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Sayin Yazarlar;

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

ULUSLARARASI 3B YAZICI TEKNOLOJILERI VE DiJITAL ENDUSTRI dergisi,

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

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

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

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

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

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

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

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

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

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

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

International Journal of 3D Printing Technologies and Digital Industry

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

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

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

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

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

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

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

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

ij3dptdi, Its publication frequency is 3 issues per year.

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

HAaIll )XypHaJI MPUHUMAET CTaThU Ha 4-X s3bIKaX (TYPELKOM, aHTJIUHCKOM, PYCCKOM M YKPAaUHCKOM).
Cratbu Ha TYpELKOM, PYCCKOM M YKPAaMHCKOM SI3bIKaxX JOJDKHBI COMPOBOXKAATHCS aHHOTAlMEW Ha
AHTJIINHCKOM SI3BIKE.

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

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

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

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

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

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

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

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



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

[NepuoauaHOCTh BBIXOJIA XKYpHAIa — 3 pa3a B TOJI:

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

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

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

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

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

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

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

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

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

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

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

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

2-11 BUITYCK — TPaBEHb-CEPIICHb;

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

Soft robots composed of compliant and flexible materials can safely interact with humans and adapt to
unstructured environments. However, integrating sensors, actuators, and control circuits into soft
structures remains challenging. Additive manufacturing shows promise for fabricating soft robots with
embedded electronics using conductive flexible composites. Nevertheless, there is still a limited
understanding of the electromechanical behavior of 3D-printed conductive structures when subjected to
the types of strains relevant to soft robotics applications. Optimized design requires characterizing the
interplay between a soft component's changing shape and electrical properties during deformation. This
study investigates the application of 3D printing technology to fabricate various geometries using a
conductive, flexible material for soft robotic applications. The primary objective is to understand and
characterize the behavior of differently shaped 3D-printed conductive materials under various
mechanical stresses. Two distinct test setups are designed for conducting bending and tensile tests on
the produced materials. Diverse geometries are printed using the conductive flexible material with
desirable mechanical and electrical properties to employ tensile and bending tests. The experiments
reveal a direct correlation between shape change and electrical resistance of the 3D printed materials,
providing valuable insights into their adaptability for soft robotics. According to numerical results,
honeycomb profiles are found to be the most linear and stable profile type. This research not only
contributes to the field of flexible conductive materials but also lays the foundation for integrating these
materials into future engineering designs, potentially enabling the development of highly responsive and
adaptable devices for various industries.

Keywords: Soft Robotics, Characterization, Conductive Filament, 3D Printed.

1. INTRODUCTION

Soft robotics is a rapidly growing field that aims
to create robots that can interact with complex
and dynamic environments, such as the human
body, natural habitats, and industrial
settings[1]. Soft robots are typically made of
flexible and deformable materials that can
change their shape and functionality in response
to external stimuli, such as mechanical stress,
temperature, or electric fields [2-4]. One of the
advantages of soft robots is that they can
achieve high levels of adaptability, compliance,
and safety, which are desirable for applications
such as biomedical devices, wearable sensors,
and soft actuators [5-6]. However, one of the
challenges in soft robotics is to find suitable

materials that can exhibit both mechanical and
electrical properties, such as conductivity,
elasticity, and durability. Conductivity is
essential for soft robots that need to sense their
environment, communicate with other devices,
or perform electrical functions [7]. Additive
manufacturing, or 3D printing, enables the
digital fabrication of complex geometries using
soft-compliant materials, making it a promising
manufacturing method for soft robots. 3D
printing electrically conductive composites
allow the integration of stretchable sensors and
circuits into soft robotic structures. This could
enable rapid design iterations and fabrication of
fully functional soft robots with integrated
electronics.
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Various conductive micro and nano-scale fillers
have been incorporated into flexible polymer
matrices to print stretchable conductive
composites [8-10]. Materials like thermoplastic
polyurethane (TPU) and silicone rubber have
suitable elasticity and deformability for soft
robotic applications but do not conduct
electricity independently [11-12]. Adding
conductive  fillers like carbon  black
nanoparticles provides pathways for electrical
conductivity through the insulating polymer
matrix without excessively compromising
flexibility [13-14]. This has enabled 3D printing
of soft sensors, actuators, and circuitry by fused
filament fabrication of conductive composite
filaments [15].

The consistency and scalability of the 3D
printing process allow fabricating conductive
components with complex geometries,
embedded wiring, and personalized designs
[16-17]. Integration of printed stretchable
sensors and actuators could enhance the
functionality and adaptability of soft robots
without rigid components [18]. For example,
printed strain gauges can cover a soft robot's
body to provide proprioceptive sensing for
control [11]. Printed flexible conductive traces
can connect sensors to control circuitry and
replace soldered wires prone to detachment
from soft structures. Printed electrodes can
enable dielectric elastomer actuators that
deform in response to applied voltages [8].

However, there remain challenges in optimizing
the composition and printing process to achieve
the high conductivity required for sensors and
circuits without compromising mechanical
performance [9]. The adhesion, conductivity,
stretchability, and consistency of printed
composites depend on factors like filler
material, size, loading fraction, distribution, and
orientation within the flexible matrix. Effective
incorporation of fillers also relies on suitable
printing parameters and the resulting
microstructures. A systematic understanding of
these relationships is needed to design
optimized conductive composite materials and
print reliable integrated electronics.

This study investigates the influence of shape
and deformation on the electrical resistance of
3D-printed conductive flexible specimens.
Bending and tensile tests are conducted on
diverse geometries printed with a conductive

thermoplastic material. The objective is to
characterize and understand the
electromechanical behavior of 3D-printed
conductive  materials for soft robotic
applications. The results provide insights into
developing responsive and adaptive soft devices
using 3D printing and conductive materials.

2. MATERIAL AND METHOD

The materials used in this study consisted of a
conductive flexible filament (EEL by NinjaTek)
and a silicone-based mixture (Dragon Skin).
The filament was 3D-printed into various
shapes and thicknesses, and the mixture was
used as a coating layer. The methods involved
bending and tensile tests to measure the
electrical resistance of the specimens under
different loading conditions.

The conductive flexible filament is a
thermoplastic elastomer (TPE) with carbon
black particles that provide electrical
conductivity. The filament has a diameter of
1.75 mm and a shore hardness of 85A. The
electrical resistance of the filament was reported
to be 0.6 ohm/cm by the manufacturer.

The silicone-based mixture (Dragon Skin) was
obtained from Smooth-On. It is a two-
component platinum-cure silicone rubber that
cures at room temperature. The mixture has a
shore hardness of 10A and a pot life of 20
minutes. The mixture is transparent and can be
colored with pigments.

The specimens were designed in honeycomb,
rectangular, Z- and S-shapes (Figure 1) to
evaluate a range of common geometries widely
studied for their mechanical properties and
deformation behaviors.

Q
(o

Figure 1. Solid models of the conductive profile
designs: a) rectangular, b) honeycomb,
¢) S-shaped, d) Z-shaped.
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These shapes provide established theoretical
frameworks and experimental data for
benchmarking while also enabling a broad
understanding of how geometry affects
performance across diverse soft robotics
applications. The thicknesses ranged from 0.4
mm to 1.5 mm. The test specimens were 3D-
printed using a MakerBot Replicator 2X printer.
The printer settings were as follows: nozzle
temperature of 230°C, bed temperature of
110°C, extrusion speed of 60 mm/s, layer height
of 0.2 mm, and infill density of 100% (Figure
2).

Figure 2. 3D printed test specimens;
a) S-shaped, b) rectangular

The silicone-based mixture (Dragon Skin) was
used to coat the specimens and form sandwich-
like structures. The coating process involved
mixing the two components of the mixture in a
1:1 ratio by weight, pouring them into a mold
with the desired shape and size, placing the
printed specimen in the middle of the mold,
filling the rest of the mold with the mixture, and
letting it cure for four hours at room
temperature. The coated specimens were then
taken out of the mold and trimmed to remove
excess material. The final specimens had a
length of 100 mm, a width of 20 mm, and a total
thickness of 2 mm (including the coating layer).
Figure 3 shows pictures of the coated
specimens.

Conductive filament on soft sensors is the focus
of this study, as this area is under-researched.
No characterization or data exists on the
combination of soft material and conductive
flexible filaments on soft sensors. The bending
and tensile tests are two Dbasic tests to
understand the elasticity versus conductivity
profile of soft sensors. The results can be

presented as the percentage of elongation,
which can approximate the maximum
elongation without damage. A similar approach
can also provide comparable results for the
bending test.

Figure 3. Cured and prepared test specimens.

The tests were standardized by using mountable
test setups, calibrated measurement tools, and
consistent environmental conditions. A 3D-
printed mountable test apparatus was used for
the bending test. ABS was chosen as the
material for the test setup. Different
combinations of length, width, and height were
calculated and angles of 30°, 45°, and 60° were
obtained. The bending test apparatus was
designed in two parts to facilitate mounting and
demounting. The upper part had a semicircular
shape and was called the forcing part; the lower
part had a lunate shape and was called the base
part. Figure 4 shows the size comparison of the
bending test setup apparatus and Figure 5 shows
the bended test specimen.

& o= =

Figure 4. 3D printed bending test apparatus.
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A digital multimeter was used for both bending
and tensile test measurements. The tensile test
was performed by clamping the test specimen
between sliding detachable jaws and securing it
with the compressive force of screws. The
turning knob was marked to indicate the starting
and ending point of one turn. Since one turn
corresponded to 1 mm by choosing an M6 bolt,
the test specimen was stretched by 1 mm
increments.

Figure 5. The test specimen was placed and
clamped on the bending test setup.

A tape measure was used to verify the amount
of movement and to double-check the accuracy.
Insulation was a very critical point for the
tensile test, as well as for the bending test. Hot
silicone was used as the insulation material, and
it was spread on the surface of the jaws that
touched the test specimen surface. Figure 6
shows the resistance measurement.

Figure 6. Measurement moment from tensile test
on all elements view.

3. RESULTS

The results section demonstrates how different
shapes and thicknesses of 3D-printed
conductive flexible materials affect their
resistance under bending and tensile stresses.
The results were presented in graphs and tables
with trendlines, comments, and legends. The
trendlines were based on the resistance formula
that involves area and length as variables. The
bending angle and the resistance change were

compared for different shape groups. The slope
and resistance formulas were used to compare
and generalize the results.

3.1. Bending Test Results

The first step of the analysis was to produce
honeycomb profiles with different thicknesses:
0.9 mm, 1.2 mm, and 1.5 mm. The specimens
were subjected to the same force on different
test setups. The data collected from the
experiments was plotted on a graph, which is
shown in Figure 7.

Honeycomb Profile

16

®09 @12 @15

1 e b e e e e
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Resistance (k Ohm)

o

15 30 45 60
Test Pattern Angle (°)

Figure 7. Bending Test Results Graph
for Honeycomb Profiles.

The results showed that the resistance of the
honeycomb profile specimens decreased as the
angle of bending increased. This indicated that
there was an inverse proportionality between
the bending angle and the resistance for this
shape. The thickness of the specimens also
affected the resistance change, as thicker
specimens showed less sensitivity to bending.
Therefore, the resistance and the thickness of
the honeycomb profiles had a direct
proportionality. Another shape that was tested
was the rectangular profile, which had a single
thickness of 1.0 mm. The same force was
applied to this specimen as to the others, and the
results were plotted on a graph in Figure 8.

Rectangular Profile

Resistance {(k Ohm)
S N N S S S S S S S s S
Db e st N oo lo
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Test Pattern Angle (%)

Figure 8. Bending Test Results
Graph for Rectangular Profile.

The resistance and the bending angle had a
direct proportion for rectangular profiles. The
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effect of shapes on the resistance among
profiles will be discussed at the end of the
section. The "Z" shaped profiles were another
group of test specimens with a single thickness
of 1.0 mm. The same force was applied to these
specimens as to the others. The results are
shown in Figure 9.

Z Profile

Resistance (kOhm)
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0 45 60

Test Pattegrg Angle (°)
Figure 9. Bending Test Results
Graph for "Z" Shaped Profile.

The "Z" shaped profile had a constant thickness,
which meant that there was no variation in the
thickness. Therefore, the slope and thickness
effect could not be examined for this profile.
The resistance and the bending angle had a
direct proportion for the "Z" shaped profile.

The "S" shaped profile was the last one with a
single thickness of 1.0 mm. The same force was
applied to this specimen as to the others. The
results are displayed in the graph in Figure 10.
The profile also had a single thickness, so the
slope and thickness effect could not be
examined for this profile either. The resistance
and the bending angle had a direct proportion
for the "S" shaped profile.

S Profile
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Figure 10. Bending Test Results
Graph for "S" Shaped Profile.

3.2. Tensile Test Results

The tensile test results for honeycomb profiles
were obtained by applying a constant force to
specimens with different thicknesses (0.9 mm,
1.2 mm, and 1.5 mm) and measuring their
resistance as they were stretched to the same
length. The data were plotted on a graph in
Figure 11.

Honeycomb Profile
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Figure 11. Tensile Test Results
Graph for Honeycomb Profiles.

The graph shows that the resistance of the
specimens increased as the stretch percentage
increased for all thicknesses. This means that
there was a direct proportionality between the
stretch percentage and the resistance for
honeycomb-shaped profiles. The effect of
thickness on the resistance change was also
evident, as thicker specimens showed higher
resistance sensitivity than thinner ones.
Therefore, the resistance and the thickness of
honeycomb profiles had a direct proportionality
as well. Tensile test graphs of rectangular, "Z"
shaped, and "S" shaped profiles were given in
Figures 12, 13, and 14, respectively.

Rectangular Profile

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Stretch Percentage (%)

Figure 12. Tensile Test Results
Graph for Rectangular Profile.

Z Profile
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Figure 13. Tensile Test Results Graph for "Z"
Shaped Profile.
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Figure 14. Tensile Test Results Graph for "S"
Shaped Profile.
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(Rx A)

p= = (1)

The results show how the resistance of 3D-
printed conductive flexible materials varies
depending on their shape, thickness, bending
angle, and stretch percentage. The results are
based on bending and tensile tests performed on
different geometries of 3D-printed materials
using a conductive flexible filament and a
silicone-based mixture. The trendlines are
derived from Equation (1). The resistivity (p)
formula shown in Equation 1 is obtained by
multiplying resistance (R) with area (A), which
is divided by length (L). The area remains
constant while stretching due to the relationship
between increasing length and decreasing
width. Since resistivity should be constant for
material, resistance increases with increasing
stretch due to an increase in length.

The main findings of the study can be
summarized as:

- The resistance is inversely proportional to the
thickness for all shapes. This can be explained
by the resistivity formula, which states that
resistivity equals area times resistance divided
by length. Since resistivity is constant for a
given material, increasing the area (by
increasing the thickness) decreases the
resistance. Besides, the relationship between
thickness and resistance is found to be the same
as in the article of Flowers et al.[13].

- The stretch percentage is directly proportional
to the resistance for all shapes except for
straight-line profiles. This can be explained by
the fact that stretching the material increases its
length and decreases its thickness, which both
increase the resistance according to the
resistivity formula.

- The bending angle is directly proportional to
the resistance for "S," "Z," and rectangular
shapes and inversely proportional to the
resistance for honeycomb and straight-line
profiles. This can be explained by the change in
the cross-sectional area of the specimens under
bending stress. While the ratio of area divided
by length (A/L) for "S," "Z," and rectangular
shapes decreases with bending, the same ratio
increases for honeycomb and straight-line
profiles because of their inner structural
differences.

- The honeycomb profiles show the most linear
relationship between resistance and bending
angle or stretch percentage among all shapes.
This makes them suitable for 3D-printed soft
conductive sensors, as linearity is desirable for
sensitivity and accuracy.

These results provide valuable insights into the
behavior of 3D-printed conductive flexible
materials under different loading conditions.
The results can be used to design and develop
adaptive and responsive devices for various
industries, such as soft robotics, biomedical
devices, wearable sensors, and soft actuators.
The results also suggest possible directions for
future research, such as testing different
materials, printing parameters, shapes, and
thicknesses, as well as improving the insulation
quality and method of the test setups.

4. CONCLUSION

In this study, different shapes with various
thickness combinations were examined in two
different test setups. The experimental data
revealed the effects of thickness, stretch
percentage, and bending angle on the resistance
of 3D-printed conductive flexible materials.
The resistance was found to be inversely
proportional to the thickness for all shapes. The
stretch percentage was found to be directly
proportional to the resistance for all shapes
except for straight-line profiles, while the
bending angle was found to be directly
proportional to the resistance for "S," "Z," and
rectangular shapes, and inversely proportional
to the resistance for honeycomb and straight-
line profile. The honeycomb profiles were
observed as the most linear ones in the result
graphs, and thus they were selected and
recommended as the most suitable shape for
3D-printed soft conductive sensors. The
findings of this study contribute to the field of
3D printing and conductive flexible materials
and open up new possibilities for designing and
developing adaptive and responsive devices for
various industries.
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ABSTRACT

This study deals with the conceptual design of three-dimensional (3D) printer technology for process
optimization in industrial production. While initially 3D printers were primarily used for rapid
prototyping, advancements in technology have transformed them into a new technology for mass
production. Within the scope of this study, firstly, investigations were conducted on how Industry 4.0
technologies (internet of things (IoT), smart factories) are utilized on the production line. The first-in,
first-out (FIFO) method, which is used in communication between objects (3D printer, industrial robot
arm, conveyor belt, and assembly unit), has been elaborated in detail. The aim of this study is to
comprehensively address and convey how Industry 4.0 technologies increase production speed and
efficiency in mass production processes through the created conceptual design. In the obtained
conceptual design, even though the production line has been kept limited, every stage of the production
process has been thoroughly explained and examined from start to finish. Within the scope of the study,
sample data of the production stages are presented with the sample software called 3D Production and
Automation Software (3D MAS), which was developed using the C# programming language on
Microsoft Visual Studio Community 2022 IDE. In the next study, efforts can be directed towards
expanding the limited production line presented in this work, introducing other Industry 4.0
technologies, and incorporating them into the conceptual design of the production process.

