 1s1l 6zellikleri
iyi olan iki farkli yar1 iletken malzemeden
olusmaktadir. Bir ylizeyi P-tipi yarn iletken
malzemeden, diger ylizeyi ise N-tipi yart1 iletken
malzemeden iretilmektedir. TEM; elektriksel
olarak birbirine seri baglanti ile ve 1s1l olarak
paralel baglant1 ile baghdir. Boylece daha
yliksek voltaj elde edilmektedir [4].

TEM’lerinin avantajlari  ve dezavantajlar
bulunmaktadir. Avantajlar;; TEM’in yapist
basittir, giivenilirdir ve sessiz g¢aligmaktadir.
Buna ek  olarak, hareketli  parcalar
icermemektedir. Dezavantajlar1 ise; TEM’in
verimlilikleri diigiik olmaktadir.

TEM’ler, 1sinin atildig: sistemlerdeki atik 1s1y1
elektrik enerjisine dondstirmek  igin
kullamilabilir. Ornegin, endiistriyel tesislerde
veya arag egzozlarinda olusan atik 1s1y1 elektrik
enerjisine  doniistirmek  igin  TEG'ler
kullanilabilirler.

TEM malzemeleri, uygulamalari, modelleme
teknikleri ve performans iyilestirmeleri ile ilgili
cok sayida arastirmaci tarafindan kapsamli bir
inceleme yapilmistir [5-6].

Calisma konusu ile ilgili gerceklestirilen
calismalarin bazilar1 asagida yer almaktadir.
Hodes tarafindan yapilan bir ¢alismada,
termoelektrik modiiller i¢in bir boyutlu sayisal
olarak incelemistir. Sayisal ¢oziimde, farkli
caligma sartlart altinda analizler yapilmistir [7].
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Termoelektrik jeneratorlerin analitik ¢oziimii,
Esarte ve arkadaslari tarafindan yapilmistir.
Caligmanin amaci, igten yanmali motorun
egzozundan ¢ikan enerjiden faydalanmaktir.
Akiskanin hizi, 1s1 degistirici geometrisi,
akigkanm ozellikleri ve giris sicakliklar gibi
parametrelerinin  sistemin 151l performansi
iizerine etkisi incelenmistir [8].

Astrain ve arkadaslar1 tarafindan yapilan
calismada, 1s1 degistiricilerin sicak ve soguk
taraftaki  1s1l  direnglerinin  termoelektrik
jeneratorler lizerine sayisal ve deneysel olarak
incelenmigtir. Sayisal ¢aligmada, sonlu farklar
yontemi kullanilarak sisteminin 1s1l performansi
analiz edilmistir. Sayisal analizler, gelistirilen
prototip sonuclart ile karsilastirilmistir. Isil
direncin %10 azaltilmasi durumunda, elektrik
iiretiminin %8’lik artig1 gosterilmistir [9].

Hsu ve arkadaslari tarafindan gergeklestirilen
calismada, otomobil egzoz borusundan ¢ikan
atik 1silar elektrik enerjisine doniistiirmek i¢in
24 adet termoelektrik jeneratdrden olusan bir
sistem gelistirilmistir. Yapilan deneysel ve
simiilasyon sonuglarinda, araglarda kullanilan
termoelektrik jeneratorlerin performansinda
iyilestirmeler yapilmistir.Buna ek olarak, motor
hiz1 3500 devre/dakiya yiikseldigi zaman, 12.4
Watt’lik bir gii¢ elde edilmistir [10].

David ve arkadaglari tarafindan yapilan
calismada, iki farkli termoelektrik modiilii mini
kanal 1s1 yutucuya (heat sink) baglanarak,
optimizasyon ile ilgili ¢aligmalar yapilmstir.
Kanaldaki 1s1 transfer akiskani su olarak
almmistir. Kanal sayisi, capt ve debi gibi
parametreler, farkli ¢aligma sartlarinda analizler
edilmistir [11].

Date ve arkadaglarnn tarafindan yapilan
caligsmada, kiiciik ve orta dlgekli sistemler i¢in
yenilenebilir enerji sistemlerinden faydalanarak
termoelektrik gii¢ liretimin gelistirmesi ile ilgili
bir aragtirma yapilmistir. Buna ek olarak, enerji
iretiminde kullanilan yeni malzemeler ve
yenilikgi tekniklerinden bahsedilmistir [12].

Matsumoto ve arkadaslari, i¢ten yanmali bir
motordan ¢ikan sicak egzoz gazindan elektrik
enerjisi elde etmek i¢in TEG kullanmiglardir
[13].

Bu calismanin temel amaci, Termoelektrik
jeneratorlerin  deneysel olarak incelenmesi.
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Buna ek olarak, Termoelektrik jeneratorlerin
verimliliklerinin arttirilmasi i¢in 1s1 emici (Heat
sink) kullanildigi zaman sistem {izerine olan
etkisinin arastirilmasidir.

2. MATERYAL VE YONTEM

2.1. Deney Diizenegin Olusturulmasi

Bu deneysel calisma kapsaminda,
Termoelektrik jeneratorlerin 1s1l verimliligini
incelemek i¢in deney diizenigi olusturulmustur.
Deney diizenegin ana elemanlar1 Sekil 3’te
verilmigtir. Deney diizenegi, termoelektrik
jeneratorleri (TEG), ayarlanabilir giic kaynagi,
data kazanim karti, elektrikli 1s1 kaynagi, 1s1
emici (Heat sink), termal kamera ve bilgisayar
sistemi elemanlarindan olusmaktadir.

Sekil 3. Deney diizenegin genel yapist.

Termal baglantilarin  dogru bir sekilde
yapilmast da TEG’in performansini
etkilemektedir. Termoelektrik malzeme ile 1s1
kaynagr ve 1s1 emiciler arasindaki termal
baglantilarin  diisiikk termal direngli olmast
onemlidir. Iyi bir termal baglanti, sicaklik
gradyanim1 maksimize ederek jeneratdriin
verimliligini arttirmaktadir.

Yapilan deneysel c¢alismada  kullanilan
malzemeler ve ilgili detayll 6zellikleri
asagidaki gibidir.

2.1.1. Termoelektrik Jeneratorleri (TEG)
TEG SP1848-27145 tipi  Termoelektrik
jeneratori kullanilmistir (Sekil 4). Soguk taraf
iizerinde olan yazi, siacak taraf ise lizerinde yazi
olmayan taraf olarak gosterilmistir. Bu tip TEG
ler asagidaki dzelliklere sahiptir.

1-Enerji liretimi i¢in 6zel olarak tasarlanmistir
2-Neme kars1 korumak igin kapali

3-Yiiksek giivenilirlik ve c¢evreye kirlilik
vermemktedir.
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Bu TEG’lerin bazi 6zellikleri ise asagidaki gibi
verilmigtir.

* Boyut: 4 x 4 x 0.34 cm (UxGxY)

» {letkenlik: 850~1250Q -1.cm-1

» Optimum (Z) degeri : 2.5 ~ 3x10-3W/°C

o Isil iletkenlik (K): 15~16x10-3-W/°C cm

* Caligma sicakligi : -60~125°C

* Malzeme: Ceramic / Bismuth Telluride

* Agirlik: 25g

* Kablo uzunlgu: yaklagik 30 cm

Sy
S,
e e

Sekil 4. TEG SP1848-27145 tipi Termoelektrik
jeneratoriin genel goriiniimii.

2.1.2. Ayarlanabilir Gii¢ Kaynag

Deneysel caligmada, Rigol DP832, 3 farkli
cikisli, programlanabilir, temiz c¢ikis giicii
verebilen ve max. toplam giic 195W, ¢ok sayida
baglant1 portunu bulunduran yiiksek kaliteli bir
Laboratuvar tipi ayarlanabilir DC Gii¢ kaynag1
kullanilmig ve Sekil 5’te gosterilmistir. Buna ek
olarak, gii¢ kaynagimin diger teknik 6zellikleri
ise 0-30V / 0-3A dijital (D.C.) dogru akim
saglamaktadir.

Sekil 5. Rigol DP832 Ayarlanabilir Gii¢ Kaynagi.

2.1.3. Data Kazamim Karti

National Instrument NI 9220 data kazanim kart
ve ekipmanlari deneysel caligmada
kullanilmistir  (Sekil 6). NI 9220 teknik
ozellikleri asagidaki gibidir. NI 9220 analog
girigli bir modiill ve 16 diferentia kanala
sahiptir.Bu ek olarak, Sinyal seviyesi =10V,
ornekleme hizi 100kS/s ve ¢oziiniirlik 12-Bit
olarak iirtici tarafindan tasarlanmistir.
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Sekil 6. NI 92 data kazanim kartin goriintimii.

2.1.4. Elektrikli Is1 Kaynag

Elektrikli Is1 kaynagimin teknik oOzellikleri
asagida verilmistir (Sekil 8). PTC Isitma
Plakas1 AC DC 12V, Termostatik Aliiminyum
Kabuk Seramik Isitma Plakalar1 Levha Sabit
Sicaklik Isitict sicaklik 110 °C, 3-10W.

Sekil 7. Elektrikli 1s1 kaynagi.

2.1.5. Is1t Emici (Heat Sink)

Isty1 ¢ekmek icin termoelektrik modiiliin
tizerine 40x40x20 mm? dlgiilerinde aliiminyum
malzemesinden imalat edilen (Gpu Heatsink
Kit) tipi 1s1 emmici kullanilmistir (Sekil 8).

2.52mm

2.2mm

1.3mm 1.7mm

20mm

.2mm

—

l 40mm l

Sekil 8. Is1 emici (Heat sink).
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2.1.6. Termal Kamera

Bu calisma kapsaminda Testo 885 - Termal
kamera kullanilmistir. 76,800 sicaklik 6l¢iim
noktasina sahip ile yiiksek kalitede 1s1l
gorintiiler saglayan termal kameranin boyutu
253mm x 132mm x 111 mm ve 1570g agirlikta
olan termal kamera kullanilmigtir (Sekil 9).
Termal kameranin teknik o6zellikleri Cizelge
1’de gosterilmistir.

Cizlege 1. Termal kameranin teknik &zellikleri

Parametre Ozellik
Ekran 4,3 LCD, 640 x 480
Calisma sicakligi -15/450 °C
Is1l duyarhilik <30 mK +30 °‘C de
Olgiim aralig1 -30/+350 °C
Dogrululuk +2 °Cigin £2%

Sekil 9. Termal kamera (Testo 885).

2.1.7. Diziiztii Bilgisayar

NI den gelen verileri bilgisayara aktarilicaktir.
Bu dneysel calismada, dizilstii bilgisayr
kullanilmigir (Sekil 10). Bilgisayarin 6zelligi,
islemci: Intel(R) Core(TM) i5-4200U CPU @
1.60GHz; Ram 8.00 GB

Sekil 10. Diziistii bilgisayar.

3. ARASTIRMA BULGULARI

Ist emici ve Termoelektrik Jeneratér (TEG)
farkli bilesenlerdir ve birbirleriyle bagimsiz
olarak c¢aligabilirler..

TEG'ler termoelektrik etkiyi kullanarak, bir
ylizeydeki yiiksek sicaklikla diger yiizeydeki
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distik sicaklik arasindaki termoelektrik farki
kullanilarak elektrik tiretir.

Bazi uygulamalarda ise hem bir 1s1 emici hem
de TEG bir arada kullanilabilir. Ornegin, bir
enerji geri kazamim sistemi, bir 1s1 emici
kullanarak sistemden atilan atik 1s1y1 emerek ve
bu is1ty1 TEG ile elektrik enerjisine doniistiirerek
enerji verimliligini artirabilir. Bu sekilde, 1s1
emici ve TEG birlikte calisarak enerji geri
kazanimi saglanmis olur. Ancak, genel olarak,
1s1 emici ve TEG ayn ayn veya farkh
uygulamalarda kullanilir ve birbirlerine bagiml
degillerdir.

Termoelektrik jenerator sistemine ait deney
diizenegi Sekil 3’te gosterilmistir. Deney
diizenigi kisaca 1-Termoelektrik jeneratorleri
(TEG), 2-Ayarlanabilir Gii¢ Kaynag1 (Rigol
DP832) 3-National Instrument NI 9220 tipi data
kazanim kart1, 4-Elektrikli 1s1 kaynagi (PTC
Heating Plate AC DC 12V), 5-Is1 emici (Heat
sink)  (40x40x20 mm® §lgiilerinde  ve
Aliiminyum malzemesinden imalat edilmistir.),
ve 6-Bilgisayar elemanlarindan olugsmaktadir.

Bu g¢aligma kapsaminda iki farkli durum ig¢im
deneysel calisma yapilmistir.

1-“TEG+Is1 emici” durumu igin

2-“Sadece TEG” 1s1 emici olmadigi durum i¢in

Deney testlerine baslamadan once, elektrikli
1s1ticinin sicakligr Testo 885 tipi termal kamera

kullanarak olciilmiigtir. Gii¢  kaynaginin
voltajlart  degistirilerek elektrikli  1siticinin
sicakligi degistirilebilmektedir. Glig

kaynagindan farkli voltajlar i¢in (3V, 6V, 9V ve
12V) elektrikli 1siticinin  sicaklifi  sirasiyla
(64°C, 83.4°C, 107.5°C ve 119.5°C) olarak
bulunmustur.  Farkli  voltajdaki  1sitict
sicakliklar1 termal kamera kullanarak bulunmus
ve Sekil 11°de gosterilmistir.

Yapilan deneysel ¢alismada, TEG ile birlikte
1s1 emici oldugu durum igin analizler
yapilmistir. Burada 1s1 emiciyi TEG soguk taraf
iizerine  yerlestirilmis, glic kaynagindan
voltajlar degistirerek (3V, 6V, 9V ve 12V)
sicaklik dagilimi elde edilmis ve Sekil 12°de
gosterilmisitr.

Ist emici olmadig1 durumda ise (Sadece TEG)
farkli voltajlar icin (3V, 6V, 9V ve 12V)
sicaklik dagilimi Sekil 13’te verilmistir.
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263°C

834°C

264°C

b-(6V)

107.5 °C

16.8 °C

119.5°C

1100

100.0

_ 80.0 -
70.0 60.0
60.0
50.0
300

220°C 1

d-(12V) . - d(12V) B
Sekil 11. Farkli voltajlardaki elektrikli 1siticinin Sekil 12. Ist emici olfiugu durum igin sicaklik
sicakliklari. dagilima.
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28.5°C

b-(6V)

y
26.9 °C

d-(12V)

Sekil 13. Sadece TEG durumu i¢in sicaklik dagilim

Yiizey sicakligi degerleri iki farkli durum i¢in (TEG+1s1 emici ve sadece TEG) Cizelge 2’de verilmistir.

Cizelge 2. iki farkli sistem igin sicaklik degerleri.

Voltaj Sicaklik (°C) Sicaklik (°C)
Is1 emici durumu i¢in Is1 emici olmadigi durum icin
3V 30.5 32.1
6V 36.5 42.1
A 459 67.9
12V 69.9 94.5

Burada iki durum igin voltajlar arttirildig
zaman ylizey sicakligi artmistir. Ancak 1s1
emici oldugu durumu ig¢in yiizey sicakligi daha
az oldugu goriilmiistlir. Bu durumun sebebi ise
1s1 emicinin temel islevi olarak 1s1y1 azaltmak
ve temas ettigi ylizeyden 1siy1 gidermektir.
TEG+1s1 emici oldugu durum i¢in sistem olarak
voltajlar1 ~ Olclilmiistiir.  Giic  kaynagindan
voltajlar degistirerek (3V, 6V, 9V ve 12V),
sensor vastasiyla TEG’den Olgiilen voltaj degeri
1s1 emici olddugu durum igin  Sekil 14’de
gosterilmistir.

Burada, gii¢ kaynagmin voltaji (3V) olarak
oldugu durumda sistemin voltaj1 yaklasik olarak
0.03V degerindeyken, giic kaynaginin voltaji
(12V) olarak oldugu durumuda sistemin voltajt
yaklasik olarak (0.6V) oldugunu Sekil 14’te
verilmistir. Bunun sebebi ise ayarlanabilir giic
kaynagmin voltaji arttigi zaman elektrikli
isiticinin - sicaklign  artmaktadir. Buna gore
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sickalik farki olustugu zaman sistemin giicii
(voltaj) yiikseliyor.

Ist emici olmadigi durum i¢in (sadece TEQG),
giic kaynagindan voltajlar degistirerek (3V, 6V,
9V ve 12V), sensor vastasiyla TEG’den 6l¢iilen
voltaj degeri Sekil 15’te gosterilmistir.

Benzer sekilde Gii¢ kaynagindan voltaj arttug
zaman sistemin (TEG) voltaji artmaktadir.
Burada, giic kaynagmin voltaji (3V) olarak
oldugu durumda sistemin voltaj1 yaklasik olarak
(0.015V) degerindeyken, gii¢ kaynaginin voltajt
(12V) olarak oldugu durumuda sistemin voltajt
yaklasik olarak (0.23V) oldugunu Sekil 19°da
verilmigtir. TEG ve 1s1 emici oldugu duirumda
sistemin daha iyi bir performans gosteridigi
gorlilmustlir. Bunu sebebi ise TEG’in sicak ve
soguk  taraf arasindaki sicaklik farki ile
dogrudan orantilidir.
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Sekil 14. TEG’den 6lgiilen voltaj degeri 1s1 emici

oldugu durum.
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4. SONUC

Yapilan deneysel calismalarda tim TEG yiizeyi
kullanilarak arastirmalar gergeklestirilmistir.
Buna ek olarak, deneysel ¢alismada iki farkli
durum i¢in (TEG+ 1s1 emici ve Sadece TEG)
inceleme yapilmistir. TEG+ 1s1 emici durum
i¢in, gii¢ kaynagimin voltaji (12V) olarak oldugu
durumda elekrikli 1siticinin sicakligr 119.5°C,
soguk taraf yiizey sicakligr 69.9°C ve sistemin
voltajt  yaklasik olarak (0.6V) oldugu
gosterilmistir. Ancak, 1s1 emici olmadigi durum
icin, glic kaynaginin voltaji1 (12V) olarak oldugu
durumda elekrikli 1siticinin sicakligr 119.5°C,
soguk taraf yiizey sicakligi 94.5°C ve sistemin

voltaji  yaklagik olarak (0.23V) oldugu
gosterilmistir. TEG ve 1s1 emici oldugu
duirrumda  sistemin  performanst  arrtifi
gOsterilmistir.

TEG’in 1s1l performansi, bir dizi faktore
baghidir. Bunlar arasinda kullanilan
termoelektrik malzemenin 6zellikleri, sicaklik
gradyani, sogutma sistemleri ve termal
baglantilar yer almaktadir. Termoelektrik
malzemeler, termoelektrik etkiyi en iyi sekilde
kullanabilmek icin yiiksek 1si1l iletkenlik ve
diisiik elektriksel iletkenlik 6zelliklerine sahip
olmalidir. Bu, 1s1y1 hizla ileten ancak elektrigi
engelleyen malzemeleri ifade eder. Yiiksek
performansli  termoelektrik ~ malzemelerin
gelistirilmesi,  termoelektrik  jeneratorlerin
verimliligini artirabilir.

Bu calisma, atik 1silardan elektrik enerjisinin
iiretilmesi, {iretilen enerjinin optimizasyonu ve
1s11  ve elektriksel katkilarinin  olacagin
gostermistir. Boylelikle, atik 1s1  elektrige
cevrilirken en verimli sistem parametreleri
belirlenmistir.
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ABSTRACT

Thrombosis occurs of a blood clot in the vein and blocking blood flow. The formation of a clot within
the artery is called arterial thrombosis. Due to arterial thrombosis, there are heart attacks and strokes
that result in more than 17.9 million deaths worldwide each year. Covid-19, one of today's problems,
further increases the mortality rate. The thrombosis mechanism includes factors coming from the blood
and the vessel wall. This mechanism is based on local blood flow mechanisms and 3-dimensional (3D)
vessel geometry. Microfluidics chip-based vascular models examine the interaction between blood and
the vessel wall in vitro studies in thrombosis. Until now, the 3-dimensional geometry of the arteries and
blood flow system of healthy or unhealthy individuals have not been fully modeled. In this study, a
patient-specific occluded blood vessel model was obtained from computed tomography angiography
(CTA) data, and miniature vascular structures were developed with a 3D printer. These structures were
printed using Acrylonitrile Butadiene Styrene (ABS). 3D ABS samples were used in
Polydimethylsiloxane (PDMS) based soft lithography molds to occur microfluidic systems containing
miniaturized replicas of in vivo vessel geometries. A comprehensive simulation of stented vasculature
was performed by flow analysis of artificial blood and cell culture by placing a commercial stent on
PDMS-based models. This project has aimed to develop and characterize modules by creating
microfluidic systems using 3D printers to examine the effects of stents placed in the patient's complex
vascular system and to simulate operations before treatment and stent placement.

Keywords: Patient-specific modelling, 3D printing, Microfluidics, Stent.

1. INTRODUCTION pathophysiology of thrombosis in laboratory
The first reason of heart attacks and strokes is applications, even though these models mimic
arterial thrombosis, causing more than 17.9 the mechanical multifactorial complexity found
million deaths worldwide each year [1]. in arterial thrombosis but cannot completely
According to the American Heart Association, explain human disease or human physiology.
the number is expected to grow to more than For instance, rodent platelet biology and
23.6 million by 2030. Due to increasing death, clotting dynamics vary between species. Mouse
physicians constantly need to learn new skills in thrombocyte differs from human platelets in
clinical treatment, for example; 3D printing size, number, and structure, but they are very
helps in the struggle to keep up with an all- similar functionally [3-4]. For this reason, in
changing clinical environment [2]. Thrombosis vitro blood flow chambers were perfused with
is a complex process initiated by several genetic blood, in vivo models were created and used [5].
and acquired factors. For example, blood-borne In recent years, it has been observed that organs
factors, dynamic fluid effects, and vascular wall can be produced in chips designed in vitro.
dysfunction. Although, animal models are the Thus, the samples were produced that show the
most appropriate experimental tool to study the characteristics of human physiology with
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unprecedented realism [6]. Furthermore, it has
enabled the production of 3D structures that
realistically mimic the natural shape of human
tissue with its complex structure and can be
useful in replicating the structure of human
blood wvessels [7-8]. Microfluidic vascular
systems have been modeled and fabricated to
analyze blood flow and reveal defects and
problems before the required applications and
treatments for cardiovascular diseases [9-10].
Many years ago, surgeons had to depend on
their anatomical knowledge of the human body
and other things as they progressed through the
operation. Computer technology is easier than
the other approaches. Medical imaging
technologies provide the data on 3D structure
and function at the cellular, tissue, organ and
organism levels. Computer-aided design (CAD)
and computer-aided manufacturing tools are
providing collection and digitization with the
complex architectural information for tissues
and organs. It can also be modified or designed,
with the benefits of the usage of computer-aided
design tools, on demand The idea of 3D printing
surgical models is improved so soft tissues are
3D printed in parts or whole and provided to the
surgeons [11-12].

Computerized tomography angiography scans
were acquired from Digital imaging and
communication in medicine (DICOM). These
DICOM files, consisting of two-dimensional
texture image segments, can be combined to
produce 3D samples. These files were read and
segmented with 3D-Slicer. All slices are
converted to a 3D sample using the “model
making” option in 3D-Slicer [13]. Especially,
Fused Deposition Modeling (FDM) 3D could
be the convenient technique to fabricate
architecturally complex vessel design, also it
has high printing resolutions for manufacturing
microfluidic chips [14-15]. There were much
current imaging and diagnostic technologies,
such as magnetic resonance imaging (MRI) and
computer tomography (CT), have been
explored to acquire information about the
targeting tissues and achieve the CAD data of
the grafts. The CT imaging is based on the
variable absorption of X-rays by different
tissues. MRI also can provide high spatial
resolution in soft tissue via using nuclear
magnetic resonance. The contrast of biological
structures can be strongly increased with the use
of contrast agents. The area where 3D printing
was most commonly used in cardiovascular.
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Bioprinting technologies and 3D printers help
the pre-treatment of heart diseases. For
example; modeling vessels for providing pre-
operative studies, the development of organ
models, and producing artificial organs. [16].

In this study, the complex vascular structure
specific to the patient was modeled with the
patient's computerized tomography data
produced by using 3D printers and microfluidic
systems. Afterward, a commercial stent was
placed in this model, and a comprehensive
simulation of the stent patient vascular structure
was performed with artificial blood and cell
culture flow analysis. The aim of this project is
the development and characterization of
modules using 3D printers and microfluidic
systems in order to examine the effects of stents
being placed in the patient's complex vascular
system and to perform pre-trial operations
before  treatments. First, (Computed
Tomography) CT or (Magnetic Resonance
Imaging) MRI data of the patient's occluded
vessel (.dicom) was obtained. This data then
proceeds from the (.dicom) extension to the
modeling stage with the 3D Slicer. In the
modeling stage, the sample’s design was done
using Solidworks. After the desired values were
set, the sample was printed with an FDM-type
3D printer using ABS filament. The printed
sample was placed in the prepared PDMS
mixture [13-17]. The resulting product, after
cooling at room temperature, was placed in a
seventy-degree oven for four hours and placed
in acetone. Necessary tests were performed on
the emptied PDMS sample. Finally, the effect
of the vessel geometries on platelet aggregation
was evaluated by perfusing the vessel models at
true arterial shear rates.

2. MATERIALS AND METHOD

2.1. Modelling of the Artery from CT Scan
Data

Powder, liquid, or solids are widely used in 3D
printing. These materials produce objects
through layers. Starting from the bottom and
each new layer accumulating was printed to
adhere to the previous layer, this creates a
gradual structure. The structure of the 3D
printed sample was created by the Computer
aided design (CAD) model loaded into the 3D
printer (Figure 1). CAD models define 3D
objects in a series of cross-section layers and
allow 3D printers to physically reproduce the
models in an additional process. CT scanning
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was converted into a model using phantom [ 13-
18]. In order for 3D printers to control, G-code
encoding CAD models was used. Print speed,
print head temperature, layer height, and
pressure can be changed and optimized with the
G code.

The sample has five steps in the phantom design
process:

1.) Take CT from the patient,

2.) Make a simple model
vasculature,

3.) Make design support for the vasculature,

4.) Support design model

3D printing the phantom (Figure 1).

and smooth

' Scgment

Angio CT Geometry

Simphfy
and Smooth

ey | SUPPOR | oy [ 3D Printed
Design

Figure 1. Reference negative sample [19].

ABS is a thermoplastic polymer. The filament
has a diameter of 1.75 mm. It was used to print
out the artery model by FDM 3D printer. ABS
has a low melting point. Due to its use in
injection molding and 3D printing easily, it is
suitable for modeling negative samples [20].
The ABS was melted just above the glass
transition temperature, and then a layer of layer
was printed on the side or top of the extrusions
to form the object layer. The filament was taken
into the nozzle and squeezed at the hot and

The disadvantage of FDM 3D printing is
difficult to obtain highly detailed prints and part
quality. The material must extrude in layers and
must have a predetermined thickness. Another
disadvantage of FDM is that each layer is

(c)
Figure 2. (a) The 3D sample of the artery from the DICOM data of CT scanning, (b) CAD modeling with
additional channels for the inlet and outlet of the fluids of the macro fluidic system, (c¢) The fabricated negative
sample, (d) Dimensions of the sample.
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melted. Then deposited on the layers of the print
bed. These layers were combined to accumulate
during printing and form a finished negative
sample. One of the biggest benefits of FDM 3D
printing is its scalability. It can easily scale to
any size, and this helps decrease the cost/size
ratio. FDM printers are preferred because of
their low part costs and simple design. Another
advantage is the flexibility of the material. FDM
printers can print a wide variety of thermoplastic
materials [21-22].

unified. They create weak points in printing and
make these prints unsuitable for certain
applications [23]. The material formed after
printing (Figure 2) and the dimensions of the
negative sample (Table 1).
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Table 1. Dimension of sample for Figure 2.