Keywords: 3D Printer, Internet of Things (IoT), Concept Design, Industry 4.0, Smart Factories.

1. INTRODUCTION

Three-dimensional (3D) printers operate on the
principle of additive manufacturing, where
objects are created by adding layers, utilizing
various materials such as metal, plastic,
composites, and organics, based on digital data.
The 3D printing technology, first emerged in the
1980s with Stereolithography (SL) technology
developed by the company 3D Systems. During
that time, various layering manufacturing
methods were developed, leading to patent
applications. Subsequently, these developed
technologies were commercialized by the

respective companies. Following SL, in the
early 1990s, various other 3D printing methods
were developed and brought to the commercial
market by different companies. These methods
include Laminated Object Manufacturing
(LOM) by Helysis, Fused Deposition Modeling
(FDM) by Stratasys, Selective Laser Sintering
(SLS) by DTM, Direct Metal Laser Sintering
(DMLS) by EOS, Solid Ground Curing (SGC)
by Cubital, and Three Dimensional Printing
(3BP) by Soligen [1]. Figure 1 displays visuals
related to some of the 3D printing technologies.
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Figure 1. Three-dimensional printing technologies (A: SL, B: FDM, C: SLS).

The SLS (Selective Laser Sintering) technology
is fundamentally based on the principle of
melting powdered material using a carbon
dioxide laser beam. In practice, the material is
first heated to its melting point. Then, a laser
beam fuses the powdered materials at specific
positions for each layer as specified in the
design. [2]. The SL (Stereolithography) method
is based on the principle of
photopolymerization of photosensitive resin
materials when exposed to UV light. The SLA
manufacturing method consists of a resin bath,
a laser source with specialized hardware and
software, and a platform used for the immersion
process into the resin bath. After scanning the
resin surface with a laser beam, the first layer is
created. Then, the platform is submerged again
into the resin bath at a distance equal to the layer
thickness, and another layer is formed,
connecting to the previous one [3]. In LOM
(Laminated Object Manufacturing) technology,
materials are cut into layers using a mechanical
cutter and laser, then they are brought together
using a lamination method. Pre-shaped layers
can be used in lamination, or the printing model
can be shaped after the process [4]. The SGC
(Solid Ground Curing) method is based on
photosensitive polymer and employs a powerful
UV lamp or laser source to create the geometry
of each layer [3-5]. In the 3BP (Three
Dimensional Printing) method, a powder-based
material is deposited layer by layer onto the
printing surface. Then, a liquid adhesive
delivered onto the powder particles through an
inkjet print head allows the particles to come
together, thereby forming the layers
corresponding to the part geometry [6].

The FDM (Fused Deposition Modeling)
technology is a method among additive
manufacturing techniques that was developed in
the 1980s and it is widely used by many
industries [7]. In this technology, a filament

made of thermoplastic material is used. This
filament is wound onto a spool in wire form,
then a drive gear turns and moves the filament
towards a heated chamber, where it melts. As a
result, the molten filament is conveyed from the
nozzle tip in the print head to the print bed.
According to the gcode information obtained
based on the CAD file of the print model and
the slicing program, the print head moves. This
allows the molten filament to create the layers
and produce the 3D printed model. Figure 2 a
schematic diagram shows the working principle
of FDM 3D printers.

Filament wound
around the pulley. The torque generated by the
extruder motor transmits
the movement of the
mechanism, allowing the
filament to advance toward
the nozzle tip

The molten filament is
delivered to the nozzle tip

Nozzle

Adjustable print bed
Iemper ature

Figure 2. Schematic diagram of an FDM 3D
printer.

FDM 3D printers are categorized into four
different types: Cartesian, polar, delta, and
robotic arm, based on structural configuration
changes. In Cartesian FDM 3D printers, linear
connections enable movement along the x, y,
and z axes. The print bed can move along the z-
axis, while the print head can move along the x
and y axes. Various configurations are available
where the print bed can move along the y-axis,
while the print head moves along the x and z
axes. In Polar FDM printers, while the print
head moves linearly along the x and y axes, the
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print bed rotates around the z-axis. Delta FDM
3D printers have three arms on the print head

by the configuration of the robotic arm [8].
Figure 3 illustrates the classification of different

that can move in all directions. In robotic-arm- types of FDM 3D printers.
based FDM 3D printers, the print head is
located at the end of a robotic arm. The position
and orientation of the print head are determined
J
- g
I, v
=
(A) (B) © (D)

Figure 3. Classification of FDM-type printers (A: Cartesian, B: Delta, C: Polar, D: Robotic Arm) [9].

The principle of layer-by-layer manufacturing,
which is the production principle of 3D printers,
is the reverse of subtractive manufacturing. In
CNC turning and milling machines, parts are cut
and removed from a material block by the
method of removing chips to obtain the final
product. In the layer-by-layer manufacturing
method, the designed 3D object is obtained by
combining the material layers successively
created by the printer. This eliminates the waste
materials generated in subtractive

manufacturing methods and prevents material
losses. In this way, the same final product is
obtained using less material. Figure 4 shows
images of sample prints obtained using 3D
printing technology.

F igu 4. ample prints obtained using 3D printn
technology.

Additionally, due to the manufacturing method,
3D printing eliminates the need for mold design
and production that might be required in
traditional methods, as the digital data of the
product is used to create the 3D print. The
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reduction in material waste, the elimination of
additional production stages such as mold

design and production, and the ability to start
production immediately after the design are
some of the reasons why 3D printing
technology is preferred. Additionally, it allows
incoming orders to be sent to the 3D printer, and
production can take place rapidly without the
need for any molds or assembly lines.

The ability to change the production line
without the need for additional processes like
tool changes or mold design, which are typically
required in traditional manufacturing methods,
enhances the efficiency and cost-effectiveness
of 3D printer technologies in terms of time and
cost. Furthermore, it provides another
advantage by enabling cloud-based production,
which is one of the Industry 4.0 technologies.
When we consider 3D printers within the scope
of Industry 4.0 technologies, it becomes evident
that they hold a significant place in Industry 4.0,
especially when combined with technologies
such as cloud technology, the internet of things
(IoT), sensors, wireless communication, and
industrial robot arms [1]. While 3D printing
technologies offer many advantages, the
strength of the print depends on the print
settings. Therefore, to achieve the desired
strength values for the final product, the print
parameters need to be appropriately adjusted
[10]. Figure 5 illustrates the stages of product
formation in 3D printers.
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Final Process /

Surface Finishing

Figure 5. 3D printer product creation stages [1].

1.1. Development of Industrial Revolutions
and Industry 4.0

Throughout history, there have been three
Industrial Revolutions in industry. The First
Industrial Revolution (Industry 1.0) began with
the invention of the steam engine in the 18th
century, aiming to increase production. Industry
2.0, at the beginning of the 20th century,
facilitated the transition to mass production by
using electrical energy. Industry 3.0 marked a
period when production systems in industry
shifted from analog to digital systems. Through
these developments, the first three Industrial
Revolutions introduced mechanization,
electricity, and information technology (IT) into

human production processes to enhance
productivity. However, merely increasing
efficiency was not sufficient for companies to
stand out in global competition. Companies
have needed innovative approaches that allow
information transfer throughout the entire
lifecycle from production to supply, along with
the rapid adaptation of virtual and physical
structures. This has become essential for them
to excel. With the removal of trade barriers
between countries following the end of the Cold
War, commercial exchanges among these
countries have increased. In the 2000s,
changing customer expectations for products
have led to greater complexity in companies'
production methods. In this context, the need
for  interdisciplinary  collaboration by
companies has led to the emergence of Industry
4.0, where objects communicate and interact
over the internet, as a response. The
development of industrial revolutions is
illustrated in Figure 6 [11].

From Industry 1.0 to Industry 4.0 Egg’;ﬂ:{,
1 B
First Second Thi Fourth L 2
Industrial Industrial Industrial Industrial
Revolution Revolution Revolution Revolution

based on the introduction
of mechanical production
equipment driven by
water and steam power

based on mass production
achieved by division of
labor concept and the use
of electrical enargy

I I X I X I XXX XXX N

A A A

based on the use of
electronics and IT to
further automate
production

based on the use of

cyber-physical systems.

. - s
L f’—# 1

First ‘programmable
logic controller gELC]

First conveyor
hModicon 084,

belt, Cincinnati
| slaughterhouse, 1870

-,—,-——u-p'm—,ﬂmﬂ-ﬁ—r-

1800 1900 2000 Time

—&—

First mechanical loom, 1784

Figure 6. The progression of industrial revolutions [11].

The structure of Industry 4.0 is fundamentally
altering the dynamics of production and
consumption. This new approach, characterized
by production systems that adapt to changing
consumer needs, has brought about automation
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systems that communicate and coordinate
continuously with each other. As a result, it
encourages close collaboration among various
disciplines in the product development phase
[12].
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Table 1. Structure of Industry 4.0 [13].

Field Sector Applications
Internet of Things, Artificial Intelligence,
Core Technologies Cloud Systems, Big Data, Robots, and 5G
Technolosi Communication
echnologies . Data Security, Sensors, New Materials,
Base Technologies X .
Genomic Technologies
Products Wearable, Synthetic, and Biological
Products.
Smart Cars, Smart Factories, Smart Security
Applications Smart Systems Systems, Smart Defense Systems, Smart
Energy Systems
Legal Framework Data Regulations, Testing and Certification,
Institutions Guidelines for Smart Applications
In Table 1, it is stated that the structure of

Industry 4.0 consists of three -elements:
technologies, applications, and supporting
institutions, and that these elements can change
according to the expectations of stakeholders.
[13-14]. In this context, the technologies
involved in the 4th Industrial Revolution are
divided into core and base technologies.
Additionally, applications, products, and smart
systems are considered, and supporting
institutions are also part of this structure [14-
15].

1.2. Industry 4.0 Technologies

Many of the highly developed countries have
invested in obtaining advanced mass production
systems rather than conventional production.
The majority of this investment has been made
to create smart factories using 4th Industrial
Revolution technologies. For example, in the
first dark factory known as a smart factory in
operation in China, mobile phone modules are
produced using "smart" technologies where
objects communicate with each other, and the
use of human labor has been eliminated. As a
result, the number of workers has been reduced
by 90%, and the defect rate has dropped from
25% to 5%. The structures that enable objects to
communicate and interact with each other are
referred to as the IloT. From a technical
perspective, loT encompasses physical entities
that include embedded systems, along with
electrical,  mechanical, = computer, and
communication mechanisms, enabling internet-
based communication and data exchange. Some
examples of industrial IoT applications are
shown in Figure 7 [12].
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Cloud-based Manufacturing (CBM), another
Industry 4.0 technology, allows for increased
efficiency, reduced product costs, and
optimized raw material procurement to meet
changing customer demands. Based on a
network-connected production model,
reconfigurable cyber-physical production lines
can be created on-demand. The benefits
provided by this technology include scalability,
accessibility from anywhere, and virtualization.
[12].

1.3. Omnidirectional Cellular Conveyor
Conventional conveyor belts allow objects to
move only in a straight line. In order for the
object to perform turning, sorting, and
singulation movements, the conveyor belt
system requires the addition of mechanical
components and modules.

An omnidirectional cellular conveyor, unlike a
traditional conveyor, can move materials in any
direction. They are widely used in various
industries, including manufacturing, logistics,
and packaging. These conveyors feature small
individual cells or compartments that provide
greater flexibility and precision in material
handling. The movement of objects in different
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directions is controlled solely by software.
Changes in the control software alter the
material flow task [16]. In Figure 8, the
trajectory of objects on an omnidirectional
cellular conveyor is depicted [17].

/nt-/oc-/oo-/os-/r\-t\-o\-lt
/a‘-cu-/l\-ctVO CRCRN B
¢ v = -
& o Translation |
= (curve)
e Amig seme v s
Translation |
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[ T

- T Ean
P Nme N = ..,‘_/,._/.Rotahon_ +
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-------

Figure 8. The trajectory of objects on an
omnidirectional cellular conveyor [17].

2. LITERATURE REVIEW

In the literature, there are studies related to
process optimization in mass production. For
example, Dogan and Takc1 (2015) conducted a
process improvement study using simulation in
a textile company. The study was conducted in
a textile factory located in the Kayseri province.
In this study, the aim was to efficiently utilize
resources such as materials and equipment to
achieve the desired capacity [18]. Aljinovi¢ et
al. (2022) conducted a study aimed at
optimizing and improving the assembly line of
manually produced gearbox production through
the utilization of Industry 4.0 technologies [19].
Giil and Toptas (2021) conducted a study on the
optimization and effects of automation systems
in the design processes. In the study, the effects
of physical and parametric changes on the
production process were investigated through
an automation line that caps bottles of different
sizes. The example production system they
designed resulted in a 30% improvement in
cycle time and design time in the production
process [20]. Herbus and Ociepka (2017)
utilized the mechatronic concept designer
module of PLM Siemens NX to perform virtual
commissioning in a production line. Their work
aimed at achieving cost and time efficiency in
the commissioning process and reducing time-
to-market [21]. In Parlar's (2022) study, a
concept design was developed for a specialized
machine that transports spherical materials
resembling balls from one hopper to another at
a specified distance. The research introduced
the possibility of conveying granular materials
not only through mechanical methods such as
belts, screws, and buckets but also utilizing
pneumatic and hydraulic systems. [22].

When considering commercially available
products, the Creality CR-30 3D PrintMill,
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depicted in Figure 9, is the first 3D printer
designed theoretically for infinite-length
printing and batch production [23]. With the
capability of continuous infinite printing, it
offers time and cost savings. Completed prints
advance on a heated conveyor belt and detach
automatically from the belt. Therefore, there's
no need to clean and restart the print bed every
time.

Figure 9. Creality CR-30 3D PrintMill conveyor
3D printer [23].

3. MATERIAL VE METHOD

In this study, a conceptual design for 3D printer
technology in mass production process
optimization has been realized. The design was
completed using the computer software
Autodesk Fusion360, which is a 3D solid
modeling program with a free individual
educational license. When positioning the 3D
printers on the factory production line, it was
considered that they should be advantageous for
mass production. Furthermore, during the
expansion of the production line, it was planned
to have the maximum number of 3D printers
and an adequate number of robotic arms that
would fit within the unit area. Industrial robotic
arms were placed on the production line to
transfer the products produced by 3D printers
onto the conveyor belt. During the placement of
industrial robotic arms, ensuring access to the
prints produced by 3D printers around the
robotic arm was taken into consideration. As the
completed prints needed to be directed to
different assembly units, the number of
conveyor belts on the production line was
increased. Prints produced by 3D printers are
initially picked up by the robotic arm and placed
on the omnidirectional cellular conveyor belt.
From the omnidirectional cellular belt, they are
transferred to the conveyor belt of the respective
assembly unit. An algorithm was created to
meet the design requirements, and the details
are shown in Figure 10.
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The workflow in the conceptual factory design
is as follows: Firstly, the three-dimensional
design and slicing processes of the customer's
request are carried out by the product
development unit. The created work piece is
then added to the production queue. According
to the First in, First Out (FIFO) method, task
assignment signals are sent to the 3D printers
via loT modules. The server transmits the print
start signal to the available 3D printer according
to the FIFO method. Once the printing process
begins, the printer sends a "in progress" signal
to the server. The server records this
information in the database. In the event of an
error (such as filament sensor failure, heat bed
sensor is failure, stepper motor failure, level
calibration error, robotic arm motion sensor
error, electrical issue, filament depletion, out of
filament  (filament  finished), filament
replacement, nozzle clogging, layer defects,
nozzle overheating, mainboard overheating, fan
failure, connection error, sticking error, camera
error and support error), error message codes
are transmitted from the 3D printer to the server
along with an "error" signal. In addition, if there
is a need for a change in filament type during
printing, the corresponding error code is
generated, and a work order is sent to the
relevant department. In the event of a filament
change or the occurrence of any of the errors
mentioned above, the server automatically
generates a work order, communicates the error
code to the maintenance department, and
disables the respective printer. In the database,
the printer status, which was previously marked
as "in progress," is updated to "error,”" and the
relevant error code is added. The server
reassigns the unfinished job to another
"available" printer. Once printing starts without
errors, the 3D printer sends the "in progress"
signal to the server. During printing, at intervals
specified by the operator, photo and video data
are transferred to the server, and potential print
errors unrelated to the printer are analyzed. In
case of any printing error, information is sent to
the server and the operator, along with the error
code. When the printing process is completed,
relevant data about the print (such as printing
time, filament usage, location information,
photos, videos, etc.) is transmitted to the server,
and this data is recorded in the completed jobs
table. After the server records the data, the job
status on the printer is updated to "done." When
the design is sent to the printer, concurrently, if
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support material is expected to form on the
printed model, a work order is dispatched to the
relevant department for the removal of supports.
Following the completion of the print
transportation process with the robot arm, the
printer's operational status is updated to
"available." Once the printer's job status is
"done," the ID or location information signals
of the completed task are transmitted from the
server to the robotic arm. The robotic arm picks
up the print from the printer's bed and initiates
the transfer process to the multi-cellular
conveyor belt. In the event of any errors, similar
to the 3D printer, error signals are transmitted to
the server and the malfunction unit. The server
transmits the information of the 3D printer in
the "done" status to the available robot arm. The
robot arm takes the print and transfers it to the
multi-cellular conveyor belt. The multi-cellular
conveyor belt transfers the print to the conveyor
belt of the unit defined in the job order.

The interface of the sample software called 3D
Manufacturing and Automation Software (3D
MAS), developed using the C# programming
language in  Microsoft Visual  Studio
Community 2022 IDE within the scope of the
study, is shown in Figure 11.
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The operator can instantly view completed
orders, the total number of orders, and the
number of errors in real-time. Access to the
real-time status information of job orders can be
obtained through the 'Printer Job Status' button.

Figure 11. 3D Manufacturing and Automation software intera “

The table displayed in the window that opens
when the button is clicked is shown in Figure
12.