Thickness of main vessel [C]
Diameter of feet [D]

Thickness of lateral vessel — 1 [A]
Thickness of lateral vessel — 2 [B]
Length of feet [D]

Length of body

Width of main vessel [C]

Width of lateral vessel — 1 [A]
Width of lateral vessel — 2 [B]

0.475 cm
0.9 cm
0.4 cm
0.25 cm
1.3 cm
3.5cm
0.52 cm
0.475 cm
0.27 cm

2.2. Fabrication of Negative Artery Model by
FDM 3D Printer

The sample was formed from the computed
tomography data. The sample was printed with
the dimensions and thicknesses by 3D printing.
The printing parameters in the FDM 3D printer
(Table 2).

Table 2. FDM printing parameters for the artery
sample fabrication.

Nozzle temperature(C) 255

Bed temperature(C) 100
Process time (min) 25
Sample of printing Prusa i3s

Slice of program Prusa slicer

Size of sample (%) 60
Layer of thickness (mm) 0.3
First layer thickness (mm) 0.35

Ambient temperature (C) Room temperature

2.3. Surface Treatment of the Printed
Samples

In order to obtain transparent PDMS channels
of the artery model, the surface of the negative
sample has to be a mirror-like smooth surface.
The rough printed surface (Figure 3a) was
ground to obtain a smooth surface. The grinding
paper was 2500. The ground ABS negative
sample was held in the acetone vapor to obtain
a polished mirror-like surface of the artery
model. This process took approximately 15-20
minutes, keeping the temperature between 40-
45 degrees (Figure 3b-c). It was left to cool at
room temperature for 1-2 hours (Figure 3d).

Figure 3. (a)Printed negative sample having rough surface,
(b-c) printed negative samples subjected to the acetone vapor bath at 40C for 15-20,
(d) polished sample.

Acetone vapor was maintained since the
sample's feet were thin. This may result in
issues like rupture. As an alternative way, the
vaporization time of the sample was shortened,
and the sample was immersed in acetone
directly at room temperature with the aid of
tweezers in acetone for 2-3 seconds. The
surfaces of the first printed sample and the
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sample immersed in acetone are quite different.
The surface of the sample immersed or waited
in acetone vapor was almost smooth.

2.4. Fabrication of the Flexible Artery
Samples

PDMS was used to fabricate the artery sample
because of its high flexibility, visibility, and
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transparency. Also, PDMS has a large molar
volume, a low cohesive energy density, is very
resistant to ozone and corrosion, stable to
atomic oxygen and even oxygen plasma. Other
advantages are that the ability to form films,
high permeability to various gases, hydrophobic
nature, ability to move freely, surface activity,
and inertness against chemical and physical
effects [24].

The PDMS and the current agent have been
mixed at a rate of 10:1 for 5-6 minutes [14]. The
mixing process was carried out to ensure that
the PDMS and the binding agent were
homogeneously combined. After the mixture
was prepared, too many air bubbles were
observed in it. After the mixture was prepared,
a lot of air bubbles were observed in it. A
vacuum desiccator was used for approximately
45-60 minutes to remove these air bubbles. The
negative sample is made of ABS placed in.
molds. As can be seen from Figure 4a, the
sample did not touch the left, right and bottom
of the container (Figure 4a). After the prepared
PDMS was poured on it, it places in the vacuum
desiccator to get rid of the air bubbles that
formed inside it. It was held for 30-45 minutes.

The sample was placed in the oven where the
temperature increased to 70 degrees. After 4
hours in the oven, the curing of the PDMS was
completed and allowed to cool to room
temperature. After the sample reached
sufficient temperature, it was removed from the
container (Figure. 4b).

The negative vessel sample occurs of the ABS
polymer. The sample material is PDMS so, the
negative sample inside needs to empty, i.e. to
melt the ABS polymer. The ABS polymer had
been waited in acetone for three days (Figure
4c), so the ABS polymer was softened. To speed
up the dissolving of the ABS polymer
completely, acetone send to a vein by syringe.
After the ABS dissolved 70-80 percent, the
sample had been placed into new acetone. The
sample should not hold in the same acetone for
a long time. Acetone was changed day by day.
When the ABS dissolved in the acetone, the
liquid turned yellow. After the ABS dissolved
completely, the sample held in the new acetone
for one day in order to optained a quite clean
and transparent model (Figure 4d).

Figure 4. (a) The negative sample was replaced in the PDMS mixture, (b) the sample was cured in the oven
(c) The sample was thrown into acetone to dissolve ABS, (d) The ABS solve in the negative sample.

2.5. Stent Placement in Sample

The balloon stents should be pushed into the
desired hole (Figure 5a), air was given to the
balloon in the stent to inflate, thus opening the
stent (Figure 5b). The process of giving air is
called the positive direction. Next, the air must
be drawn in the negative direction. After the
wire and balloon were removed from the stent,
they must be removed from the sample. In this
way, stent placement is completed.
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Figure 5. a) After the stent was placed and the
balloon was inflated and b) the stent was placed in
the sample.
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After the stent was placed in the samples, they
were cleaned with ethanol or pure water.
Ethanol was used as an antibacterial due to its
antiseptic properties. Then apply 254 nm UV.
UV rays with a wavelength of 254 nm neutralize
any microorganism in water without creating
any harmful by-products, odors, or tastes and
without disturbing the natural properties of
water. So, it was used as a disinfectant. After the

(a)

(b)

blood was prepared, a suitable device was set up
to pass through the sample. The sample was
placed in the apparatus (Figure 6). Followed by
nitrogen gas and the oxygen in the sample was
swept. The temperature of the blood was set to
37 degrees. The peristaltic pump was set and
operated at the desired value.

(c)

Figure 6. (a) Blood circulation setup, (b) the artery sample having stent without blood, and (c) the artery sample
having stent without blood design of the dynamic test bench and close-up view of the sample

Nitrogen gas was introduced inside the blood
reservoir before the blood circulated through the
sample due to prevent blood clotting. Prepared
blood circulated from the reservoir to the artery
sample using a peristaltic pump with a flow rate
of 35 ml/min through the stented sample. After
the blood circulation, the stent-placed channel
of the artery sample was cut to examine using a
stereo microscope. Thus, the sample was
enlarged and ready for observation. After the
blood passed through the prepared sample, it
was examined under a stereo microscope. The
sample was examined from the outside without
cutting. The stent placed in the examination is
evident. Furthermore, a layer was formed on top
of the stent. The inside of the sample was
divided into two parts for examination (Figure
7). The accumulation of stent and vessel parts
was investigated. In some areas of the stent,
blood deposition was observed.

(a)
Figure 7. (a) Stent view within the sample,
(b)The sample was divided into two

(b)
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3. RESULTS AND DISCUSSION

3.1. Surface Treatment of the Printed
Samples

In order to obtain transparent PDMS channels
of the artery sample, the FDM 3D printed
negative sample the surface which has to be
smooth. That's why acetone vapor have been
applied to the samples but the feet of the
samples were thin so which caused the
problems such as rupture. As an alternative
way, they was shortened vapor time, and the
sample was immersed in acetone directly at
room temperature with the aid of tweezers in
acetone for 2-3 seconds. The surfaces of the first
printed sample and the sample immersed in
acetone have quite different. The surface of the
sample immersed or waited in acetone vapor
has almost smooth. ABS sample printed with
3D has an extremely rough surface. That's why
the sample needs to be grinded and held to
acetone vapor or dipping it into acetone at room
temperature is necessary. If enough surface
roughness is not removed, air bubbles can be
formed around the vessel sample when the
sample was thrown into the oven (Figure 8a).
Therefore, the first thing is that the surface of
the sample was ensured to be smooth and then
other steps were started. If the necessary steps
were taken, the desired sample can be obtained
(Figure 8b).



Ugurtas and Yilmazer /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 7:2 (2023) 268-276

1o

Figure 8. (a) uncomplete removing of the surface
roughness and air bubbles (b) sufficient surface
smoothness

The prepared PDMS mixture has a lot of air
while mixing and if these bubbles would not
remove, the PDMS could fill with bubbles
around the sample when it was thrown into the
oven. With the help of a desiccator, the air
bubbles must be removed very well. PDMS was
left in the desiccator for 30-45 minutes and then
thrown into the heated oven. PDMS mixture
was made in a clean container. It was covered
when it was removed from the desiccator
because PDMS absorbs the dust in the
environment very easily. When the temperature
of the sample coming out of the furnace reaches
room temperature, it was removed from the
molds and discarded into pure acetone.
However, if the sample always remains in the
same acetone, it takes the color of the dissolved
ABS. The acetone of the two upper samples was
changed once and the acetone of the side-by-
side samples was changed twice (Figure 9).

v —

Figure 9. The color depending on the frequency of
changing acetone
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Therefore, it should change acetone every day
for four days and the samples looked much
more transparent and non-yellowing than other
samples. The acetone of the samples was
changed daily and the sample with the desired
properties was obtained. There were some
difficulties in placing the stent. For example, the
balloon may be damaged when inserting an
unopened stent, or there may be problems with
the stent coming back with the balloon when
inflating the balloon and withdrawing the
balloon after inserting the stent. In this study,
the stent was collected in the mouth while the
inflatable balloon was removed. When the stent
remains in the body for a long time, it was
covered with a layer over time due to the
accumulation of blood tissue. The formation of
this layer prevents the stent from performing its
function and leads to the re-occlusion of the
vessel. Therefore, the stent does not constitute a
permanent solution for a long time.

4. CONCLUSIONS

In this study, a new approach was studied to
develop patient-specific microfludic blood
vessel model. Following conclusions were
optained;

1. To remove surface roughness; After
grinding, it was kept in acetone vapor at 40-
45 degrees for 15-20 minutes, or negative
samples can be dipped into acetone at room
temperature for 2-3 seconds with the help of
tweezers. This time can also be increased
according to the surface roughness of the
sample. In order for the samples not to turn
yellow; Acetone was changed daily.

2. For stent placement; Feet was in the same
direction as the veins.

3. To acquire images when connected to a
peristaltic pump; The depth of the negative
sample was less, and the gap was closer to
the surface. Dynamically degradable testing
was performed before animal blood was
drawn to develop biodegradable stents. Pre-
made samples can detect diseases or other
conditions and can be used to help heal, treat,
or prevent disease. Permanent implantation
of the stent can alter the hemodynamics of
blood flow and again cause vascular
occlusion.
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5. FUTURE RECOMMENDATIONS
Considering all the studies carried out, the
vessel sample was designed in the most
appropriate way and the vessel sample was
obtained. For the homogeneous passage of
blood; All veins should be the same height. The
drawing of new sample was drawn with
Solidworks (Figure 10).

Computational Fluid Dynamics is widely used
to analyze the hemodynamic behavior and wall
shear stress distribution in-stent arteries. It
makes sense to simulate a steady blood flow,
which can be wuseful in more complex
simulations and  significantly  reduces
computation time. These findings provide good
insight into future stent placement designs to
reduce re-occlusion [25].

Figure 10. A illustration of new patient-specific
microfludic blood vessel model.

The dimensions of the negative sample for
printing a new sample (Table 3). It is important
to choose the right frame for adequate use of
PDMS and position the sample in the right
place. The dimensions of the frame for choosing
(Table 4).

Table 3. Dimensions of the negative sample.
Parts of Length (mm) Diameter (mm)

sample
A 20 1.7
B 10 6
C 20 5.9
D 25 2.6
E 25 2.6
F 2.7
G 2.7
M 20 1.7
N 20 1.7
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Table 4. Dimensions of the frame.

Length 100 mm
Thickness 2 mm
Height 6 mm
Width 25 mm
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ABSTRACT

Aircraft are used in many fields such as engineering, logistics, transportation and disaster management.
With the development of drones, aerial vehicles have become more widely used for entertainment
purposes. However, in addition to its useful applications, its malicious use is also becoming widespread.
It has become a necessity to eliminate this problem, especially since it poses a significant danger to other
aircraft. In order to identify the aircraft and solve this problem quickly, in this study, five different
aircraft were classified based on images. In the study, a five-class dataset containing aeroplane, bird,
drone, helicopter and malicious UAV (Unnamed Aerial Vehicle) images was used. Three different CNN
(Convolutional Neural Network) models were employed to extract the images of features. Image
features extracted with SqueezeNet, VGG16, VGG19 models were classified with Artificial Neural
Network (ANN), Support Vector Machine (SVM) and Logistic Regression (LR) machine learning
methods. As a result of the experiments, the most accuracyful result, 92%, was obtained from the
classification of the features extracted with the SqueezeNet model with ANN. The models proposed in
the study will be integrated into various systems and used in the field of aviation to detect malicious
UAVs and take necessary precautions.

Keywords: Drone, UAV, Aeroplane, CNN, Machine Learning.

1. INTRODUCTION In recent years, drone detection and
Different types of drones are used for many classification applications have gained more
different purposes and have become frequently importance with the increasing use of drones.
used in the surveillance, security and defense Drone detection can be done with object
industries. However, drones can be used for detection methods [9]. In these studies, there is
malicious purposes as well as in other areas. Its only one type of class and detection models are
use is also increasing in order to harm people, trained by tagging the drone object on the
nature and other aircraft [1]. For these reasons, images [10]. With the Object recognition
a decision should be made about whether drones methods, it is possible to detect and identify
are detected in advance and whether they are different objects on the same image [11]. In
harmful [2]. In order to detect drones, image Object classification methods, the images can
processing methods [3], sensors [4] and be classified as a whole and the objects in the
acoustic sounds are used [5]. However, the use image can be classified. In the classification
of these systems can be quite costly. In addition, method, there is no need to label the object on
its use on another drone may create a the image. For this reason, this method is often
disadvantage in terms of weight and cost [6]. preferred in artificial intelligence applications
Each drone detection method has advantages [12].

and disadvantages [7]. Drone detection through

images is one of the cheapest and fastest Mendis et al. They proposed a radar system for
methods [8]. unmanned aerial systems using Doppler

signatures and spectral correlation functions.
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They used deep belief networks to classify the
data. With their proposed method, they
classified the unmanned aerial vehicles with an
accuracy of over 90% [13]. Kim et al. suggested
using the Doppler signature as the basis for
CNN classification. They achieved a maximum
classification accuracy of 100% in the
classifications they made with the dataset they
used [12]. Rozantsev et al. They propose an
approach to classify aircraft that are still moving
with a moving camera. They used both image
and motion features to solve this challenging
problem. They suggested that they achieved
higher classification accuracy with spatio-
temporal image cubes than with the latest
techniques. They created the dataset they used
and it is not open to the public [14]. Yoshihashi
et al. They made classifications with their
proposed recurrent correlational network using
datasets containing bird and unmanned aerial
vehicle images. In their experiments, they
suggested that the method they proposed
outperformed other object classification models
[15]. On the other hand, Aker et al. They
proposed a convolutional neural network based
object detection model. They proposed a
comprehensive dataset generation algorithm
using images removed from the background so
that the model can be trained using little data.
They obtained high precision and recall values
with the model they proposed [9]. According to
Saqib et al. They have made drone classification
using CNN architectures such as VGG16. In
their experimental results, they said that the
VGG16 architecture with R-CNN showed
higher performance than other architectures
[16]. Lee et al. In their studies, they performed
drone detection through images. The model
they recommend is designed to work on camera
drones. They performed drone detection with
89% accuracy using the OpenCV library [17].

When the studies in the literature are examined,
different feature extraction CNN models and
classification processes with these features are
not done in detail. Considering the studies in the
literature, the classification of malicious drones
was carried out in this study. The processes
performed in this study and the contributions of
the study are as follows:

* A 5-class image dataset is used to objectively
evaluate the classification performance of
Malicious drones.

278

* The dataset contains images of birds,
aeroplanes, drones, helicopters and malicious
drones.

* Extraction of the features of the images was
performed with 3 different CNN models. These
models are SqueezeNet, VGG16 and VGG19.

* Three different machine learning models were
used to classify the images obtained from CNN
models. These models are ANN, SVM and LR.
* With the proposed models, 9 different
classification results were obtained.

* Confusion matrix and different performance
metrics were utilized to analyze the
performance of the models.

The rest of the study is organized as follows: In
the 2nd section, general information about the
dataset, methods and performance metrics used
in the study is given. In the 3rd section, the
experimental results are given. In section 4th
section, the results and recommendations
obtained from the study are given.

2. MATERIAL AND METHODS

In this section, general information about the
dataset used, CNN models used for feature
extraction, machine learning models, confusion
matrix and performance metrics are given. The
flow chart showing the planning of the study is
shown in Figure 1.

VGGIS
FEATURES

VGG16 |
FEATURES

UEEZENET
TURES

PERFORMANCE EVALUATION

‘ m " ROC I‘ AuC " PM ‘
L) ROCCURVE AuCvALE P
e M

Figure 1. Flow chart of the study.

2.1. Malicious Drone Dataset

In the dataset used in the study, there are a total
of 776 images in 5 classes. Includes footage of
Malicious  UAVs, drones, helicopers,
acroplanes and birds. The dataset was obtained
from kaggle.com [18]. Each image contains a
single object according to its class. This makes
the dataset usable in classification problems.
The sample images of the dataset and the
number of data by classes are shown in Figure
2.



MALICIOUS DRONE DATASET

m HELICOPTER AEROPLANE BIRD

Figure 2. Malicious drone dataset example images for all class.

2.2. Convolutional Neural Networks (CNN)
CNN can offer an end-to-end solution with
many layers of computation. It is a structure that
includes convolution, pooling, activation and
fully connected layers. Thanks to the
convolution layers, feature maps of the images
are obtained [19]. Parameter redundancy is
eliminated by reducing the size of feature maps
with pooling layers. With the activation layers,
the data is drawn to the specified intervals. In
the fully connected layer, the classification of
the obtained feature maps is carried out [20]. A
kind of artificial neural network, this layer.
Images can be given to CNN models in raw
form. In this way, there is no need for an extra
feature extraction process [21]. CNN models
were used for feature extraction from images in
this study. Image properties can be retrieved just
before the fully connected layer, which is the
last layer in CNN models. Imported features can
be classified by different machine learning
models. Brief descriptions of the CNN
architectures used in the study are given.

SqueezeNet: landola et al. Despite its small
size, this architecture can achieve high
classification accuracy. Model depth is 18. It
contains 1.24M parameters in total. The size of
the pre-trained SqueezeNet model is 5.2MB.
Model size and number of parameters is the
biggest advantage of this model [22-23].

VGG16: Developed by Simonyan and
Zisserman, this model has a depth of 16. It
contains 138M parameters in total. The size of
the pre-trained VGG16 model is 515MB [24].
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VGG19: As a difference from the VGGI16
architecture, a 19-layer architecture was
obtained by adding 3 more layers. The depth of
this model is 19. The size of the pre-trained
VGG19 model is 535MB. It contains 144M
parameters in total [25].

The feature extraction capabilities of the three
CNN models used in the study were utilized.
The SqueezeNet model extracts 1000 features
from each image [26]. The VGG16 and VGG19
models extract 4096 features from each image.
Obtained images are given as input to machine
learning models.

2.3. Machine Learning Methods

Machine learning algorithms are structures that
can make predictions by learning patterns
through training data. Labeled data given as
input to supervised machine learning algorithms
can be learned by the algorithm and can predict
new data. More accurate and faster results can
be obtained by selecting machine learning
algorithms according to the problem to be
solved. Supervised machine learning algorithms
do not have features such as extracting features
from images. For this reason, it is necessary to
extract the features of the images beforehand
and give them as input to these algorithms. The
number of input parameters of machine learning
algorithms is equal to the number of features
obtained from images. The number of outputs is
equal to the number of classes in the dataset.
The explanations of the machine learning
algorithms used in the study are as follows:

ANN: a type of machine learning that mimics
biological neurons. It works similarly to the
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human brain to solve problems. Classification
processes are performed by establishing a
connection between inputs and outputs in
artificial neural networks. It contains 3 layers to
perform these operations. These layers are the
input layer, hidden layer and output layer. Each
layer contains neurons. The connections
between neurons in the input, hidden and output
layers are called weights and learning is carried
out through these weights. It is often preferred
because of its computation time and high
accuracy advantages. It is a non-linear type of
machine learning [27].

SVM: SVM, which is a supervised learning
algorithm, includes statistical  learning
operations. SVM has high generalization ability
compared to other machine learning methods.
Nonlinear learning is a type of machine
learning. It performs the classification process
by specifying a plane. It is also used in the
classification of multi-class datasets. For these
purposes, classification processes are carried
out by determining more than one hyperplane
[28].

LR: 1t is a machine learning method often used
in classification problems. In this method, it is
realized by establishing a connection between
output variables (dependent variable) and input
values (independent variable). It is a statistical
machine learning method. This method is
preferred because of its speed and high accuracy
advantages [20]. The hyperparameters of the
machine learning algorithms used in the study
are given in Table 1.

Table 1. Training parameters of machine learning

methods.
ANN SVM LR
Hidden layer Kernel:
neurons: 100 RBF Reoularizati
Activation: ReLu ~ Numerical . o' arzation
) ~ type: Ridge
Solver: Adam tolerance:

R (L2)
Regularization: 0.001 Streneth C = 1
0.0001 Iteration: cng
Iteration: 200 100

2.4. Confusion Matrix and Performance
Metrics

Confusion matrix is a table created for
performance evaluation of a classification
model. The columns of the matrix show the
predicted value, while the rows show the actual
values. True Positive (TP), True Negative (TN),
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False Positive (FP) and False Negative (FN)
values are found on the matrix. These values are
determined according to the results of the
classification model. Confusion matrices with
two or more classes can be used [29-33]. A two-
class confusion matrix and a five-class
confusion matrix used in the study are shown in
Figure 3.

Predicted Class
Positive | Megative
Actual | Positive TP FN
Class | Negative FP N
(a)
Predicted Class
(e } c2 c3 ca C5
C1 TN FP TN ™ TN
:
Actual
Cc3 TN TN TN TN
Class
c4 TN TN TN TN
C5 TN FP TN TN TN
(b)

Figure 3. (a) Two class confusion matrix (b) Five
class confusion matrix.

Performance metrics of models can be
calculated using confusion matrix data. The
formulas of the performance metrics used to
evaluate the performance of the models in this
study are shown in Table 2.

Table 2. Performance metrics formulas.

Metrics Equation

TP +TN
x100
Accuracy (ACC) TP +TN + FP +FN

TP

Precision (PSC) _—

TP ﬁ) FP

Recall (RCL) —

TP + FN

Precision x Recall

F-1 Score (FSC) 2x

Precision + Recall

3. EXPERIMENTAL RESULTS

In this section, the classification operations
made using Malicious Drone Dataset data are
included. SqueezeNet, VGG16 and VGGI19
models were used to extract the features of the
images in the dataset. The parameters used in
the models are as follows: Validation Frequency
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5, Max Epochs 8, Mini Batch Size 11, Initial
Learn Rate 0.0001, Solver sgdm, L2
Regularization 0.0001, Execution Environment
GPU. Obtained features are given as input to
ANN, SVM and LR machine learning models.
As a result of the trainings and tests conducted,
confusion matrices and performance metrics
were obtained for each model. Performance
evaluations of the models were made according
to the metrics obtained. The computer used in
the study has Intel® Core 17™ 12700K 3.61
GHz, NVIDIA GeForce RTX 3080Ti, and
64GB RAM. The cross validation method was
used for training and testing the models. In the
cross validation method, the dataset is divided
into 10 parts and each part is used as test data.
The performance metrics of the classification
models are obtained by taking the average of the
obtained 10 classification results. As a result of
using three feature extraction and three machine
learning methods, 9 different classification
models were obtained. Obtained results are
given under headings.

3.1. SqueezeNet Features Classification
Results

With the SqueezeNet CNN model, 1000
features were obtained for each image.
Obtained features are given as input to ANN,
SVM and LR machine learning models.
Confusion matrices obtained as a result of
training and testing of these models are shown
in Figure 4.

The performance metrics of the classification
models were created utilizing the information
from the confusion matrix shown in Figure 4.
The performance metrics of the 1000 feature
classifications obtained from the SqueezeNet
model are shown in Table 3.

In Table 3, the model with the highest accuracy
in the classifications made with SqueezeNet
features is the ANN model with 92%. The
lowest classification accuracy belongs to the
SVM model. When other performance metrics
are examined, the accuracy metric in these
metrics shows a similar order.
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edictec

Acroplane Bird Drone Helicopter Malicious UAV ¥
Aeroplane 94 1 1 1 8 105
Bird 2 100 0 0 3 105
k] Drone’ 3 2 182 2 1 200
E Helicopter 4 0 2 157 4 167
Malicious UAV; 6 3 7 2 181 199
¥ 109 106 192 162 207 776
(a)
Predicted
Aeroplane Bird Drone Helicopter Malicious UAV b3
Aeroplane 82 2 2 1 18 105
Bird 2 92 3 0 8 105
L] Drone 1 2 184 1 12 200
E Helicopter 3 0 1 156 7 167
Malicious UAV 2 2 9 0 186 199
b3 20 98 199 158 231 776
b
( )? edicted
Aeroplane Bird Drone Helicopter Malicious UAV 3
Aeroplane 90 1 1 3 10 105
Bird 2 101 0 ] 2 105
E Drone 4 1 180 4 11 200
E Helicopter 2 0 3 158 4 167
Malicious UAV 7 2 12 2 176 199
b3 105 105 196 167 203 776
(c)

Figure 4. Confusion matrix of (a) ANN, (b) SVM
and (c¢) LR models with SqueezeNet features.

Table 3. Performance metrics of ANN, SVM and LR
models with SqueezeNet features.

ACC FSC PSC RCL AUC
ANN  92.0% 092 0921 0.920 0.990
SVM  90.2% 0.903 0.908 0.902 0.987
LR 90.9% 0.909 0.909 0.909 0.989

3.2. VGG16 Features Classification Results
4096 features were obtained for each image
from the VGG16 model. Obtained features are
given as input to ANN, SVM and LR
classification models. Confusion matrices
obtained as a result of trainings and tests are
shown in Figure 5.

The performance metrics of models were
calculated using the data of the confusion
matrices in Figure 5. These metrics are shown
in Table 4.
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Predicted
Aeroplane Bird Drone Helicopter Malicious UAV )
Aeroplane 86 3 0 2 14 105
Bird 2 96 2 0 5 105
E Drone 2 3 177 2 16 200
E Helicopter 3 1 8 152 3 167
Malicious UAV 10 4 9 4 172 199
b 103 107 196 160 210 776
(a)
Predicted
Aeroplane Bird Drone Helicopter Malicious UAV 3
Aeroplane 76 0 5 4 20 105
Bird 1 86 8 1 9 105
E Drone 2 3 178 2 15 200
E Helicopter 4 0 11 146 6 167
Malicious UAV 9 1 18 3 168 199
¥ 92 90 220 156 218 776
b
( ) Predicted
Acroplane  Bird Drone Helicopter Malicious UAV 3
Aeroplane 90 1 0 1 13 105
Bird 1 92 4 1 7 105
? Drone 3 4 178 3 12 200
E Helicopter 4 0 5 155 3 167
Malicious UAV 9 1 10 5 174 199
X 107 98 197 165 209 776
(c)

Figure 5. Confusion matrix of ANN, SVM and LR
models with VGG16 features.

Table 4. Performance metrics of ANN, SVM and LR
models with VGG16 features.

ACC FSC PSC RCL AUC
ANN 88 0.881 0.882 0.88  0.977
SVM 843 0.843 0.849 0.843 0974
LR 88.8  0.888 0.889 0.888 0.981

In Table 4, the model with the highest
classification accuracy is the LR model. The
classification model with the lowest accuracy is
the SVM model. A parallel ranking to the ACC
metric was observed in other performance
metrics as well.

3.3. VGG19 Features Classification Results
4096 features were obtained for each image
from the VGG19 model. These features are
given as an introduction to the ANN, SVM, and
LR models. Confusion matrices obtained as a
result of the train and test operations are shown
in Figure 6.
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The performance metrics of the models were
calculated using the data of the confusion
matrices in Figure 6. The performance metrics
of each classification model are shown in Table
5.

Aeroplane Bird Drone Helicopter Malicious UAV b3
Acroplane 87 2 0 4 12 105
Bird 4 95 2 4] 4 105
k] Drone 1 10 172 2 15 200
E Helicopter 3 1 5 155 3 167
Malicious UAV 14 4 13 1 167 199
3 109 112 192 162 201 776
(a)
Predicted
Aecroplane Bird Drone Helicopter Malicious UAV b3
Aeroplane 68 2 8 4 23 105
Bird 3 79 14 1 8 105
] Drone 1 2 177 2 18 200
E Helicopter 4 1 10 144 8 167
Malicious UAV 7 2 19 0 171 199
b3 83 86 228 151 228 776
(b)
Predicted
Aeroplane Bird Drone Helicopter Malicious UAV )
Aeroplane 88 0 3 3 11 105
Bird 3 92 2 2 6 105
s Drone 1 5 171 5 18 200
g Helicopter 3 1 4 156 3 167
Malicious UAV 13 0 11 3 172 199
b3 108 98 191 169 210 776
(c)

Figure 6. Confusion matrix of ANN, SVM and LR
models with VGG19 features.

Table 5. Performance metrics of ANN, SVM and LR
models with VGG19 features.

ACC FSC PSC RCL AUC
ANN 87.1 0.872 0.873 0.871 0.977
SVM 823 0.823 0.833 0.823 0.974
LR 87.5 0.875 0.877 0.875 0.981

In Table 5, the model with the highest
classification accuracy is the LR model. The
SVM model has the least classification accuracy
of all the models.

3.4. Comparison of All Classification Results
The features obtained from SqueezeNet,
VGG16 and VGG19 models were classified
with  ANN, SVM and LR models and
performance  metrics were  calculated.
Classification accuracyes of classification
models according to all feature extraction
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models are given in Table 6. Comparison graph
of classification achievements is shown in
Figure 7.

Table 6. Comparison of classification accuracy for
all models.

ANN SVM LR
SqueezeNet 92 90.2 90.9
VGG16 88 84.3 88.8
VGG19 87.1 82.3 87.7

92%
SqueezeNet 88%

87.1%

902%

VGGie 84.3%

823%

909%

VGGI9 88.8%

87.7%
0 25 50 75 100

Figure 7. Classification accuracy graph.

According to Table 6 and Figure 7, the highest
classification accuracy was obtained from
classification of SqueezeNet features with
ANN. The lowest classification accuracy was
obtained from the classification of VGGI19
features with SVM. The train and test times of
the classification models according to all feature
extraction models are given in Table 7.

Table 7. Comparison of train-test time of all models
(second).

ANN SVM LR
Tra Te Tra Te Tra Te
in st in st in st
Squeeze 160 1.8 269 27 27.1 0.9
Net 1 3 5 4 2 3
VGG16 102. 25. 159. 29. 999 42
2 8 5 7 9 4
VGG19 615 7.7 121. 11. 131. 4.2

6 3 4 8 3

According to Table 7, the lowest train time was
obtained as a result of training with SVM using
SquzeeNet features. The lowest test time was
obtained as a result of the test with LR using the
SqueezeNet model features. The highest train
time was obtained as a result of training with
SVM using VGG16 features. The highest test
time was obtained from the same model. Figure
8 displays the ROC curves that were produced
as a consequence of the models' classification.
According to Figure 8, ANN showed the highest
accuracy in classifications made with
SqueezeNet features. LR showed the highest

ANN

SVM

LR
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accuracy in classifications made with VGG16
and VGG19 features.

£
&=
w
0
0 Specificity 1
(a)
1|
£
5
b=
g
@
0/
0 Specificity 1
(b)
1
£
B
w
0
0 Specificity 1
(c)

Figure 8. ROC curves of all classification models
for (a) SqueezeNet features, (b) VGG16 features, (c)
VGG19 features (Purple: ANN, Green: LR, Orange:
SVM)
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4. CONCLUSIONS

Malicious drone detection is extremely
important for security. Since drones are very
fast and maneuverable vehicles, they must be
detected quickly and necessary precautions
must be taken. Based on these problems, in this
study, classification experiments of malicious
drones were carried out using a dataset
containing images in five different classes.
SqueezeNet, VGG16, VGG19 models were
used to extract the image features. Obtained
features were classified by ANN, SVM and LR.
As a result of the experiments, the highest
classification accuracy of 92% was obtained as
a result of the classification of the features
obtained from the SqueezeNet model with
ANN. The lowest classification accuracy The
lowest classification accuracy of 82.3% was
attained when the VGGI19 features were
classified using SVM. As a result of the
experiments, it has been determined that
malicious drones will be classified quickly and
with high accuracy with CNN feature extraction
models and machine learning models.
Malicious drone detection with image
processing is a low-cost method. Therefore, it
can be easily integrated into defense systems.
Higher classification accuracyes can be
achieved with different CNN models and
different machine learning methods. More
comprehensive and accurate classifications can
be made by increasing the number of data and
classes in the dataset.
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ABSTRACT

In this article, details for the increasing properties with the help of 3D printer assisted technique of a
material produced by classical sand mould casting method through a technological transformation were
presented. At the same time, digital transformation studies were included with the development of online
data monitoring systems in mass production. After the design studies were carried out with Solidworks,
design verification research with computational fluid dynamics (CFD) and finite element analysis (FEA)
have been realized. Solidification, filling-time-temperature analyses, and casting simulation studies of
micro and macro shrinkage were carried out using the Anycasting simulation program. Then the
intensive use of simulation techniques, the activities that would increase the quality of the product with
3D printers were detailed. The microstructure investigation, chemical analyses, and mechanical tests
were performed to prove the positive effect of the 3D printing system. Surface morphology
determination results showed that the better outcomes have been obtained from the 3D printing
reinforced system. Finally, a unique data monitoring system that could communicate with production
equipment for the first time in our country without the need for any external software and license, within
the scope of digital industrialization system were explained. With the commissioning of the 3D system,
44.2% increase in efficiency and 33% improvement in quality rates were achieved. The biggest
advantage of this system is that the total amount of energy consumed was reduced from 197 mJ to 81
mlJ.

Keywords: 3D Printing, Digital Industrialization, Digital Transformation, Casting, Additive
Manufacturing.

1. INTRODUCTION the powder particles and at a rate of 0.8 times in
Casting is a production method that allows the general applications [13-14]. Sintering was
production of parts by solidifying the liquid initially considered under the science of powder
metal in a mould. Sand mould casting, which is metallurgy and was applied to metals with very
the oldest known casting method, is widely high melting temperatures such as tungsten,
preferred due to its low production costs [1-6]. molybdenum, vanadium. After being used in all
For this reason, it has become a necessity to kinds of metal applications with the advantages
carry out technological transformation and of working at lower temperatures,
digitalization in quality improvement activities homogeneous structure, and high strength
as well as cost reduction studies in casting values, it was started to be applied to all
process with the traditional sand mould method ceramic, plastic and polymer materials and
of materials with different structures and positive results were obtained [15-19].

geometries [7-11].
Additive manufacturing, which has become one

Sintering is one of the methods developed as an of the most up-to-date production methods of
alternative to the traditional casting method today, has also been developed by being
with a technological approach [12]. Sintering inspired from the sintering technology [20]. 3D
can generally be defined as the joining process printers have been developed to serve this
performed at 2/3 of the melting temperature of purpose and have started to be preferred in
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almost all sectors such as health, defence
industry, automotive and aviation sectors [21].

Two types of raw materials for 3D printers are
generally used on the application. PLA
(Polylactic Acid) is an organic biopolymer and
thermoplastic produced from corn starch and
sugar cane. Therefore, it is not harmful to
human health. However, ABS (Acrylonitrile
Butadiene Styrene) is often used in industry for
injection moulding and is widely used in toys,
tools, sporting goods, etc. equipment is
produced. In general, PLA should be the
filament of choice if an easy printing experience
is valued over engineering features [22-25]. The
comparison of the PLA vs ABS is shown in the
Figure 1.

PLA ABS

Strength Strength

Part
Quality

Part
Quality [#

3 Stiffness Stiffness

Chemical
Resistance

Chemical Durability

Resistance

Durability

Heat Resistance Heat Resistance

Figure 1. Comparison of PLA vs ABS [26].

If looking for a part that is more resistant to
impact and will be used for a long time, ABS
should be chosen [27]. As seen in Figure 2, the
surface quality and colour difference produced
by PLA and ABS samples for the field
application can be distinguished clearly. ABS
can be easily dried with hot air (perfectly dry)
sources. PLA reacts differently to moisture, in
addition to bubbles or spurts from the nozzle,
colour change and reduction in 3D written part
properties can be seen [28-31].

Figure 2. 3D printed samples appearance [26].

With the commissioning of 3D printers, studies
on their adaptation to automation applications
have increased and accordingly the concept of
innovation has gained importance. In the Oslo
Manual, innovation is defined as the whole of
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systematic studies of optimizing a process,
increasing  efficiency, implementing the
logistics and assembly system [32]. Following
the development of automation systems, digital
transformation  strategies  dealing  with
production systems, software and robotic
applications that can organize processes have a
critical importance [33-35].

Digital transformation is defined as the process
in which institutions and organizations integrate
their technologies into their businesses to drive
fundamental change [36]. The benefit it
provides; increased productivity, greater
business agility and ultimately unlocking new
values for employees, customers, and
shareholders [37]. Examples of digital
transformations include the modernization of
information technologies, such as the move to a
cloud environment, remote readiness, re-
skilling employees, implementing automation
to accelerate customer support and service, and
using artificial intelligence driven insights to
increase sales efficiency [38]

In this study, it is aimed to share the data details
of the research carried out with the help of 3D
printers of the traditional sand mould casting
system, product development, process
optimization and digital transformation. In the
first stage, the comparison of the redesign for
the mould of a part produced with the traditional
casting method with a 3D printer was presented
in detail. In order to make the technological
transformation data obtained in the first stage
meaningful, the traceability of the products
produced with the help of online data
monitoring systems and 3D printers, the
efficiency tracking, the digital transformation of
the quality analysis data was mentioned in the
second stage. Finally, the advantages of the
developed 3D printer assisted product and
improved online data system for the digital
transformation were presented with details.

2. MATERIAL AND METHOD

2.1. Design

The initial designs of the specimen to be
simulated, produced, tested, and characterized
were drawn with the help of CAD (Computer
Aided Design) by using AutoCAD program.

2D (two-dimensional) drawings provided the
fundamentals for the design, as well as giving
the designer an idea for 3D (three-dimensional)



Ozkan /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 7:2 (2023) 286-294

drawings. The 3D drawings were carried out via
Solidworks 3D solid modelling and design
software.

2.2. Simulation

In order to determine the mechanical strength of
the material and to optimize the design
according to the limit values, mechanical
analyses were carried out by using FEA (Finite
Elemental Analysis) method in the ANSYS
simulation program. The strength values of the
valve designed in FEA were determined
according to the boundary conditions defined in
the EN 1704 standard. The parts were handled
with two different numerical methods, singular
and assembled, and interpolation solution was
realized with the Rayleigh-Ritz method.

CFD (Computational Fluid Dynamics) analyses
were carried out by using ANSYS CFX module
according to EN 12666 and EN 1074 standards.
In CFD analysis, it was solved with the K-
epsilon turbulence model, and improvements
were made in the boundary layers and mesh by
keeping the y+ value at 3 and below.

Anycasting simulation program was used to
produce the product with suitable mechanical
design under the right conditions and to
determine the production parameters. The
design was carried out with single runner
feeding in the simulation program. However,
the data were taken as CuSnl0 material and
casting temperature 1150 °C.

2.3. Production

Due to its widespread use and low production
cost, the materials were cast by sand mould
casting method in accordance with DIN 1075 -
2.1050 standards. This standard defines the
mechanical and metallurgical properties of tin
bronzes. The most prominent feature of tin is
that it increases the strength of the alloy. Tin
bronzes are durable, hard and have very high
ductility. Pump, turbine propellers, bearings
operating at heavy load low rotational speed,
worm and volute screw, worm gear and plain
bearings.

In order to provide technological transformation
with an innovative approach to the casting
method, which became a traditional and
outdated application, to ensure technological
transformation, material production was carried
out in the 3D printer. Zortrax M200 Plus model
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additive equipment was used for the 3D
manufacturing stage as shown in the Figure 3.

Figure 3. 3D Additive manufacturing equipment.

2.4. Characterization

Chemical analysis of the casting material was
carried out with Metavision 1008 brand
spectrometer. The mechanical properties of the
samples were determined by notch impact and
tensile tests. The samples prepared for the notch
impact test were tested with an OTTO
WOLPERT WERKE PW 30/15 brand machine
at a temperature of 25 °C, and the samples
prepared for the tensile test were tested at room
temperature with an OTTO WOLPERT U-40
type tensile device.

The samples, which were moulded into
polyester moulds for microstructural analysis,
were grinded and polished with the STRUERS
Tegrapol-21 brand grinding and polishing
device by turning 90° each time with 600 grades
SiC sandpaper, 220 grade 9 um, 3 um and 1 um
felt and diamond pastes, respectively, and made
ready for the etching process. Prepared samples
for the microstructure analyses were etched
with 15 g FeCls, 75 ml HCI, 25 ml HNOs, 25 ml
H,O solution for 10 seconds. Then, the samples
were investigated with a 1000 magnification
NIKON ECLIPSE LV 150 optical microscope.
The hardness values were tested at room
temperature with an ALBERT GNEHM brand
universal hardness measuring machine with
Brinell tip.

2.5. Digital Transformation

The digital transformation studies were carried
out to increase the operational efficiency during
the production of materials by using 3D
printers.

From additive manufacturing production lines;
waste, failure rate, cycle time, instantaneous
temperature, pressure, filament amount, raw
material rate etc. A data collection and analysis
system has been developed that can record and
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report the data, analyse this data, and monitor
the production, and work in harmony with PLC.
A data collection and analysis system has been
developed that can record and report the data
taken from the additive manufacturing
production lines such as cycle time,
instantaneous temperature, pressure, waste and
failure ratio, filament amount, raw material
usage etc. The developed system is a digital
transformation software that is compatible with
PLC (Programmable Logic Controller) and
integrated to ERP (Enterprise Resource
Planning) applications. Figure 4 illustrates the
industrial automation pyramid for the
digitalisation.

The Industrial Automation Pyramid

' Represents th layersof automation ' plclfactory
Planning (MES or
‘ =
— B r

—wn  Control (PLC) ar
— M o

Field (Measuring

/ Actuating /
= @

Figure 4. The industrial Automation Pyramid [38].

3. EXPERIMENTAL FINDINGS

The technical details targeted in the article for
the CFD analyses in line with the requirements
defined in the EN 1267 and EN 1074 standards
are given in Table 1.

Table 1. Technical properties for CFD.

Properties Unit Value
Line Pressure Bar 16
Fluid Velocity m/s 5.0
Flow Coefficient m’/h 52000

The parameter that would support the velocity
vector analysis of this system should be its
characteristic behaviour under 16 bar pressure,
and velocity vector analysis was carried out.
Accordingly, when the disc was in the fully
open position, the resistance of the disc and the
body against flow could be characterized more
clearly. Innovative design trials have been
carried out to suit the desired conditions. Figure
5 shows the velocity vector analysis of the
system under 5 m/s. According to the research
in the literature, it has been determined that
there are factors that disrupt laminar flows,
sharp surface change, temperature change and
material resistance in valve disc materials [39-
41]. As a result of these evaluations, no

problems were encountered in the CFD analysis
of the disc material at a flow rate of 5 m/s, and
it was observed that the flow lines were suitable
in red and yellow colours.

o0

Figure 5. CFD analysis.

In order to increase the desired flow coefficient,
in other words valve efficiency, various designs
have been made in the disc geometry. The
mechanical numerical analysis method was
carried out by defining the boundary condition
of ten percent of the nominal pressure for the
disc materials, which were carried out by
considering the yield strength values of 130
MPa. Accordingly, the mechanical analysis of
the disc regarding to 18 bar, which corresponds
to 1.1 times the maximum working pressure of
16 bar, is shown in Figure 6. The design
developed to increase the mechanical strength
of the disc exposed to the flow surface was
defined by FEA and no red areas, which
represent high stress zone encouraging plastic
deformation, were observed.

A: Static Structural
Figure

Type: Total Defarmation
Unit: mm
Time: 1

Max: 0,088711

08.06.2018 1459

0,088711
0,082375
0,076038
0,069702
0,063363
0,057029
0,050692
0,044356
0,038019
0,031683
0,025346
0,0190L
0012673
0,0063365
a

0,00 30,00 () §
[ — .
15,00

Figure 6. FEA analysis.

Anycasting simulation program was used to
produce the specimen with suitable mechanical
design under the right conditions and to
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determine the production parameters. The
design was carried out single double runner
feeding in the Anycasting simulation program.
In the simulation, the data was taken as CuSn10
material and casting temperature at 1150 °C.
According to the simulation data, the casting
process took 19 seconds. Figure 7 illustrates the
casting simulation by considering heating
analyses.

Temperature  Time: 2.98941(zec) Filling: 100.00(%) Solidification: 0.37(%)(°C})

1150.0000
1134.5000
1119.0000
1103.5000
5 1088.0000
1072.5000
1057.0000
1041.5000
1026.0000
1010.5000
995,0000
970,5000
— 564.0000
{ o¢a.5000
933.0000
917.5000
902.0000
886.5000
8710000
855.5000
40,0000

Figure 7. Casting simulation.

The chemical analysis, of the material known as
CuSn10 and defined as Standard Alloy Number
(C90700 / SAE 62, DIN 1075 - 2.1050,
CC480K) was given in Table 2.

Table 2. Chemical analysis of the samples.

Element Unit Value
Cu % 88.0-90.0
Sn % 9.0-11.0
/n % 0.5 max.
Pn % 1.0 max.
Ni % 2.0 max.

The mechanical properties are given in Table 3
in order to define elastic and plastic limits of the
materials.

Table 3. Mechanical properties of the materials.

Properties Unit Value
Yield Strength N/mm?  120-140
Tensile Strength N/mm?  240-260
Elongation % 17-19
Charpy Impact Value Joule 9-12
Hardness HB 70-75

The casting process was carried out in
accordance with the defined criteria, but the
surface of the sample was not homogenous as
seen in Figure 8.
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Figure 8. Casted sample image

As the surface properties were far below the
expectations, 3D printer was used for the
production of the materials. The manufacturing
was carried out with support angle 30°, nozzle
diameter 0.4 mm, maximum wall thickness 3.13
mm. ABS was chosen as the filament material
due to its high temperature and mechanical
resistance. Additive manufacturing took 3 h 28
m and used 14.77 m (35 g) of ABS material. The
details and final product image were shown in
the Figure 9.

Figure 9. Additive manufacturing zone and layer
parameters

The visual of the mould model obtained from
the 3D printer is shown in the Figure 10. As can
be seen in this image, dimensional tolerances,
and product quality display a high appearance.
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Figure 10. Additive manufacturing mould.

Figure 11 illustrates the surface quality of the
material produced by the 3D printer
combination. The surface quality is quite high
that does not include any cracks, porosities,
fracture etc.

Figure 11. 3D moulded specimen

The determination of microcracks, porosities,
inclusion, and any other defects were carried out
by investigation of the microstructures. Figure
12 shows the microstructure comparison of cast
and 3D printer supported samples. While no
fracture and porosity were observed in both
microstructures, the dendritic structure was
more clearly observed in the products produced
with the help of 3D printers. This homogeneity
is due to the stable data of the 3D system.

(b) 3D printer assisted
Figure 12. Microstructure of the samples.

(a) aste

The product surfaces were compared according
to the inside-out characterization methodology
and this difference was clearly observed in
Figure 13. The surface quality of the products
produced with the help of 3D printers is more
homogeneous and more stable.
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Figure 13. Surface of the samples.

Within the scope of digital transformation, for
the first time in our country, an online data
monitoring system, which can communicate
with 3D printer benches without using any
middleware and can operate without the need
for an external software and license, has been
implemented.  This  digital  production
management system is the summary definition
of the automation system that aims to remove
the data entry initiative of the personnel
working in the production and to move the
factories to higher levels in their 3D
manufacturing sector with higher efficiency and
competitive costs with the introduction of
digital control systems. Topology optimization,
within a design material distribution depending
on specific load and boundary conditions,
desired design and it is a design technique that
enables to reach production. With the developed
software topology, a system that can
communicate between the machines in
production in an integrated way without the
need for any interface connection has been
obtained. The topology algorithm was
developed in Matlab environment, and Gekko
optimization was used in the application of the
topology phase. Figure 14 shows the topology
of this system.

T ———

.F igurg 14. Topology of the digital transformation
system.

T

Thanks to the developed digital system, in
addition to production capacity and speed,
productivity has increased significantly,
standard products have been produced by
reducing error rates, problems and malfunctions
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can be minimized. Moreover, quick solutions
can be offered, general situation control might
be made with detailed system analysis, and
malfunctions can be made independently by the
operator. Figure 15 shows the screenshot of the
software  system  where the  digital

transformation was provided.

Figure 15. Digital transformation software system
screenshot.

4. RESULTS

In this article, a detailed comparison of 3D
printer systems for the development of
traditional casting method and studies of digital
conversion systems developed as a result of this
comparison were presented.

Methodologies and measurement systems were
implemented to increase energy, labour,
process, and operational efficiencies by using
natural resources efficiently, and this
comparison was made according to more
concrete data. Table 4 helps to understand this
comparison by details.

Table 4. Comparison 3D method.

Parameters Traditional 3D
Product Printer

Material Type CuSnl0 CuSnl0
Temperature (°C) 1150 1150
Quality Rate (%) 67 100
Efficiency (%) 42.7 86.9
Surface Quality (R,) 0.81 0.02
Total Energy (mlJ) 197 81

According to the online data monitoring results
of the 3D printer system, it has been observed
that it is 44.2% more efficient and 33% higher
quality than the traditional casting method for
the same material and at the same temperature.
Total consumed energy for the production of 3D
system is 81 mJ where the traditional casting
method needs 197 mJ. A distinguished
difference was observed between the surface
qualities of the resulting products of these two
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systems. Surface roughness of the 3D printed
system was measured as 0.02 nm, moreover
traditional casting method gives 0.81 nm
surface asperity value, that is 40 times higher
than 3D printer method.

5. DISCUSSION

It has been determined that the data related to
the digital transformation of 3D printers in
businesses have not been discussed in detail
from the design to the final product in previous
studies. Moreover, all the details from design to
production, from characterization to digital
transformation were handled with data and this
condition makes this study unique. Therefore,
specific studies can be carried out for
manufacturing sectors by considering the data
given in this manuscript with details. Finally,
with the digitalization of 3D printers, a
significant increase in efficiency values was
detected, and it is also quite effective in
improving quality and reducing costs.

6. CONCLUSION

The motivation that started this work was to
present its technological transformation with
3D printer systems to bring an alternative and
innovative approach to the traditional casting
method. However, it was to convey the details
of the digital transformation in the new
production method obtained to the readers with
its data.

Today, it has become an inevitable reality to
integrate all kinds of technological
transformation with digital transformation in
order to better demonstrate its success. In this
study, savings in material, labour and time were
achieved and detailed information about the
academic and commercial studies of high-
efficiency, low-cost products were given. The
details of design development and process
improvement studies, which are the two
important points of reducing costs today, were
given together and a privileged study was
presented with a different approach. A synthesis
of 3D printers, which is an important topic of
today, and digital industry concepts, which is a
popular topic, has been shared with the readers.

7. ACKNOWLEDGEMENT

I would like to thank TUBITAK for their
support from the beginning to the successful
conclusion of my project within the scope
3210662.



Ozkan /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 7:2 (2023) 286-294

REFERENCES

1. Sadarang, Jain, Ramesh Kumar Nayak, and
Ishim Panigrahi. "Challenges and future prospective
of alternative materials to silica sand for green sand

mould casting: A review." Transactions of the Indian
Institute of Metals, Vol. 74, Pages 2939-2952, 2021.

2. Kumaraswamy, J., et al. "Wear behaviour of the
Ni-Cu alloy hybrid composites processed by sand
mould casting." Advances in Materials and
Processing Technologies, Vol. 1, Pages 1-13, 2022.

3. Sampath, Boopathi. "Improving of green sand-
mould quality using Taguchi technique." Journal of
Engineering Research, Vol. 9, Pages 112-129, 2021.

4. Saxena, Prateek, et al. "Sustainability metrics for
rapid manufacturing of the sand casting moulds: A
multi-criteria  decision-making  algorithm-based
approach." Journal of Cleaner Production, Vol. 311,
Pages 127-146, 2021.

5. Yajjala, Ravi Kanth, Narasimha Murthy
Inampudi, and Babu Rao Jinugu. "Correlation
between SDAS and mechanical properties of Al-Si
alloy made in Sand and Slag moulds." Journal of
Materials Research and Technology, Vol. 9, Pages
6257-6267, 2020.

6. Zheng, Jun, et al. "An influence modelling and
analysis method of reducing carbon emissions for
mould forming processes in patternless sand
casting." International ~ Journal of Production
Research, Vol. 61, Pages 1624-1641, 2023.

7. Shan, Zhong-de, et al. "Performance of digital
patternless freeze-casting sand mould." China
Foundry, Vol. 17, Pages 308-313, 2020.

8. Behera, Nirmal Chandra, et al. "Parametric
appraisal of strength & hardness of resin compacted
sand castings using hybrid Taguchi-WASPAS-
Material Generation Algorithm." Materials Today:
Proceedings, Vol.50, Pages 1226-1233, 2022.

9. Malik, Soubhagya, et al. "Parametric appraisal of
collapsibility and core shrinkage of phenol binded
unbaked casting moulds using Taguchi-Sunflower
optimization algorithm." Materials Today:
Proceedings, Vol. 50, Pages 1138-1144, 2022.

10. Vinothraj, D., et al. "Heat dissipation and inter-
relationship between physical properties of
moulding sand." Materials Today: Proceedings, Vol.
37, Pages 1809-1812, 2021.

11. Borikar, Ganesh P., and Sandip T. Chavan.
"Optimization of casting yield in multi-cavity sand
moulds of al-alloy components." Materials Today:
Proceedings, Vol. 28, Pages 819-824, 2020.

293

12. Kunéicka, Lenka, Radim Kocich, and Zuzana
Kleckova. "Effects of sintering conditions on
structures and properties of sintered tungsten heavy
alloy." Materials, Vol. 13, Issue 2338, 2020.

13. Matéjicek, Jifi, et al. "Spark plasma sintered
tungsten—mechanical properties, irradiation effects
and thermal shock performance." Journal of Nuclear
Materials, Vol. 542, Issue 152518, 2020.

14. Li, Xingyu, et al. "Towards pressureless
sintering of nanocrystalline  tungsten." Acta
Materialia, Vol. 220, Issue 117344, 2021.

15. Ye, Jiahao, et al. "DBTT and tensile properties
of as-sintered tungsten alloys reinforced by yttrium-
zirconium oxide." Journal of Nuclear Materials, Vol.
578, Issue 154318, 2023.

16. Biesuz, Mattia, Salvatore Grasso, and Vincenzo
M. Sglavo. "What’s new in ceramics sintering? A
short report on the latest trends and future
prospects." Current Opinion in Solid State and
Materials Science, Vol. 24, Issue 100868, 2020.

17. Karanam, Sai Ashish Kumar, et al. "Optimizing
the Parameters of Spark Plasma Sintering to
Enhance the Hardness of MgO/TiC
Composites." Advances in Materials Science and
Engineering, Vol. 119, Pages 118-125, 2023.

18. Grasso, Salvatore, et al. "A review of cold
sintering  processes." Advances in  Applied
Ceramics, Vol. 119, Pages 115-143, 2020.

19. Awad, Atheer, et al. "3D printing: Principles and
pharmaceutical applications of selective laser
sintering." International Journal of
Pharmaceutics, Vol. 586, Issue 119594, 2020.

20. Jiménez,  Mariano, et al. "Additive
manufacturing technologies: an overview about 3D
printing methods and future prospects." Complexity,
Vol. 520, Pages 115-125, 2019.

21. Najmon, Joel C., Sajjad Raeisi, and Andres
Tovar. "Review of additive manufacturing
technologies and applications in the aerospace
industry." Additive manufacturing for the aerospace
industry, Vol. 7, Pages 756-862, 2019.

22. Kumar, Rishi, et al. "A Comparative Study on
the Life Cycle Assessment of a 3D Printed Product
with PLA, ABS & PETG Materials." Procedia
CIRP, Vol. 107, Pages 15-20, 2022.