2 3D Manufacturing Automation Software (3D MAS) - o x
Job Order Date Time D5§igu Customer Due Material hhll Prf‘nl Printing Approximate Assglmxhly
Nuuber File Number Date Type Size Weight Time (hour) Cost Unit ID
3 2 01.01.2023 09:10:10 C:../2.gcode 2 01.01.2023 PLA 10x15x15 80 12 240 231
3 01.01.2023 09:20:45 | C:/../3.gcode 3 01.01.2023 ABS 25x25x20 140 20 300 232
4 |01.01.2023 | 10:11:00 | C:/..M.gcode 4 01.01.2023 PCL 30x20x30 200 24 401 233
5 101.01.2023 | 10:30:36 | C4. /5.gcode =l 01.01.2023 | PLA [ 25285 145 23 310 234
6 01.01.2023 /. 6 01.01.2023 PLA 15x15x15 90 13 250 235
7 01.01.2023 7.8 7 01.01.2023 ABS 30x30x30 180 22 320 236
8 01.01.2023 | 11:30:45 | Cv../8.gcode 8 01.01.2023 PCL 20x20x20 120 18 275 237

Figure 12. Printer Job Status.

The Remaining Time Status graph allows you
to see the time printers spend during printing
and the time required to complete the printing.
In the event of a possible error in the printer, the
printer ID information will be displayed in red.
Figure 13 shows an image of the graphic.

[
%40 | || PonterID: 413
%50 | I | Printer ID: 414 |

| 2100 | | Pt ID: 415 |
%70 | — || Ponter ID: 416
vols W || Printer D: 417 |
%100 | I | Pcites ID: 415 |
%100 | | P ID: 419 |

Figure 13. Remaining Time Status Graph.

The "Error Code Table" button on the interface
allows access to detailed information in the
event of an error. In case of an error, the error
code and description for the respective job order
number are recorded in the sample error code
table shown in Figure 14.
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% Erorcode - 0 x

PRINTER ID

ERROR CODE

DESCRIPTION

ERROR CODES

230: Filament sensor is not working!

231: Heatbed sensor is not working!

232: X stepper is not working!

233: Y stepper is not working!

234: Z stepper is not working!

235: Level calibration error!

236: Robotic arm motion sensor not working!
237: Electrical issue!

238: Out of filament!

239: Nozzle clogged error!
240: Layer defects!

241: Nozzle overheat!

242: Mainboard overheat!
243: Fan is not working!
244: Connection error!
245: Sticking error!

246: Camera error!

247: Support error!

248: Filament replacement!

Figure 14. Error Code Table.

4. RESULTS

In this study, a conceptual design aimed at
process optimization in mass production using
3D printing technology was executed in
Autodesk Fusion360, a computer software with
a free individual educational license for 3D
solid modeling. The proposed 3D MAS
software in this study was developed using the
object-oriented programming language C#
within the Microsoft Visual Studio Community
2022 environment. However, if needed, it can
be developed with languages such as Java,
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Python, C++, Swift. Additionally, it can be
designed as a web-based application. Microsoft
SQL Server database was utilized for storing
application data and generating reports.
Alternatively, MySQL, PostgreSQL, or Oracle
databases can be used if required. The proposed
system is designed to facilitate continuous mass
production with the capability of immediate
intervention in case of errors. This minimizes
time and labor losses, consequently leading to a
reduction in unit costs. When designing the
placement of 3D printers, the honeycomb
design of beehives was taken into consideration.
The advantage of positioning in hexagonal
sections is to partition an area in the most
efficient way possible [24]. As a result, the aim
was to utilize the space of a production facility
in the most efficient manner. Figure 15
illustrates the designed production line, with the
fundamental components of the production line
being numbered.

C 2y

Figure 15. The Designed Production Line.
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Corresponding expressions for these numbers
are provided in Table 2.

Table 2. Components of a Production Line.

Number Description

1 Industrial Robotic Arm

2 3D Printer

3 Assembly Unit

4 Omnidirectional Cellular Conveyor
Belt

5 Conveyor Belt

5. CONCLUSION

This study deals with the conceptual design for
process optimization in mass production using
3D printing technology, which is set to
revolutionize manufacturing methods in the
industry with the advancement of technology.
When examining the literature, it is observed
that 3D printers are widely used in various
fields. However, examples where printers are
used within an automation system and
production processes are automated are limited.
This study focuses on the designs of 3D printers
that are integrated with each other and utilize
Industry 4.0 technologies. Industrial robot arms
and versatile cellular conveyor belts have been
employed in the production stages. Through a
central computer software, all processes can be
monitored, and real-time tasks can be defined.
Additionally, = maintenance = and  repair
mechanisms have been incorporated into the
system for potential errors. This highlights the
uniqueness of the proposed system. The
creation of the conceptual model, the transfer of
the obtained prints to a versatile cellular
conveyor belt, and their transfer to relevant
units are all considered with the integration of
Industry 4.0 technologies such as IoT, cloud-
based communication, and smart factory
approaches to ensure the most functional
continuation of the process. Additionally, this
study enables faster and more functional
production with the conceptual design model
obtained using 3D printers in the industry.

In future studies, it is expected that research and
conceptual designs aimed at improving the
efficiency of 3D printers in mass production
will be conducted. These studies are expected to
involve analyses in various simulation software
to obtain detailed data. It is expected that, as a
result of these simulated and data-driven
studies, more efficient and high-performance
production facilities will be established.
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Furthermore, machines that perform subtractive
manufacturing alongside or in conjunction with
3D printers can also be integrated, and
additional enhancements can be made to the
conceptual design.

In this study, the emphasis has been placed on
the conceptual design utilizing identical 3D
printers. In our subsequent research, we plan to
develop an approach incorporating different
types of 3D printers, where an appropriate
printer is automatically selected by a deep
learning-based control software. This will
enable the system to make the selection of the
most suitable printer and filament type based on
design parameters.
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oz

Bu ¢alismada, bes eksen Bilgisayarli Sayisal Kontrol (CNC) sicak tel strafor kesme makinesinin tasarimi
ve prototip iiretimi gerceklestirilmistir. Tasarlanacak makine i¢in dncelikle piyasada bulunan strafor
kesme makineleri incelenmis ve bu makinelerin eksiklerine gore yeni bir makine tasarlanmustir.
Straforun en kolay kesim yontemi sicak telli kesim yontemidir. Sicak tel straforun igerisinde ilerlerken
straforu eritmektedir. Tasarlanan makine de sicak teli kullanmaktadir. Makine imalati sirasinda telin ne
kadar 1sitilacagi, hareket hizi, ¢entik genisligi gibi dikkat edilmesi gereken birtakim parametreler
mevcuttur. Kesimin hatasiz ve diizgiin yapilabilmesi i¢in bu parametrelere dikkat edilmelidir. Sicakligin
ve hizin ayarlanmas1 makine imalatindaki en temel etmendir. Makinenin sicaklik ayari dogru akim (DA)
gerilim regiilatorii ile hiz ayar1 ise Mach3 programiyla saglanmaktadir. Piyasada kullanilan iki eksenli
strafor kesim makinelerinin en 6nemli eksigi, li¢ boyutlu (3D) iiriinleri kesememeleridir. Geleneksel iki
boyutlu iirlin kesebilen makinelerin aksine, tasarlanan makine {iriinleri 3D sekilde kesebilmektedir.
Prototipi tiretilen CNC makinenin kollar1 x ve y eksenlerini temsil etmektedir. Kollarin bagimsiz sekilde
hareket edebilmesi makinenin dort eksenli gibi davranmasini saglamaktadir. Makine tablasinin {stiine
yerlestirilen doner tabla sayesinde doner bir A ekseni de elde edilmistir. Doner bir eksenin ilave
edilmesiyle makine bes eksenli olarak da galisabilmektedir. Makinenin gévdesi 3D yazicidan basilan
pargalar, sigma profiller ve Orta Yogunluktaki Lif Levha (MDF) tabladan olugmaktadir. Hareket, vidali
mil ve kayis kasnak ile saglanmaktadir. Makinede bes adet step motor ve motor siiriiciileri kullanilmistir.
Makinenin kontrolii Mach3 kontrol karti ile saglanmaktadir. Makinenin kopiigii isleme oOlgiileri
900 mmx900 mmx390 mm’dir. Makine ile ayarlanabilir tel sicakliginda 0,3 mm nikrom tel ile 2 cm
kalinliginda strafor kesimi yapilabilmektedir. Tasarlanan makine hem doner tablali hem de doner tabla
olmadan kullanilabilmektedir. Prototip iiretimi yapilan makine ile konik kesim, yildiz-besgen kesim,
vazo kesim ve burgulu kesim calismalar1 basarili bir sekilde uygulanmaistir.

Anahtar Kelimeler: CNC Strafor Kesim, Sicak Tel, Bes Eksen, Doner Tabla.

MANUFACTURING FIVE AXIS CNC HOT WIRE STYROFOAM
CUTTING MACHINE

ABSTRACT
In this study, the design and prototype production of a five axis Computer Numerical Control (CNC)
hot wire styrofoam cutting machine has been investigated. The styrofoam cutting machines which are
available in the market has been investigated firstly. Then the proposed machine has been designed to
overcome of the shortcomings of the existence machines. The easiest cutting method of styrofoam is the
hot wire cutting method. If the hot wire moves through the styrofoam, the styrofoam will be melt. The
proposed machine uses hot wire, too. The parameters such as; how much the wire should be warmed,
the moving speed of wire, the width of the notch, should also be considered. In order to achieve accurate
and smooth cutting process, these parameters should be set carefully. The fundamental manufacturing
process of machine includes the adjustment of speed and temperature. While the temperature can be
adjusted with a direct current (DA) voltage regulator, the speed can be adjusted by using Mach3
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program. The most important disadvantage of two axis styrofoam cutting machines is the unavailability
of three dimensional (3D) cutting. In contrast of two dimensional cutting machines, the proposed
machine has an ability to cut 3D. Straight motion of the prototype CNC machine has been represented
with x-axes and y-axes. The movement process has been achieved like four-axes by the regardless
movement of two axes. A rotary table is mounted on the machine chasis to obtain rotational A-axis. By
adding this rotational axis, the number of axes of the proposed CNC machine has been upgraded to five
axes. The structure of the machine consists of materials which are produced in 3D printer, sigma profiles
and Medium-Density Fiberboard (MDF) table. The movement has provided with the usage of ball screw
and belt pulleys. Five step motors and their drivers have been used in the machine. The control of the
machine has been provided with Mach3 control card. The dimensions of the processed styrofoam are
900 mmx900 mmx390 mm. The machine is capable of cutting 2 cm styrofoam with 0.3 mm
nichrome wire with adjustable temperature. The proposed machine can be operated both with a rotary
table and without a rotary table. Conical, star-pentagon, vase and twisted cutting process has been

applied successfully with the prototype machine.

Keywords: CNC Styrofoam Cutting, Hot Wire, Five Axis, Rotary Table.

1. GIRIS

Bilgisayarli sayisal kontrol (CNC) makineleri
farkli imalat sektOrlerinde torna, freze, delme,
taglama, kesme, vb. operasyonel islemleri
yerine getirmek amaciyla yaygin olarak tercih
edilen endiistrinin ana makineleridir [1-2]. CNC
makinelerin temeli 1940’11 yillarda fiiretilen
Niimerik Kontrol (NC) makinelerine kadar
dayanmaktadir. Gilinlimiizde bilgisayar
teknolojisindeki ilerlemeye paralel olarak ¢ok
degisik tipte ve Ozellikte CNC makineleri
kullanilmaktadir [3-4].

Endiistriyel uygulamalarda yaygin olarak
kullanilan CNC makineleri iki veya {i¢
eksenlidir [5]. Tki eksenli CNC makineleri x-
eksen ve y-eksen dogrultusunda hareket
ederken; ti¢ eksenli CNC makineleri x-eksen, y-
eksen ve z-eksen dogrultusunda hareket
edebilmektedir. Geligen bilgisayar, elektronik
ve kontrol sistemlerinin yardimiyla {i¢ lineer
eksene ek olarak iki doner eksen de giiniimiiz
CNC makinelerinde tercih edilmektedir [6].
Giin vd., li¢ sabit ve iki doner eksene sahip bes
eksenli besik sistemli CNC freze tezgahi liretimi
yapmuglardir.  Urettikleri makine x, y ve z-
eksenlerinde sirasiyla 400 mm,400 mm ve
120 mm calisma alanma sahip olup Mach3
kontrol programi ile calistirilmigtir  [7].
Taginabilir boyutlarda CNC freze makinesi
iiretimi alaninda calisan Bakar vd., 300 mm *
300 mm * 20 mm Ool¢iilerinde mini bir CNC
freze  makinesi  tasarlamiglardir.  Metal
parcalarimi  yiikksek  hizlarda isleyebilme
kapasitesine sahip CNC makinesinin eksenleri
acik kaynak geometrik kodlar (G-kodlar) ile
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kontrol edilmistir [8]. Rahman vd., x, y ve z-
eksenlerinde sirastyla 400 mm,300 mm ve
200 mm calisma alanima sahip ii¢ eksenli bir
CNC  freze makinesi  tasarlamislardir.
Calismalarinda Mach3 kontrol kart1 ile CNC
makinenin eksen hareketleri kontrol edilmistir.
Uretilen makinenin endiistriyel uygulamalardan
ziyade egitim hedefli uygulamalar icin
kullanilmas1 amaglanmuistir [9].

Prototip CNC makine {iretimi
calismalarinda mekanik tasarimin,
matematiksel ~modellemenin  ve yazilim
algoritmasinin biitlinsel olarak gelistirildigi
calismalar da mevcuttur. Kuncan vd., CNC
tezgahlarindaki yazi ve desenlerin ii¢ boyutlu
karmagik ylizeylere aktarilmasi icin
matematiksel doniisiim algoritmasi
gergeklestirmislerdir  [10]. CNC  makine
iiretimleri kadar CNC makinelerin
kabiliyetlerini arttiracak caligmalar da giincel
calisma konularindandir. Oztiirk ve Kuncan,
kameradan alinan gercek zamanli goriintiileri
CNC tezgahinda iglemislerdir. Goriintii isleme
asamasinda MATLAB programi kullanilan
calismada, G-kodlari MATLAB iizerinde
calistirilan bir komut dosyasi ile elde edilmistir.
Ug eksen bir CNC makinesi yardimiyla
kameradan alinan goriintiiler basaril bir sekilde
islenmigtir [11].

arastirma

Strafor; kolay islenebilen, ucuz ve hafif bir
malzemedir. Strafor, tabelalarda ve ambalaj
sanayisinde yalitim ve dekorasyon malzemesi
olarak kullanilmaktadir. Strafor kesimi i¢in de
Ozellesmis CNC makineler vardir. Strafor
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kesim makinelerinde akim tagiyan bir telin
kopiik icerisinde hareket etmesiyle, telin temas
ettigi kopiik buharlagir. Bu islem, kismen kopiik
yiizeyini eritir ve kesim yerinde agik bir bosluk
birakir. Bu bosluga c¢entik denir [12].
Abeysinghe vd. [13] yaptiklar1 ¢aligmada telin
sicakliginin ~ ve besleme hizinin ¢entik
genisligine etkisini incelemislerdir.
Mohammed ve Kadhum [14] kesimi etkileyen
parametrelere  straforun  yogunlugunu da
katarak, parametrelerin kesim {iizerindeki
etkilerini ylizdesel olarak ortaya koymuslardir.
Elektromekanik bir model Petkov ve Hattel [15]
tarafindan 2016 yilinda yaptiklar bir ¢alismada
onerilmigtir.  Kullandiklar1  yontemle telin
gerilimini ve sicakligini tahmin etmislerdir. Ek
olarak yatay yonden Olgiilen kesme agisi ile
kesme genisligini iligkilendirmislerdir.

Sicak kesim makinelerinde nikrom teller farkli
malzemeleri kesen CNC makinelerinde siklikla
tercih edilmektedir. Nikrom telin kesim
sirasinda egilmesini 6nlemeye yonelik yapilan
bir calismada Karmakar ve Subbiah, kesim
malzemesi olarak Ekspande Polistren Kopiik
(EPS) malzemesini tercih etmislerdir [16].
Memon vd., nikrom tel ile yapilan kesimlerdeki
farkli sicakliklarn CNC makinelerdeki giig
tilkketimlerine etkilerini arastirmislardir. Elde
edilen sonuglara gore kesimi yapilan farkli
malzemelere gore yiiksek akim ihtiyacini
karsilamaya yonelik Cift Birlesim Yiizeyli
Transistor (BJT) tabanli dogru akim (DA)
regiile devresi 6nermiglerdir [17].

Strafor kesme makineleri Ozellesmis CNC
makineleri arasinda yer almaktadir. Strafor
kesme makineleri {izerine yapilan arastirmalar
daha ¢ok iki, li¢ ve dort eksenli strafor kesme
makinelerinin tasarlanmas1 ve gelistirilmesi
tizerinedir. Syahriza vd., [18] Arduino kontrol
kartli iki eksenli CNC strafor kesme makinesi
gelistirmislerdir. Fahrizal vd., [19] iki eksenli
CNC strafor kesme makinesi tasarlamis ve
deneyler yapmuslardir. Yapilan c¢aligmada
kesilen parcalardaki hata oranlar1 da
hesaplanmistir. Ivanovskis [20] tarafindan 2017
yilinda yapilan tez c¢alismasinda ugak
modellemek igin dort eksenli sayisal kontrollii
sicak telli kopiik kesici gelistirmistir. Figliolini
vd. [21] tarafindan tasarlanan makine aligilmig
sicak tel strafor kesme makinelerinin digindadir.
Tasarlanan makine x, y, z eksenlerine ek olarak
z eksenine baglanmig doner bir eksen de
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icermektedir. Tel ise doner eksenin ucuna ve
doner eksene dik bir sekilde baglanmustir.

Mevcut aragtirmalarin  yaninda endiistriyel
iretim siireglerinde kullanilan CNC sicak tel
strafor kesim makineleri de bulunmaktadir. Bu
makinelerin birgogu ile yatay ve dikey eksende
kesim yapilabilmekte ancak doner bir tablaya
sahip olmamalar1 nedeniyle spiral formlu
(burgulu) kesimler yapilamamaktadir.
Calismanin temel motivasyonu halihazirda iki
veya dort eksen olarak calisan sicak tel strafor
kesim makinelerine besinci eksen olarak doner
bir tabla eklenmesi ile spiral formlu kesimlerin
de yapilabilecegi prototip bir makine
iiretmektir.

Calismada tasarlanan CNC makinesinin 6ne
cikan oOzellikleri:

e  Strafor malzemesinin kesimi sicak bir tel
yardimiyla yapilmaktadir.

e Tasarimda kullanilan 360° donebilme
Ozelligine sahip tabla yardimiyla, makine beg
eksen olarak da calisabilmektedir.

e Makine kollar1 birbirinden bagimsiz
sekilde hareket edebilmektedir.

e  Makine, portatif olarak
kullanilabilmektedir.

Calismanin 2. bdliimiinde makine eksenlerinin
tasartmi ve  elektronik  kontrol  panosu
sunulmaktadir. Boliim 3’te tasarlanan prototip

makineye ait kesim asamalar1 ve Ornek
caligmalar ortaya konulmaktadir. Makale,
Bolim 4’teki degerlendirmeler ile

sonuglandirilmaktadir.
2.TASARIM VE YONTEM

2.1. Sistem Tasarimi

Prototip {iretimi yapilan makinenin amaci
strafor kesmektir. Bu nedenle iiretilecek makine
“Strafor Kesme Makinesi’ olarak
adlandirilabilir. Bu makine bilgisayar kontrolii
sayesinde straforun otomatik olarak kesilmesini
saglar. Makineye gonderilen kontrol sinyali
nasil bir kesim yapilacagini belirler. Verilen
kontrol sinyali sayesinde eksenler hareket eder
ve hareket eden tel kesim iglemini yapar. Sekil
1’de sistemin isleyis ana fonksiyonu verilmistir
[22].
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Enerji

Strafor
Kesme Islemi

Malzeme Kesilmis malzeme
—

Kontrol sinyali
—_—

Sekil 1. CNC strafor kesme makinesi ana
fonksiyonu [22].

Sekil 2’de CNC kontrollii strafor kesme
makinesinde 3 adet alt fonksiyon sunulmustur
[22]. Bunlar;

e  Kontrol alt fonksiyonu,

e  Hareket alt fonksiyonu,

e  Kesme alt fonksiyonu.

Enerji
————
Kontrol sinyali
Giris sinyali Kontrol ——
Kontrol sinyali
—
Eksenlerde hareket
Enerji Hareket pre—
——
Eksenlerde hareket
——
Malzeme TRESHIE Kesilmis malzeme
Enerji

Sekil 2. CNC strafor kesme makinesi alt
fonksiyonlar1 [22].

Prototip CNC makinenin iiretimi i¢in Oncelikle
endiistriyel uygulamalarda kullanilan CNC
sicak tel strafor kesim makineleri fiziksel ve
operasyonel  calisma  sartlari1  agisindan
incelenmigtir. Bu makinelerin tasarimlarini,
optimizasyonlarin1 ve iyilestirmelerini konu
alan giincel akademik g¢aligmalar da detaylica
aragtirllmistir. Eksen parcalari tiretilmeden 6nce
Bilgisayar Destekli Tasarim (CAD) c¢izimleri
yapilarak iiretim siirecine gegilmistir. Uretim
sirecinde gerekli pargalar 3D yazicidan
basilmis, ihtiya¢ duyulan yazilim ve donanimlar
tedarik edilmistir. Sistem kontrol panosu
icerisinde kullanilacak elektronik devrelerin
benzetim ¢aligmalar1 yapilarak, makine sistem
panosu imal edilmistir. Montaj ve kurulum
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islerini takiben de prototip CNC makinesi test
edilmistir. Bu asamalarin gosterildigi blok

b

Mevcut CNC strafor kesim
makinelerinin ve bu makinelerle ilgili —»
akademik galismalarin incelenmesi

Makine eksenlerinin, tel gerdirme
aparatimin ve sasinin CAD
gizimlerinin yapilmast

baglangict

Pargalarin 3D yazicidan basiimasi,
Sistem panosunun tasarimi ve imalat €= gerekli yazilim ve donanimlarin
tedarik edilmesi

Kurulum ve montaj >

Tezgahn fiziksel, mekanik ve
elektrik dayanimimin test edilmesi

Sekil 3. CNC strafor kesme makinesi {iretim
asamalari.

2.2. Makine Eksenlerinde Hareket
Kartezyen makinenin tasariminda dikkate
almmast gereken en Onemli sey koordinat
sistemidir. Koordinat sisteminin belirlenmesi
ozellikle tercih edilen yazilim programi igin
onemlidir. Kartezyen koordinat sisteminde x-
ekseni makinenin yatay hareketini, y-ekseni ise
makinenin dikey hareketini temsil etmektedir.
Kollarin saga ve yukar hareketleri pozitif, ters
yondeki hareketleri ise negatif kabul edilmistir.
Makine iizerinde kollarin baslangi¢ konumu sol
alt kdsede yani 0.0 konumundadir. Sekil 4’te ve
Sekil 5’te sirastyla x ve y eksenlerinin ¢izimleri
verilmektedir.

Sekil 4. x-ekseni CAD ¢izimi.

N
Sekil 5. y-ekseni CAD ¢izimi.

Koordinat sisteminde z-ekseni yukari asagi
yonii  temsil etmektedir. Bu makinenin
tasariminda z-ekseni, x-ekseni veya y eksenine
paralel 360° donebilen bir ekseni temsil
etmektedir. Sekil 6’da ve Sekil 7°de sunuldugu
lizere doner tabla iki farkli  sekilde
kullanilabilmektedir.
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Sekil 6. z-ekseni (y-eksenine paralel) CAD g¢izimi.

Sekil 7. z-ekseni (x-eksenine paralel) CAD g¢izimi.

2.3. Kesme Islemi

Kesme islemi i¢in dncelikle uygun sicaklik ve
hareket hiz1 saglanmalidir. Bunlar saglandiktan
sonra iki kol arasina baglanan telin yeterince
gergin olmas1 gerekir. Kollar birbirinden
bagimsiz hareket ettigi i¢in tel boyu degisken
olmalidir. Bunun igin telin boyu degistikge telin
hala gergin kalmasini saglayan bir sisteme
ihtiyag duyulmustur. Sekil 8’de sunuldugu
iizere y-eksenindeki hareketli parga iizerine
baglanan yayli  sistemle, telin  boyu
degismektedir. Sekil 9°da tel gerdirme
aparatinin makine kollarma baglanmig hali
verilmektedir.

Sekil 8. Teli gerdirme aparati CAD ¢izimi.

Sekil 9. Tel gerdirme aparati montajli hali CAD
¢izimi.
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2.4. DA Gerilim Regiilatorii

Telin sicakliginin ayarlanmasi gii¢c kaynagindan
¢ikan gerilimin degistirilmesiyle miimkiindiir.
Strafor kopiigiin kesimi igin elektrik ile 1sitilan
nikel krom alagimli ve ¢ap1 0,3 mm olan tel
kullanilmistir.  Abeysinghe vd. tarafindan
0,32 mm c¢apli nikrom tel kullanilarak yapilan
tel sicakligi-akim degisimi ¢alismasina [13] ait
sonug grafigi Sekil 10°da paylasiimaktadir.

Nikrom Tel
450
400 g
5) 350 //
= 300
25 S
= %
g 200 i
Fisiis = €032 mm
)
= 100
“ ”/‘
0 . . . : :
0 0.5 I 1.5 2 25 3
Akim (A)

Sekil 10. Tel sicakliginin akim ile degisim grafigi

[13].
Prototip makinedeki kesimler i¢in sabit
kalinliga sahip straforlar kullanilmaktadir.

Sicaklik degisimi DA gerilim regiilatorii

sayesinde yapilmaktadir. Sekil 11°de DA
gerilim regiilatoriiniin devre semast
verilmektedir.
u1
. [ o :
§
z=b2 Ri
J1 g 1 et J2
2 BSY 1 1
2 5= 1o z
CONN-SIL2 RV1 CONN-SIL2
L

Sekil 11. DA gerilim regiilatorii devre semast.

2.4.1. Kullanilan Telin Direnci ve DA
Gerilim Regiilatorii Cikis Parametreleri
Maddelerin elektrik enerjisinin iletilmesine
kars1 gosterdikleri dirence “elektriksel direng”
denir. Gii¢ kaynagindan c¢ekilen akimin
hesaplanabilmesi igin kullanilan telin direncinin
hesaplanmasi gerekmektedir.

Kablo direncinin hesaplanmasi
etmenlere baglhdir.

e  Kablo metalinin 6zdirenci

e  Kablonun uzunlugu

e  Kablonun kesiti

asagidaki
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Iletkenin direnci Denklem (1) kullanilarak
hesaplanir [23].

1
R=px (M

R: Bir iletkenin direnci (£2)

- C o . Q.mm?
p: Bir iletkenin 6z direnci ( =

)

m
l: Bir iletkenin uzunlugu (m)

A: Bir iletkenin kesiti (mm?)

Tel olarak nikrom tel kullanildigi i¢in

hesaplamalar nikrom telin 6z direnci olan
2

1,05 Q'n;lm tizerinden  yapilmaktadir.

Kullanilan telin ¢apt 0,3mm secilmis,

uzunlugu 1 m kabul edilmistir.

Esitlik (2)’de sunuldugu iizere, nikrom telin
direnci 15 Q olarak hesaplanmstir.

R=105———
"7 mx0,152

~ 150 2
Sekil 11°de sunulan devrenin ¢ikisina direng
hesab1 yapilan nikrom teli temsilen 15 (’luk
yiik baglanmaktadir. Potansiyometrenin ayar
konumuna gore Olciilen gerilim degerleri
1,2V — 22V arasinda, dlciilen akim degerleri
ise 0084 — 146 A degerleri arasinda
degismektedir. Sekil 12’de ve Sekil 13’te
sirasiyla potansiyometrenin %0 ve %100
konumlar1 i¢in elde edilen oSlglim sonuglart
verilmektedir.

u1

Lé_J

Sekil 13. Potansiyometre %100 konumunda.
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Sekil 10 referans alindiginda, prototip iiretimi
yapilan makinedeki kesimler ig¢in 200°C
civarinda bir sicaklik 2 cm civarinda bir kopiigii
kesmek icin yeterli olacaktir.

2.5. Pano Tasarim

Makinenin hareketi step motorlar ve bu
motorlarin stirticiileri tarafindan
saglanmaktadir. Gili¢ kaynagi ise sisteme gii¢
saglamaktadir. Teli uygun sicakliga getirmek
icin DA gerilim regiilatoriine ihtiyag vardir.
Gerilim Olglimii ise dijital voltmetre ile
saglanmaktadir. Kontrol kartiyla tiim sistem
kontrol  edilmektedir. Pano tasariminda
kullanilan 24 V,15 4,360 W  anahtarlamali
giic kaynagi ile DA gerilim regiile devresi ve
CNC MACH3 arabirim kontrol karti
beslenmektedir. Sicaklik kontroliinii saglayan
DA regiilasyon devresinin agip/kapatilmasi da
yine pano iizerine konulan harici bir ag/kapa
anahtar ile yapilmaktadir. Mach3 kontrol karti
ile tezgah tasariminda kullanilan Nemal7 step
motorlarin  siiriciileri  (TB6600)  kontrol
edilmektedir. DA regiilasyon devresinden
Olciilen akim ve gerilim degerleri bir display
araciligiyla pano iizerinden takip edilmektedir.
Panoda yiliksek akimlar1 Onlemek amaciyla
16 A sigorta kullanilmaktadir. Pano tasarimi
CAD c¢iziminin iistten ve onden goriiniigleri

sirastyla  Sekil  14°te ve  Sekil 15°te
sunulmaktadir.
£3
e
TBo600 step
/ / motor siiriiciileri
UVISA0W [ CNC MACH3
anahtarlamali giig arabirim kartt
kaynag1 2
4
/ 0
16A
sigorta
; Potansiyometre kontrollii gerilim
A¢ma/kapama regiilatorii
diigmesi

Gerilim ve akim lgim modilii
Sekil 14. Pano CAD c¢iziminin iistten goriintiisii.
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Sekil 15. Pano CAD ¢iziminin 6nden goriintiisii.

2.6. Yazilim

Kartezyen sistemini kullanan ¢ogu makine gibi
tasarlanan makine de G-kodu tabanlhdir.
Istenilen ¢izimin yapilabilmesi ancak gizimin
makinenin anlayabilecegi G-kodu diline
cevrilmesiyle miimkiindlir. ~ Bir bilgisayar
yardimiyla kesimi yapilacak parcanin CAD
programinda ¢izimi yapilmakta ve Bilgisayar
Destekli Uretim (CAM) programi araciligiyla
G-kodu doniistimii yapilmaktadir. CNC Mach3
kontrol kart1 araciligiyla CNC makinenin eksen
hareketleri kontrol edilmektedir. Nikrom tel
istenilen sicaklik degerine ayarlanarak kesim
islemi baglatilmaktadir. Kesim iglemi sirasinda
ve kesimden sonra, kesimi yapilan parca
fiziksel olarak incelenerek kesimin basarisi
degerlendirilmektedir. Istenilen basarimin elde
edilememesi durumunda G-kodlar1 iizerinde
tekrardan bir caligma yapilmaktadir. Kesim
isleminin  basarili olmast halinde siireg
sonlandirilmaktadir. Bu agamalar1 gdsteren blok
diyagram Sekil 16’da verilmektedir.

G-kodunun ‘ Arayiiz programi {izerinden
yazilmasi/ — ayarlamalar ve kesim
ayarlanmasi isleminin baslatilmasi

Hayir Kesi iirecinin takibi
'y - Sonug basarth mi? esim siirecinin takibi ve

kesimi biten parganin analizi
Evet
Kesim isgleminin
sonlandirilmasi

Sekil 16. Kesim islemi blok diyagrama.

Step motorlarin eksen
hareketleri kontrolii

2.7. Makine Parcalarimin Uretimi

Kavramsal tasarim c¢alismalart sonucunda
makinenin pargalart ve nasil calisacagi
belirlenmistir. Kesilecek olan parcanin doner
bir eksene bagli oldugu, telin baghi oldugu
kollarin bagimsiz olarak iki eksende hareket
edebildigi kartezyen bir sistem diisiintilmiistiir.
Strafor kopiigii kolaylikla kesebildigi i¢in kesici
olarak 1smabilen bir tel kullanilmistir. Makine
kollar1; hafiflik, dayanim ve montaj kolayligi
gibi ozellikleri nedeniyle 20 * 20 mm V slot
sigma  profillerden iiretilmigtir.  Oteleme
hareketlerinde sigma profil iizerinde hareket
edebilen rulmanli tekerlere karar verilmistir.
Makine ana gévdesi maliyet avantaji saglamasi
adma Orta Yogunluktaki Lif Levha (MDF) ve
plastikler kullanilarak {iretilmistir. MDF
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tablanin  kalinligt 18 mm’dir. Makinenin
dogrusal hareketi 2 mm hatveli vidali mil ve
somunlarla saglanmaktadir. Bu vidali millerin
birer ucu motorlara, diger uglar1 rulmanh
yataklara baglanmigtir. x-ekseni i¢in 100 cm,
y-ekseni i¢in 50 ¢m vidali mil kullanilmigtir.
Sekil 17°de vidali mil ve somun sunulmaktadir.
Doner tablanin hareketi ise kayis kasnak

sistemiyle saglanmaktadir. Motorun miline
bagli bulunan kasnak, hareketi kayis
araciligilyla daha  biiyiikk bir  kasnaga

aktarmaktadir. Kasnaklar arasinda 1:3 oran
bulunmaktadir. Do6ner tabla Sekil 18°de
sunulmaktadir. Makinede kullanilan telin boyu
eksen hareketlerine bagl olarak
degisebilmektedir. Projede tasarlanan tel
gerdirme mekanizmasi bu boy degisikliklerinde
yeterli gerginligi koruyabilmektedir. Tel
gerdirme mekanizmasina ait gorsel Sekil 19’da
verilmektedir. Makinenin kopiligii  isleme
olgiileri 900 mmx900 mmx390 mm  olup,
makinenin genel gorlintisii  Sekil 20°de
sunulmaktadir.

Sekil 17. Vidali mil ve somun.

N

Sekil 18. Doner tabla.
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Sekil 20. Makinenin genel goriintiisii.

3. SISTEM KONTROLU VE TEST

CALISMALARI
Sekil 14’te CAD c¢izimi verilen kontrol
panosunun Uretilmis hali  Sekil 21°de

sunulmaktadir. Kontrol panosu; kontrol karti,
stiriciiler, sigorta ve gilic kaynagidan
olismaktadir. DA gerilim  regiilatori,
multimetre ve gerilim regiilatoriinii  acip
kapatan anahtar pano igerisinde yer almaktadir.

Sekil 1. Makine kontrol panosu.

27

Hareket kontrol kartt Mach3 programu ile
kontrol  edilmektedir. Mach3  programi
sayesinde makinenin hizi ayarlanabilmekte ve
manuel olarak telin 15151 acilip
kapatilabilmektedir. Mach3 ana ekranm1 Sekil
22’de wverilmistir. Mach3 programi daha
onceden hazirlanan G-kodlarmi  kullanarak
makinenin hareketini saglamaktadir.

o Coty Facancly e Wewn Cora Pugatoms e

i e
[ pugumiami | W | b | o | soimp 6 ool | WS CICHET 0O CHIN U CH O

" ) T i
|G p— T
) o e = =

Sekil 22. Mach3 ekrani.

3.1. Test Calismalari

Bu asamada tasarimi, imalat ve testleri
tamamlanan CNC strafor kesme makinesi ile
ornek calismalar yapilmistir. Doner tablali ve
doner tablanin olmadigi iki ayr1 durum igin
makinede kesimler yapilmistir. Yapilan ornek
calismalar bu boliimde gdsterilmistir.