23. Lay, Makara, et al. "Comparison of physical and
mechanical properties of PLA, ABS and nylon 6
fabricated using fused deposition modeling and



Ozkan /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 7:2 (2023) 286-294

injection molding." Composites Part B: Engineering,
Vol. 176, Issue 107341, 2019.

24. Parast, Mohammad Sadegh Aghareb, et al.
"Bending fatigue behavior of fused filament
fabrication 3D-printed ABS and PLA joints with
rotary friction welding." Progress in additive
manufacturing, Vol. 7, Pages 1345-1361, 2022.

25. https://www.3dnatives.com/en/pla-vs-abs-
which-material-080820224/, May 1, 2023.

26. Kakanuru, Padmalatha, and Kishore Pochiraju.
"Moisture ingress and degradation of additively
manufactured PLA, ABS and PLA/SiC composite

parts." Additive Manufacturing, Vol. 36, Issue
101529, 2020.
27. Algarni, Mohammed, and Sami Ghazali.

"Comparative study of the sensitivity of PLA, ABS,
PEEK, and PETG’s mechanical properties to FDM
printing process parameters." Crystals, Vol. 11,
Issue 995, 2021.

28. Ahmed, Hafiz, et al. "Impact Toughness of
Hybrid Carbon Fiber-PLA/ABS Laminar Composite
Produced through Fused Filament
Fabrication." Polymers, Vol. 13, Issue 3057, 2021.

29. Roy, Rahul, and Abhijit Mukhopadhyay.
"Tribological studies of 3D printed ABS and PLA
plastic parts." Materials Today: Proceedings, Vol.
41, Pages 856-862, 2021.

30. Ahmed, Syed Wagqar, et al. "On the effects of
process  parameters and  optimization  of
interlaminate bond strength in 3D printed ABS/CF-
PLA composite." Polymers, Vol. 12, Issue 2155,
2020.

31. Arunprasath, K., et al. "Dynamic mechanical
analysis performance of pure 3D printed polylactic
acid (PLA) and acrylonitrile butadiene styrene
(ABS)." Materials Today: Proceedings, Vol. 50,
Pages 1559-1562, 2022.

32. https://www.tubitak.gov.tr/tubitak content file
/BT-YPD/kilavuzlar/canberra_tr.pdf, May 1, 2023.

33. Safitri, Vera Apridina, Lindriana Sari, and
Rindu Rika Gamayuni. "Research and Development
(R&D), Environmental Investments, to Eco-
Efficiency, and Firm Value", The Indonesian Journal
of Accounting Research, Vol. 22, Pages 3-18, 2020.

294

34. Kazekami, Sachiko. "Mechanisms to improve
labor productivity by performing
telework", Telecommunications Policy, Vol. 44,
Issue 101868, 2020.

35. Iris, Cagatay, and Jasmine Siu Lee Lam. "A
review of energy efficiency in ports: Operational
strategies, technologies and energy management
systems", Renewable and Sustainable Energy
Reviews, Vol. 112, Pages 170-182, 2019.

36. Flammer, Caroline, Bryan Hong, and Dylan
Minor. "Corporate governance and the rise of
integrating corporate social responsibility criteria in
executive  compensation:  Effectiveness  and
implications  for firm  outcomes", Strategic
Management Journal, Vol. 40, Pages 1097-1122,
2019.

37. Dong, Kangyin, Yue Dou, and Qingzhe Jiang.
"Income inequality, energy poverty, and energy
efficiency: Who cause who and
how?", Technological Forecasting and Social
Change, Vol. 179, Issue 121622, 2022.

38. Audretsch, David B., and Maksim Belitski. "The
role of R&D and knowledge spillovers in innovation
and productivity.", European economic review, Vol.
123, Issue 103391, 2020.

39. Guzei, D. V., A. V. Minakov, and V. Ya
Rudyak. "On efficiency of convective heat transfer
of nanofluids in laminar flow regime." International
Journal of Heat and Mass Transfer, Vol. 139, Pages
180-192, 2019.

40. Li, Rongbin, et al. "Effect of shear on the
thickness of wax deposit under laminar flow
regime." Journal of Petroleum Science and
Engineering, Vol. 181, Issue 106212, 2019.

41. Shi, Hanbin, et al. "Numerical study of heat
transfer in square millimetric zigzag channels in the
laminar flow regime." Chemical Engineering and
Processing-Process Intensification, Vol. 144, Issue
107624, 2019.



INTERNATIONAL JOURNAL OF 3D PRINTING
TECHNOLOGIES AND DIGITAL INDUSTRY

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

_— Y\

HYBRID PARTICLE SWARM OPTIMIZATION
AND GREY WOLF OPTIMIZER FOR SETTING
PID PARAMETERS OF BLDC MOTORS

Yazarlar (Authors): ilhan Kogaslan", Yavuz User®, Utku Kése

Bu makaleye su sekilde atifta bulunabilirsiniz (To cite to this article): Kogaslan I,
User Y., Kése U., “Hybrid Particle Swarm Optimization and Grey Wolf Optimizer for
Setting PID Parameters of BLDC Motors” Int. J. of 3D Printing Tech. Dig. Ind., 7(2): 295-

302, (2023).

DOI: 10.46519/ij3dptdi.1321945
we

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



https://dergipark.org.tr/ij3dptdi
https://orcid.org/0000-0003-4776-9899
https://orcid.org/0000-0002-9903-2074
https://orcid.org/0000-0002-9652-6415
https://dergipark.org.tr/en/pub/ij3dptdi/archive

HYBRID PARTICLE SWARM OPTIMIZATION AND GREY WOLF
OPTIMIZER FOR SETTING PID PARAMETERS OF BLDC MOTORS

[lhan Kogaslan® =", Yavuz User® ™, Utku Kose®

? Akdeniz University, Engineering Faculty, Department of Electrical and Electronic Engineering, IURKIYE
®Siileyman Demirel University, Engineering Faculty, Department of Computer Engineering, TURKIYE

* Corresponding Author: kocaslanilhanl@gmail.com

(Received: 03.07.23; Revised: 09.08.23; Accepted: 14.08.23)

ABSTRACT

BLDC (Brushless DC) motors have advantages over asynchronous motors and dc motors in various
aspects. Particularly in electric bicycles and flying cars, BLDC motors are utilized widely. Electric
bicycles and flying cars are becoming increasingly popular, and as a result, the significance of BLDC
motors and their cost-effective and efficient utilization has been growing rapidly. PID (Proportional
Integral Derivative) controllers are generally used in motor control because they are cheap and perform
well. Many methods have been used to adjust PID parameters. Although methods such as Ziegler-
Nichols, Cohen-Coon etc. are widely used, there are also new methods such as optimization algorithms
PSO (Particle Swarm Optimization), Whale Optimization Technique, Gray Wolf Optimization
technique etc. The hybrid method: HPSOGWO (Hybrid Algorithm of Particle Swarm Optimization and
Grey Wolf Optimizer) is a combination of PSO and GWO (Grey Wolf Optimizer) techniques, and it can
be used for tuning PID parameters. As associated with this, the aim of this study is to show the
superiority of HPSOGWO algorithm in optimizing the PID parameters. In the content of this study, the
essentials regarding the optimization background, and details of the BLDC motor modeling was
explained first. After that, the methodology of the hybrid solution was expressed and then the application
phase was explained in detail, by including the results generally. In the context of the intelligent
optimization approach of this study, the results were obtained in the MATLAB Simulink environment.
The application of the used solution method revealed its superiority over the study conducted solely
with GWO in various parameters.

Keywords: BLDC Motors, Particle Swarm Optimization, Grey Wolf Optimizer, Hybrid Algorithm of
Particle Swarm Optimization and Grey Wolf Optimizer, Intelligent Optimization.

1. INTRODUCTION faster motor response, etc. As moving from the
BLDC (Brushless DC) motors has a remarkable explanations so far, the main objective of this
role in industrial applications. Although there study is associated with improving the energy
are many motors used in various fields of efficiency by wusing more optimal PID
industry, BLDC motors ensure many parameters. There are classical tuning methods
advantages when compared with other motors such as Ziegler-Nichol and Cohen-Coon for
having no commutator-brush part. BLDC adjusting the PID parameters. While these
motors have also a popularity since they are methods yield favorable outcomes, there are
connected with electrical devices. For example, optimization techniques that provide even
use of BLDC motors in electric bicycles has superior results.

been increasing day by day nowadays [1]. In the

industry, 90% of the BLDC motors are As a result of constraints and practical
controlled using PID controllers [2]. The main difficulties associated with current approaches,
reasons for this are their simplicity, reliability, optimization-dependent techniques have been
and robustness [1]. The adjustment of the PID widely developed in the intelligent optimization
controller values to optimal values is very literature [3]. Some of the techniques used are
important for increasing energy -efficiency, known as PSO (Particle Swarm Optimization),
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GA (Genetic Algorithms), WOA (Whale
Optimization Algorithm), and the ACO (Ant
Colony Optimization). GA has been used in PID
tuning of DC motors and has been shown to be
more successful than classical methods [4].
WOA has been used in PID tuning for trajectory
tracking [5]. ACO has been used for PID tuning
[6]. Recently, it has been shown that the GWO
(grey wolf optimization) technique is more
successful in PID tuning and has produced
better results than the PSO algorithm in some
aspects [2]. Finally, the number of hybrid
algorithms has increased and, in particular, a
successful algorithm has been obtained by
hybridizing the PSO and GWO algorithms. It
has been shown that such hybrid algorithm
(HPSOGWO) has faster convergence in many
aspects [7]. The aim of this study is to show that
the HPSOGWO algorithm, which is a hybrid
algorithm, gives better results than the PSO and
GWO algorithms. One advantage of employing
a hybrid approach is analyzing the outcomes by
the combination of the optimization
mechanisms by two different optimization
algorithms. The motivation for utilizing the
hybrid method in our study has been its superior
performance in test functions.

2. MATERIAL AND METHOD

2.1 BLDC Motor Modeling

In order to model BLDC motors in the Simulink
environment, the first step is to create their
mathematical model. It can be stated that a
BLDC motor has three phases, and these three
phases facilitate the effective rotation in the
motor. Assuming that there is an equal
resistance in the context of all the phase
windings regarding the BLDC motor, the
equation used for the phase voltages is as
follows:

V,s1 [Rs 0 0 Lgq Lab Lacy|la
Vbs 0 Rg 0 Ib 4— Lba Lpp LbC] I, |+
Vcs 00 R ca ch Lcc ic
€a

€p (D
€c

The equation above represents the equation
providing the coil voltages of the BLDC motor.
If we consider the scenario where the self-
inductance of each phase winding is assumed to
be the same, it implies that the phase
inductances are equal as well:
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Logg=Lpp=Lc,c=L (2)
In the equation 2, ‘L’ represents the inductance,
which denotes the interaction degree between
the magnetic fields of the windings. On the
other hand, ‘M’ represents the mutual
inductance, which signifies the magnetic

coupling between two different windings.

Lap = Lpg =Lep = Lpe = Leg = Lge =M (3)
Vas] [Rs 0 O1[la] 1L M M][la
Vys|=|0 R O Ib"EMLM Iy |+
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If we assume that all the phase windings are
equal to zero, we are able to construct the
mathematical model:

lo=1,=1,=0 (5)

Mi, + Mi, = -Mi, (6)
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2.2 PID Controller Design

The PID controller is typically composed of the
sum of past, future, and current error estimates.
These effects can be observed in the equation
below:

PID=K, + < + Kgs (8)
Here, Kp represents the proportional gain, Ki is
associated with the integral gain. On the other
hand, the Kd is used for the derivative gain. The
basic aim of a PID controller is to diminish the
disparity between the desired value and the
actual collected value. Some effects found here
can be given a value of zero for some systems.
Operating the PID controller with appropriate
coefficients for the system has important
benefits such as energy savings, fast
convergence to the desired values, and
increased work per unit time. There are various
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classical and advanced methods for finding the
appropriate values. Successful results have been
obtained using methods that use optimization
techniques in these methods [2-3]. Better results
can be obtained by using new optimization
techniques.

P Keft)

y(t)

Plant /
Process

[ Kfelrkir

D K4

A

Figure 1. PID controller structure [8].
The image above shows the basic PID structure.

J Shaft

encoder

Figure 2. Complete diagram of PID controlled
BLDC motor[2].

In the first figure shown above, we see the
structure of a classical PID, and in the second
figure, we see the structure of a PID-controlled
BLDC motor.

2.3 Particle Swarm optimization Technique

The concept of PSO was first put forwarded by
Kennedy, J. and Eberhart, R.C in 1995 [9]. PSO
imitates the behavior of birds hunting in a
swarm and trying to find food sources while
staying away from hunters. Each bird inside the
PSO is called as particle, and the aim of each
particle is to find the optimum paramter(s)for
the objective function. In a typical PSO flow,
the particles strive to discover the optimal
solution within the search space. Each particle
possesses two state variables, namely its current
position and velocity, which are initially
assigned randomly. After per iteration, the
location and speed of each particle are adjusted
on the basis of the equation provided below.
Each step creates a temporary solution for the
problem. In finding these solutions, each
particle knows the previously found local best
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position and global best position [9]. In addition
to this, a linearly decreasing weight also reduces
the momentum of the particles as the iteration
increases [10]. By adding various additions to
the initial method, more new methods have been
developed [11]. By using the self-adaptive
weight method among these methods, more
challenging problems can be overcome [11].

vi(t+1) = w.v;(t) + Q4. 01 (pi (1) —

x; (1)) + Q2. 02((9: (1) — x; () €)
Xi(t+ 1) :Xi(t)+17i(t+1) (10)
i=N* (11)

The velocity and positions of particles are
updated as shown above. The new velocity
v(t+1) and the new position x(t+1) of the
particle are determined. The inertia weight "w"
in equation 8 is referred to as the factor that
signifies the extent of directional change. Q1
and Q2 are constants with positive values. Phil
(@1) and Phi2 (@2) are haphazard numbers
developed from a equal distribution between 0
and 1. The variables p(i) and g(i) represent,
respectively, the local and global best positions
of the particle. Equation 9 is utilized to
determine the particle's latest position by
incorporating these values. PSO is good for
solving single-objective problems [10].

2.4 Grey Wolf Optimization Technique

The Grey Wolf Optimization (GWO) algorithm
is known as a remarkable meta-heuristic
optimization technique that draws inspiration
from the behavior and hierarchical structure
observed in grey wolves in their natural habitat.
It was proposed firstly by Seyedali Mirjalili,
Seyed Mohammad Mirjalili, and Andrew Lewis
in 2014. GWO emulates the hunting mechanism
and management hierarchy exhibited by grey
wolves as a means to tackle optimization
problems. In GWO, four solutions are
generated, and best is the "alpha" solution. The
other solutions are "beta", "delta", and "omega".
GWO has been proven to be a competitive
optimization technique when compared to other
existing methods.
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Figure 3. PID controller structure [12].

The picture above illustrates the positions of
grey wolves in the social hierarchy.The hunting
process of grey wolves comprises three
fundamental steps:

1. Detecting, pursuing, and closing in on prey
2. Chasing, encircling, and pushing the prey up
to it halts

3. Initiating an assault on the prey

2.5 Mathematical model

In order to develop an optimization technique
by inspiring from the hunting behavior seen in
grey wolf groups, it is generally necessary to
understand how they hunt their prey. The
hunting behavior of grey wolves when they
attack their prey has been mathematically
modeled. These fundamental steps are hunt
containment, hunting, attacking the prey. These
stages are described below.

2.5.1 Hunt Containment

The mathematical model that describes how
grey wolves surround their prey during the
exploration operations can be represented as
follows:

(12)
(13)

In the given equations, ‘t’ is for the current

iteration value whereas ‘Z” and ‘F” are for the
associated constant vectors. Additionally, the

location vector of the prey is denoted as ‘Ep’,

and ‘K’ is related to the position vector
regarding the grey wolf. These equations are
used to depict the hunting patterns of grey
wolves and can help to understand and optimize
the process of tracking, surrounding, and
attacking prey.
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The vectors Z and F are the following.

Z=2ay—-d (14)
F=21, (15)

1; and 7, represent stochastic vectors, while d
progressively diminishes from 2 to 0 over the
iterations. This technique is shown in 2D and
3D below.

Figure 4. 2D and 3D vectors [12].

2.5.2 Hunting

Within the realm of grey wolves, the pursuit of
prey hinges upon the alpha wolf, with the belief
that the alpha, beta, and delta members possess
superior knowledge regarding the prey's
whereabouts. The other wolves refresh their
locations accordingly. The alpha holds the
highest rank, followed by beta and delta.

Da = |ﬁ1-)?a —X)l, DB = |ﬁ2)?ﬁ —X)|,D5 =

|F5. X5 — X| (16)
21 = )?a - 51- (Ba)a Xz = ﬁﬁ - ffz- (Bﬁ)a

X3 = X5 — A3.(Ds) (17)
X(t+ 1) = Bttt (18)

In the given equations, "t" signifies the current
iteration, "X" represents the position vector of
the grey wolf. A, B, § represent the positions of
wolves in the hierarchy.

2.5.3 Attacking the prey

Finally, grey wolves stop moving in order to
attack the prey. As can be seen in the figure
below, they attack the prey when|ﬁ|<1. One
drawback of the GWO algorithm is that it can
get stuck in local solutions.
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Figure 5. Attacking the prey [12].

Presented below is the pseudo-code that
outlines the algorithm's logic and operations:

Initialize the grey wolf population X; (i=1, 2, ..., n)
Initialize a, A, and C
Calculate the fitness of each search agent
X,=the best search agent
Xg=the second best search agent
X;=the third best search agent
while (t < Max number of iterations)
for each search agent
Update the position of the current search agent by equation (3.7)
end for
Update a, A, and C
Calculate the fitness of all search agents
Update X,, Xp, and X;
t=t+1
end while
return X,

Figure 6. Algorithmic representation of code

2.6 Hybrid PSO AND GWO Algorithms

It is important for an optimization technique to
have equilibrium between exploration and
exploitation capabilities [13]. The core concept
behind the hybrid method is to enhance the
exploitation capabilities of PSO by leveraging
the exploration abilities of the GWO algorithm
[7]. The goal of combining these abilities is to
reach the global minimum faster. There are
significant advantages over PSO and GWO in
test function measurements. The hybrid method
also performs significantly better than
traditional techniques on real-world problems
[14]. However, the PSO method has also been
hybridized with other optimization techniques,
and the main goal in these studies is to avoid the
local optimum and approach the global
optimum [15,16]. These techniques, tested on
test functions, have shown significant
differences [17]. The mathematical model of the
modified technique is given below.

D, = |13'1.)?a —W*)?|,D,; = |ﬁ2.)_(}; —w*

X|, D5 = |F5. X5 —w = X| (19)
VI = wo (VF + fF1r1(X, — XF) +
f2r2(X, — XK) + £3r3(X; — X¥)) (20)
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Xt = xk 4yt (21)

In the given equations, ‘t’ is related to the

current iteration value whereas the ‘X’ stands
for the position vector regarding the grey wolf.
A, B, 6 represent the positions of wolves in the
hierarchy.

It has been shown that the HPSOGWO method
has a significant result in fixed-dimension,
unimodal, multimodal and test missions [7].
Outlined below is the pseudo-code that
illustrates the operational steps of the hybrid
method:

Tablel. Algorithmic representation of technique

[18].
1 Start
Set the related GWO as well as PSO
2 parameters including population size

value and iteration
3 Determine / model the cost function

Create starting populations (in a random
4 way), and calculate accordingly the
fitness alpha, beta, delta

6 Apply position update for each wolf
7 Pass to the PSO steps

8 Recall the updated positions
Update the values for a, A, and c. For

? each wolf, calculate the fitness value.
Update the values for alpha, beta, and
10 o .
delta positions regarding wolf
1 If the final iteration is not reached go

back to the step 6
12 Ending of the algorithm

3. RESULTS

The motor parameters used in the simulation are
given below, and the simulation photos of the
circuit in the MATLAB environment are
attached. ITAE was selected as the fitness
function because it performs well [2].

ITAE = [t x|e(t)| dt (22)
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Table 2. BLDC motor parameters

BLDC Motor Values
Parameters
RS 0.5 ohm
L 8 mH
J 0,0465 kg.m"2
K 0.55 kg.m/A
b 0.004 N.m.sec / rad
Ia 10 Amp.
v 12V
84W
Y m 65 mV/rad/sec
Tp 2.9 N.m
p 8

Rl M
A M) —
'—w }—o—}] '—bu

Figure 7. PID block diagram

The image above displays the model established
in the Simulink environment.

Figure 8. BLDC motor control circuit

The PID structure block can be observed above.

: 1
1 T I Toth
D0 o b * T [

U

Figure 9. BLDC block diagram

The Simulink block for the BLDC motor is
presented in Figure 11. In the simulation,
certain parameters are assigned first. The error
signal obtained from the BLDC control circuit
is taken and the absolute value of this error
signal is calculated. After that, the integral value
is calculated to be evaluated as the objective
function. Here, the objective for the function is
minimization. In the simulation, 30 particles
and 50 iterations were selected for GWO, PSO
and the hybrid solution. Also, the boundary
parameters were taken as 1b = [-0.5 -0.5 0], up
= [1 1 0.3]. After the initial parameters are
assigned, each optimization technique is run
separately to obtain results.

4. DISCUSSION

In previous studies, optimization-based
methods have been observed to yield better
results when compared with the related classical
methods. In the comparison of the GWO and
PSO methods, it was found that the GWO
method is significantly superior in some values.
It was found that the alpha score of the GWO
method is 0.0167, while it is 0.0116 for the
HPSOGWO method. There is already a
research work, which is available on the
superiority of the GWO and PSO algorithms
[2]. In this study, the superiority of the
HPSOGWO method over GWO and PSO is
emphasized.

Table 3. PID results

GWO HPSOGWO
RiseTime 0,125 0,0889
SettlingTime 0,224 0,14
SettlingMin 0 0
SettlingMax 4,8982 2,7265
Overshoot 6,70E+06 1,11E+08
Undershoot 0 0
Peak 50 50
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From the applications performed in this study,
it was seen that the hybrid method gives better
findings in terms of determining time and rise
time. As provided in Figure 12, GWO and
HPSOGWO optimization techniques were
compared for the calculation of coefficients
used in the control of a BLDC motor (under
certain conditions). The superiority of the GWO
technique over the PSO technique is
demonstrated already in [2]. The greatest
advantage of the hybrid method is that it
incorporates  characteristics  from  both
techniques. The hybrid method has integrated
exploration capabilities of both GWO and PSO.
Therefore, the HPSOGWO technique yields
better results in certain aspects, with lower
values for determining time, overshoot, and rise
time when the sum of these wvalues is
considered. From all of this, it can be seen that
the proposed method yields significantly better
results than the others. By combining this
method with other techniques, better results can
be achieved. One of the most crucial features
that requires attention is that these techniques
involve randomness, which can have both
advantages and disadvantages. Additional
studies can be conducted by modifying
boundary parameters.

5. CONCLUSION AND FUTURE WORK
In this study, an optimization approach for PID
adjustment of BLDC motors was introduced. In
detail, the study employed PSO and GWO as
the solution methods, and a hybrid solution
way, which is called briefly as HPSOGWO was
used for ensuring improved results. According
to the results, the HPSOGWO was better
according to single use of PSO or GWO.
Eventually, the study showed that the widely
used BLDC motors can be effectively optimized
thanks to hybrid intelligent optimization. Also,
it was seen that such use of optimization
methods is always ensuring the potential of
advancing the literature, which is requiring
more  accurate adjustments with  the
technological advancements.

As connected with the study, future works may
be planned for contributing to the industrial
applications. It may be planned to use the same
HPSOGWO solution for alternative devices and
components. Also, different optimization
techniques may be recalled to create alternative
hybrid solutions for the PID-based adjustment
of BLDC motors. In more advanced
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applications, parameters of the BLDC motors
may be evaluated deeply, by considering more
challenging factors for working conditions.
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0z

Endiistride dijital doniistimiin baslamasiyla fiziksel sistemlerin dijital ortamda modellenerek iiretim
verimliliginin artmasi i¢in ¢ok sayida ¢alisma yapilmistir. Bu ¢alisamalar mevcut yontemlere kiyasla daha
karmagik sorunlart1 ¢dzmek, maliyet ve kalite agisindan daha etkin iiretim yapmak amaciyla
gerceklestirilmektedir. Dijitallesme calismalarinda yapay zekd ve makine Ogreniminin endiistriyel
operasyonlara dahil edilmesi olduk¢a 6nemli bir adim olmustur. IoT ile entegre yapay zeka ve makine
Ogrenimi, veri toplama, isleme ve bilgi ¢ikarimin tek bir yerde yapilmasina izin verdigi icin biiyiik bir
potansiyele sahip oldugu gériilmiistiir. Bu teknolojilerin kullanildig1 alanlardan biri ise Dijital ikiz (DI)
uygulamalaridir. DI ile, gercek diinyanin sanal ortamda birebir modeli olusturularak sistemlerin gergek
zamanl kontrolii saglanmaktadir. Endiistriyel kontrolde DI teknolojisinin uygulanabilecegi en etkin
bilesenler ise 3 boyutlu yazicilar, robotlar ve CNC tezgadhlaridir. Bu g¢aligmada, oncelikle {iretim
sistemlerinin DI modelinin gelistirilmesi hedeflenmistir. Calismamn ikinci asamasinda ise gelistirilen DI
modeli ile esnek imalat sistemi tezgahlarinda dogrusal hareket komutlarinin tamamlanma siiresi tahmin
edilmistir. Tahmin asamasida birden ¢ok makine 6grenmesi algoritmalar1 kullanilmis ve performanslar
kargilagtirilmigtir. 0.995745 R?ve 0.991615 dogruluk degerleri ile Yapay sinir aglar1 modeli en iyi yontem
oldugu goriilmektedir.

Anahtar Kelimeler: Dijital Ikiz, Zeki Imalat Sistemleri, CNC tezgahlar1.

THE DIGITAL TWIN MODEL OF CNC MACHINES TO ESTIMATE
OPERATION COMPLETION TIMES

ABSTRACT
As digital transformation takes hold in the industry, studies are exploring how modeling physical systems
in digital environments can boost production efficiency. The objective is to tackle more complex issues than
traditional methods and achieve more cost-effective and higher-quality production. The integration of
artificial intelligence and machine learning into industrial processes is a very important step in digitalization
studies. Integrating artificial intelligence and machine learning using the Internet of Things (IoT) has shown
great potential, as data collection, processing, and extraction can be done through a single platform. One of
the areas where these technologies are being used is in the Digital Twin (DT) applications. Digital
transformation enables real-time control of systems by creating a virtual environment that mirrors the real
world. The most effective targets for applying DT technology in industrial control are 3D printers, robots,
and CNC benches. In this study, the main objective is to develop a DT model for manufacturing systems.
In the second phase of the study, the execution time of linear motion commands on machines of flexible
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manufacturing systems was estimated using the developed DT model. In the estimation phase, different
machine learning algorithms were used and their performances were compared.

Keywords: Digital Twin, Intelligent Manufacturing Systems, CNC Workbench.

1. GIRIS

Dijital doniistim endiistride otonom
teknolojilerin gelistirilmesini ve veri odakl
planlamaya yonelik c¢ok sayida g¢alisma
yapilmasini saglamistir [1-5]. Ozellikle bilgi ve
iletisim teknolojilerinin  yayginlasmast ve
gelisimi otomasyonda yapay zekd ve makine
ogrenimi kullanimim yaygilagtirmis ve daha
karmasik kontrol sistemlerinin gelisimine
olanak saglamigtir. Zeki kontrol sistemlerinin
endiistriyel operasyonlara dahil edilmesi de
olduk¢a Onemlidir. Bu alanlarin endiistride
kullaniminin artmasiyla birlikte sagladiklart
faydalar rekabeti daha da artirmaktadir.
Isletmeler rekabette yer edinebilmek igin yapay
zekaya odaklanacagindan, yapay zekd ve
makine Ogrenimi ile en az ilgilenen islerin
sektorden  ilk  ayrilan  isler  olacag
diisiiniilmektedir [6]. Yapay zekanin gelisimi
nesnelerin interneti  (IoT) teknolojisi ile
desteklendiginde ¢evrelerinin farkina varan
nesnelerin liretimi miimkiin hale gelmektedir
[7]. Ozellikle giiniimiizde internete insanlardan
daha fazla cihaz baglh [8] oldugu
diisiiniildiigiinde dijital doniisiimiin ¢ok hizh
gergeklestigi anlasilmaktadir.