3.1.1. Dort Eksen Kesimler

Solidworks programinda ayr1 ayn ¢izilen yildiz
ve besgen  sekiller .dxf  formatinda
kaydedilmistir. Jedicut programinda bir kenari
yildiz bir kenar1 ise besgen olacak sekilde
parcanin dSlgiileri ve kesim yolu ayarlanmistir.
Bu durumu ifade eden gorsel Sekil 23’te
verilmektedir. Sekil 24’te Mach3 ekranindaki
G- kodunun akisi, Sekil 25°te Mach3 programi
araylizii, Sekil 26’da islenen parcanin anlik
olarak kesim anindaki goriintiileri, Sekil 27°de
ise kesilen parcanin goriintiisti verilmektedir.

Sos

Sekil 23. Jedicut program araytizii.
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Sekil 25. Yildiz-besgen kesim Mach3 ekrani.

Sekil 26. Yildiz-besgen kesim anlik kesim
gorlintiisi.

2%

Sekil 27. Yildiz-besgen kesim.

3.1.2. Doner Tablah Kesimler

Doner tablanin eklenmesiyle makine bes
eksenli de calisabilmektedir. Sekil 28°de
sunulan gorsel ii¢ boyutlu olarak Solidworks
programinda g¢izilerek .sldprt uzantisiyla
kaydedilmistir.

28

o suwisiw

[
aman.

NG

L,

i | AT

“ wS:ekll 28. Solidworks programinda gizilmi-égékilﬂf

Cizimi yapilmak istenilen. sldprt uzantili gorsel
igslenerek makinenin ¢alismasi icin gerekli olan
G-kodlart Esprit programinda hazirlanmistir.
Sekil 29’da Esprit programinin araylizii ve
kesim yolu goriilmektedir.
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Sekil 29. Esprit programimin arayﬁz(i)ij

Sekil
simiilasyonu, Sekil 31°de ise bes eksenli makine
tamamlanan

30°da ¢izimi hedeflenen gorselin

tarafindan  kesimi
sunulmaktadir.

parcalar

Sekil 30. Esprit programinda parcanin kesim
simiilasyonu.
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Sekil 31. Burgulu yaz.

4. SONUC VE ONERILER

Tasarlanan makine igin Oncelikle literatiir
arastirmasi yapilmis ve piyasada kullanilan
strafor kesme makineleri incelenmistir. Bu
arastirmalarda mevcut makinelerin birtakim
eksiklerinin  oldugu goriilmiistiir. Mevcut
makineler iki eksenli ya da dort eksenli
calismaktadir. Besinci eksen olarak doner bir
eksenin eklendigi kesim makinelerine imalat
sektoriinde ihtiyag duyulmaktadir. Bagimsiz
kollar1 sayesinde dort eksenli gibi galigsabilen
makineye doner tablanin eklenmesi, makinenin
bes eksenli calisabilmesine olanak saglar.
Kesim sirasinda  hareket ve  sicaklik
parametrelerinin ~ makineye  tanimlanmasi
gerekmektedir. Sicaklik kontroli igin DA
gerilim  regiilasyon devresi tasarlanarak
istenilen kesim sicakligina potansiyometre
yardimiyla ulagilmaktadir. Eksen hareketleri
step motorlar ile yapilmaktadir. G-kodlar ile
eksen hareketleri makine dilinde
tanimlanmakta, MACH3 kontrol kart1 ile de
step motor siirliciileri yonetilmektedir.

Prototip tiretimi yapilan makine ile dort eksen
kesimlere Ornek olabilecek yildiz-besgen
kesimler yapilmistir. Bu kesim tipine ait
sonuclar Sekil 27’de sunulmaktadir. Calismanin
temel motivasyonunu olusturan doéner tabla ile
spiral formlu sekiller kesilebilirken bagimsiz
kollar ile de simetrik olmayan sekiller
kesilebilmektedir. Sekil 31’de doner tablanin
kullanildig1 burgulu yazi kesim formatina ait
kesilen pargaya ait bir gorsel sunulmaktadir.
Doner tablanin kullanilarak sicak telli strafor
kesiminin yapildig1 bir bagka ¢aligma ise vazo
kesimidir. Sekil 32’de strafor kesiminde doner
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tablonun kullanildigt vazo kesim aninin
gorilintiisii, Sekil 33°te ise kesim sonucunda elde
edilen parca sunulmaktadir.

Sekil 32. Vazo kesim anindaki goriintiisii.

by

-

Sekil 33. Burgulu kesim.

Yapilan  test  kesimlerinde = makinenin
gelistirilebilecek yonleri de tespit edilmistir.
Sicaklik hiz  ayarimin  istenildigi  gibi
yapilamadig1 goriilmiistiir. Makinenin yiiksek
hizlar1 i¢in sicaklik diisiik kalmaktadir. Bu
durum gii¢ kaynagindan bagimsiz ayri bir oto
transformator ile diizeltilebilir. Calismalarda
karsilasilan en biiyiik zorluk istenilen ¢izimin
CAM programinda G-koduna
doniigtiiriilmesinde  yaganmaktadir.  Strafor
kesim makineleri i¢in Ozellesmis CAM
programlar1 bulunmamaktadir. CAM programi
eksikligi nedeniyle baz1 kodlar elle yazilmistir.
Bu da hata oranini arttirmaktadir.



Ceylan ve Kabul /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 8:1 (2024) 20-31

KAYNAKLAR

1. Koc, K.H., Erdinler, E.S., Hazir, E., Oztiirk, E.,
“Effect of CNC application parameters on wooden
surface quality”, Measurement, Vol. 107, Pages 12-
18,2017.

2. Cesur E., Cesur M.R., Aydogan B.N., “CNC
Tezgahlarimin Dijital Ikiz Modeli ile Komut
Tamamlanma Siirelerinin Tahmin Edilmesi” Int. J.
of 3D Printing Tech. Dig. Ind., Vol. 7, No. 2, Pages
303-321, 2023.

3. Bal,B.C, “CNC makinelerinin bazi ayarlarinin
parca igleme stiresi ve lif levhanin yiizey
purtizliligi iizerine etkileri”, Malzeme Bolimii.
Mobilya ve Ahsap Malzeme Arastirmalar1 Dergisi,
Cilt 2018 -1, Say1 1, Sayfa 21-30, 2018.

4.  Aydogmus, D., “Dogaltas CNC Makinelerinin
cok kriterli karar verme yontemleri kullanilarak
secimi”, Yiiksek Lisans Tezi, Afyon Kocatepe
Universitesi Fen Bilimleri Enstitiisii,
Afyonkarahisar, 2021.

5. Li, J., Wang Y., Li, Y., Luo W., “Reference
trajectory modification based on spatial iterative
learning for contour control of two-axis NC systems,
IEEE/ASME Transactions on Mechatronics, Vol.
25, No. 3, Pages 1266-1275, 2020.

6. Naqvi, S.Y.A., “Design, prototype, and control
of 5-axis desktop CNC milling machne”, Master of
Science, Graduate School of Natural and Applied
Sciences of Karabuk University, Karabiik, 2014.

7. Gin, M.S., Kaygisiz, H., Cetinkaya, K., “Bes
eksenli besik sistemli CNC tasarimi ve imalat1”, I.
Uluslararas1 Endiistriyel Tasarim Miihendisligi
Sempozyumu (ISIDE14), Sayfa 6-11, Karabiik,
2014.

8. Bakar, M.H.A., Samsudin, M.H., Zamri, M.N.,
Abdullah, R.I.R., Kasim, M.S., Abdullah, A.,
“Development of three-axis mini milling machine
for small scale production”, Applied Mechanics and
Materials, Vol. 761, Pages 273-276, 2015.

9. Rahman, Z.A., Mohamed, S.B., Minhat, M.,
Rahman, Z.A., “Design and development of 3-axis
Benchtop CNC milling machine for educational
purpose”, International Journal of Integrated
Engineering, Vol. 15, No. 1, Pages 145-160, 2023.

10. Kuncan, M., Kaplan, K., Ertung, HM., &
Kiiciikates, S., “Design, production and novel NC
tool path generation of CNC tire mold processing
machine”, Journal of the Faculty of Engineering and
Architecture of Gazi University, Vol. 33, No. 3,
Pages 1183-1999, 2018.

30

11. Oztiirk, S., & Kuncan, M., “Kameradan aliman
goriintiiniin CNC tezgahinda gercek zamanli olarak
islenmesi”, BEU Fen Bilimleri Dergisi, Cilt 9, Say1.
3, Sayfa 1251-1263, 2020.

12. Brooks, H., “Plastic foam cutting mechanics
for rapid prototyping and manufacturing purposes”,
Doctor of Philosophy, University of Canterbury,
Christchurch, 2009.

13. Abeysinghe, A., Abeysiriwardena, S.,
Nanayakkarawasam, R, Wimalsiri, W,
Lalitharatne, T.D., Tennakoon, S., “Development of
a numerically controlled hot wire foam cutting
machine for wing mould construction”, Moratuwa
Engineering Research Conference (MERCon),
Sayfa 60—65, Moratuwa, 2016.

14. Mohammed, 1.Q., Kadhum, A.H., “Optimizing
the parameters of hot-wire CNC machine to enhance
the cutting of plastic foam”, Al-Khwarizmi
Engineering Journal, Vol. 15, No. 3, Pages 29-37,
2019.

15. Petkov, K.P., Hattel, J.H., “A thermo-electro-
mechanical simulation model for hot wire cutting of
EPS foam”, International Journal of Machine Tools
and Manufacture, Vol. 107, Pages 50-59, 2016.

16. Karmakar, N., Subbiah, S., “Investigating
bowing of hot wire during cutting of EPS”, Procedia
Manufacturing, Vol. 26, Pages 671-680, 2018.

17. Memon, S., Kalwar, I.LH.,, Memon, A.H.,
Shakir, M., Mustafa, H., Rehman, S.U., “Hot wire
thermopol cutting using CNC machine”, Mehran
University Research Journal of Engineering and
Technology, Vol. 42, No. 4, Pages 19-27, 2023.

18. Syahriza, Aulia, U., Muspika, L., “Design and
development wire cutter CNC for styrofoam
product”, Materials Science and Engineering, Vol.
931, Pages 1-9, 2020.

19. Fahrizal F., Aslam M.F., Anwar N., Isminarti
L., Fitriati A., “Design of styrofoam cutting machine
based on CNC 2 axis using hot wire, Journal of
Computer Engineering, Electronics and Information
Technology, Vol. 1, Issue 2, Pages 63-74, 2022.

20. Ivanovskis, L., “Four axis hot-wire foam cutter
controlled by mindstorms EV3”, Undergraduate
Thesis, Saimaa University of Applied Sciences
Faculty of Technology, Lappeenranta, 2017.

21. Figliolini, G., Rea, P., Cocomello, C.,
“Mechatronic design and prototype of a 4-DOFs hot-
wire CNC cutting machine”, RAAD: International



Ceylan ve Kabul /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 8:1 (2024) 20-31

Conference on Robotics in Alpe-Adria Danube
Region, Pages 591-598, Torino, 2017.

22. Sefkatlioglu, E., “CNC strafor kesme makinesi
tasarimi ve imalati”, Yiiksek Lisans Tezi. Erciyes
Universitesi Fen Bilimleri Enstitiisii, Kayseri, 2015.

23. Bird, J., Electrical circuit theory and

technology”, 5% Edition, Page 19, Routledge
Taylor&Franscis Group, Abingdon, 2014.

31



INTERNATIONAL JOURNAL OF 3D PRINTING
TECHNOLOGIES AND DIGITAL INDUSTRY

ISSN:2602-3350 (Online)

URL: https://dergipark.org.tr/ij3dptdi

APPLICATION OF TOPOLOGY
OPTIMIZATION ON A 3D-PRINTED SHELF
BRACKET

Yazarlar (Authors): Berker Oziin Fenni'®", Ersin Eken'™, Hiiseyin Kaygisiz

Bu makaleye su sekilde atifta bulunabilirsiniz (To cite to this article): Fenni B. O.,

Eken E., Kaygisiz H., “Application of Topology Optimization on A 3d-Printed Shelf
Bracket” Int. J. of 3D Printing Tech. Dig. Ind., 8(1): 32-45, (2024).

DOI: 10.46519/ij3dptdi.1331696
we‘

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



https://dergipark.org.tr/ij3dptdi
https://orcid.org/0009-0000-7604-2600
https://orcid.org/0009-0009-7695-8171
https://orcid.org/0000-0001-6137-2789
https://dergipark.org.tr/en/pub/ij3dptdi/archive

APPLICATION OF TOPOLOGY OPTIMIZATION ON A 3D-PRINTED
SHELF BRACKET

Berker Oziin Fenni®"™'*, Ersin Eken*"*', Hiiseyin Kaygisiz

*[stanbul Gedik University, Engineering Faculty, Mechanical Engineering Department, TURKEY
bIstanbul Gedik University, Vocational School, Machinery Programme, TURKEY

*Sorumlu Yazar: berker.ozun@hotmail.com

(Received: 24.07.23; Revised: 24.11.23; Accepted: 31.01.24)

ABSTRACT

In this study, the topology optimization approach was adopted to reduce the material used in
manufacturing. Specifically, the mass optimization technique was deemed suitable. Mass optimization
eliminates the parts that don't affect a bracket’s overall strength while under load, resulting in weight
reduction and material savings. Two shelf brackets were designed to test this theory and were subjected
to mass optimization. A static structural analysis of this optimized model was carried out to confirm the
optimization findings. These designs were then manufactured using the 3D-printing process. The yield
points were next determined by performing a uniaxial tensile test on the shelf brackets. The outcome of
the tests was subsequently compared with the simulation results, and a cost analysis model was created
as an output. Ultimately, a reduction of 70% in mass was achieved with acceptable structural strength.
In related optimization studies, the connecting part of an unmanned aerial vehicle's landing gear has
been optimized resulting in fuel savings. The theory that topology optimization may be used to make
both light and stiff parts at the same time has been proven by the results of this research as well as other
studies that have been done on the same topic.

Keywords: Topology optimization, finite element analysis, 3D-printing, CAD.

1. INTRODUCTION As a result, the finite element analysis (FEA)
With the rapid advancement of the was created to address these problems in
manufacturing  industry, the need for engineering. This matrix-based method has then
lightweight and durable parts has increased enabled the use of structural analysis methods
exponentially. To accommodate this, research in engineering. In the years that followed, the
has been carried out to find ways to make goods FEA approach was improved, and methods for
faster at a lower cost. Therefore, developing and structure optimization were introduced.
manufacturing these parts has become
increasingly important with time. Structural optimization, also known as topology
optimization (TO), reduces the amount of
In industries such as automotive, there is a material used by only assigning it to the parts'
continuing need for lighter and more durable load-bearing regions and eliminating it from the
parts. In order to sell more cars, the regions that have the least effect on the design's
manufacturers always competed for better fuel strength and natural frequency. Numerous TO
efficiency. As the vehicles get lighter, it will techniques are available nowadays that may be
result in a reduction in fuel consumption as used according tothe intended use and
well. Consequently, mass optimization is a compatibility of the design [2].

possible approach to reducing fuel consumption
in vehicles [1].
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The FEA is a numerical method used to derive
approximate solutions for various engineering
problems. This method allows for analyzing
stress, heat transfer, fluid mechanics, and
electromagnetism problems that exhibit time
dependence, independence, linearity, and
nonlinearity. According to Moaveni [3],
simplification techniques, such as iteration and
approximate mathematical methods, have
solved complex engineering problems typically
addressed by applying mathematical formulas
and expressions.

Moaveni [3] asserts that Courant is widely
recognized as the individual who pioneered the
finite element method in 1943. The next
significant advancement in
applying FEA commenced during the 1950s
when Boeing incorporated triangular tension
elements to model aircraft wings.

In 1967, Zienkiewicz and Chung published the
first work in this field. Then, in the late 1960s,
MSC created the first piece of FEA software,
NASTRAN.  Subsequently, the ANSYS
software was developed in 1971. ANSYS can
perform various types of analysis, including
static, dynamic, heat transfer, fluid mechanics,
and electromagnetism analyses [4]. Numerous
software applications for FEA have been
developed over time.

Node

Element

Figure 1. Depiction of elements and nodes in FEA

[5].
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In order to perform structural analysis, the
model must be meshed. The process of dividing
the model into discrete elements and nodes is
called meshing, as seen in Fig. 1. As the
quantity of elements increases, the number of
iterations will correspondingly increase. This
progressive increase in iterations leads to a
convergence towards the actual result, thereby
enabling the determination of a more accurate
and refined outcome.

Upon the completion of meshing, it is vital to
assign mechanical properties and material
characteristics to the model. Typically, these
characteristics encompass Young's modulus,
which pertains to elasticity, and Poisson's ratio.
Once the process of mesh modeling has been
finalized, boundary conditions and loads are
subsequently imposed on the elements and the
nodal points. The structural analysis can begin
after these prerequisites are met.

Structural analysis may be classified into two
categories: dynamic and static. This study
involves the execution of linear static analysis.
Stress, shear stress (von Mises stress), principal
forces (principal stresses), the factor of safety
(FoS), and strain or deformation are some of the
things that are looked at in the analyses. The
desired values may be determined by applying
these criteria to the solution [6].

After the analysis has been completed,
structural optimization can begin. TOis a
technique for structural optimization that has
been developed within the realm of FEA. This
method is widely employed across various
industries, including automotive, aviation, and
construction. TO aims to achieve the most
efficient allocation of material within specified
boundary conditions. Regions that do not
significantly impact a part's overall strength and
natural frequency when subjected to a load are
eliminated through conditions that reduce mass
or volume. By employing this method,
resources are conserved, achieving optimal
structural rigidity and the lightest possible
design.
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As illustrated in Fig. 2: The process begins with
the creation of a model. Then the file is
submitted to the analysis software, where
critical parts that are not intended to be removed
are excluded. Next, load allocation and
boundary conditions are put in, generating the
model’s mesh. Subsequently, the optimization
objective is put in. Then, a new analysis is
performed on the optimized model to validate
the analysis findings.