Dijital doniisiimiin ana bilesenlerinden biri olan
DI teknolojisi, fiziksel bir varligin sanal
ortamda tiim davranmislarinin modellenmesi ve
fiziksel wvarligin kontroliinde kullaniimasini
kapsamaktadir [9]. DI, gelismis sensér
teknolojileriyle bir maddenin, siirecin veya bir
0genin gercek zamanli izlenimini yapabilir.
Bununla birlikte gorsel olarak da modellenmesi
saglanir. Eksiksiz olarak gelistirilen ve
gerceklestirilen bir DI modeli ile, sistemlerin
giivenligi artirabilmektedir [10]. Ayn1 zamanda

iretim  maliyetlerini  azaltirken  siirecin
yonetimine de katkida bulunabilmektedir. DI’in
ilerleyen  zamanlarda geleneksel iiretim

siireglerinin degisiminde yadsinamaz bir rolii
olacag1 disiiniilmektedir. Dijital doéniisiimiin
hizi ve dijital alt yapidaki gelisim
diisiiniildiigiinde DI teknolojisindeki gelisimin
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bu  doniisiimiin  tamamlanmasina  katki
saglayacagi yadsinamaz bir gercektir.
Firmalarin  {iretim maliyetlerini  diisiirme,

iriinlerini daha kisa siirede iiretme, taleplere
daha c¢abuk karsilik verme, ayni zamanda
bunlar1 gergeklestirirken {iretimde yasanan
aksamalan kaldirma istegi giincel bir konu
olarak tartisitlmaktadir. Endistri 4.0’la bu
ihtiyaclara ¢oziim olarak gercek zamanlh karar
verebilme yetisine sahip nesnelerin arayisi 6n
plana ¢ikmistir. Bu dogrultuda akilli {iretim,

simiillasyon modelleri, tahminlere odakli
yazilimlar, gercek zamanli izleme ile
verimliligin ~ ve  esnekligin  artirilmasi

amaglanmigtir [11-12]. Endistrinin gliniimiiz
ihtiyaglar1 ve amaglar1 dogrultusunda DI yeni
bir trend olarak bas gostermistir. Literatiirdeki
calismalar dikkate alindiginda, 6zellikle son bes
yilda gelisme siireci olduk¢a hizlanmistir. Bu

sirecte akilli iiretim sistemlerin  hassas
simiilasyon, kendini algilama, kendinden
ayarlama, kendini tahmin etme, 0z

degerlendirme seklinde nitelikler kazandigi
ifade edilebilir [13].

Makine Ogrenimi (ML), endiistride en yaygin
kullanilan  uygulamalardan  biridir. ML,
verilerden O6grenebilen ve tahminler yapabilen
yapay zekanin (Al) bir alt kimesidir ve
algoritmalara  odaklanir. Destek  Vektor
Makinesi, Rastgele Orman, Naive Bayes, KNN
ve Lojistik Regresyon gibi algoritmalar makine
O0grenimi algoritmalaridir. Makine O6grenme
algoritmalart DI olusturmak igin de ayrica
kullanilan araglardan biridir. DI ¢alismalarinda
veri karakteristiklerine goére algoritmalar
kullanir ve arka planda cesitli parametrelerle
ML algoritmalarini deneyerek en iyi modeli ve
en iyi parametreyi ¢ikti olarak dondiiriir.

Bu calismada {iretim sistemlerinin DI
modelinin  gelistirilmesi  hedeflenmektedir.
Esnek imalat sistemini olusturan tezgahlarda
(CNC, 3B yazicilar, robotlar) dogrusal hareket
komutlarmin yiiriitme siiresini tahmin eden bir
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DI modeli gelistirili. DI modeli, 6nerilen
asamalar ile herhangi bir CNC tezgahi simiile
etmeyi amaglar. Ilk asama veri toplamadir.
Ikinci asama, yapay zekd modelini egitmek igin
veri on isleme adimlarinin
gergeklestirilmesidir. Calismanin bir sonraki
asamasinda ise makine 6grenmesi algoritmalar
ile modellenmek istenen komutlarin
tamamlanma siirelerinin tahmini yapilacaktir.

Boliim 2 DI ve kullanim alanlarma y&nelik
literatiir taramasini, Bolim 3 bu alana yonelik
teorik arka plam1 sunmaktadir. Bolim 4
yontemler hakkinda bilgi saglamaktadir. Bolim
5 konunun uygulama kismini igermektedir.
Burada o6rnek veri iizerinden yapilan vaka
caligmalari ve analizler bulunmaktadir.

2. DIJITAL iKiZ KAVRAMI VE
GELISiMI

DI teknolojisi son zamanlarda yiiksek ilgi
gOrmiistiir. Diinyanin en yetkili bilisim ve
teknoloji arastirma ve danigmanlik firmasi
Gartner, 2016'dan bu yana ilk on stratejik
teknoloji trendinden biri olarak DI’i se¢mistir.
Diinyanin en biiylik silah iireticisi Lockheed
Martin, DI diinyadaki en iyi alt1 teknolojiden
ilki olarak siralamistir. 2017'de savunma ve
havacilik endiistrisi, Cin Bilim ve Akill1 Uretim
Dernegi akademik konsorsiyumu, DI akilli
iiretim montajin1 2017'de akilli tiretimdeki ilk
10 bilimsel ve teknolojik ilerlemeden biri olarak
secmigtir. NASA'nin Apollo uzay programu,
'ikiz'  konseptini kullanan ilk programdir.
Program, diinyadaki uzay aracinin uzaydaki
digerinin kosullarin1 yansitabilmesi, simiile
edebilmesi ve tahmin edebilmesi i¢in iki 6zdes
uzay araci insa etmistir. Diinyada kalan arac,
uzayda gorev yapan aracin ikizidir [14]. DI
terminolojisinin ilk kullanim1 kentsel yol
aglarinin tasariminda yinelemeli degisiklikler
icin DI kullanimu ile ortaya ¢ikmustir. Bununla
birlikte, terminolojinin ilk olarak 2003 yilinda
Michigan Universitesi'nde Michael Grieves
tarafindan “fiziksel bir iiriine dijital esdeger”
olarak tamitildigt yaygin olarak kabul
edilmektedir [15]. “Uriin avatar1” kavrami 2006
yilinda tamtilmustir [16], DI’e benzer bir
kavramdir. Uriin avatar konsepti, iiriin merkezli
perspektiften iki yonlii bir bilgi akisini
destekleyen  bilgi  yOnetimi  mimarisini
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olusturmay1 amaglamistir. Uriin avatariyla ilgili
arastirmalar 2015'ten dnce bulunabilir [17-19].
Ancak o zamandan beri {irlin avatar konseptinin
yerini DI’in aldign gériilmektedir. DI’in ilk
ayrintili tanimi NASA tarafindan verilmistir
[20]. Dr. Grieves kavrami sundugundan ve
NASA ilk spesifik tamm1 verdiginden beri, DI
ile ilgili ¢ok sayida literatiir yayinlanmustir.

2.1. Di Uygulama Alanlar

Montaj gorevlerini gerceklestirmek iizere
robotla veya insan giicii ile koordine edilebilen
esnek bir iiretim hiicresinin DI’ni olusturmak ve
nesne yonelimli bir simiilasyon olusturmak
arasindaki farkliliklar tartisiimaktadir. DI, bir
iretim  sisteminin  tasarim  agsamasinda
gelistirilen sanal simiilasyon modellerinin
kullanimini gercek zamanli kontrol
operasyonlarina, insan ve robot arasinda
dinamik beceriye dayali gorev dagilimina,
gorevlerin siralanmasma ve buna gore robot
programi  gelistirmeye kadar  genisletir.
Metodoloji, esnek insan-robot c¢alisma
ekiplerine giden yolda insan-robot is birliginde
yalin manuel montaj yontemlerini birlestirir.
Bilberg vd. arkadaglarmin [21] kullandigi,
insan-robot i birliginin 3 boyutlu sanal
simiillasyon modelidir. Tecnomatix Process
Simulate yazilimi segilir ve deney sirasinda
simiilasyon araci olarak kullanilir. Sonuglar,

yaklasimin  montaj esnekligini  korurken
otomasyon kavramini destekledigini
gostermektedir.

Meng vd. arkadaslari [22], Robotik montaj
sistemi i¢in sanal simiilasyon modeli, davranis
modeli ve bilgi modelini igeren dijital bir ikiz
modeli sunar. DI modele dayali olarak,
endustriyel robotun bileseni ilk konumundan
hedef konuma hareket ettirmesi igin
carpismasiz bir yol olusturmak iizere olasiliksal
yol haritas1 yontem (PRM) planlayicist
gergeklestirir. Planlanan yol, robot ¢evrimdisi
programcist tarafindan hareket dizilerine
cevirir. Deney sonuglari, Onerilen yOntemin
hizli bir sekilde ¢arpismasiz bir montaj yolu
planlayabildigini ve ardindan endiistriyel
robotu otomatik, giivenli ve verimli bir sekilde
bliylik  olgekli  bilesenlerin  kurulumunu
tamamlamak i¢in kontrol edebildigini gdsterir.
Liu vd. arkadaslar1 [23], otomatiklestirilmis akis



Cesur vd., /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 7:2 (2023) 303-321

atOlyesi iiretim sisteminin hizli
bireysellestirilmis tasarimi igin DI giidiimlii bir
metodoloji sunar. DI’in sistem davranisim
tamimlamada ve optimize etmede nasil
uygulanacagmi tartisir. Konfigiirasyondaki
tasarim degiskenlerinin analizinin yam sira
siire¢ kisitlamalarin1 ve karmagsik baglanti
iligkilerini karsilamak icin gereken dinamik
ylirlitme mekanizmasi araciligtyla, bu makale
'statik konfigiirasyon ve dinamik yiiriitme
arasinda yinelemeli tasarim optimizasyonu'
fikrini Gnermektedir. Amag, konfigiirasyon
maliyeti minimizasyonu ve sistem performans
maksimizasyonu arasinda ortak bir
optimizasyon olarak tanimlanir. Botkina vd.
arkadaslari [24], bir kesici takimin Di’ni anlatir.
Kesici takim verileri gosterimi ve degisimi ISO
13399 ve hat bilgi sistemi mimarisi LISA i¢in
uluslararasi standard1 temel alir.
Standartlagtirilmig verileri otomatik olarak
toplayan ve  dijital modelin  siirekli
ayarlanmasimi saglayan bir bilgi modeli
gelistirilir. Ayarlama, bir tweet makinesi
aracilifiyla yapilir. Ayarlanan model, kesici
takimin 6zelliklerini dogru bir sekilde temsil
eder ve hassas siire¢ simiilasyonu, kontrolii ve
analizine uygulanabilir ve nihayetinde iiretim
stirecinin siirekli iyilestirilmesine yol acar.
Uretim  atdlyesinde ~ DI uygulamasi
uygulandiginda, atdlyedeki makine ve irlinlerin
durumu ger¢cek zamanli olarak sanal modele
yansitilmakta ve bu sayede {iriiniin imalati daha
akilli hale getirilmektedir.

2.2. CNC, 3D Yazicilar ve DI

Su anda, CNC takim tezgahlari iizerine yapilan
arastirmalar, esas olarak ariza tespiti, hata
kompanzasyonu, parametre optimizasyonu vb.
iizerine odaklanmaktadir ve bunlar, ariza tespit
verimliligini ve CNC takim tezgahlarinin
isleme hassasiyetini biiytik Olciide
gelistirmektedir. CNC takim tezgahlar {izerine
yapilan arastirma, iriinlerin, akilli takim
tezgahlarinin ve yesil imalatin ¢evrimigi gercek
zamanli izlenmesini de genisletilecektir. Birgok
aragtirmaci, CNC takim tezgahlar1 tizerinde
akilli imalatla ilgili arastirmalar yapmistir.

Bozdemir [25], yapay zeka destekli bir
kavramsal tasarim modelini takim tezgahlarina
uygulamigtir. Bu model igin bir yapay zeka
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programi uygulamasi gelistirmistir. Bu program
kullanarak sistematik tasarimin sartname ve
kavramsal tasarim agamalar1 arasinda hizli bir
bilgi akis1 saglanmaktadir. Bu sayede tasarim
islem siiresinin kisalmasi ve tezgahin tasarim
maliyetlerinde bir diislis saglanacaktir.

Sevli [26] , 3D yazicilara ait cesitli ayar
parametreleri ve iiretilecek tiriiniin niteliklerini
ifade eden bir veri seti ilizerinde ¢alismistir. Bu
verilerle basim i¢in kullanilacak malzemenin
tahminlemesine yonelik makine Ogrenmesi
temelli siniflandirmalar gergeklestirmistir. Bu
calismayla 3D imalat sektoriinde isabetli
ongoriilerde bulunmak, iretim siirecini daha
etkin hale getirip ideal maliyetlerle kaliteli
driinler olusturma konusunda yol gdsterici
sonuglar ortaya koymak amacglanmaktadir.

Altunkaynak vd. arkadaslar1 [27], 5 eksen 3D
yaziciin tasarimi  ve prototip iretimini
gergeklestirmistir. Prototip tiretilen 3D yazicida
geleneksel Kartezyen tip hareket eksenleri (X,
Y ve Z) ile yazici tablasinin doniis hareketini
saglayan (A ve C) eksenler eklenerek 5 eksenli
3D yazici elde edilmistir. Geleneksel 3D yazici
ile kiyaslandiginda, destek malzemesinin 5
eksen 3D yazicida kullanilmamasindan dolay1
zamandan tasarruf ve daha az hasarli bolgelere
sahip bir {irlin elde edilmistir.

Wanga vd. arkadaglar1 [28], birlestirilmis gok
govdeli besleme tahrik sistemlerinin aslina
uygun dinamik modellerini olusturmak igin
yeni bir yaklagimi tanitir. Yaklasim oldukea
geneldir ve seri kinematikli genis birtakim
tezgdhlara ve robotlar simifina uygulanabilir.
Model tahmini, dogrusal olmayan ve dogrusal
dinamiklerin &nerilen ayristirmast nedeniyle
olduke¢a verimlidir. Yeni yaklasim, kisa proses
ici CNC veri paketleri araciligiyla 5 eksenli
lazer delme makinesi i¢in DI tahmininde
gosterilmistir. Liu vd. arkadaslar1 [29], CNC
takim tezgahiin hareket ekseni i¢in zamanla
degisen hata tahminini incelemis ve fiziksel
varlik i¢in degisen trendi tahmin etmede DI’i
uygulamistir. Is1 transfer teorisi ve gorsel
modele dayali zamanla degisen bir hata modeli
iceren hareket ekseninin Di’i, zamanla degisen
hatay1r tahmin etmek ve telafi etmek icin
kullannrma  hazir  bir yazilm  olarak
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olusturulmustur. Bir is parcasi i¢in delik araligi
zamanla degisen hatanin tahmin deneyi
gerceklestirilmistir. Deneysel sonuglar, DI’e
dayali zamanla degisen hata tahmini ve telafi
yonteminin etkili ve uygulanabilir bir sema
oldugunu goéstermektedir. DI’e dayali hareket
ekseninin termal deformasyonu i¢in 3 boyutlu
gercek zamanh DI ilk kez olusturulmustur.

Kabaldin  vd. arkadaslarn [30], CNC
makinelerinde ark kaynagi ile 3D baski i¢in bir
sistem gelistirmistir. Yiiksek hizli hesaplama ve
sinir aglarmin egitimi (geri bildirim ile) i¢in
modiiller, kaynak islemini optimize etmek ve
irtiin kalitesini iyilestirmek i¢in bu 3D bask1
sistemine baglanabilir. DI, CNC makineleri i¢in
kontrol programlar1 ve ekipman hazirlamada
CAM sistemlerinin yeteneklerini genisletir.
Paripooranan vd. arkadaglar1 [31], bir
kullanicinin ~ iki  yonli  bilgi  aligverisini
destekleyen etkilesimli bir arayiiz olugturmasini
saglayarak  veri  gorsellestirmesini  ve
kontroliinii gelistirmeye yardimci olan 3D bask1
icin artirilmis gerceklik ozellikli DI’in bir
uygulamasini  Onermistir.  Bu  uygulama
metodolojisi, fiziksel nesnenin 3-D CAD
modeline ve 3-D CAD modelini artiran bir
araylze sahip olarak, c¢oklu kullanim
durumlarina  genisletilebilir.  Ozel olarak
olusturulmus bir uygulama, kullanicinin
ozellikleri goriintiilemesine ve fiziksel nesneyi
kontrol etmesine olanak tanir.

Luo vd. arkadaslari [13], DI tarafindan
yonlendirilen CNC takim tezgdhi (CNCMT)
icin hibrit bir kestirimci bakim yontemi
onermistir. Bu yontem, DI modeline dayali
pargacik filtreleme algoritmasi ile kaynastirilir
ve DI verileriyle ¢alistirilir. Bu yoéntem ile DI
modeli ¢oklu alan iizerine kurulur ve gercek
calisma kosullarmi yansitir. DI verileri farkli
tipte sensorler tarafindan toplanir ve veriye
dayali Kalan Faydali Omiir (RUL) tahmin
modeli i¢in kullanilir. Daha sonra sistem
gbzlem degeri ile teorik tiiretme degeri pargacik
filtreleme algoritmast ile birlestirilir. Bu
yontem, DI modelinin ve verilerin daha iyi
entegre edilmesini ve uygulanmasini saglar. Bu
sayede tek stratejili yonteme gore daha dogru
bir sonuc¢ verebilir. Onerilen yaklasimm
gegerliligi ve dogrulugu, CNCMT kesici takim
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omrii tahmininin bir vaka ¢alismasi ile
dogrulanmistir. Zhang vd. arkadaslar1 [32],
CNC makinelerinin  giivenli  ¢aligmasini
saglamak icin, kademeli arizaya dayali bir ariza
teshis stratejisi Onermistir. Ariza mekanizmasi
analizine gore, takim tezgdhi sistemlerindeki
bilesenler = arasinda  ariza  yayilliminin
yonlendirilmis bir grafik modeli kurulur. Bu
calismada, fay yayilma modelinin hiyerarsik
yapisint matris doniisiimii ve ayrigtirma yoluyla
gerceklestirmek icin yorumlayici yapisal model
yontemi kullanilmistir. Ardindan, takim tezgahi
sistem bilesenlerinin ariza etkilerini
degerlendirmek igin PageRank algoritmasi
tanitilir. Johnson yontemi daha sonra bilesen
ariza  sirastni  diizeltmek  ve  zaman
korelasyonuna dayal1 arizalarin meydana gelme
orant modelini olusturmak i¢in uygulanir.
Sonunda, yontemin gegerliligini dogrulamak
icin bir uygulama Ornegi olarak bir takim
tezgahi ekipmani kullanilir. Bu yontem, bakim
siiresinin azaltilmasinda, sistemin
giivenilirliginin artirilmasinda ve takim tezgahi
sisteminin giivenli ¢aligmasinin saglanmasinda
onem arz etmektedir.

Villalonga vd. arkadaglar1 [33], CNC takim
tezgahlari i¢in kosul tabanli izleme mimarisinin
genel tasarimini ve uygulamasini tanitir. Oneri,
CNC takim tezgahlarindaki alarmlart ve
olaylar1 yonetmek icin ¢ok sayida yerel gomiilii
isleme modiilii i¢in bilgi toplamak iizere bir
hizmet olarak buluta dayali kiiresel bir modiil
¢Oziimiinii entegre ediyor. Coziim, bilesenleri,
Ogeleri ve grup davraniglarini izlemek ve takim
tezgaht yasam dongiisii  boyunca ariza
modellerini tahmin etmek i¢in sinyal isleme,
modelleme, optimizasyon ve karar verme
tekniklerini birlestirir. Son olarak, her durumda
kullanict, digerlerinin yan1 sira gegmis verilere,
gercek  makine  goOstergelerine,  bilesen
durumuna erigim, duruma dayali izleme sistemi
iizerinde tam kontrol elde etmek igin yerel
modiilde uygulanan yerel islevlere
erisebilecektir. Ayrica, bir grup mesaj, uyari ve
alarm, kullaniciya, tiim makine durumu tabanli
izleme sistemi i¢in basit bir tahmin eyleminden
bulut sistemi tarafindan saglanan yeni bir
kararli giincellemeye kadar her durumda
dikkate alinmasi1 gereken prosediirii saglar. Luo
vd. arkadaslar1 [34], CNC takim tezgahi
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(CNCMT) i¢in bir modelleme yontemi ve DI
kullanim stratejisi  Onermistir. CNC takim
tezgahi ¢aginda DI konseptinin bir gosterimi
sunulmaktadir. 11k olarak, CNCMT igin bir DI
modelleme ve uygulama ¢ercevesi Onerilir.
Ikinci olarak, birlesik modelleme dili ve
haritalama stratejisini kullanan ¢ok alanli bir
modelleme ydntemi sunulmaktadir. Ugiinciisii,
DI'in kullanim stratejisi, ariza teshisi ve tahmini
incelenmistir. Onerinin  dogrulanmasi igin
yukaridaki yontem ve stratejiye dayali bir vaka
caligmasi aragtirilmistir.

3. LITERATUR TARAMASI

Son yillarda, DI iizerine yapilan bilimsel
tartigma biiylik ilgi gormektedir. Liu ve
digerleri (2021) DI konusunda biiyiik bir artis
oldugunu, bu durumun Google'da 90.200'den
fazla aramaya ve Google Scholar, WOS ve
Scopus'ta 3000'den fazla akademik arama
sonucuna yol agtigim1  gostermistir. 2017
yilindan 6nce yayin sayisi oldukca digiiktii.
2018'den sonra akademik diinyada hizli bir
ilerleme kaydedilmeye baglandi. Makalelerin
yan1 sira, DI iizerine sekiz derleme yaym da
yayimlanmistir [35-39].

DI kavrammin  karmasikhgindan  dolayt,
literatiirde ¢esitli tanimlar bulunmaktadir [40-
43]. Bu akademik ilerlemelere ragmen, erken

calismalar  neredeyse  sadece  kavrami
tanimlamaya, c¢ergeve ve paradigmalar
olusturmaya ve endiistride entegrasyon
seviyelerini belirlemeye odaklanmustir.

Semeraro ve digerleri (2021) c¢alismay1
iceriklerine gore bes gruba ayirarak bu
¢alismalar1 siniflandirmistir:

1) Uygulama- Bir DI ne zaman kullanilmalidir?
[40, 45-46]
2) Yasam dongiisii- Bir DI ne
olusturulmalidir? [47],
3) Fonksiyonlar- Bir Di’in faydalar1 nelerdir?
[48-49]
4) Mimarlik- Bir DI nasil olusturulur? [49-50],
5) Bilesenler/Teknolojiler- Bir DI nasil
uygulanir? [36,51].

zaman

DI ile ilgili makaleler arastirma odaklarina gére
diizenlendiginde, havacilik [38], [52] otomotiv
[53-55], enerji [56-57] imalat [36,51,58,59] ve
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saglik [60-61] gibi
karsilagilmaktadir.

basliklarla

DI'in gelistirilmesi ve uygulanmasinda, bazi
kritik teknolojiler ve aym zamanda bu
teknolojilerin  entegrasyonu gereklidir. Bu
teknolojiler alt1 kategoride toplanabilir:

1) Simiilasyon  yontemleri:  Simiilasyon
modeli, bir DI'in olusturulmas: ve
calistirilmasi igin temel teknolojidir, ancak
DI yaklasimi ile geleneksel simiilasyon
yaklasimlari arasindaki temel fark, gercek
zamanli sanal-fiziksel entegrasyondur [38
,62-63].

2) Fiziksel sistem modelleme [64-65].

3) Endiistriyel Nesnelerin Interneti (IloT):
IIoT, dinamik ve sanal fiziksel bir sistem
olusturmak icin bircok farkli sensorden
olusan bir verici olup, gercek bir fiziksel ve
sanal model olusturmak i¢in veri akiglarini
Di’e saglar [66-68].

4) Biiyiik Veri analitigi: Veri akiglarinin artan
kullanilabilirligi ve gegmis verilerin
genislemesiyle birlikte, veri analitigi
giderek daha onemli hale gelmektedir [69-
70].

5) Yapay Zeka (YZ): Yapay zeka
algoritmalarinin DI modelleriyle
entegrasyonu, DI’in uygulama alanim
genigletmesi beklenmektedir. Derin
O0grenme, yapay zeka alanindaki en heyecan
verici gelismelerden biridir [53,71-73].

6) Gorsellestirme teknikleri: Son arastirmalar,
tasarrm verimliligini artirmak igin DI
sistemini sanal gergeklik (VR), artirilmis
gergeklik (AR) veya karma gergeklik (MR)
teknolojilerini  kullanarak  gelistirmeye
odaklanmustir [74-75].

Hareket siiresi tahminleri {izerine yapilan
caligmalara bakildiginda, interpolasyon
yaklagimi kullanilarak tahminlerin yapildigin
gorilmektedir [76-77]. Bu ¢alisma, tahmin
degerlerini hesaplamasinda makine 6grenmesi
algoritmalarini kullanarak 6nceki calismalardan
farklilik gostermektedir. Ote yandan, hareket
hiz1 ile zaman arasindaki iligkinin tahmini i¢in
farkli yapay sinir ag1 teknikleri olusturulmus
olsalar da, genellikle tek bir gizli katmana sahip
mimariler kullanilmigtir [78-79]. Caligmamizin
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temel katkisi, komut tamamlama siiresinin
tahmininde  bircok  makine  6grenmesi
algoritmast kullanilmis ve performanslarinin
karsilastirilmis  olmasidir. Ote yandan DI'i
arastiran bilim insanlarinin ve uygulayicilarin
say1s1 zamanla biiyiik 6l¢iide artmasina ragmen
ve DI iizerine bircok makale imalat ortamindan
ornekler sunmasina ragmen [80-81], iiretim
planlama yetenegini acisindan Di'in nasil
kullanilabilecegini anlamak adina yeterli sayida
calisma heniiz yoktur. Kapsamli bir literatiir
taramasindan sonra, bu c¢alismada Onerilen
model, isleme siiresi tahmini ile planlama siireci
icin de ayrica veriler saglamay1
hedeflemektedir.

4. TEORIK ARKAPLAN

DI, canl1 veya cansiz bir fiziksel varligin dijital
kopyasidir. Fiziksel ve sanal diinyalari [82]
birbirine baglamaktadir. Bu alanlar arasinda
sorunsuz bir veri aktarimi saglar. Bu sayede
sanal varliklarin fiziksel varliklarla ayni anda
bulunmasina izin verir. DI teknolojisi, iiriin
yasam dongiistiniin farkli mertebelerinde yer
almakta ve her mertebede birbirinden farkl
unsurlar tanitilmaktadir. Bu sebeple DI’in ayri
performans bigimleri vardir. DI uygulamasim
ti¢ farkli acidan tanimlamak miimkiindiir.
Bunlar 1) iiriin tasarimi, 2) imalat ve 3) iriin
servisidir.

Uriin tasarimindaki DI uygulamasma dijital
tasarim ve dijital simiilasyon da dahildir. Dijital

tasarim, modelleme araglari, fiziksel
parametrelerini gorsel olarak ifade etmek igin
irlinlerin  sanal modellerini  olusturmakta

kullanilir. DI giidiimlii {iriin tasarim y&ntemi,
arastirmacilarin {riinleri tasarlarken tasarim
kusurlarint  hizla bulmasim1i ve tasarim
verimliligini artirmasini saglar.

Dijital simiilasyonda uyum kabiliyeti, {iriin
performansint  dogrulamak i¢in bir dizi
simiilasyon deneyi yoluyla tasarim asamasinda
dogrulanabilir. Yerlesik esnek DI’i kullanmak,
tasarimcilarin ~ farkli  tasarimlart  hizla
degerlendirmesine ve tasarim kusurlarini
bulmasina yardimci olur.

Uretimdeki DI uygulamasi, kesin iiretim
kontrolii elde etmek i¢in {iriin isleme ve montaja
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uygulanan kati bir model olusturmak i¢in DI’i
sanal simiilasyon modeline dayanir. Bu konu,
iretim slireci simiilasyonunu, dijital iiretim
hattin1 ve ekipman durumu izlemeyi igerir.
Uretim siireci simiilasyonu, iiriin {iretiminden
Once, liretim siirecini sanal iiretim araciligiyla
simiile edilebilir. Uretkenlik ve verimlilik
kapsaml1 bir sekilde analiz edilebilir.

Dijital iiretim hatti, iiretim asamasinin tim
unsurlari, otomatiklestirilmis bir liretim siireci
elde etmek icin dijital yontemlerle yakindan
koordine edilmis bir iiretim silirecine entegre
edilmigtir. Ekipman durum izleme, {iretim
ekipmaninin gergek zamanli ¢alisma verileri
toplanarak {iretim siireci gorsel olarak
izlenebilir. Anormal ekipman, liretim siirecini
optimize etmek i¢in zamaninda ele alinmali ve
ayarlanmalidir.

DI ile birden fazla miihendislik disiplininin
gereksinimleri entegre edilir ve tiim yasam
dongiisii boyunca ger¢ek zamanli haritalama
verilerine dayali olarak sistem diizeyinde
simiilasyon ile kendi kendine karar verebilir.
Endiistride DI’in uygulanabilecegi araglardan
biri de CNC tezgahlaridir. Endiistrinin ana
makinesi olan CNC takim tezgdhi, akill
imalatta 6nemli bir ekipmandir. Akilli tiretim
modunda, karmasik isleme gorevini ve
Ozellestirilmis tiretim gereksinimlerini yerine
getirmek i¢in bazi niteliklere sahip olmalidir.
Bu nitelikler; 1) hassas simiilasyon, 2) kendini
algilama, 3) kendinden ayarlama, 4) kendini
tahmin etme, 5) 6z degerlendirme seklinde ifade
edilebilir.

Hassas simiilasyon ile CNC takim tezgahinda
(CNCMT) tasarim parametresi ve fiili ¢aligma
kosullar1  farklidir. CNCMT  modelinin
simiilasyonu, fiziksel ekipmandan toplanan veri
ve bilgileri dikkate almalidir. Hassas
simiillasyon, c¢ok alanli modelleme ve
simiilasyonu CNCMT’den aliman dogru ve
giivenilir verilerle entegre edecektir.

Kendini algilama, CNCMT igin bir siber
fiziksel sistem gelistirmenin ilk adimidir. Kendi
kendine algilama, CNCMT ve bilesenlerinden
dogru ve giivenilir veriler elde edebilir ve
ardindan verilerden anlamli bilgiler ¢ikarabilir.
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Kendinden ayarlama  yetenegine  sahip
CNCMT, iiretim gorevine gore daha az zaman,
daha az fire ve daha iyi kalite i¢in kendini
ayarlayabilir. Ayrica, {iretimin minimum
kullanici endisesi yaratmasini saglamak i¢in
kendini ayarlayabilir.

Kendini tahmin etme; CNCMT, diizensiz olarak
farkli hatalara neden olabilir, bu da hatal
hassasiyete neden olur ve iiretimi etkiler. Kendi
kendini tahmin etme yetenegine sahip CNCMT,
arizay1 ciddi arizalar olugsmadan Once g¢evreye
ve kendi kosullarina gére zamaninda izleyebilir
ve tahmin edebilir.

Oz degerlendirme; kendi kendini degerlendirme
yetenegine sahip CNCMT, calisma durumunu
degerlendirebilir, c¢alisma  parametrelerini
optimize edebilir ve makine 6grenimine dayal
kararlar verebilir.

CNCMT'yi bahsedilen yetenekleri elde edecek
kadar akilli hale getirmek icin CNCMT'nin Di
(DTMT) {izerine bir arastirma yapilmistir. Bu
arastirmada, bircok alan icin birlesik bir DI
modelleme yontemi kurulmus, fiziksel alan ve
dijital alan arasinda bir haritalama stratejisi
tasarlanmistir. Buna dayali bir DI kullanma
stratejisi arastirilmigtir,. DTMT, CNCMT'in
gercek zamanl dijital kopyasidir. DI, son
derece gelismis bilgi islem, yliksek hassasiyetli
simiillasyon ve hizli gelisen yapay zeka
teknolojisi ile saglanir. Ultra yiiksek sadakat
modeli tarafindan yonlendirilen ve dogru
verilere dayali makine 6grenimi, uzmanlk ve
alan bilgisi algoritma modeli ile ifade edilebilir.
Bu nedenle DTMT, bir uzman gibi hassas
simiillasyon,  kendini  algilama, kendini
ayarlama, kendini tahmin etme ve kendi kendini
degerlendirme yetenegine sahiptir. CNCMT'nin
tasarim, imalat, kullanim, bakim ve geri
donilisgiim asamalarinda kullanilabilir. DTMT
ile, CNCMTnin tiim yasam dongiisiinde
birlesik bir model kullanilir. Karmasik isleme
gorevini yerine getirmek, plansiz bakimin
kesinti siiresini azaltmak, isleme verimliligini
artirmak ve maksimum yeniden kullanim
saglamak amaciyla birlesik ve gercek zamanli
algilanan veriler ile c¢aligtirllmaktadir. Bir
DTMT olusturmak i¢in birlesik model, gergek
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zamanli algilanan veri destegi ve akilli kullanim
stratejisi cok dnemlidir [15].
5. MAKINE OGRENMESI
ALGORITMALARI

Yapay zeka (Al), karmagik problemleri ¢ozmek
icin yapay bir varlik tarafindan sergilenen zeka
olarak tanimlanir ve boyle bir sistemin
genellikle bir bilgisayar veya makine oldugu
varsayilir [83]. Yapay zeka, bilgisayar bilimi ve
fizyolojinin bir entegrasyonudur. Basit dilde
zeka, diinyadaki hedeflere ulasma yeteneginin
hesaplamali kismidir. Zekd, ezberleme ve
anlama yaratmay1, kaliplar1 tamimay1, degisime

uyum saglayarak se¢imler yapmayir ve
deneyimlerden  6grenmeyi  hayal  etme
yetenegidir. Yapay zeka, bilgisayarlarin

insanlar gibi davranmasini saglamakla ilgilenir.
Yapay zeka, daha ¢ok insan gibi moda olan ve
bir insanin aldigindan ¢ok daha kisa siirede
karmagik sorunlar1 ¢6zmeye calisir. Bu nedenle
Yapay Zekd olarak adlandirilir [84]. Al
aragtirmasinin  6nemli bir amaci, normalde
insan zekasi gerektiren ¢esitli gérevleri yerine
getirmek i¢in makineler tasarlamaktir.

Makine 6grenimi yapay zekanin bir alt kiimesi
olarak kabul edilir. Makine Ogrenimi, insan
zekast ile iligkili deneyimsel “6grenmeyi”
sergilerken, ayni  zamanda  hesaplama
algoritmalarinin kullanimi yoluyla analizlerini
O0grenme ve gelistirme kapasitesine sahiptir. Bu
algoritmalar, kaliplar1 tamimak ve makineyi
otonom Oneriler veya kararlar vermek iizere
egitmek i¢in etkin bir sekilde "6grenmek" igin
biliylik veri girdileri ve ¢iktilar1 kullanir.
Algoritmanin yeterli tekrart ve
modifikasyonundan sonra, makine bir girdi
alabilir ve bir ¢ikt1 tahmin edebilir [85-86].

Bu calismada, farkli karakteriktik 6zelliklere
sahip makine Ogrenmesi algoritmalan
kullanilmak  istenmistir.  Bellek  tabanh
smiflandirict  olarak K en yakin komsu
algoritmasi ile optimizasyon  tabanl
siiflandirma algortimalarindan DVM
secilmistir. Yapay sinir aglari modelleri ¢oklu
regresyon tabanli ¢alistigindan dolay1 dogrusal
regresyon yontemi ile birlikte ¢caligmaya dahil
edilmistir.



Cesur vd., /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 7:2 (2023) 303-321

5.1. Destek Vektor Makineleri (DVM)

Destek  Vektdor Makinesi  popiiler  bir
smiflandirma teknigidir. Genellikle verileri
egitim ve test setlerine ayirmayi kapsar. Egitim
setindeki her model, bir “hedef deger” ve birkag
“nitelik” igerir. DVM'nin amaci, yalnizca test
verisi Oznitelikleri verilen test verilerinin hedef
degerlerini  tahmin  eden  bir  model
olusturmaktir. Algoritma, her veri Orneginin
gergek sayilarin bir vektdrii olarak temsil
edilmesini gerektirir. Bu nedenle, kategorik
Oznitelikler varsa, Once sayisal verilere
doniistliriilmesi gerekir. DVM uygulamadan
once yapilmasi gereken bir diger sey de
oleekleme yapmaktir. Olgeklemenin  ana
avantaji, daha kiicilk sayisal araliklardaki
niteliklere hakim olan daha biiyiik sayisal
araliklardaki 6zniteliklerden kaginmaktir. Diger
bir avantaj, hesaplama sirasinda sayisal
zorluklardan kaginmaktir [87]. Sekil 1° de farkli
ozellikte iki kiimenin ¢izilen birden fazla
vektorler ile nasil ayrildigi gosterilmistir.

Asagidakiler dort temel cekirdek
fonksiyonlaridir:

1) Dogrusal:

K(xj,xj) = XiT Xj. )

2) Polinom:

K(xj,xj) = (yxiT X + r)d,y >0. (2)

3) Radyal Tabanli Fonksiyon:

K(x;, %) = exp(—v |1xi = x;|%),7 > 0.3)
4) Sigmoid:

K(xj,xj) = tanh(yx{ Xj +1). @)
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Sekil 1: Destek vektor makinesi sekilsel gdsterimi.

5.2. K-en Yakin Komsu (KNN)
K-En Yakin Komsu, var olan tim durumlari
saklayan ve bir benzerlik Olgiitiine gore

smiflandiran ~ bir  algoritmadir. ~ KNN,
istatistiksel tahmin ve Oriinti tanimada
parametrik  olmayan bir yontem olarak

kullanilmigtir [88]. Sekil 2’de farkli gézlem
degerlerinin arasinda uzakliklar hesaplanarak
diger bir ifade ile K-en yakin komsu algoritmasi
kullanilarak farkli gdzlem degerlerinin nasil
ayrildig1 gosterilmektedir.

Algoritmada bir olay, komsularinin ¢ogunluk
oyu ile smiflandirilir. Bu olay, bir mesafe
fonksiyonu ile 6l¢iilen K en yakin komsusu
arasinda en genis kitleye sahip olan smifa
atanir. K = 1 ise, durum basitge en yakin
komsusunun sinifina atanir. Siirekli degiskenler
icin kullanilan ii¢ uzaklik vardir: Oklid (5),
Manhattan (6), Minkowski (7). Kategorik

degiskenlerde = Hamming  mesafesi  (8)
kullanilmalidir.

(% — yi)? (%)
Y Ixi — il (6)
i1 (lx; — i) (7
Dy = Xy Ixi — vil (®)
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Sekil 2: K-En yakin komsu sekilsel gosterimi.

5.3. Yapay Sinir Aglari

Yapay Sinir Ag1 (YSA) bilgisayar bilimleri
alanlarinda yeni bir bilgi islem teknolojisi
olarak kabul edilmistir. YSA, biyolojik sinir
sistemlerinin ~ matematiksel =~ modellerinin
genellemeleri olarak gelistirilmistir. Sekil 3’de
biyolojik  sinir  sistemlerine ait noron
gorilmektedir. Bir YSA, her biri muhtemelen
(kiigiik miktarda) yerel bellege sahip olan ¢ok
basit islemcilerin (ndronlar) koleksiyonlarindan
olusan bir agdir. Birimler yalnizca kendi yerel
verileri lizerinde ve tek yonli baglantilar veya
baglantilar  aracilifiyla aldiklarn  girisler
lizerinde ¢alisir [89]. Bir ag biriminin gelen
sinyalleri toplamak ve bir c¢ikis sinyalini
hesaplamak i¢in bir kurali vardir. Devaminda
diger ag birimlerine gonderilir. Callen'e gore
ciktiyt  hesaplama  kurallar1  aktivasyon
fonksiyonu olarak bilinir [90]. Bir sinir aginin
yapisinda ii¢ katman vardir. Birinci katman, dig
diinyalarla dogrudan etkilesime giren girdi
katmamdir. ikinci katman, saglanan fonksiyona
gore hesaplamanin yapildig1 gizli birimdir. Son
katman ise ¢ikti aldigimiz ¢ikti katmanidir.
Sinir aglarindaki bilgi, ndronlar arasinda
sinaptik agirliklar olarak depolanir. Ag, ¢ikti
verileri olusturulana kadar girdi verilerini
katmandan katmana yayar. Eger aglar, Geri
Yayilim Algoritmasi ile ¢ok katmanli algilayici
ve cikti istenen ciktidan farkli ise, bir hata
hesaplanir. Sonrasinda ag iizerinden geriye
dogru yayilir. Hata yayildik¢a sinaptik
agirliklar  degistirilir  [91].  Genellestirme,
YSA'lart bu kadar giiclii bir ara¢ yapan tek
yetenektir.
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Uygun bir gosterim kurali verildiginde,
beklenen yanitin, vk'nin, vk = Z?zlwijj ‘ye
gore ortak degiskenlerin x = (X0, ..., Xp)
degerleriyle iliskili oldugu bir ¢oklu dogrusal
regresyon modelinin sematik bir temsilini
vermektedir. Notasyon kurali, dairenin, igine
xj'lerin beslendigi ve ilgili wyj'ler ile carpildigi
bir hesaplama birimini temsil etmesidir. Sekil
3'de (Wko, Wki, ..., Wkp), Xn vektorlerinin girdi
vektorlerinin - kuvvetlerini  belirlemek  igin
agirliklardir. Her girdi agirlik vektorleri ile
carpilir. Noron yk'min ¢iktisi, vk degeri
tizerindeki bazi aktivasyon fonksiyonlarinin
sonucudur.

aktivasyon
fonksiyonu

aktr
Q@) [—— ¥
toplam
baglant1
yeri
xP @&— wkp )
"/ Ok
girdiler sinaptik esik
agirhklar deger
Sekil 3: Sinir aginin matematiksel modeli.
Genel olarak, sinir aglarn (temsil edilen

matematiksel modeller), bir baglant1 sistemiyle
birbirine baglanan basit hesaplama birimlerinin
bir koleksiyonudur. Birimlerin sayis1 ¢ok biiyiik
olabilir ve baglantilar karmasik olabilir.

Sinir aglari, oOriinti smiflandirma ve Oriintil
tammmanin bircok uygulamasi i¢in kullanilir:
Doviz kurlart gibi finansal endekslerin tahmini,
radar nokta kaynaklarinin konumu, hedef
tanima ve mayin tespiti, uzay aracinin yeniden
giris  yorlingelerinin  tahmini, el yazisi
karakterlerin  otomatik olarak taninmasi,
yiizlerin cinsiyetlerinin belirlenmesi, gezgin
satici problemi gibi optimal yonlendirme
problemlerinin  ¢éziimili, zaman serilerinin
tahmininde diizensizligin giiriiltiden ayirt
edilmesi [92].
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6. VAKA CALISMASI

6.1. Veri Analizi

Bu ¢alismada kalite kontrol yapan bir cihaza ait
veri seti ile ¢alisilmistir. Bu cihaz kartezyen
cksenli kalite kontrol cihazidir. Bu veri setiyle
kalite kontrol cihazina ait operasyon siirelerinin
tahmin  edilmesi amaclanmaktadir. Hiz
faktoriiniin dinamikligi ile gercege
yaklagilmaya c¢alisilmis ve olasi biitiin hiz
parametreleri denenmistir. Bu dogrultuda
hareket ve hiz siitunlari, hiz = yol/zaman
formiili dikkate alinarak tek siituna dustiriiliir.
Amag, verilen silireyi hareket/hiz  ile
karsilagtirarak tahminleme yontemlerini bu
veriler lizerinden ylirlitmektir. Yani yeni veri
seti iki siitundan olusmus olur. Birinci siitun
“slire”, ikinci siitun ise  “hareket/hiz”
degerlerinden meydana gelir. Hiz parametre
degerleri (mm/dakika) 125, 250, 500, 750 ve
1000 ve hareket miktarlar1 degerleri (mm) 10,
15, 25, 35, 50, 65, 75, 85, 100, 115, 125, 135,
150, 165, 175, 185, 200, 215, 225, 235, 250,
285, 300 olarak belirlemis ve toplamda 115
operasyon sliresi Olgiilmiistiir. Verinin %80°1
egitim verisi olarak ele alinmigtir. Kullanilan
veri setinin baslangic kismi Cizelge 1 ‘de
verilmistir. Literatiire katki saglamasi agisindan
verinin  tamami  da  github  {izerinden
paylasilmistir. [93]

Cizelge 1: Veri setinin ilk on degeri

# Siire (sn) Hiz (mm/dk) Hareket (mm)
1 12870.5 1000 100
2 6868.3 1000 50
3 3266.2 1000 20
4 2066 1000 10
5 21302.9 500 100
6 10904.7 500 50
7 4669.4 500 20
8 2592.1 500 10
9 41839.7 250 100
10 21058.7 250 50
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Sekil 4: Diizeltme ¢izgisi ile beraber dagilim
grafigi.

Sekil 4’te dagilim grafigi g¢izilerek {stiine
diizeltme ¢izgisi eklenmistir. Sadece noktalarla
trendleri gormek zor olabilir. Trendlerin nasil
goriindiigiinii gérmek icin ¢ogu zaman bir
diizeltme cizgisi eklenir. Ozellikle gerilemeleri
anlamaya calisirken yardimer olabilir. Ggplot
nesnesinden  geom smooth,  method=Im
kullanilarak ¢izimi yapilmistir. Verilerin O ile
50000 siire degerleri arasinda yogunlagtigi
goriiliir.

25
%20
o
Eilj
=
= 1.0
ol
< 0.5
s
0.0
0 30000 100000 150000 200000
Siire (sn)
Sekil 5: Kutu grafigi.
Sekil 5 wverilerin kutu grafigi verilmistir.

Verilerin 0-0,5 araliginda y1gildiginmi sylemek
miimkiindiir. Ust ve alt "menteseler" birinci ve
tclincli g¢eyreklere karsilik gelir. Kutunun
igindeki ¢izgi ise medyani temsil eder. Ust
tarafta kalan nokta olarak gdziiken degerler de
aykiri olarak kabul edilir.
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Sekil 6: Histogram grafigi lizerine ¢izilmis olan
yogunluk grafigi.

Sekil 6’da oncelikle verilerin histogram grafigi
cizilmistir. Bu ¢izilen grafigin iizerine yogunluk
grafigi de eklenmistir. Histogramlar, verileri
gruplandirarak ve her bir kutudaki gézlemlerin
sayisini sayarak olusturulur. Amag genellikle
dagilimin seklini gorsellestirmektir. Yogunluk
grafikleri, diizlestirilmis histogramlarin
grafikleri olarak diistiniilebilir.

Normalizasyon sonucunda elde edilen verilerle
R’da makine Ogrenmesi algoritmalart ile
tahminlemeler yapilacaktir. Burada asil amag,
siire (arizaya kalan siire) tahmini yapmaktir.
Ayrica calismanin sonucunda elde edilen
degerler ile siire (duration) siitun verileri
karsilagtirilarak hata hesaplamalar1 yapilacaktir.

6.2. Komutlarin icra Siiresinin Tahmini

Bir robot, 3B yazicinin veya CNC tezgahimin Di
modeli tezgahin gergek iiretim ortamindaki
davraniglarini (enerji tiikketimi, islem siiresi,
ariza durumu v.b.) hesaplamaktadir. Bundan
dolay1 DI  modeli iiretim siireglerinin
kontroliinde ve optimizasyonunda
faydalanilacak bir aractir. Calismada G-Code
komutlarinin icra siirelerini dogru tahmin
edebilen bir model Onerilmistir. Bu model
tezgdhin cesitli fonksiyonlarinin olusturdugu
etkileri hesaplayacak diger modellerle birlikte
tezgah DI’ini olusturdugunda biitiilesik {iretim
ve proses planlama, proses optimizasyonu,
gergek zamanli iiretim planlama ve kontrol
alanlarinda katki saglayan bir model ortaya
¢ikmig olacaktir. Dolayisiyla Onerilen siire
tahmin 3 boyutlu yazicilarm ve CNC
tezgahlarm DI’lerinin tasarimi icin referans
nitliginde olacaktir.
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Bu ¢alismada kalite kontrol yapan bir cihaza ait
veri seti kullamilmigtir. Veri odakli olarak
gelistirilen DI modelinde icra siiresinin tahmini

icin  makine Ogrenmesi ydntemlerinden
yararlanilmigtir.  Modelin  tasarimi  igin
kullanilan veri seti dogrusal ve eliptik
hareketlerin verilerinden olusmaktadir.

Hareket siiresinin 6l¢limii i¢in harekete baglama
ve hareketin bitis an1 akim sensorii ile dlgiilen
degerin bir esigi gecip geg¢memesine bagli
olarak tespit edilmistir. Makine Ogrenmesi
modelleriyle de haraket siiresi ile G-Code
parametreleri arasinda korelasyon kurulmustur.

6.2.1. Dogrusal Regresyon

Regresyon, tek katmanli varyans analizi ve
kovaryans analizi yapmak icin kullanilabilir.
Formiil olarak ‘Siire~Harket/Hiz> olarak
almmig veri olarak da normalizasyon
sonucundaki verilerden yararlanilmistir.

Cizelge 2: Regresyon istatistigi.

Parametreler Degerler
Coklu R 0,99927871
R Kare 0,99855794
Diizeltilmis R Kare 0,99854518
Standart Hata 181780209
Gozlemler 115

Cizelge 2’de regresyon istatistik degerleri
goriilmektedir. R2 degerine bakildiginda 0,99
oldugu goriiliir. Bu durum modeli %99 basari
ile agikladigi anlamina gelmektedir. 1 degerine
yaklastikga daha iyi olan regresyon ¢izgisi
verilere uyar. P degerinin 0.05ten diisiik olmas1
da modelin dogrulugunu gosterir. Regresyon
katsayilar1 yardimiyla tahminlemeler yapilmig
ve %38 hata oranina ulagilmistir.

6.2.2. Destek Vektor Makineleri (DVM)

DVM bir destek vektdr makinesini egitmek icin
kullanilir. Yogunluk tahmininin yan1 sira genel
regresyon ve smiflandirma yapmak igin
kullanilabilir. Ilk parametrede, uygun modelin
sembolik bir aciklamasi olarak siire siitunu
alinir. Ikinci parametre olarak da modeldeki
degiskenleri iceren istege baglh bir veri
cercevesi, yani test seti kullanilir. Burada
normalize edilmis verilerin %80’i egitim seti,
%20’si test seti olarak alinir. Kernel i¢in 4 farkli
yontem baz alinir. Her biri i¢in de denenerek
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tahminlemeler yapilir. Buradaki yoOntemler; 10’a kadar denenmigtir. Ayni degerler ile kod
linear, polynomial, radial basis, sigmoid olarak tekrardan calistirildiginda hata oranlart disiik
siralanmaktadir. seviyede degisiklik gosterse de minimum hata
(9, 7) igin elde edilmistir. Sekil 7 ve Sekil 8’de
Cizelge 3: DVM matrisi ¢iktist. bu mimarilere ait yapay sinir ag1 modelleri
Genel istatistik Degerler bulunmaktadir.
(linear, polynamial,
radial)
Dogruluk: 0.9565 Dogruluk: 0.6957
95% CI: (0.7805, 95% CI: (0.4708,
0.9989) 0.8679)
Bilgi Oran1 Yok: Bilgi Oran1 Yok:
0.0435 0.0435 Hareket bz, (P
P-Degeri: <2.2e-16 P-Degeri: < 2.2e-16
Kappa: 0.9545 Kappa: 0.6818

Cizelge 3°’de DVM matrisi sonuglari verilmistir.
Sonuglara gore linear, polynamial ve radial
basis fonksiyonlar1 %96 dogrulukla ¢aligmustir. Sekil 7: 1. Mimari igin yapay sinir agi modeli.
Bununla birlikte p-degerlerine bakildiginda
0.05’ten kiiciik oldugu i¢in tiim fonksiyonlarin
gecerliligi kabul edilir.

Error: 12.263046 Steps: 12438

6.2.3. K-en Yakin Komsular (KNN)

KNN, smiflandirma ve regresyon problemleri Hareket Hiz
icin tercih edilen denetimli bir makine 6grenme
algoritmasidir. Verileri smiflandirmak i¢in
hayali bir sinir olusturur. Tahmin i¢in yeni veri
noktalar1 eklendiginde, algoritma bu noktay1
smir  ¢izgisinin en yakinina ekler. Bu Error: 12.26257 Steos: 1310
algoritmada k, kullanici tarafindan tanimlanan Sekil 8: 2. Mimari igin yapay sinir ag1 modeli.
bir sabittir ve en yakin komsuluklar vektorii
kullanilarak hesaplanir. 'caret’ paketi, regresyon
sorunlart i¢in KNN'yi uygulamak icin 'knnreg'
islevi saglar. Komsu sayist 5, 7, 9 seklinde
mimariler olusturularak tahminlemeler
gergeklestirilmis ve min hatayr veren komsu
sayis1 Solarak secilmistir.

Yukarida verilen mimarilerle birlikte

programu iizerinden yapay sinir aglariyla farkl
kombinasyonlar deneyerek olabilecek en iyi
mimari  bulunmaya calisilmistir.  Burada
Tensorflow ve Keras Kkiitiiphanelerinden
yararlanilmistir. R’daki yapay sinir aglarinin

yaninda Python’la baglanti kurarak Keras’t

6.2.4. Yapay Sinir Aglan
Normalize edilmis verilerin %80°1 egitim seti,

direkt kullanmak denenmistir. Yinelemeli yerel
arama algoritmas1 ile en iyi mimariyi elde

%20’si test seti olarak alinir. Hidden= ¢ (9, 7), etmeye c¢alisarak bu kodun parametreleri

threshold= 0.01, act.fct= “tanh” verilmesiyle
minimum hata bulunmustur (tekli hidden igin 6,
ikili i¢in (9, 7) seklindedir). Act.fct i¢in ise
“logistic” ve “tanh” segenekleri mevcuttur.
Bunlardan en iyi sonucu da “tanh” fonksiyonu
vermigtir. Burada en kiicilk hatayr bulmaya
caligirken hidden belirlemede 6nce ikinci deger
sabit tutularak birinci deger 1’den 10’a kadar
denenmistir, sonrasinda en iyi ¢ikan birinci
deger segilip sabit tutularak ikinci deger 1’den

goriilmektedir.
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olusturulmustur. Bu mimari Cizelge 3’de
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Cizelge 4: Olas1 optimum yapay sinir a1 mimarisi.

Diigiim Aktivasyon
Sayisi Fonksiyonu
Girdi Sayisi 3
Katman 1 30 ‘Relw’
Katman 2 80 ‘Relw’
Katman 3 40 ‘Relw’
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Sekil 9: Yapay sinir aglar1 igin hata dlgiimleri

Sekil 9’da 200 periyot i¢in (epochs) ‘adam
optimize” ile, ‘mse’ kayip fonksiyonu ve ‘mse’,
‘mae’, ‘mape’ metrikleri i¢in ‘compile’ metodu
ile bu sekil g¢izdirilmistir. Burada en az
dalgalanma ‘mse’ hesaplanmasinda
gerceklesmistir.

6.3. Yontemlerin Karsilastirilmasi

Kartezyen eksenli tezgahlarda farkli hiz
parametreleri kullanilarak dl¢timler yapilmistir.
Bu islemlerin cihaz {izerinde gergekte ne kadar
siirdiigii veri setinde mevcuttur. Ornegin bir
islem 21.321 ms olarak tahmin edilirken cihaz
iizerinde yapilan Ol¢iim sonrasinda 21.303 sn
gergeklestirilmistir.