There are numerous studies in the literature that
demonstrate the success of mass optimization.
One of these is a biomedical paper by Ege and
Kiiciik [8]. According to Ege and Kiiciik,
reducing the weight by utilizing particle swarm
optimization on a robotic-type above-knee
prosthesis may enhance battery life. Several
optimizations were carried out to determine the
best outcome. These optimized specimens were
then manufactured using a 3D printer and tested
with a DC motor. The specimen with 60% infill
rate yielded the best results, successfully
increasing the battery life of the robotic
prosthesis by 51%, or 1.89 hours while
maintaining acceptable structural rigidity.

The formulation for mass optimization is as
follows:

(K—w?Mu=f (1)

'K' is the global stiffness matrix, so the global
mass matrix 'M' may also be given as:

K=Y [,K®do 2)

M=3e [ ,MPdo 3)
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The element stiffness matrix, denoted as 'K ®"
and the element mass matrix, shown as 'M®",
are matrices used to analyze a given region 'Q)".
The variable 'i' represents the specific element
being considered. The angular frequency is
represented by '®', the node load vector by 'f,
and the vector displacements by 'u'.
Additionally, 'N,' represents the total elements

[9].

The analysis incorporates structural damping as
a complex element stiffness matrix to
guarantee a solution to Eq. 1 across all natural
frequencies.

n=1nw>0

n=0w=0, @)

Ke =K, (1+ n(a))),{

In order to differentiate the static stiffness
matrix of the undamped system, the number '0'
is added to the subscript. Additionally, 7'
represents the structural loss factor. To address
the given static equation, the value of 'w = 0'is
selected and denoted as 'ug:qtic- The design
variables involve the presence or exclusion of
material in each element. Consequently, the
stiffness, mass matrices, and displacements
depend on these design variables. External load
is assumed to be independent of design
variables [9].

The shape that results from optimization will be
intricate in nature. As a result, the utilization of
traditional manufacturing procedures for these
parts may be challenging. Consequently,
different manufacturing methods must be
considered.

Casting is one of the processes described.
However, the strength of cast parts is not always
satisfactory. Furthermore, for each new part, a
new mold must be made, vastly increasing the
upfront cost of casting. As a result, another
manufacturing method must be considered.
Consequently, additive manufacturing (AM)
was introduced. Later, these intricate
geometries started being produced cheaper
using AM [10].

Fused deposition modeling (FDM), commonly
referred to as 3D-printing, has significantly
transformed the manufacturing sector. This
method enables the rapid and cost-effective
production of structures with intricate
geometries, surpassing the capabilities of
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conventional manufacturing techniques. The
manufacturing of polymeric materials, such as
ABS and PLA, has been prevalent in the initial
stages of this process. However, recent
technological advancements have enabled the
production of metallic components [11,12]

Wohler and Gornet [13] assert that the initial
sample of AM was created by 3D Systems in
1987, known as stereolithography. The
aforementioned procedure is executed through
the utilization of the curing of photosensitive
ultraviolet (UV) liquid polymers or
photopolymer resins. The acronym STL is
derived from the nomenclature of the
stereolithography technique employed in this
additive manufacturing process.

In 1991, FDM was developed. This system
is the precursor to contemporary 3D-printing
machines that employ filaments. The process
involves the introduction of polymer filaments
into the hot nozzle and extruder, which are
deposited in a layered manner on the bed to
fabricate a three-dimensional model, which
may be seen in Fig. 3 [13].

Liguifier head
(X and Y direction)

~/ .

Extrusion nozzles
| Supports
=PART—

== /Foam slab
|_ . - .
\ Build platform
Support (Z-direction)
material
spool

o\Build material spool

Figure 3. FDM printing machine schematic [14].

The strength of 3D-printed parts is influenced
by various factors, including the choice of
filaments and parameters such as layer
thickness, extrusion temperature, infill rate,
printing speed, printing angle, and printing
direction [15].
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Regarding the variation in  strength
concerning the extrusion angle, Gonabadi et al.
[16] stated that the tensile strength decreases as
the extrusion angle approaches 90°. Conversely,
the strength increases as the angle decreases as
seen in Fig. 4, graph a.

As for the printing direction, the tensile strength
of a 3D-printed part is typically weaker in the
deposition direction due to the inherent
characteristics of the deposition process. When
a part is printed along the "Z" axis, it exhibits
reduced strength in that particular direction. The
material in question is referred to as
transversely isotropic, as Gonabadi et al. [16]
indicated (Fig. 4, graph c).

Delaminating these materials within their walls
are comparatively easier than attempting to
crush them in the opposite direction.

The influence of the infill pattern on the tensile
strength of 3D-printed components has been
observed in the research conducted by
Gonabadi et al. [16]. The study examined four
distinct printing patterns. Based on the
examination of the” test results, it may be
observed that both triangle and square patterns
exhibited comparable characteristics. The
patterns of triangles and squares exhibited the
lowest strain levels, as depicted in Fig. 3 (graph
b).

The infill density may also influence the tensile
strength of 3D-printed parts. According to the
findings of Gonabadi et al. [16], it can be
observed that an increase in infill density leads
to an equal rise in tensile strength.

In conclusion, the stress-strain curves depicted
in Fig. 4 illustrate the influence of various
parameters on the tensile strength of 3D-printed
components. In light of this information, the
following parameters were suited to fit this
study: 100% infill density, utilization of a
square printing pattern, alignment along the 0°
flat axis, and adherence to a flat 0° printing
angle.
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Figure 4. Stress-strain curves of the effect of printing angle (a), pattern (b) and axis (c) on tensile strength [16].

When designing solid parts, the FoS must be
taken into consideration. By applying the FoS,
any uncertainty in new designs is eliminated.
Including this coefficient is crucial for
developing a design that ensures safety and
durability over an extended period. The FoS can
be determined based on the purpose of the
design, as well as the anticipated environmental
conditions and expected period of use. The
calculation of this coefficient is typically
performed as follows [17]:

Sy

)

o, =
allow Ndesign

In this context, '04;;0,,' Stands for the safe stress
limit, 'S,," for the failure stress, and 'Ngeg;gr' for
the design factor [17].

Table 1. General FoS according to load types [16].

Load Types Factor of Safety
Static short-term loads 1-2.5
Static long-term loads 2-5
Varying loads 4-10
Repetitive loads 5-15
Fatigue loads 5-15
Impact loads 10-15

Table 1 shows that materials with a factor of
safety below 'l' fail and break. Furthermore, the
factor of safety must be at least 2' to ensure a
durable design [17].
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This study aims to reduce the amount of
material utilized in 3D-printers. In this regard, a
shelf bracket was developed, and its weight was
reduced by applying topology optimization,
resulting in a 70% material savings. Following
that, these brackets were then subjected to a
series of experiments, which verified the results
of the analyses. The most significant innovation
of the study that should be highlighted is that it
gives an example framework that is simple to
follow. The experimental setup requires no
industrial equipment and can be carried out in
any workshop. Furthermore, this study could be
replicated in a wide range of disciplines, from
industrial applications to other experimental
setups.

2. RELATED LITERATURE

Within the existing body of literature, numerous
studies have been conducted to attain enhanced
lightness to optimize material usage with
many research goals in mind.

Ozsoy et al. [18] conducted a study where they
performed mass optimization on an N95-type
mask to save material for 3D-printing. Initially
weighing 66.27 g, the mask underwent
optimization, reducing by 30%, 40%, and 50%
in weight. A decrease in weight was
successfully accomplished, resulting in the
conservation of material.
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In the study carried out by Celebi and Tosun
[19], a mass optimization of 63% was applied to
the samples. Subsequently, the optimized parts
were manufactured with an FDM printer, and
the unoptimized parts were produced viaa CNC
Router. Then, their mechanical properties were
tested, and the results were compared.
Consequently, the machined parts turned out to
be stronger.

The study’s objective conducted by Korkut and
Kogak [20] was to investigate the potential
reduction in the mass of an unmanned aerial
vehicle's nose landing gear fork by
utilizing TO. Based on the findings reported in
the study, it was observed that a saving of 20-30
g of fuel per 100 km can be achieved for every
1 kg of weight reduced in the aircraft. When this
fuel saving is multiplied by the annual flight
time, it was found that 1 kg of weight reduction
may save more than 2 million kg of fuel in a
year. This optimization process reduced the
part's mass from 2.54 kg to 1.51 kg while
maintaining rigidity at a comparable level.

Aslan's study [6] aimed to achieve optimal
geometry in a suspension swing arm by
utilizing TO and lattice structural optimization
techniques. The optimization outcomes were
compared by employing three distinct lattice
types. The initial mass of the object was 1.403
kg. Subsequently, it underwent a series of
reductions, resulting in masses of 1.260 kg,
1.28487 kg, 1.31050 kg, and 1.249988 kg,
respectively. The initial stress level was
recorded as 252 MPa, followed by subsequent
184, 291, 287, and 317 MPa measurements.
Consequently, the outcome of the third category
of lattice optimization yielded the most
desirable solution.

Top et al. [21] conducted a technical analysis of
the bracket associated with the handbrake
mechanism to be produced with AM
techniques. A force of 500 N was exerted on the
fastening holes of the brake mechanism in the
model, resulting in a 43% reduction in the final
mass of the formed shape, which measured
1.272 kg.

37

The study carried out by Demir et al. [22] aimed
to apply topology optimization on a mobile
transportation robot’s chassis to reduce its
weight by 20%. According to their findings,
after the topology optimization application, the
maximum stress value was found to be 48 MPa,
and a value of 5.7 for the factor of safety. In
conclusion, Demir et al. achieved a lighter
design while maintaining structural rigidity.

3. MATERIALS AND METHOD

As seen in Fig. 5, small and large-scale models
with dimensions of 90-90 mm and 155-135 mm
were designed to conduct two different
experiments. The choice was made with the
purpose of breaking one bracket within the test
setup because the analysis results indicated that
the large-scale bracket would not fail when
subjected to the maximum load with the testing
equipment.

RIO hid

90

f 2 Y‘;‘i
L‘\_O_l 30
a
7 | u
1 7G5
1 L__“ ®— @
b

Figure 5. The technical drawings of the two
brackets, Fig. 5-a depicting the 90-90 mm (small)
bracket and Fig. 5-b the 155-135 mm (large)
bracket.

These brackets have been subjected to a short-
term static load in this study. The
testing equipment at hand and the designed
bracket geometry were best suited for this type
of load. Therefore, dynamic loads were not
investigated in this study.
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Then, two designs were created accordingly.
Following the design of the large and small
brackets, initial mass and volume optimization
experiments were conducted using ANSYS.
The element dimension was originally set to 2
mm. However, due to the intricate nature of the
surface, resulting from the application of TO,
the reanalysis of the optimized geometry to
validate the findings encountered mesh quality
errors. In order to address this issue, the size of
the element was reduced to 1 mm and 0.5 mm
respectively. However, the intricacy of the
problem proved to be formidable, to the extent
that even a computer with moderate
specifications, equipped with 16 GB of RAM,
could not resolve it. The small
bracket contained as many as 500,000 elements,
and it couldn’t be resolved.

Because of the unresolved issue, a decision was
made to migrate to Autodesk Fusion 360. Due
to its web-based nature, Fusion 360 operates on
cloud infrastructure. Consequently, it does not
impose any computational burden on the local
machine.

Later, these models were imported into Fusion
360 for analysis. Subsequently, a mesh
assignment was allocated to these components.
The mesh quality was defined as 2 mm. Then,
the load and the fixation of the holes were set as
boundary conditions. Next, the structural
analysis was commenced. The obtained results
later get sent to the module for shape
optimization. This process identifies and
excludes  critical regions by  assigning
appropriate boundary conditions. These critical
regions refer to areas with holes and locations
where the bracket will contactthe wall.
Additionally, the mass reduction technique
eliminates regions with no significant impact on
the component's overall strength and natural
frequency. Afterward, the redundant regions
were modeled and eliminated by projecting the
formed structures onto the main component.

Performing smoothing after the completion of
topological optimization in Fusion 360 is not
recommended due to the additional removal of
material from an already optimized structure,
which may adversely impact its mechanical
properties.
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Following the completion of the design phase,
two samples were fabricated utilizing PLA as
the material in the process of 3D-printing. The
samples consisted of one small-sized and one
large-sized prototype.

According to Dhinesh et. al. [23] studies’ test
results, polylactic acid (PLA) showed better
tensile strength and less deformation than
acrylonitrile butadiene styrene (ABS). Due to
this rationale, the selection of PLA material was
made.

The mechanical and temperature properties of
the PLA used in this study may be seen in the
table below:

Table 2. Characteristics of the PLA used [24, 25]

Properties Unit Value
Density kg/m? 1,28
Tensile Strength MPa 62,9
Yield Strength MPa 56
Young Modulus MPa 2850
Shear Modulus MPa 1070,6
Poisson Ratio 0,33
Charpy Impact kJ/m? 14,2
Nozzle Temperature °C 200-230
Bed Temperature °C 60-75

The average value of the Poisson ratio for PLA
was taken from the study of Ferreira et al [26].

The 90-90 mm prototype underwent a testing
procedure resulting in its failure at a load of
2000 N. According to the simulation results the
bracket was supposed to fail at a load of 1200
N. This corresponds to an error rate of 66.6%.

As for the bracket with 155-135 mm
dimensions, it experienced failure when
subjected to a force of 1000 N. The yield
strength determined from the analysis was
determined to be 3400 N. This discrepancy
represents a 240% margin of error, which is
highly implausible in practical terms.

Upon examination of the internal structure of
the fractured brackets, it becomes evident that a
hollow structure is present. A part manufactured
at a 100% infill rate must exhibit a complete
absence of voids within its internal structure.
The potential causes of this error may include
inaccuracies in the printing parameters or
obstructions within the extruder nozzle.
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Figure 6. The brackets’ internal structure.

As seen in Fig. 6, this is a defective part since
the brackets didn’t fail from its determined area.
The hollow structures may be seen in Fig. 6.
These gaps are minor in the smaller bracket. In
the case of the large bracket, because it is larger
in size, the dimensions of the air gaps have
proportionately enlarged, resulting in a
considerable drop in strength beyond what the
simulation indicated.

This behavior may be attributed to infill density.
The failure of the 3D-printing machine to reach
a complete infill rate led to the production of a
flawed bracket. According to Gonabadi et. al.
[16], the strength of PLA parts will decrease as
the infill rate decreases.

3.1. Different Solution Suggestions

It is crucial to thoroughly examine the nozzle of
the 3D-printing machine to identify and address
any potential issues related to clogging.

When setting up the testing equipment, it is
important to ensure the accurate application of
the load. Otherwise, an inaccurate measurement
may be obtained, and the magnitude of the load
may vary depending on the location of the rope

|

suspension.

Figure 7. Failure resulting from incorrect
placement of the load.
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As shown in Fig. 7., failure under a larger load
than expected by the analysis may be attributed
to a misplacement of the rope's suspension
point, resulting in the application of force from
an inappropriate location.

4. ANALYSIS RESULTS

The static structural analysis and the
optimization results are presented in this
section. Refer to Fig. 8 for the related pictures.

Firstly, the 90-90 mm bracket was subjected to
aload of 1200 N, and then the deformation, von
Mises stress, and FoS value were determined.
Subsequently, a 70% reduction in mass was
applied to the bracket to optimize it. Next, an
additional static structural analysis was
conducted on the optimized bracket to validate
the findings and establish a comparative
analysis with the previous outcomes.

As seen in Fig. 8-a., in the unoptimized
configuration of the 90-90 mm bracket, the
observed maximum  deformation  was
determined to be 0.3481 mm at the tip of the
bracket. At the same time, the mass of the
component was measured to be 149 grams.

Regarding the von Mises stress, it came out to
be 38.31 MPa. Fig. 8-b shows the areas around
the holes with the largest stresses, with the
bottom hole having the highest strains.

As shown in Fig. 8-c, the unoptimized 90-90
mm bracket exhibited a FoS of 1.6419 when
subjected to a load of 1200 N. Consequently, it
can be deemed suitable for long-term load
applications at values below 1200 N.

As shown in Fig. 8-d, the mass has lowered
from 149 grams to 46 grams following
optimization. The optimized bracket was then
subjected to another static structural analysis to
confirm the findings.

In the post-optimization design, the maximum
von Mises stress around the bottom hole
increased from 38.31 MPa to 56.45 MPa, which
may be seen in Fig. 8-e. This is a 47.35%
increase in stress. To confirm whether the
design will fail or not, the FoS was checked.
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Based on the data presented in Fig. 8-f, the
FoS for the lower hole is 0.9921. The FoS
experienced a decrease of 60.44%. Given that
the wvalue is below ‘1°, the bracket will
yield under this load magnitude. It is advisable
to apply values that are below 1200 N for this
small bracket. Next, the magnitude of the load
was halved to achieve a better FoS value.

After decreasing the load to 600 N, an increase
0f 99.98% was observed in the FoS: As seen in
Fig. 8-g, it came out to be 1.984. This design is
deemed safe under this load magnitude and may
be used for long-term applications.

Next, the 155-135 mm bracket analysis was
held. A load of 3400 N was applied to the
bracket. Then the deformation, von Mises
stress, and the FoS values were determined.

As shown in Fig. 8-h, the maximum
deformation was determined to be 0.5123 mm
at the tip of the bracket.

In Fig. 8-i, the max. von Mises stress occurs at
the bottom hole with a value of 52.18 MPa.

In Fig. 8-j, the safety factor of the bracket was
determined to be 1.205, so no yielding will be
observed. However, using it with loads lower
than 3400 N is recommended to be safe.

Subsequently, the mass of the bracket was
reduced by 70%, and it was subjected to another
static structural analysis to confirm these
results. The weight of the 155-135 mm bracket
was decreased to 154 grams after 70% mass
optimization.

As depicted in Fig. 8-k, the maximum von
Mises stress was observed to be 63.24 MPa at
the bottom hole. This means a 21.2% MPa
increase in von Mises stress over the non-
optimized result.