Cizelge 5°te ¢alismada uygulanan makine
Ogrenmesi algortimalarinin ortalama kareli hata
(MSE), ortalama mutlak hata (MAE) , R Kare
(R*) ve Dogruluk yontemleri kullanilarak
perfromanslari Ol¢iilmiistiir. Z-score
normalizasyonu ile normalize edilmis veri seti
ile yapilan tahmin calismasinda en diisiik
ortalama mutlak sapmaya sahip olan YSA 3.
mimari MSE ve MAE a¢isindan da en iyi
performansi sergilemistir. Bundan dolay: hata
miktart en diisiik model YSA 3. mimari olarak
degerlendirilmigtir. Diger tarafatan R? ve
dogruluk degerlerine bakildiginda YSA 3.
Mimarinin diger methotlara oranla en yiiksek
degerlere sahip oldugu goriilmektedir.

grafigi.
Cizelge 5: Hata oranlarina gére performans cizelgesi.

Yontemler MSE MAE R? Dogruluk
Regresyon 1.32E-36 0,0161802 0.985579 0.91722299
DVM-Lineer 0.00603773 0.06689249 0.995651 0.853849
DVM-Radyal 0.07171921 0.1321959 0.9483404 0.8104526
DVM-Polinom 0.4670129 0.471527 0.6636087 0.2650645
DVM-Sigmoid 1.887.448 0.8229177 0.3595363 0.0252
YSA 1. Mimari 0.2917583 0.1407296 0.654525 0.8823262
YSA 2. Mimari 0.2916694 0.1360941 0.6545329 0.8827776
YSA 3. Mimari 0.00015435 0.008385 0.995745 0.991615
KNN 1.Mimari 0.0199952 0.05727025 0.1414044 0.93481055
KNN 2.Mimari 0.03570575 0.06796121 0.1889597 0.93612222
KNN 3.Mimari 0.0598606 0.09467588 0.2446643 0.91496762

7. SONUC tezgahlarin  iglem  siirelerinin  ¢aligma

Bu c¢aligmada, dinamik hiz ve haraket
parametreleri ile ¢alistirilan 3 boyutlu yazici ve
CNC tezgahlann gibi kartezyen eksenli
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parametrelerine bagh olarak tahmini i¢in bir
model Onerilmistir. Onerilen model iiretim
planlama agisindan kaba kapasite planlama ile
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cizelgelemede ve Uriin tasarimi asamasinda da
maliyet kestiriminde katki saglayacaktir.
Modelin 6n goriilen katkiy1 saglayabilmesi i¢in
iiretim sisteminde kullanilan tezgahlara adapte
olmasi ka¢inilmaz bir zorunluluk oldugundan
zaman tahmin igleminde makine Ogrenmesi
modelleri degerlendirilmistir. Endiistriyel CNC
iireticisi DMG MORDI’nin Di’leri iteratif
optimizasyonda, iiretim planlama ve kontrolde
ve performans Ongoriilerinde kullandigini
aciklamast bu durumu desteklemektedir.[94]
Makinelere entegre edilen DI iiretim siirecinin
sanal ortamda detayli bir simiilasyonunun
yapilmasini ve optimize edilmesini miimkiin
hale getirmektedirler.

DI olusturan makine 6grenmesi modellerinin
olusturulma agsamasinda kullanilan veriler kalite
kontrol yapan kartezyen eksenli bir cihazdan
almmustir. Ornek veri seti {izerinde veriler 6n
islemeden gecirilmis ve sonrasinda islem
stirelerini tahmin etmek i¢in makine 6grenmesi
algoritmalar1 kullamilmistir. Hata miktarlar1 en
diisiik olan modeller YSA 3. mimari, dogrusal
regresyon, k-en yakin komsu modelleri ve
dogrusal DVM modelidir. Buradan, kartezyen
eksenli (dogrusal veya eliptik) hareketlerin
dogrusal yontemlerle iyi modellenebildigi
goriilmektedir. Fakat en iyi yontem olarak hem
dogrusal hem de dogrusal olmayan iliskileri
modelleyebilen YSA modeli en iyi model
olarak secilmistir. Bunun nedeni 0.00015435
MAE ve 0.008385 MSE degeri ile hata oranlan
acisinda en diisiik olan ydntemindir. Diger
yandan 995745 R? degeri ve 0.991615 dogruluk
oraniyla ile de diger modellerden daha yiiksek
degerlere sahiptir. Ayrica lineer yontemlerin
daha basarili olmasi varyansin ’da diisiik oldugu
konusunda fikir vermektedir.

Calismanin bir sonraki asamasinda birgok
makine Ogrenmesi algoritmasini galistirabilen
ve bu algoritmalara ait parametreleri optimize
ederek yoOntemlerin  performanslarimi  en
iyilemeye ¢alisan AutoML ve hiper-parametre
optimizasyonlar yapilacaktir.
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ABSTRACT

Today, lattice-structured materials are used in many engineering applications. Research and applications
including lattice structures focused on obtaining lightweight components with the optimal distribution.
In literature, studies on obtaining vibration models of the beams with lattice structures are limited. In
this study, vibration models of rotating beams with lattice structure were obtained by using system
identification methods. Beams used in the experimental phase of this study were produced using FDM
3D printer. Three types of lattice structure such as triangular, hexagonal, and square rotated were used.
Lattice-based generative design program nTopology was used for the design of the beams. The
experiments were carried out using a setup that includes a servo system and a wireless accelerometer. It
was proved that the obtained models successfully represent the vibration behavior of the rotating beams.
The success of the vibration models of the rotating beams was compared and discussed using tables and
figures.

Keywords: Rotating Beam, System Identification, Vibration Analysis, Lattice Structures, Additive
Manufacturing.

1. INTRODUCTION category [7]. In recent years, there is an increase
In recent years, one of the fastest-growing and in the number of paper that includes simulation
most popular fields has been flexible and soft and experimental-based studies [8].
manipulators in the robotics field [1-2].

Especially since there is no need for rigidity, it System identification is a significant process in
is possible to make designs that are much lighter obtaining mathematical models of dynamic
and have higher load-carrying capacity [3]. Due systems. Identifying the system dynamics
to these new designs, problems such as dynamic successfully provides the design of robust
strength and vibration sensitivity come to the systems for prediction, planning, and control
fore again. Such that there are many design [9]. In control system design, one of the most
developments and control systems related to important steps is to obtain an accurate system
vibration, which is one of the reasons that model. If the dynamic model does not represent
reduce the efficiency of flexible manipulators. the real behavior of the system, the controller
First and foremost, accurate dynamic modeling cannot provide optimum system output [10].

is required to apply these solutions [4].
Lattices can be referred to as periodic cellular

The purpose of vibration analysis of mechanical structures, metamaterials, or architected
systems is to obtain system behaviors under materials. Lattice applications focused on
different dynamic conditions [5]. In the obtaining lightweight components with the
literature, there is an interest in the analysis of optimal  distribution  [11-12].  Additive
the vibration characteristics of rotating flexible manufacturing methods have numerous
beams [6]. Several structural configurations advantages over traditional subtractive
such as helicopter blades, spinning spacecraft, manufacturing methods such as machining, and
and satellite booms can be counted in this injection molding. In recent years, additively
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manufactured or 3D-printed lattice materials
have been studied in many research [13]. For
instance, in a previous study, the bioactivity and
compressive strength of the specimens were
examined to observe the bonding and adhesion
effects of different lattice structures on bone
tissue [14].

In this study, vibration models of rotating beams
with lattice structures were obtained by using
system identification approaches. In the
previous study, the mechanical properties of the
parts produced by the FDM method with
various additives and various particle sizes were
investigated [15]. There has not been a
comprehensive study on vibration analysis of
parts produced with FDM 3D printing. Three
types of beams were used in the experimental
phase of this study and were produced by using
an FDM type 3D printer. Lattice sizes suitable
for the precision of the FDM method were
preferred in the design of the parts. PLA
material, which is the most commonly used and
optimum strength polymer, was used. The
success of the obtained vibration models of the
rotating beams was compared. The followings
are some of the potential novelties that the study
could bring to the literature:

(1) Lighter and more stable manipulators
were produced thanks to the lattice designs,

(i1) manipulator vibration analyses were
carried out and the modal analysis results were
compared,

(i)  despite the complex form of the
manipulator caused by lattice topology, very
accurate models have been derived utilizing
system identification methods,

(iv)  these reduced-order models are also
appropriate for future control applications as
well, by means of their fast-computable
structures.

2. MATERIAL AND METHODS

Topology computer-aided design software was
used to create three specimens with varying
lattice structures. In this study, strut-based
triangular, hexagonal, and square lattice
structures were preferred for the internal
structure of the specimens. The lower and upper
shells were assessed to be 2 mm thick. To
connect the specimen to the experimental setup,
a 30 mm long connection area was designed.
The specimen dimensions were 300 mm total
length, 25 mm width, and 10 mm thickness. The
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specimen was converted to STL file format by
meshing with a minimum feature size of 0.6
mm.

The specimens were produced using the FDM
(Fused Deposition Modeling) 3D printing
process. STL design files were converted to g-
code files using the PrusaSlicer software. The
printing direction is rotated in relation to the
plane with the least gravitational effect on the
parts. The specimens were printed using PLA
(Polylactic acid) filament with a nozzle
diameter of 0.4 mm, a layer height of 0.1 mm,
and a fill rate of 100%.

Figure 1. Lattice structured beams, (left) hexagonal
form, (middle) square form, (right) triangular form

3. EXPERIMENTAL SETUP

The scheme of the experimental system used for
the vibration analysis of lattice-structured
beams in the study is given in Figure 2. Also,
the properties of the system are given in Table
1, together with data sampling information.
Accordingly, first of all, the planar uniaxial
flexible manipulator moves in the XY plane
(local axes are shown in Figure 2). In addition,
since it is known that the manipulator will
mostly try to bend under payload, the
accelerations in the local Y-axis at the endpoint
of the beam are measured to obtain the
maximum vibration. For this, a wireless
accelerometer sensor (WAS) and a wireless data
acquisition system (WDA) are used. The fixed
sampling frequency of the signal is set at 650
Hz. Node Commander software is used to save
the data. The servo system that gives motion to
the system consists of a servo driver with model
MR-J2S-20A and a servo motor with model
HC-KFS23B (200W), a harmonic drive
gearbox with model HFUC-32-100 (with the
gear ratio of 100) that does not create vibration
during the transmission of motion. Motion
control can be employed by transmitting the
angular velocity inputs from the computer to the
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servo driver via the Adlink PCI-8366 motion
card. The SSCNET system links the motion
control card and driver in cascade form. The
Adlink-ActiveX component serves to program
the driver employing Visual Basic commands
[16].

Table 1. The properties of the system.

Hexagonal form Manipulator Mass 60.2 g
Square Form Manipulator Mass 50.5¢
Triangular Form Manipulator Mass 494 ¢
Manipulator Lengths 372 mm
Sensor Mass 50g
Sample Frequency 50 Hz
Sensor Distance to Endpoints 31 mm
Position command ==t  Servo motor driver > Servo motor

!

3D printed
specimen

Wireless reciever 7 Wireless accelerometer P —]

sensor base station sensor

/

ADLINK motion
communication
embedded card

Node commander = Displacement

software data

Figure 2. Scheme of the experimental setup

System identification is an approach to
obtaining mathematical models of dynamic
systems by using a specified input and output
signal belongs the system. In control system
design, one of the most important steps is
building an accurate model of the system. If the
obtained model does not represent the real
behavior of the system, even the optimal
controllers cannot provide optimum system
output [17]. In this study, the System
Identification Toolbox (SIT) of MATLAB was
used to obtain vibration models of the beams.
The system identification step in control system
design is shown in Figure 3.

mput 3 output System
—+| Dynamic system |—= i
; g identification
reference error output

—

Controller I—-‘i Model i

Figure 3. System identification in control system
design.

SIT of MATLAB provides functions and blocks
to build mathematical models of dynamic
systems using measured input-output data. The
toolbox helps the researchers to create and use
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dynamic system models. Time-domain and
frequency-domain input-output data sets are
used to obtain continuous-time and discrete-
time transfer functions, process, and state-space
models. In this study, the discrete-time transfer
function, discrete-time state space model,
nonlincar ARX model, and Hammerstein-
Wiener model were used to obtain the dynamic
models. The application interface of SIT of
MATLAB is shown in Figure 4.

Estmate| | Ciose

Figure 4. System identification application of
MATLAB.

4. RESULTS AND DISCUSSION

In the application interface of SIT, there are
some options for the models. In the discrete-
time transfer function section, the model
includes 4 poles and 4 zeros were selected. In
the discrete-time state space model section,
model form, and order were respectively
selected as free and 4. In the nonlinear ARX
model section, the regressor type was selected
as polynomial with order 4. In the
Hammerstein-Wiener model section, a number
of breakpoints were selected as 10 and the
search method was selected as Levenberg-
Marquardt. To evaluate the success of the
obtained models, the goodness of fit value that
is calculated by using Normalized Root Mean
Square (NRMSE) was used as statistical
criteria. The goodness of fit value of the models
was given in Table 2, Table 3, and Table 4.

Table 2. The goodness of fit value for the model of
the Triangular Lattice beam.

Goodness
Model of fit(%)
Discrete-time
transfer function 97.67
Discrete-time
state space 78.81
model
Nonlinear ARX 35.06
model
Hammerstein-
Wiener Model 9791
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Table 3. The goodness of fit value for the model of
the Hexagonal Lattice beam.

Goodness
Model of fit(%)
D1screte—t1me 90.77
transfer function
Discrete-time
state space 41.43
model
Nonlinear ARX 61.49
model
Hammerstein-
Wiener Model 9441

Table 4. The goodness of fit value for the model of
the Square Lattice beam.

Goodness
Model of fit(%)
Discrete-time
transfer function 96.75
Discrete-time
state space 73.68
model
Nonlinear ARX 2538
model
Hammerstein-
Wiener Model 96.78

The highest goodness of fit value in Table 2,
Table 3, and Table 4 is the model obtained for
square formed beam by using the Hammerstein-
Wiener approach. Figure 5 shows the measured
and model output for square formed beam.

Displacement(mm)
_
—_

'R

8 I I I I I I I I I

Figure 5. The success of system identification in
MATLAB [18].

Tables 2, 3, and 4 show the success of different
models for Triangular, Hexagonal, and Square
formed beams, respectively. Accordingly, it can
be said that all three different designs were
modeled with approximate success.
Additionally, Table 5 provides a comparison of
the modal analyses for each beam.
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Table 5. Natural frequencies of the beams

Specimen 1. Natural 2. Natural
(Figure 1) Frequency [Hz] Frequency [Hz]
Triangular 1556007 169.68 +4.33
Form
Hexagonal 19314008 174.06=1.18
Form
Square Form  17.59 0.25 162.01+ 1.63
5. CONCLUSION

It has been seen from Table 2 that the
Hammerstein-Wiener model has the highest
goodness of fit value with 97.91 while the
Discrete time state space model has the lowest
goodness of fit value with 78.81 for Triangular
formed Beam. Table 3 shows that the
Hammerstein-Wiener model has the highest
goodness of fit value at 94.41 while the Discrete
time state space model has the lowest goodness
of fit value at 41.43 for hexagonal formed beam.
Table 4 shows that the Hammerstein-Wiener
model has the highest goodness of fit value at
96.78 while the Discrete time state space model
has the lowest goodness of fit value at 73.68 for
square formed beam. Results prove that the best
model type to obtain vibration models of
Triangular, Hexagonal, and square formed
rotating beams is the Hammerstein-Wiener
model. The order of the success of model types
from the worst to the best is the discrete time
state space model, nonlinear ARX model,
discrete-time transfer function, and
Hammerstein-Wiener model. After the model
evaluation, the modal analyses result of the
beams are also compared. It has been seen that
a beam with a hexagonal form is the most stable
since it has the highest fundamental frequency.
And also, the orientation (square or triangular)
of the support parts seems to be ineffective
against natural frequencies.

In this study, the fast fourier transform (FFT)
method was used to obtain the natural
frequencies of the beams [7]. In the literature,
the suitability of the system identification
methods for vibration analysis of the beams was
discussed [18]. Since the measured output and
the model output are compatible, Figure 5
proves the suitability of system identification
methods for obtaining dynamic models of
flexible beams. Considering previous studies, it
can be said that the results of this study are
compatible with the literature.
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It is known that as its natural frequency
decreases, the structure becomes more flexible
and more susceptible to vibration. Considering
Table 5, the natural frequencies of the square
and triangular forms seem quite similar. It is
clear that the support element arrangements (in
a diagonal or horizontal configuration) have
little impact on the bar's stability. On the other
hand, it is noticeable that the fundamental
(initial) natural frequency is higher when
examining the beam that is formed in the shape
of a Hexagonal. This indicates that the
hexagonal-shaped beam is the most stable
specimen used in the investigation.

The number of 3D-printed engineering designs
with lattice structures have been increased in
literature [19-20]. The contribution of this paper
is to include lattice structures, additive
manufacturing, and also vibration analysis.

In future studies, multi-link flexible systems can
be considered a good candidate since the
increase in degrees of freedom brings an
increase in  nonlinearity. In  addition,
experimental and numerical studies on the
design and analysis of vibration-damping
elements with various lattice structures for a
real system with vibration are thought to be
promising.
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ABSTRACT

Rapid innovations in the field of technology have become a driving force in ensuring a new management
approach and sustainability, especially in companies. Namely, this rapid transformation has made it
necessary for managers with technical knowledge and equipment to come to the fore in company
management and use technological infrastructure and systems in all companies. While the managers of
the classical period were not allowed to make decisions, today, thanks to the specialized communication
networks of all units, the ease of information flow has been the most critical factor in developing joint
decision-making. In addition, the fact that the managers made technological facilities, tools, and
equipment applicable and usable in the companies significantly changed the competitive sustainability
face. The use of technology and digitalization in business management and all other units has brought a
new digital perspective to business. From the beginning of the industrial revolution to Industry 5.0, the
last point reached digital transformation plans are applied as a new road map for the future in units such
as marketing, accounting, entrepreneurship, and supply chain in management. In this research,
digitalization studies in management marketing, accounting, human resources, entrepreneurship, and
supply chain management in 2022 were examined in the literature. This research emphasized that
digitalization is indispensable in these areas and has significant and beneficial effects in providing
positive performance.

Keywords: Digital, Management, Technology, Industry 5.0.

1. INTRODUCTION

How to be best at the beginning of management Today, the business world has increased with
science? While focusing on a single goal, the increase in global competition. Now,
emphasis was placed on individual needs that industrial markets have started to create new
push employees to be successful in the markets by crossing borders. It develops new
workplace (Hussain et al. [1]). With the digital technologies and models to provide
development of digital technologies, the competitive advantage, sustainability, and
importance of digital literacy is preferred by business development in global markets. In
companies with technology-oriented business today’s competitive business world, production
methods. The main target is having a strong operations have adopted advanced production
education and learning process in institutions technologies such as 3D printing and rapid
and having human resources with technological prototyping and benefited from the Internet of
knowledge, skills, and equipment (Atay et al. Things for information and analysis. The
[2]). At the same time, companies caused the enterprises aim to optimally provide customer
collapse of business models and companies due demands, quantity, quality, and price in today’s
to disruptive innovation; on the other hand, the competitive and  turbulent environment
rise of innovative companies with business (Agrawal & Narain [4]).

models revealed their competitive advantages in
the last ten years (Caputo et al. [3]).
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Digitalization  allows  organizations to
collaborate between companies, suppliers,
customers, and employees and create various
new service and product offerings (Moller et al.
[5]). Companies must reconsider strategic
business model development components to
implement digital transformation and dynamic
capabilities. It should integrate these
capabilities into the reality of digital platforms
(Monge & Soriano [6]). Therefore, digital
transformation is an emerging topic, and more
research is needed (Imgrund et al. [7]). This
research aims to shed light on the future by
considering the digital transformation processes
carried out in various departments that comprise
the whole business management.

This research deals with the issue of
digitalization in management. Literature studies
carried out in 2022 within the scope of
marketing, accounting, human resources,
entrepreneurship, and supply chain
management which are the most critical units of
enterprises, were examined.

2. INDUSTRIAL REVOLUTIONS AND
DIGITALIZATION

Technological developments have led to a rapid
increase in web technologies. In the training of
the employees of the institution, besides the
web-based training, the technical supports of
the modern age have been utilized, very
different from the traditional training methods
such as distance education and electronic
education (Atay et al. [2]). Digital ecosystems
are not only interesting for the information
technology and software industries, but digital
technologies are becoming more and more
critical in all industries (Monge & Soriano [6]).
Enterprises have been forced to accelerate their
digital transformation to compete and ensure the
sustainability of many companies during the
Covid-19 process (O’Brien [8]).
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Figure 1: Industrial change processes (Chen et al.

[9D.

The industrial revolution, the first industrial
revolution, had radical effects on the
manufacturing industry in the mid-1700s with
the development of steam engines and by
enabling the production of these machines and
factories. The second industrial revolution
harnessed the power of electricity. At the end of
the 1800s, with the rapid production of mass-
production products, people’s ideas and
production processes began to develop in
different dimensions. In the early 1900s, the 3rd
Industrial Revolution started the digital age.
The establishment of information, distribution,
and storage networks with main computers and
the gathering of producers and consumers
connected to the internet with personal
computers were ensured. The fourth industrial
revolution began in the 21st century when
machines and devices provided unlimited
information to people fastest and most
effectively (Noble et al. [10]). Technological
developments from Industry 4.0 to Industry 5.0,
along with the industrial change processes from
the past to the present technological innovations
such as intelligent materials, drone technology,
artificial intelligence technology, internet of
things, and quantum computing are moving
towards 5.0 at an incredible speed (Chen et al.

[9D).

3. DIGITALIZATION IN MANAGEMENT
Management developed more than 100 years
ago in the 2Ist century. The industrial age
continues to exist in the industrial age with the
new paradigm of specialization, hierarchy, and
control. 21st-century organizations face unique
challenges thanks to the accelerating pace of
technology, digitalization, and modernization
(Akmaeva et al., [11]).
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Figure 2: 5. Industrial Revolution (5.0) maximizing
human and technological powers.

Taking a themed fifth industrial revolution to
the next level is essential to creating it with the
synergy of human and technological powers
(Figure 2). (Mende and Noble, [12]). In recent
years, companies have created a digital
technology portfolio such as artificially
intelligent systems, the Internet of Things, the
cloud, big data, and intelligent transportation
system (Cardinali & Giovanni, [13]).

People
empowerment

Business
processes

Figure 3. Digital transformation in business
https://www.i-scoop.eu/.

DT in companies consists of many challenges,
interactions, internal and external factors, and
processes. Internet access, mobile devices, and
the use of social media networks are the starting
point of digital transformation for institutions to
communicate (Diillek & Aydin, [14]). Digital
transformation covers internal and external
factors, technological developments, indusrties,
stakeholders (Figure 3). Digitalization has been
emphasized in flexible organization design and
internet technology logistics and supply channel
management to improve knowledge and
performance in the organization in
management (Monge & Soriano [6]). Digital
management combines human judgment and
business intelligence with the widespread use of
digital data and technologies (Mdller et al. [5]).
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4. DIGITALIZATION IN MARKETING
MARKETING MANAGEMENT

Today, institutions' digital transformation has
revealed the necessity of creating the assets of
the brands entering the market through the
digital platform. Customers can meet products
and services in the digital environment, with
digital tools and platforms as the front face of
brands, the speed and ease of two-way
communication and feedback between the
brands in the market and the consumer. The
most critical issue in digital marketing is digital
brand management. It is essential to create the
brand’s logo, aims, and messages on web pages
and to design it online with mobile
compatibility. In this way, it is the most
effective method in providing customer
demands and needs online, fast feedback,
personalized brand messages, and brand
loyalty. One of the essential purposes of
digitalization in marketing should be to bring
the communication and position of brand
management to a critical level in digital
environments and social media tools by making
applications that accurately describe the brand
identity and make the brand valuable (Diilek &
Aydin, [14]).
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Table 1: Digitalization in Marketing Management Literature Studie

Author Purpose Method Results
Year
1.Riofrio et al. [15] Invastigating the durations  Practical Many Latin American firms
of market digitalization on fail to reap the benefits
firm performance in Latin market digitalization and
America performance drops as a
result. The appropriate way
to tackle market
digitalization is
implementing a restructing
strategy
2.Kauretal. 1. [16] It aims to discuss all Theoretical The study presented vital
technologies that enable recommadations for future
Industry 4.0 in marketing development and adoption to
to ensure sustainability in create innovative
terms of social, infrastructure in a sustainable
environmental, and environment
economic goals
3. Hua, [17] What are the benefits and Theoretical To keep up with the rapid
complications of digitizing market changes, galleries and
online art transactions and auctions have allocated more
art viewing? resources to digital platforms
and it is seen that cooperation
between regions and countries
has incresed in marketing and
exhibition activities in the art
industry
4, Kim  Man& Discussion of incentives, Theoretical Attention of companies to
Yang,[18] opportunities, threats, and apply digital marketing in
problems  brought by their  business  activities.
digital marketing Development  of  digital
Malaysia. marketing and discussion
results in the Malaysian
context raises more awareness
5. Mostaghel et al., Understand how Based on bibliometric Embedded digital
[19] digitization affects changes and network analysis technologies power business
retail  business model and visualization, model retailers with the

innovation dimenssions

agility to respond to dynamics
and volatile market situations

6. Lanenko et al.,
[20]

Unique prospects caused
by new developments
marketing technologies

Literature review

The authors conclude that the
pandemic has had a strong
impact. The push for
digitalization of marketing
reveals several previously
hidden

7. Masrianto et al.,
[21]

The research offers a
digital marketing usage
index (DMUI) to evaluate
and improve a company’s
digital marketing

Theoretical

They can improve their digital
marketing skills by increasing

the role of managerial
innovation, organizational
readiness and  perceived
usefulnes. In addition,

business must realize digital
transformation by managing
the transformation and the
reinvention of new business
model.
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8. Qian et al., [22]

Problems hindering the
sustainable growth of this
industry and it was adopted
in this study to analyze text
data from experts to
explore the reasons behind
this shortcoming

Literature review
Thematic analysis

The findings are aimed to help

solve the education and
human resource issues in the
hospitality industry

9. Terho, et al., [23]

To adress the important
knowledge gaps in current
research this study is aimed
at costumer- centered B2B
markets. Relevant
marketing research flows.