As seen in Fig. 8-1, the 155-135 mm bracket
exhibits yielding due to optimization, as
indicated by a FoS of 0.8499. The FoS
experienced a decrease of 41.78% when
compared to the non-optimized bracket. Then,
the load’s magnitude was reduced by 50%
to attain a FoS value surpassing 0.8499.
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As shown in Fig 9-m, the FoS in the lower hole
increased by 208% to 1.7678 when the load was
reduced. It may be used safely under long-term
loads without yielding under this load.

The table below contains all the analysis results
of the 90-90 mm bracket.

Table 3. 90-90 mm bracket’s analysis data.

Bracket Deformatio Stress FoS Mas
n (mm) (MPa) s (9)

90-90 0,407 28,2 1,984 46

mm 2

optimize

d (600

N)

90-90 - 56,4 0,992 46

mm 5 1

optimize

d (1200

N)

90-90 0,3841 38,3 1,641 149

mm 1 9

(1200N)

It can be seen from Table 3 that there is no
deformation data of the optimized bracket under
a load of 1200 N. The inclusion of this data is
unnecessary as the brackets in question are
expected to fail regardless.

The rest of the analysis results are shown in
Table 4.

Table 4. 155-135 mm bracket’s analysis data.

Bracke Deformatio Stres FoS Mas
t n (mm) S s (2)
(MPa
)
155-135 0,6381 3558 1,767 154
mm 8
optimized
(1800 N)
155-135 - 63,24 0,849 154
mm 9
optimized
(3400 N)
155-135 0,5123 52,18 1,205 512
mm (3400
N)

As in Table 3, the deformation data here is not
needed.
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Figure 8. The analyses results for both brackets, a) The deformation of the 90-90 mm bracket. b) The von
Mises stress of the 90-90 mm bracket. ¢) The FoS of the 90-90 mm bracket. d) The geometric shape resulted
from a 70% reduction in mass through the implementation of topology optimization. €) The von Mises stress of
the 90-90 mm bracket after optimization. f) The FoS of the 90-90 mm bracket after optimization. g) The FoS of
the optimized 90-90 mm bracket under 600 N load. h) The deformation of the 155-135 mm bracket. i) The von
Mises stress of the 155-135 mm bracket. j) The FoS of the 155-135 mm bracket. k) The von Mises stress of the
155-135 mm bracket after optimization. 1) The FoS of the 155-135 mm bracket after optimization. m) The FoS
of the optimized 155-135 mm bracket under 1800 N load.
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5. EXPERIMENTAL RESULTS

After  completing the analyses and
optimizations for both brackets, the obtained
results were converted into STL format and
imported into Prusa Slicer. During the slicing
phase, the layer thickness was determined to be
0.1 mm, the infill rate was set to 100%, and lines
printing pattern was selected for the internal
structure. The nozzle temperature was 210°C,
while the bed temperature was set to 60°C. In
this study, Porima’s PLA filament [27] was
used for the printing material. Under these
conditions, printing for the smaller bracket took
4.5 hours, and for the larger one, it took 20.

Once the manufacturing process was finished,
then the test setup was established. First, a hole
was drilled in a steel workbench. This was done
to ensure that there is no deformation at the
connection points when a load is exerted on
these brackets. Only the bracket should be
exposed to deformation. Therefore, only the
bracket itself is affected when there is yielding.
To mitigate potential damage to the holes in the
bracket caused by screw heads, a washer is
placed between them to facilitate a more
uniform distribution of the load. The side view
of the connection mechanism of the larger
bracket may be seen in Fig. 9.

Figure 9. The connecting mechanism of the 155-
135 mm bracket.

A wooden wedge was inserted between the
rope, which was fastened to the upper part of the
bracket, and its flat surface to achieve a more
uniform distribution of the load on the bracket.
Subsequently, the rope was threaded
underneath the wedge and suspended from the
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digital scale, as depicted in Fig. 10. The digital
scale used has a maximum load capacity of 300
kg or 3000 N.

A long iron bar was attached using a bolt on the
workstation and utilized as a lever to make the
application of force more regulated. To keep the
travel of the lever short, the length of the rope
was kept short as well. To facilitate the lever’s
movement, avoiding excessive tightening of the
nut that secures it to the workbench is advisable.

Figure 10. The load that the 90-90 mm bracket (a)
fails at, and the 155-135 mm bracket withstands
(right), the test setup for the experiment (b).

The experimental procedure involved capturing
footage using a camera with a frame rate of 60
frames per second (FPS). Subsequently, a
screenshot was extracted from the video editing
software, specifically whenthe ultimate
yield occurred. The magnitude of the
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yielding in the smaller bracket was measured to
be 1213.5 N, which may be seen in Fig. 10.

Upon examination, a discrepancy of 1.125%
was found of the failure forces between the
experimental and analytical findings for the 90-
90 mm bracket. This difference in forces is quite
marginal. However, this may be attributed to the
limitations of the analysis software, which
cannot simultaneously  discern  transverse
isotropic and orthotropic structures, also known
as 3D-printed materials. Furthermore, during
the process of manufacture, the filament may
not always adhere properly, resulting in poor
strength. In addition, the digital scale may also
suffer losses, and the slack or flex in the rope
may all contribute to this disparity.

Ultimately, the large bracket overloaded the
scale, enduring a load of 3000 N without any
signs of yielding. This means that the large
bracket is significantly stronger than the small
one.

According to Bell and Siegmund [30], the
strength of 3D-printed components increases as
their size grows. Experimenting with small and
large specimens, they determined that larger
specimens would fail at higher stresses. This is
attributed to the size of the layer thickness. As
the size of the layer thickness increases, its’
strength will increase as well.

6. COST ANALYSIS

Based on the data provided by Porima [27], the
cost of 1 kg of PLA filament is 15.08 USD. This
amounts to 0.01508 USD per gram. So, the cost
of filament utilized in this study may be
determined by multiplying the filament quantity
and its unit cost:

C=nxm=xg (6)

Here 'C' equates to the total cost to manufacture
one bracket. 'n' represents the number of
brackets to be manufactured, 'm' represents the
total mass of filament used, and 'g' denotes the
cost of filament per gram.

The combined cost of a 90-90 mm and a 155-
135 mm bracket equals just over 3 USD.
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According to this cost analysis, mass
optimization has resulted in a 70% reduction in
the production cost of these shelf brackets.

7. CONCLUSION

This study demonstrates the feasibility of
improving lightness and rigidity while
achieving material savings through various
optimization techniques. There has been a
logical trend toward producing complex
structures utilizing multiple materials and
AM techniques in recent years.

A significant reduction of 70% in mass has been
successfully achieved, resulting in the
development of a safe design capable of
withstanding loads below 3000 N. When
comparing the findings of this study to the study
conducted by Yildiz [28], it can be observed
that the application of TO was more effective in
our study. In Yildiz's study, applying TO reduce
the weight of the control arm by 13.5%,
meanwhile increasing the maximum stress by
24.16%. The findings of our study indicate that
there was a modest 17.5% increase in maximum
stress when comparing the optimized and
unoptimized 155-135 mm brackets while
reducing their mass significantly.

Based on this study's empirical and theoretical
evidence, the idea suggesting the feasibility of
concurrently generating light and highly rigid
components through topology optimization has
been proven.

This study could be more precisely replicated
using alternative  test equipment. Better
precision may be achieved by designing a
specimen  specifically  engineered  for
experimentation within a hydraulic press.
Additionally, ANSYS may potentially be used
to examine dynamic loads with a simpler
design. Then this part may be tested using an
axial accelerometer to confirm the analysis
findings [29].
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Consistent with the project's objectives, the
analytical and  experimental  processes
effectively demonstrated material conservation,
lightweight construction, and structural rigidity.
By carefully considering the design options and
criteria outlined in the study and considering
alternative solution proposals, this research may
be replicated and expanded upon by employing
different topology and production techniques.
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Bu calismada, ozellikle katmanli iiretim sorunlarmin iistesinden gelmek igin gelistirilmis, bes
serbestlik derecesine sahip yeni bir sistem &nerilmistir. Onerilen sistemde, benzer sistemlerden farkli
olarak, X ve Z eksenleri boyunca, sisteme donme hareketleri dahil edilerek, geleneksel ii¢ serbestlik
dereceli yapi, bes serbestlik derecesine cikarilmistir. Belirtilen serbestlik derecelerinin sisteme
eklenmesiyle, geleneksel sistemlerin aksine, parca yiizey biitinliigiiniin iyilestirilmesi, iiretim
siiresinden tasarruf ve flretimde kullanilan destek parga kullaniminin azaltilmasi saglanacaktir.
Calismada, oncelikle, sistemin kavramsal tasarimi tanimlanmistir. Daha sonra sistemin kinematik ve
dinamik modellerini belirlemek i¢in matematiksel analizler kullanilmistir. Sistemin eksen hareket
performansini degerlendirmek i¢in oransal-integral-tiirev (PID) kontrol teknigi kullanilmis ve gergek
zamanli test caligmalar1 yapilmistir. Bu ¢aligmanin literatiire temel katkisi, iiretim teknolojilerine yeni
bir bakis agisi sunmak, sanayideki doniisimii yonlendirmek, gelecekteki iiretim siireglerini
sekillendirmek ve endiistriyel yeniligi tetiklemektir. Onerilen sistem ile geleneksel eklemeli imalat
yontemlerine gore daha esnek, siirdiiriilebilir, uygun maliyetli, daha hassas ve yiiksek is hizlarina
ulasabilen bir iiretim modeli olarak literatiire sunulmaktadir.

Anahtar Kelimeler: Eklemeli Imalat, Paralel Manipiilatér, 5 Serbestlik Derecesi, 3D Yazict.

MATHEMATICAL ANALYSIS AND REAL-TIME CONTROL OF A
ROBOTIC SYSTEM WITH 5 DEGREES OF FREEDOM PARALLEL
KINEMATICS STRUCTURE THAT CAN BE USED IN ADDITIVE
MANUFACTURING TECHNOLOGIES

ABSTRACT
In this study, a new system with five degrees of freedom has been proposed to overcome additive
manufacturing problems. In the proposed system, unlike similar systems, the traditional three-degree-
of-freedom structure is increased to five degrees of freedom by including rotational movements along
the X and Z axes. By adding the specified degrees of freedom to the system, part surface integrity will
be improved, production time will be saved and the use of support parts used in production will be
reduced. In the study, first of all, the conceptual design of the system is defined. Mathematical
analyzes were then used to determine the kinematic and dynamic models of the system. To evaluate
the axis movement performance of the system, proportional-integral-derivative (PID) control
technique was used and real-time test studies were carried out. The main contribution of this study to
the literature is to offer a new perspective on production technologies, direct the transformation in the
industry, shape future production processes and trigger industrial innovation. The proposed system is
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presented in the literature as a production model that is more flexible, sustainable, cost-effective, more
precise and can reach high work speeds compared to traditional additive manufacturing methods.

Keywords: Additive Manufacturing, Parallel Manipulator, 5 Degrees of Freedom (DOF), 3D Printer.

1. GIRIS

Eklemeli imalat teknolojisi, son yillarda tiretim
endiistrisinde 6nemli bir devrim yaratmis ve
lglincii sanayi devriminin temel taglarindan
biri olarak kabul edilmistir. Onemli ekonomi
dergilerinden biri olan “The Economist”
dergisinde yayimlanan makaleye gore, bu
teknoloji 6zellikle karmagik geometrilere sahip
driinlerin {iretimini mimkiin kilarak, endiistri
tizerinde biiyiik bir ilgi uyandirmistir [1].

Giliniimiizde, karmagik geometrilere sahip
triinlerin iiretiminde 6nemli bir rol oynayan
eklemeli imalat teknolojisi, siirekli olarak
gelismekte ve literatiirde birgok arastirmaya
konu olmaktadir. Bu teknolojinin her gegen
giin 1iyilestirilmesiyle, Tretilen riinlerin
mukavemeti arttirilmakta [2], ylizey kalitesi
optimize edilmekte ve iretim  siiresi
kisaltilmaktadir. Geleneksel iiretim
yontemlerinde, 3 dogrusal serbestlik
derecesine sahip takim tezgdhlar1 veya
yazicilar, iriinlerin dretiminde destek adi
verilen ek parcalara ihtiyag duymaktadir.
Ancak, bu destek parcalari, {iretim maliyetini
artirmakta, komplike parcalarin {iretim siiresini
ve silirecini karmagik hale getirmektedir.
Gliniimiiz  sanayisinde, klasik 3 eksenli
eklemeli imalat sistemlerin iretim
islemlerindeki sinirlamalar1 agmak i¢in cesitli
donanimsal gelistirmelere odaklanilmaktadir.
Bu gelistirmeler arasinda, farklt kinematik
yapitya sahip veya daha yiiksek serbestlik
derecesine sahip sistemlerin tasarimi 6nemli
bir yer tutmaktadir. Karmasik geometrili
pargalarin tiretimi, eklemeli imalat
teknolojilerinde, 6zellikle ¢ok eksenli paralel
kinematik robotik sistemlerin kullanilmasiyla
onemli dl¢iide kolaylastirilmistir. Bu sistemler,
karmasik  geometrilere  sahip  {dirlinlerin
iiretiminde var olan kisitlamalarin {istesinden
gelerek driinlerin  daha etkili bir sekilde
tiretilmesine olanak saglamaktadir [3]. Bu

baglamda, eklemeli imalat teknolojisinin
gelistirilmesi ve yeni kinematik yapilarin
kullanilmas1 sayesinde, iiriin mukavemeti,

ylizey kalitesi ve iiretim siiresi gibi kritik
unsurlarin, endiistriyel uygulamalarda
iyilestirerek, bu alanda daha verimli ve
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rekabetci ¢oziimler sunma potansiyeli elde
edilecektir.

Uste belirtilenler ~ dogrultusunda, paralel
kinematik yapiya sahip sistemler, Ozellikle
eklemeli imalat teknolojileri i¢in yapilan
iiretim adiminda, kartezyen sistemlere kiyasla,
daha yiiksek dogruluk ve parca isleme hizi
potansiyeli nedeniyle tercih edilmektedir.
Yapilan arastirmalarda, eklemeli imalat
teknolojilerinde bir adim o6ne ¢ikan farkli
paralel kinematik yapiya sahip sistemlerde,
sistemde kullanilan 4 ayr1 motora baglanan
ayaklar yardimiyla 3 oteleme ve 1 donme

hareketi saglanabilmektedir. Belirtilen
kinematik yapmnim, Z ekseni etrafinda
gergeklestirdigi donme hareketi sayesinde,

sistem tlizerindeki serbestlik derecesini ddrde
¢ikardigi ve bu sayede parga iiretim siiresinin
kisaltilabildigi gosterilmistir [4-12]. Bir diger
caligmada, X ekseni etrafinda donme
yetenegine sahip bir paralel kinematik yapi
olan, Delta tipi sistem gelistirilmis ve bu
sayede sistemin hareket kabiliyeti arttirtlmistir

[5].

Belirtilen ¢aligmalardan farkl olarak, eklemeli
imalat teknolojisinin mevcut zorluklarina
¢Oziim getirmek amaciyla, Onerilen bu
caligmada, paralel kinematik yapiya sahip yeni
bir 3B yazici gelistirilmistir. Geleneksel 3
dogrusal serbestlik derecesine sahip sistemlerin
aksine, bu ¢aligmada 6nerilen tasarim, X ve Z
eksenlerine kazandirilan donme hareketleri
sayesinde 5 serbestlik derecesine ulasilmis,
besinci serbestlik derecesi tabla {izerine
yerlestirilen ayr1i bir motor yardimiyla
saglanmistir. Benzer kinematik yapilardan
farklt olarak, Onerilen kinematik yapimiz
sayesinde, sistem bir biitiin olarak es zamanl
caligmakta ve bunun sonucunda da daha hassas
ve daha hizli parca iiretim saglanarak, iiriin
mukavemetini  artirmayi, dalgali  yiizey
kalitesini iyilestirmeyi ve iretim siiresini
kisaltmayr hedeflemekteyiz. Ayrica, Onerilen
sistemde X ve Z eksenlerinde donme
hareketinin kullanilmasiyla, parca ylizeyine
paralel kavisli katmanlarm olusturulmasi
hedeflenmektedir. Bu sekilde, geleneksel
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sistemlerde  gereken destek pargalarinin
kullanimindan kacinilarak iiretim siireci daha
verimli hale getirilmektedir.

Bu makalede, Onerilen sistem i¢in Oncelikle
hem mekanik hem de elektriksel bilesenleri
iceren konsept tasarimi sunulmus ve ardindan
sistemin kinematik ve dinamik modeli yapilan
matematiksel analizlerle belirlenmistir. Son
olarak PID kontrol teknigini kullanilarak sz
konusu sistemin eksen hareket performanslar
yapilan gergek zamanli test c¢aligmalar ile
gergeklestirilmistir. Bu caligmanin literatiire
asil katkisi, geleneksel 3 boyutlu yazicilardan
farkl olarak iiretim maliyetlerini azaltabilen ve
daha yiiksek hizlarda daha hassas galisabilen
yeni bir paralel kinematik yapiya sahip 3
boyutlu 5 serbestlik derecesine sahip yazicinin
konsept tasarimi hakkinda bilgi vermektir.

2. 5 SERBESTLIK DERECELI
YAZICININ TASARIMI

Sekil 1 ve 2'de gosterildigi gibi, tasarlanan 3D
yazici sistemi, dort kinematik zincirle birbirine
baglanmis sabit ve hareketli bir platformdan
olusmaktadir. Bu platform, iki adet PR(Pa)U
ve iki adet PR(Pa)R kinematik zinciri
icermektedir. Sistemdeki R, P, U ve Pa
terimleri sirasiyla doner, prizmatik, {iniversal
mafsal ve parallelogramlar1 ifade etmektedir.
Kinematik zincirlerin temel bileseni, diizlemsel
dort barli paralelkenar yapisidir. Her bir
paralelkenar yapisi, dort bagimsiz dogrusal ray
sistemine monte edilmis araglar aracilifiyla
hassas bir kontrol saglamaktadir.