Empriacclly, Theorical,
Literature review

The results of tis study offer
concrete managerial guidance
for developing and
implementing strategic digital
content marketing (DCM)
activities in a customer
centric way

10. Shankar et al.,
[24]

A review of the literature
between 2000 and 2021 for
researchers and
practitioners

Literature, review

Find it relevant to digital
marketing ~ communucation
mostly at the national level for
specific, digital marketing
rather than the global level

11. Hagen et al.,[25]

Websites and social media
pages, it has Dbeen
determined to what extent
the sources of PMPs affect
their adoption and
frequency of updating

Theoretical

Collective digital marketing
channels, the shopping area is
affected by the wupdate
frequency of these channels
and the organizatonal
resources of the shopping
center

12. Setkute & Dibb,
[26]

To increase the
understanding of digital
marketing in B2B SMEs,
examine the barriers they
face and digital practices

Literature review

How digital marketing is used
and benefits by small B2B
firms

13. Behera et al., [27]

Cognitive Computing
Based Ethical Principles
for Improving
Organisational Reputation:
A B2B Digital Marketing
Perspective,

Theoretical &
Lilterature review

Enabled B2B Digital
marketing to showcase ethical
challenges and ethical
practices

14. Barykin et al.,
(28]

A new Pandemic the
transportation industry and

the application of
technologies related to
renovation and
modernization
transportation system
facilities

Literature review

The challenges inherent in
digital marketing are modes
of transport considering the
increasing competition
between industries

15. Keke, [29]

Its aims to relationship
between  brands  and
consumers in the Turkish
digital marketing

Theorical and Literature
review

Digital marketing and social
media campaigns contribute
to the promotion of different
companies and the advantages
they bring

16. Lopes, [30] Content marketing Literature review Content marketing conceptual
management strategy review of  digitalization
recommendations for guiding managerial
digital ~ marketers  sre implication
included

17. Purwanto, [31] Marketing purchasing Theorical Digital marketing is
decisions have tested the significiantly positively
effective marketing correlated with purchasing

strategy of the
marketing strategy

digital

decisions and brand image
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18. Amjad, [32] Digital Entrepreneurial Bibliometric analysis Digital marketing is an
Marketing developing, and important part of
developed countries are entrepreneurial marketing
used equally

19. Kerdpitak, [33] It’s stated that encouraging Theoretical Innovative management
performance in quality, methods digital marketing can
digital ~marketing and bring the potential to increase
supply chain service quality and supply
managementin cultural chain management
tourism  depends on
innovative = management
and

20. Kurdi et al.,[34] Study of digital marketing Theoretical The role of digital marketing

addressed the role of the channels on  consumers
costumer purchasing purchasing decisions supports
decisions the impact of digital
marketing  channels  on
consumers purchasing
decisions
5. DIGITALIZATION IN ACCOUNTING e Automation and acceleration of the

MANAGEMENT

Along with digitalization, the digitalization of
accounting management attracts the attention of
practitioners and the scientific environment.
Digital transformation is starting a new business
with  operating model technologies to
implement and integrate digital. The purpose of
digitalization of management accounting for an
organization (Platov et al., [35]):

e Helping to reveal new organizational
capabilities, providing flexibility in the

circulation of inventory items

e Ensuring uninterrupted communication
between the supply chain and accounting
structural units in a holistic manner

The accounting profession, which needs a
radical change, must adapt to this digital
transformation while maintaining time to ensure
sustainability. Otherwise, they will be unable to
compete with other professionals who have
adapted and may experience severe problems
and difficulties maintaining their existence in

business current conditions (Sabuncu, [36]).
Table 2: Digitalization in Accounting Management Literature Studies
Author Purpose Method Results

Year

1. Hasibuan et al., [37]

Using the input processing
and editing of files in
business bodies is part of
digitization

Good use of the tools of the
digital age plays a very
important role in ensuring
the digitalization of
accounting

Literature review

2. Agostino et al., [38]

Discusses the status and
future research directions
of research directions of
research on digitalization,

Literrature review Acoounting jrurnals often
seem to ignore the digitized
publica sector and instead

focus on the private sector

accountability, and
accounting in  public
services

3. Sen &Terzi, [39] Units of Atrtificial ~Literature review Finance and accounting
Intelligence and workplace on artificial
Digitalization in intelligence  background
Accounting Education are some parts of it are
to Evaluate replaced by intelligent

robots

333



Avcl /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 7:2 (2023) 328-352

4. Jans et al., [40]

Literature  survey  of
specialized accounting
information system in
accounting

Literatiir review

Internalist view, which
may be a possible
explanation of accounting
information systems
research  topics  have
difficulty being accepted as
part of accounting research

5. Varaniute et al.,[41]

Accounting in product
development

understanding how
research progresses
accordingly digitalization,
sustainability and

circularity aspects identify
the changing role of
management accounting in
product development
understand how research
progresses accordingly

Bibliometric analysis
and a systematic
literature review

Results which can be
regarded as the main driver
of changes in management
accounting in the product
revealed that aspects of
development are related to
innovation

6. Coman et al., [42] Article theoritically it is a Theoretical Suggest that digitalization
survey-based emprical is more than a conventional
research applied in change, being equally
ecnomics and includes about technology and
both decision makers and people
professional accountants

7. Mutlu et al., [43] It aims to examine the Empriacclly Accountants stated that
remote working digital transformation and
framework and adaptation remote working
to digital transformation accelerated during the
due to Covid-19 and the pandemic period
responses of professional
accountants on this issue

8. Awang et al., [44] Examined the perception Theoriticl The results revealed that

of both opportunity and

the digitalization of the
accounting profession is
promising

9. Giiney, [45]

risk related to
digitalization

The importance of
digitazliation in
accounting and the
interaction of
digitalization with
accounting  information

systems and accounting

Literature review

A great contribution will be
made to the profession with
the implementation of the
education model in which
digitalization and digital
literacy can be given in
acoounting education

education have  been
revealed
10. Zhang et al., [46] Includes redesign, Theoretical, Literature Learning and accumulating
reconfiguration and re review, organizational skills,
cooke digitalization, both firm
and managerial

characteristics, can affect a
firm’s digital strategy

11. Sabuncu, [36]

Evaluation of accounting
practices how is the digital
transformation met by
accountants?

Theoretical, Literature
review

The profession  which
needs a radical change,
must adapt to this digital
trnasformation without
delay to survive
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12. Murodovich & To identify the problems

Ziyadullaevna, [47] that arise in the process of
digitalization of
accounting ~ with  the
development of digital
information technologies

Literature review

It will provide a great
advantege to the industry in
the application of
blockchain technology in
accounting

13. Taib et al.,[48] Technological knowledge
and preparation fort the
links between the
digitalization =~ of  the
accounting profession and
future accountants has
been explored

Theoretical and
literatuere review

Changes from technology
fundementals to current
accounting practices are
significant

14. Awyong et al.,[49] Examines the impact of
firm  digitization and
digital skills on demand for
corporate accounts

Theoretical and
literature review

For a company to take
advantage of its own
investment in employee’s
digital skills and
digitalization strategy is

required
15. Brabete & Automation, robotics, Literature review The limitations of
Goagara,[50] artificial, intelligence and accounting and
digitalization in digitalization in this area

accounting practices has
been explored

will also be examined

16. Pham & Vu, [51] Statiscal digitalization of
accounting  information
among small and medium
sized entreprises (SMEs)

Qualitative &
quantitative data

The impact of
digitalization ~ pn  the
business operations of
SMESs, the size of the

digitalization of DOAI was found to be a
accounting  information difference in the
(DOAI) effectiveness of SMEs

17. Yakut, [52] The effects of digital Theoretical Digital literacy increases
literacy on the productivity the productivity of
of accountants are accounting employees
analyzed

18. Mert et al., [53] The  development of Theoretical It has been determined that
digitalization process and accountants fallow and
the effects of digitalization apply developments and
on accounting practices professional practices
were investigated related to digital

technologies

19. Tekelioglu, [54] Accounting profession to Theoretical and Accountants who consider

determine the perceptions Literature review digital transformation

of the profession towards
the digitalization of the
profession

necessary and determined
that they are open to
change

20. Yalgm, [55] Industry to understand
accounting and auditing

Literature review

Accounting, finance, and
information technologies
have now become an
inseparable whole

6. DIGITALIZATION IN HUMAN
RESOURCES MANAGEMENT

Digital technologies have made companies
transparent about salary levels and conducting
interviews. Information about the company is
provided via the Internet. Bad reports about the
company soon become public. The feedback
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received from company employees in mobile
human resources applications has increased ten
times more. With digitalization, barriers
between work and private life are lifted.
Employees are available anytime and anywhere
(Fedorova, vd, [56]). Digital technologies from
Industry 4.0 are used by all sectors and human
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resources management operating in the digital
age. Big data and artificial intelligence assist in
selecting high profiles in CV selection, which

was previously performed manually (Silva vd,

[57D.

Table 3: Digitalization in Human Resources Management Literature Studies

Author Purpose Method Results
Year
1. Silvaet. al.,, [S7] Contribute to the theoretical Bibliometric Industry 4.0 encourages

development of human resource
management

analiysis, lilterature
review

leading the industry and
HRM professionals,
organizations, and
workforce. They must face
the challenges of industry
4.0

2. XingShu et al.,
[58]

Intelligent management of human
resources as well as extensive
social governance capability in
China, it plays a decisive role in
the effectiveness of community
management organizations and the
effectiveness of external human
resources

Literature review

Human resources
management
organizations, it  can
effectively improve the
government’s
administrative  efficiency

and service quality

3. Zavyalova et al., Compenents of HRM Theorical and Shows that compnaies that
[59] digitalization important literature review are more successful in
characteristic of organizations digitalization have more
(size, staff, structure, staff, flexibility
turnover,  performance  data
analysis
4. Zavyalova, et al., Compenents of HRM Theorical and Shows that compnaies that
[59] digitalization important  literature review are more successful in
characteristic of organizations digitalization have more
(size, staff, structure, staff, flexibility
turnover,  performance  data
analysis
5.Koduaetal, [60] Contributes to green human Theorical and To advocate and enforce
resources by researching and Emprical sustainability globally,

analyzing GHRM implementation
barriers

GHRM it has received a lot
of attention lately GHRM
application the developing
country like Ghana is
facing many problems and
challenges. These hurdles
need to be overcome to
implement GHRM

6. Kambur, [61]

Artificial in the article the effecs of
intelligence on human resources
processes were investigated

Literature review

The wuse of artificial
intelligence in the field of
human resources in Turkey
little work in the summer
and it has been revealed
that there is a need for
research on this subject

7. Orugoglu, [62]

Within the scope of Industry 4.0
new applications and effects in
HRM functions were investigated

Qualitative content

analysis

Industry the most affected
functions in the human
resources area of 4.0 have
been determined
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8. Murugesan, [63]

The contributions of artificial
intelligence to HR digitilazation
and its applications in the industry
have been reserached

Theorical and

literature review

Possible areas of Human
resource management of
Artificial Intelligence
concepts can be applied in
various fields

9. Athira, [64]

The role of the HR departmanet

Literature review

Organization HR
departmant are the best
players within the
company in  keeping
employees  productivite,
motivating and loyal

10. Al Haziazi, [65]

Challenges in digitizing human
resource management in the
Middle East

Literature review

There must be HR
management to manage
change throughout the
organziation where talent
development and  skill
development are important

11. Lanenko et al.,

Claiming that Covid-19 has

Literature review

The pandemic is a strong

[20] become a seriouspheonemenon the drive to digitize
changing consumer behaviour our marketing reveals several
and significantly accelerated previously hidden issues

12.  Padhy, et The necessity of digitalization in Literature review Digization recruitment of

al.,[66] human resources and benefits for HR managers and
employers outstanding  staff  help

evaluate employees

13. Alanli,[67] The impact of digitalization on Theoretical Towards digitization of
HRM in the public sector HRM in the public sector
managers to demonstrate to the  benefit of the
identify their experiences application

14. Fenech, [68] To investigate how human Theorical and HR is a result of
resource management literature review technology literacy
undergraduate students perceive
human resource management in
the digital age

15. Cooke et al., If we adopt a human-centered Literature review Conceptualizing HRM

[69]

approach to human resources
management (HRM) it will,
contribute to creating sustainable
workforce, organizations, and
societies in an environment of
chaos and uncertainty

models and practices and
expanding HRM theories
can contribute

16. Sagsmaz, [70]

An overview of human resource
management in digital
transformation

Literature review

With the pandemic
processes, all business
processes have started to
take place on the digital
platform

17. Durmaz
Burgak, [71]

Ve

The structuringrequired for the
application of artificial
intelligence in human resources
has been covered

Literature review

For the effective
implementation of
artificial intelligence, it is
necesssary to develop
resources and prepare the
business for this, providing
training and development
to employees
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18. Kagik & Aykan,

Its purpose is to connect society

Literature review HRM when faced with

[72] 5.0 and HRM to explain some of the challenges of
society 5.0 it may be
appropriate to implement
strategies

19. Soénmez & The transformation of human Literature review After the field of finance

Kalayct, [73]
covered

resource management has been

digitalization is mostly
applied in the field of
human resources

20. Demirci et al.,

The impact of digitalization on

Literature review Positive and negative

[74] HRM practices examined Largely aspects of digitalization
Positive effects observed there are effects, but the
positive effects are
significiant
7. DIGITALIZATION IN (Rippa and Secundo, [76]). Although digital

ENTREPRENEURSHIP MANAGEMENT

Digital entrepreneurs aim to make sales by
turning companies into giant players. Digital
technology entrepreneurship combines
technology elements as a concept (Giones &
Brem, [75]). The meeting of new digital
technologies such as mobile and cloud
computing, social media 3D printing, and data
analytics with innovation and entrepreneurship
has shaped the search for entrepreneurship. The
questions asked for academic entrepreneurship
in Figure 4; the reasons for the adoption of
technologies to achieve academic goals (who),
the processes in which digital technologies are
activated, entrepreneurship (how), and new
digital academic entrepreneurship (what)
questions and the impact of digital technologies
on academic entrepreneurship are discussed

transformation brings benefits, how to do it and
the potential effects of business development,
old and new, should be considered (Zhang &
Chen, [77]).

ACADEMIC ENTREPRENEURSHIP

WHY: ACADEMIC
'OOMMERCIALISATION - ECONOMIC VALUE - SOCIAL IMPACT ENTREPRENEURSHIP

WHO: ACADEMIC
ENTREPRENEURSHIP
doe STAKEHOLDERS

Collaborative Networks ‘ ‘

Students incubaters and

start-ups with Industries

Accelerators |

Students Business Plan

HOW:
| ‘ACADEMIC

Public:|

Intellectual Property and
Spin off

competition

Technology Transfer

S A Office & Science Park

Entrepreneurial campus

(== |

30 printng, Fab Lo

Figure 4. Academic entrepreneurship. (Rippa &
Secundo, [76])

Table 4: Digitalization in Entrepreneurship Management Literature Studies

Author Purpose Method Results

Year

1. Orrensalo et al., [78] Inclusion and digitization bibliometric and Digitalization has affected
between 1990 and 2020, literature review critical literacy and
critical literacy of information- seeking
entrepreneurs and behaviors and processes
information search
domains and histories.

2. Chatterjee et al., [79] Exploring the Literature review Entrepreneurs who are
contemporarry Theorical and pratical  already successful and use
demographics of SME digital platforms efficiently
entrepreneurship and to will be role models for start
identify the regulatory up entrepreneurs
roles and potentials of
entrepreneurs’
demographics and
education in  digital
adoption.
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3. Bertoni et al., [80] Developing understanding  Literature review The digital revoluation
of the impact of Review raises interesting policy
digitalization on  the issues. The extent to which
market for entrepreneurial regiilators need to intervene
finance to stop or encourage it

4. Gallego et al., [81] Sustainability context and Theoritecal and Research findings
Green  Supply Chain emprical demonstrate that both green
Management (GSCM) human  resources and
literature digital digital technologies
technologies (DTs) and adaption are relevant
green human resource enablers. GSCM will then

management on economic
and environmental issues

pursue better envronmental
and economic performance

5.Ghazy et al., [82]

The determine the
relationship between
entrepreneurship and

productivity for 27 EU
member states using panel
data

Empirical analysis and
Literature review

A positive relationship was
found between
entrepreneurship and
productivity and a positive
relationship was found
between digitalization and
entrepreneurship

6. Fernandes et al., [83]

The literature on digital
entrepreneurship
platforms that creates a
holistic picture of the
different aspects of the
field and trends were
studied with bibliometric
approaches

Content and Thematic
analysis

In the field of
digitalentrepreneurship at
the methodologicalevel,
the bibliometric approach
understands the
relationships between
authors and research flows
and shows how the
research area is structed

7. Ratten, [84]

As a way for rural farmers
to connect with the urban
environment presents the
results of a study initiated
with consumers on its
digital platform

Demonstrates how digital
platforms can be used to
generate transformational
entrepreneurial  outcomes
in times of crisis

8. Panagaria, [85]

It presents examples of
entrepreneurship through
the impact of digital
financialissation the
creation of new web-based
services directly in the
fintech space and the rise
of the internet

Native of India and the
need for foreign investors
to take part in the digital
field is absolute

9. Dana et al., [86]

Determined the effects of
digital technology factors

Theorical and
literature review
Theorical

Quantitative and

qualitative analysis

Digital technologies are
important in the smart city

and urban business environment as a
entrepreneurship in smart solution to ensure
cities on  sustainable sustainability
businesses

10. Modgil, [87] Diffusion  theory = of Thematic analysis It uses the theory of
innovations research has diffusion of innovation

been conducted on the
opportunities for digital
enterpreneurship  Covid-
19

with the opportunitues of
digital  enterpreneurship
stemming from Covid-19
as its basis
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11. Al-Mamary, S. H. Y.
et al. [88]

The most famous intent
theory TPB model has
been tested

Theoretical and review

In the field of
Enrepreneurial intent of the
TPB model applicable in
Saudi Arabia, the model
was applied to help develop
the field

12. Himki, et al., [89] Digital studies which have Theoretical Business that applies the
a significant impact on concept of e business
entrepreneurship have management  in  their
turned into an accessible operations tend to be
model and format for all longer-lasting and more
sectors competitive in the market

however organizations that
do not want to implement
the concept of e business
cannnot achieve
sustainability

13. Xu et al., [90] Explored what kind of Theoretical Digital sustainable
digital capability could be entrepreneurship (DSE), in
built to drive an increase in providing  sustainability,
digital sustainability there is a significiant

relationship between digital
capability (DC) and digital
innovation orientation
(DIO)

14. Baig et al., [91]

The research identified six

Literarture review

Review of recent digital

streams of digital entrepreneurship in
entrepreneurship. for different fields created a
example the framework for in-depth
entrepreneurship understanding
procedure
15. Baranauskas & An overview of the impact Theoretical and Short-term transition from
Raisiene, [92] of digital Literature review traditional
entrepreneurship. Studies entrepreneurship to digital
were conducted on entrepreneurship archived
sustainability and digital significant growth but the
business ecosystemareas number of digital
businesses has revealed
new challenges and needs
16. Sadigov, [93] Current digitalization Theoretical literature According to the results the
trends in terms of business review business sector has become

innovation the level of heavily depend on the
impact during the covid- proliferation of digital
19 outbreak has been technologies
studied
17. Schiuma & Carlucci, There are six critical Literature review Defines the theoretical
[94] comptencies  for  the foundations for developing
transformative leadership research and emprical
profile that supports the methods on leadership
digital  transformaation traits that hinder and enable
development of businesses companies’ digital
transformation
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18. Sedera et al., [95]

Digital scientific studies
that illluminate the subject
of business transformation
in the fields of innovation

Literature review

and entrepreneurship

Dijital business
transformation can be
considered the single most
important force to thrive in
an extraordinary time

19. Tao et al., [96] Digital business Theoretical Promoting public
transformation in entrepreneurship, the
innovation and digital economy is an
entrepreneurship is important mechanism for
explored with is entire developing high-quality
nomological network

20. Steininger et al., [97]  Whether there are Theoretical and Measures on digital
established assumptions literature review enterpreneurship policy its

that support the emergence

of digital

technology

entrepreneurship theories,

and their effects

explored

are

impact on fostering
creativity and growth of
digital startups in particular
there is no micro-economic
evidence

8. DIGITALIZATION SUPPLY CHAIN
MANAGEMENT

Technological developments in recent years
have forced supply chain managers who want to
digitize their existing businesses to identify the
opportunities and threats they face. Therefore,
the business model needs to be digitized.
Various paradigms have been proposed to
ensure sustainability due to the devastating
effects on production systems, warehouses, and
distribution networks experienced by Covid-19.
For supply chain managers, it represents deep
knowledge and steps to make the supply chain
happen cyclically for continuous improvement
over time. The advantage of using digital supply
chain twin simulation software in the
digitization phase of the supply chain (Longo et
al., [98]). The supply chain reacts more than
once to unexpected events. In this approach,
since no invervention strategy is required to be
implemented, it is economically efficient, and
errors and wastes are minimized. Figure 5
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Figure 5. Simulation- Digital supply chain twin
paradigm (Longo et al., [98]).

Benefits of the digital supply chain (Agrawal &
Narain [4]):
v' Better  decision-making  tool

transparency

v Inventory levels are also less as
just-in-time supply is used more

v Clear visibility of inventory levels
as it is fully integrated into the
chain

v Less decentralized storage in
reducing delivery times

v" Shortening of the delivery time as
the number of stages in the sales
chain will decrease
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v" A better understanding of demand
and a better understanding of
customer requirements through up-
to-date sales

v' Provides higher sales, higher
profits, and Dbetter costumer
relations

v Reducing risks and costs thanks to
the flexibility of the chain with the
development of the supply chain

v’ Better results in supply chain
decisions with more alternative
options in decision-making
processes

v’ Sustaining competitive advantage

o TN

t Private data 1 b Private data t

: Physical supply chain

U Digalspplycin

heg
Figure 6: CAB°IN model for Sustainable
Supply Chain Management, Liu et al.,[99]

Cloud service, Artificial Intelligence, IT,
and loT framework to CAB’IN aims to
ensure sustainability throughout the life of
the supply chain by classifying
management activities as data collection
and information. It is aimed to meet the
requirements of production and sharing,
and sustainability Figure 6 (Liu et al., [99]).
According to (Ali, [100]), the most
important trends identified in research on
supply chain management are the
widespread use of industry 4.0 elements and
blockchain in the traditional supply chain:
But there is also a need to explore
community industry 5.0 to improve the
human-machine relationship that has been
hit hard by Covid-19.

Table 5: Digitalization of Supply Chain Management Literature Studie

Author Purpose

Year

1. Bigliardi et al. [101]

It aims to explore the main
discussion themes related to
supply chain digitization
using a keyword-based
arrangement

Method Results

Literature review Distribution heavily

Theoretical applied and
sustainability and
circular economy

concepts digitalization it
is used in the industry
sector where
digitalization is
experienced as well as
the basic concepts of

2. Selivanova, etal., [102]

Global digitalization is to
develop proposals for the
improvement of accounting
and accouinting. In the
contexxt of global
digitalization.

Theoretical

mdustry 4.0

Literature review According  to  the
analysis of the
enterprise’s  activities,
accounting for

settlements with foreign
suppliers can be
improved in two aspects

“’Settlements with
suppliers and
contractors
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3. AlNasrallah
&Saleem,[103]

In the economy moving
towards rapid
transformation in Suudi
Arabia determinants of A-
adaption

Therical

A sustainable workplace
is an outcome of the
process and procedures

4. Burgess et al., [104]

It aims to offer a
blockchain-based  qualty
management developed for
short food supply chains

Theorical and literature
review

Blockchain provides a
unique ability to store
quality and relevant data
for short food supply

5. Murodovich &
Ziyadullaevna, [47]

Justification of the need for
digitalization in the field of
accuonting, identification
of the main digital

Literature review

The digital economy
expands the capabilities
of a modern accountant
improves the quality and

technologies in accounting efficiency of
and their advantages and accuonting, creates
their  advantages  and modern innovative
disadvantages approaches to  the
integration of various
types of accuonting
6 Taib et al., [48] Theorical and emprical Technological More skilled
research knowledge and accountants will use
preparation for future technology better
accountants’ digitization
of the  accounting
profession
7.Yeetal., [105] Theorical and literature The Covid-19 pandemic, Deploying DT assets to
review therefore long-term varying degrees reveals
impact of  Digital both breadth and depth
Techmonogy asset of DT asset distribution
al.ocation on supply shows positive
chains associations with supply

chain visibility

8. Badakhshan et al.,
[106]

Exploring the potential of
the supply chain digital
twin framework to assist

decision makers in
managing inventory and
cash flow through SCS

Emprical and Literature
reviw

Result show that an
upstream member of a
Supply Chain plays a
cucial tole in mitigating
the bulwhip effect and
thus minimizing the
cash conversion cycle of
the SC

9. Shukla & Tiwari, [107]

IT security management
methods optimal
management and timely
allocation of resources go
beyond the traditional. As
such,

It is an essential compenent
of depending on defending
againist cybersecurity
disruptions in the industry.
4.0 is the dfinition

Emprical and Literature
reviw

Input parameteters for
workflow optimization

skilled manpower,
production time and
capital allocation for

harware recovery
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10. Grassi et al. [108]

The privacy plan for
sensitive data is integrated
into a blockchain-based
broker. Special
performance models are
being developed for buyers
and sellers

Emprical and literature

review

Recent advances in
Industry 4.0 production
control  archhitectures
and blockchain

technology  mediation
mechanism developed

11. Liu et al. [99]

A bibliometric analysis

and theorical

Bridging the gaps
between the previous
conceptual framework
of sustainable supply
chain management and
the recently rapidly
growing digital is an
important issue

12. Chauhan et al., [109]  Examining Industry 4.0 Theoretical and Limited emprical
technologies and Literature review studies  have  been
sustainable SCM conducted for
applications developing countries. A

few studies focused on
operational espects,
economies and
automation in SCM

13. Brinker & Haasis, The aim is to reveal the Literature review Digitalization can cause

[110] research gap regarding the highlighted power
effects of power asymmetries as it can
asymmetrices in the supply change the competitive
chain in addition to the landscape and channel
digitalization trend structures

14. Ali, [100] Industry 4.0 and supply Literature review Digitalization industry
chain digitazation trends 4.0 applications are used
examined in supply chain

management

15. Kankaanpaa, [111] The abiliy of digital Theoretical Demonstrated that
platforms to impact the digital platforms have a
supply chain the mediation positive and significant
effect of performance and impact on supply chain
supply chain capability was performance
tested

16. Zoric et al., [112] Operation of the tradional Theoretical and SC management should
food supply chain (FSC) in Literature be committed to

the wholesale and retail
segment It aims to identify
a set of measures and
incentives for the
digitalization of business
processes and thier negative
impact on sustainablity

17. Oubrahim et al.,[113]

Digitalization, supply chain
suatinability and practices
Supply chain integration on
overall  supply  chain
performance examined

Literature review

digitizing business
processes as a priority
for sustainability
segment

Decisions makers
supply chains

accurately, quickly and
should make it more
efficient
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18. Deepu & Ravi, [114]

Digitalization SC  and
Communication technology
tools are most important
topic recent times

Literature review Supply chain
digitalization (SCD) in

business processes and

intercompany
information systems
(EIIS) have become

important in the modern
industrial world

19. Tseng, et al., [115]

Sustainable supply chain

management practices
(SCPs), social
environmental and

economic perspectives are
explored in the Indonesian
coffee industry and
Industry 4.0 technology

Theorretical and Digitalization

literature review integration has a
positive interaction with
working conditions

supply chain finance

20. Kilay et al., [116]

Demonstrating that both e-
payments and e commerce
have positive and impact
service variables on the
performance pf micro,
small and medium
enterprises (MSME) supply

chains in Indonesia

Services variables
related to the
performance of MSME
supply chains in
Indonesia showing that
both e- payments and e-
commerce have positive
and impact

Literature review

9. DISCUSSION

The research emphasized in the literature
studies conducted in 2022 that digitalization in
human resources, accounting, entrepreneurship,
and supply chain management increased even
more with the covid 19 epidemic, and
opportunities in entrepreneurship came to the
fore. However, the problems and solution
proposals brought by digitalization or non-
digitalization should have been mentioned.

For example, despite the opportunities and
advantages offered by technological revolutions
to the business world, its impact on the service
sector has yet to be discussed much (Navarrete
etal., [117]).

At this point, the need for more studies on
digital requirements and the lack of
infrastructure of companies is remarkable.
Another issue is that studies generally include
literature reviews and theoretical studies.
Analyzing digitalization processes during and
after Covid-19 can provide significant benefits.

10. CONCLUSIONS

With the advancement and use of information
technologies, which replaced traditional
management structures, decision support
systems that were renewed with these

345

technologies came to the fore (Iraz, [118]). With
the digitalization age, efficiency has increased
in the management of world companies
(Akmaeva et al. [11]). Companies that cannot
compete in the digital age will undoubtedly fall
victim to “Digital Darwinism” (Bansal et al.,
[119]). With digital technologies, companies
use green process innovations, enabling them to
increase their level of responsible digitalization
when they use green packaging and recycled
materials in their search for energy-efficient
solutions (Cardinali & Giovanni, [13]).
Therefore, digitalization supports green
management and sustainable green goals.
Digital technologies strongly influence the
company’s business model. For many,
digitization was perceived as a significant threat
to employees’ jobs (Fedorova et al., [56]). In
addition, the idea is that Industry 4.0 will reduce
manual labor and that robots will work, or
machines will make workers' work more
accessible by reducing the workload. (Kanbur,
[120])’s HRM, Al, and components of artificial
intelligence Industry 4.0, which creates a
systematic approach to digitalization, uses
artificial intelligence in human resources. These
subjects need to be researched more in Tiirkiye.
According to (Alanli, [67]), digitalization
accelerates processes in public services and
HRM processes and reduces costs. It has been
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determined that it saves time and facilities
access to information. For this reason, it is
essential to follow the digital developments in
public institutions and provide the necessary
equipment and specialization to use these tools.

The use of artificial because of the development
of digitalization processes in all management
areas provides less damage to the natural
environment, and artificial intelligence and
advanced technology will contribute to the
workforce. There are few holistic studies on the
digitalization of management in the literature.
Conducting a qualitative and quantitative
analysis of the digitalization trends of
management units will make a significant
contribution.
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