3D

Paralelkenar  yapisint  olusturmak  igin
kullanilan arabalar, her bir baglantiya kiiresel
mafsallar araciligiyla baglanmaktadir. ikinci ve
iiclincli kollar, hareketli platforma kiiresel
mafsallar aracilifiyla baglanirken, birinci ve
dordiincii kollar dolayli bir sekilde hareketli
platforma baglanmaktadir. Her bir baglanti
elemani, hareketli platforma doner bir mafsalla
baglanmigtir. Hareketli platform, mevcut
manipiilator i¢in 3-DOF Gteleme ve x-yoniinde
1-DOF donme hareketine izin veren bir yapiya
sahiptir (Sekil 1 ve Sekil 2). Z yoniindeki
donme hareketliligi ise bir doner tabla
kullanilarak saglanmaktadir.
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SIS

|Bilyal: Vida,

Dogrusall
Klavuz

~2-4 Seddic |

Step
Maotor

Sekil 1. Onerilen 5 DOF paralel mekanizmasinin
yapisl.

HareketliTabla [

1

Sekil 2. Onerilen 5 DOF paralel mekanizmasinin
baglantilar1 ve hareketli platformu

3. 5 SERBESTLIK DERECELiI 3D
YAZICININ MATEMATIKSEL
MODELLENMESI

3.1. Onerilen 5-DOF 3D Yazic1 Makinesinin
Ters Kinematigi

Konum ve yonelim degerleri verildiginde,
hareketli bir platformun istenilen konuma ve
yonelime ulasabilmesi igin gerekli olan
baglarin acisal konumlarim1  hesaplamak,
kinematik analiz olarak adlandirilir [18]. Bu
analizde, dogru bir sistem kontrolii ve ayni
zamanda sistemin dinamik modelini etkili bir
sekilde  belirleyebilmek i¢in, kinematik
analizin hassas bir bigimde gerceklestirilmesi
gereklidir. Paralel mekanizmalarin kinematik
analizi ic¢in literatlirde ¢esitli yOntemler
bulunmaktadir. Bunlar ydntemler arasinda,
geometrik yaklasim, vektor cebri metodu,
Denavit-Hartenberg metodu ve  Bezout
yontemleri yer almaktadir [13-16]. Ek olarak
kinematik analiz i¢in son yillarda Nelder-Mead
ve genetik algoritmalardan da
faydalanilmaktadir [17].
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Bu ¢aligmada, mekanizmanin ters kinematik
analizi ic¢in vektdr cebri yoOntemi tercih
edilmistir. Analizi gercgeklestirebilmek
amaciyla, sistemle ilgili bir vektér diyagrami
Sekil 3'te sunulmustur. Kinematik zincirlerin
benzerligi nedeniyle, bu zincirlerden sadece bir
tanesi 'i' indeksi ile temsil edilmistir. Sekil 3'te
gozlemlenebilecegi iizere, global koordinat
sistemi {O} orijinine sahiptir ve bu koordinat
sistemi  x,, ¥, Ve z, Dbilesenleri ile
tanimlanmugtir.

YO

Sekil 3. Onerilen manipiilatoriin kinematik
modellemesi igin vektor notasyonu

Her prizmatik eklem icin, global koordinat
sisteminin orijini ile raym baglangi¢ noktasini
birlestiren a; vektorii kullanilmistir; araba
iizerindeki i prizmatik eklemine bagli olan d;
vektorii ise rayin yerel baslangic noktasini
gostermektedir. [; vektoriiniin  biytkligi, i.
baglant1 kolunun uzunluguna esittir. Ayrica, c;
vektor, i. konektére bagli olup, kiiresel
eklemlerin  orta  noktasindan  baglayip
konektdriin doner ekseninde sona eren bir
vektordiir. Ancak, i = 2,4 durumlar igin,
mekanizmanin yapist geregi c¢; vektorii 0'a
esittir. b; vektorii, Sekil 3'te belirtildigi gibi,
hareketli ~ platformun {P} merkezine
sabitlenmistir. Ayn1 zamanda, b; vektorii, yerel
cergeve tarafindan belirlenen paralelkenarlarin
konumunu ifade eder. Tiim kinematik iligkiler,
global cerceve {O}'ya baghh olan sabit
platformu dikkate alarak tanimlanmaktadir.
Sekil 3'te, i. kinematik zincir ig¢in vektorel
esitlik Denklem (1)’de gosterilmektedir.
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Op + ORpri = Oai + Odi + Oli + OCi (1)

Bu denklemde, vektoriin global koordinat

sistemiyle iligkilendirilmesi igin asagida
verilen doniisim ifadesinin  kullanilmasi
gerekmektedir.

°b; = °Rp"b; (2)

Denklem (2)'de temsil edilen °Rp ifadesi,
mekanik sistemdeki Ozellikler nedeniyle
Denklem (3)'te belirtilen bigimde yalnizca x
yoniinde tanimlanmig bir rotasyon matrisidir.

1 0 0
ORp = R, (0) = [O cosB, —sin Bxl (3)
0 sin6, cos6,

Denklem (1) ifadesinde, °d; ve °c; vektorleri
daima birbirine paralel durumdadir. Bu sebeple
d;, d; vektorleri birim vektordiir, dolayisiyla,
Denklem (1), Denklem (4)’teki gibi tekrar
ifade edilebilmektedir.

(p+b; —a; — ¢;d;) — L; = d;d; 4)

Denklem (4)’te ¢; ve d;, sirasiyla ¢; ve  d;
vektorlerinin biiytikliiklerini temsil etmektedir.
L; vektorel ifade ise [; ile gosterilmekte ve
degeri bilinmektedir. Denklem (4)’iin solda yer
alan ifadesi, merkezi p + b; —a; —c;d; ve
yarigapt l; olan bir kiireyi, sagda kalan ifade
ise orijinden ve d; boyunca uzanan bir hatti
belirtmektedir. Usteki ifadeler dogrultusunda,
uzayda bilinen bir kiire ile bir dogrunun
kesisimi, Denklem (4)’lin ¢Oziimiine karsilik
gelmektedir. Belirtilen esdegerlilikler
kullanilarak d; ifadesi Denklem (5)’deki gibi
elde edilebilmektedir.

di=—c;+d";(p+b; —a) )
iJliz —(p+b;—a)"(Izx3 — did";)(p + by — ;)

Vektor analizi kullanilarak tiiretilen Denklem
(5), mekanizmanin belirli bir konum ve
yonelimde bulundugu durumu
tanimlamaktadir. Bu denklem araciligiyla,
mekanizmanin  bu konum ve yonelim
degerlerine ulastirilabilmesi igin gereken d;
uzunlugunu hesaplamay1 miimkiin kilmaktadir.
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3.2. Hiz ve ivme Kinematigi

Denklem (4)iin zamana gore tiirevinin
alimmasi, mekanizmanin hareketli platformuna
ait hiz vektorii, p’yi belirlemek i¢in gereklidir.

p+0ixb; =did; +wy X1; (6)
Bu ifadede, hareketli platformun agisal hiz
genligi, 6, olarak tamimlamir. Denklem (7)™nin
elde edilebilmesi i¢in, Denklem (6)’da verilen
ifadenin her iki tarafi, [; vektorii ile skaler
carpim yapilarak bulunmustur.

li (i X bl)ll .
Dt — 0 7
p Tl (7N

Denklem (8), hareketli bir platformun agisal
konumundan dogrusal konumuna doniistiigii
hiz kinematigi ile ilgili matris goOsterimini
gostermektedir. Bu, elde edilen denklem (7)
kullanilarak elde edilmistir.

I[ (blxll).i]l
| S AT
i il4T (b{x' 14)-2J| [9] 1[9] ®

Bu denklemde, J, sisteme ait Jabobian
matrisini temsil etmektedir. Hareketli bir
platformun ivme ifadesinin elde edilmesi i¢in
hiz ifadesinin Denklem (6)'nin tiirevi
alimustir.

p+6ixb; + 621 x (i X b;) 9)

=d;d; + oy X ; + wy X (W X 1)

Denklem (9)’un her iki tarafi, [; vektori ile
noktasal vektor olarak carpildiginda, sistemin
prizmatik mafsallarina ait ivme ifadesi
asagidaki gibi elde edilir:

3 =L (6 + 60 x by +62((.b)E - b)) . (10)
di-l —(wy-1)” + (g llL)?

3.3. Dinamik Analizi

3.3.1. Ters dinamik

Bilindigi iizere herhangi bir mekanizmanin ters
dinamik analizinin temel amaci, mekanizmaya
ait ug islevcinin belirli bir yoriingeyi dogru bir
sekilde takip edebilmesi i¢in gerekli olan
calistrma  kuvvetlerinin  veya torklarimin
belirlenmesidir [18]. Temel olarak, bu
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kuvvetler veya torklar, matematiksel olarak
sisteme ait eklemlerin konumuna, hizina,
ivmesine ve aym zamanda hareketli
platformun konumuna bagl olan bir fonksiyon
olarak kabul edilmektedir. Tasarimi yapilan
sistemin analitik dinamik modeli Euler
yontemiyle tiiretilmistir. Bu c¢alismada Euler
yonteminin  tercih  edilmesinin  sebebi,
reaksiyon kuvvetlerini dikkate almamasi ve
bdylece sistem konum kontroliinde gerekli
olan kontrolciiler i¢in hizlica hesaplanabilir bir
dinamik modelin elde edilebilmesine olanak
saglamasidir [19-23]. Her bir kinematik zincir
icin kullanilabilecek olan Euler metodunda, her
bir bag, bir rijit cisim olarak kabul
edilmektedir. Bu baglarin analizleri ayr1 ayri
yapilarak daha sonra birlestirilebilmektedir. Bu
sayede bacaklar arasinda meydana gelen
kuvvet veya tork ifadeleri rahatlikla ortaya
koyulabilmektedir. Dolasiyla bu ¢alismada her
bir kinematik zincirin paralelkenarindan
baslanarak hareketli tablaya kadar baglantilar
tek tek analiz edilmistir.

P
(8

Sekil 4. Mekanizmanin serbest ¢izim diyagrami.

Sekil 4’te dinamik modellemede kullanilan
mekanizmanin ve geometrik indekslerin, 3
boyutlu bir gériiniimiinii gostermektedir. Euler
yontemine gore her bir bacak tek tek analiz
edileceginden, bu bacaklarin her birine kendi
lokal  koordinat  sistemi  yerlestirilmesi
gerekmektedir. Bu nedenle her bir paralelkenar
yapisina {L;} ile tamimlanan lokal koordinat
cerceveleri  yerlestirilmistir. ~ Sekil — 4'te
gosterilen A;, B;, C; ve D; her bir zincir igin
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konektorlerin ve paralelkenarlarin baglanti
noktasin1 temsil etmektedir. Ayrica E; ve D;

noktalari, paralelkenarin mekanizmada
kullanilan  arabalara  montelenmesi igin
kullanilan  kiiresel = mafsallarin  merkez

noktalarin1 ifade ederken, G; ve M; noktalari,
paralelkenarin yine mekanizmada kullanilan
hareketli tablaya baglantisin
gergeklestirebilmek i¢cin  kullanilan eklerin
merkezini temsil etmektedir. Sekil 4’te, 1’den
8¢ kadar yuvarlak icine almman rakamlar,
birbirinden bagimsiz kinematik zincirlerin her
bir bilesenini gdstermek i¢in kullanilmistir.
Bununla birlikte, Gji her bir elemanin kiitle

merkezisini ifade etmekte olup burada {ist i
simgesi zincir numarasini temsil ederken, alt j
simgesi eleman numarasini temsil etmektedir.
Sekil 5° te tasarimi tamamlanan mekanizmanin
dinamik analizinde kullanilacak olan ayrintili
serbest cisim diyagrami gosterilmistir.

Sekil 5. Mekanizmanin ayrintili serbest cisim
diyagram

Mekanizmada kullanilan 1. ve 3. ayni1 zamanda
4. ve 2. kinematik zincirler benzer oldugundan
Sekil 5°te sadece 1. ve 4. kinematik zincir ve
bu kinematik zincirlere etki eden kuvvet ve
torklar ayrintili bir sekilde sunulmustur. Sekil
5’te  gosterilen iij (4=2,6,7), Kkiiresel
mafsallardan her bir paralelkenar bacagina etki
etken kuvveti temsil etmektedir. Burada iist
indis i, kinematik zincir sayisini, alt indis j,
eleman sayisimt ve k& ise paralelkenar
bacaklarinda baglanti i¢in kullanilan mafsal
sayisin1 ifade etmektedir. Benzer sekilde,
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‘ j,k»i M; ) (j=3, 5), mekanizmada kullanilan
konnektorler araciliiyla paralelkenar
baglantilarina uygulanan kuvvet ve torklari,
iFGj,i MGj her bir baglant1 bilesenlerinin kiitle
merkezine uygulanan kuvvet ve torklari,
iFRj,i MR]. (j=6) ise donen mafsallarda
meydana gelen kuvvet ve torklar1 ifade
etmektedir. Ayrica, Sekil 5’te gosterilen
U;, Vi x paralelkenarlarin baglanti noktalart
olan A;, B;, C; ve D;’ye dogru uzanan vektorleri
temsil ederken y; ifadesi, kiiresel mafsallardan
her bir paralelkenar bacaginin kiitle merkezine
dogru uzanan vektorii temsil etmektedir.
Bilindigi ~ lizere XM, =Il,a+ w X Il,w
seklinde ifade edilen Euler esitligi kullanilarak
mekanizmanin  global koordinat  sistemi,
orijinine gére tim kuvvet ve torklar
tanimlanabilmektedir. Bunun igin 06nce, her
paralelkenarin E; ve F; noktalar etrafindaki iki
baglantisinin (k=1,2) moment dengesi dikkate
alinir ve ardindan, bunlarin 7; ekseni boyunca
yansitilan ifadeleri tanimlanmaktadir. Bu
durumun matematiksel ifadesi Denklem (11)
ve Denklem (12)’ deki gibidir.

Ujq Xi F3 +)/l Xi Fg4 +Ul”1 Xi F5 (11)
+Ll Xl F6,1+1MG4
. ﬁ'l + (iM3'1+iM5’1) . ﬁ'l = 0

Uy X' F3 +y; X! Fg, — vy, X' Fs + L X' Fg
+Mg,
Ay + (iMg o+ Mg ) - 4, = 0

Jaz)

Denklem (11) ve Denklem (12)’ de ifade
edilen iFG4 ve iMG4 Denklem (13) ve Denklem
(14)’ deki gibi tanimlanmaktadir.

iFG4 =my(g—"a) (13)
M, = —{w; x (Io,0;) + 1,60} (14)
Burada g, yer¢ekimi ivmesini, m;,

paralelkenarin bacaginin kiitlesini ve I,; =
(2T)(1)(2T") ise  global  referans
cergevesinde ve global ¢ergevenin orijininde
ifade edilen paralelkenarin atalet matrisini
temsil etmektedir. I, =1Ig +
my||L;||?diag(0,1,1) ifadesi, Sekil 3'te gosterilen
global referans koordinat sisteminin orijine
gore paralelkenarin atalet matrisi olup,
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5T = [”Z" f; X "i_t” ﬁi] ,i=1,..4 ise
global koordinat sistemine gore {L;} bacagi
tizerine yerlestirilen lokal koordinat sisteminin
doniisiim matrisini ifade etmektedir. Denklem
(1) ve Denklem (2)’nin matematiksel olarak
toplanmas1 ve ayn1 zamanda sistemde bulunan
bacaklarin doner mafsallar yardimiyla sisteme
baglandig1 diislintildiigiinde, bir bagka ifadeyle,
My -A="Ms,-A=0k=12 ile ifade
edilen iliski g6z Oniine alindiginda, Denklem
(15) ile ifade edilen Dbaginti elde
edilebilmektedir.

(L xA) - ("For+'Fg2) = (15)
2(y; X! Fg,+'Mg,) -

Ayrica, paralelkenarlara bagli lokal koordinat
sisteminin $; ekseni boyunca E;, F; etrafindaki
moment bilesenlerinin denge durumu dikkate
alindiginda, Denklem (16) elde
edilebilmektedir.

(L X (For+'Fz)) - 8+ 2(vi X Fo, #1Mg,) -5, =0 (16)

Vektorel 6zdesliklerden biri olan (a X b) - ¢ =
(cxa)-b iliskisi kullanildiginda, Denklem
(16), Denklem (17)’deki gibi ifade
edilebilmektedir.

(L; X 8;) - (‘Fop+1Fs,) =
; ; . (17)
2(y; X' Fg,+'Mg,) - 8

Denklem (15) ve Denklem (17) de elde edilen
ifadeler ~ her bir kinematik  zincirin
paralelkenarlarinin tiim kollar1 i¢in yazilarak

asagidaki denklem sistemleri elde
edilebilmektedir.
1F 1 +1F,
[N] 617 Y62 _ RN] (18)
S Rg

8x12 4’F6,1+4F6,2

Burada, N, S, Ry ve Ry sirastyla Denklem (19),
Denklem (20), Denklem (21) ve Denklem (22)
ile ifade edilmektedir.

(L, xA)T 0 0
N = 0 0 (19)
0 0 (Lyxny)T

4x12

(Lyx3) O 0
s=| o 0 (20)
0 0 (Lyx3)l,,

(y1 x* Fg,+'Mg,) - 4
Ry =2 : (21)
()/4_ X4 FG4+4MG4) * ﬁ4
()/1 ><1 FG4+1MG4) . §1

Ry =2 (22)

>

(va x* Fg,+*Mg,) - 3,
Sisteme ait dinamik modeli elde edebilmek
icin bir sonraki adim ise, Sekil 2° de gosterilen
ve sistemin st hareketli platformu {izerinde
bulunan konnektdrlere etkiyen kuvvetleri ve
momentleri ifade etmektir. Bunun igin, Sekil 5
gbdz Oniine alinarak, hareketli platforma etki
eden kuvvet toplamlart Denklem (23) ile ifade
edilebilmektedir.

"Fr, =" Fo1+'Fs,—'F;, ,i=13 (23)

Burada, ‘F, . doner mafsal tarafindan

konnektére uygulanan kuvvetleri  temsil
etmekte olup Denklem (24)’deki gibi ifade
edilebilmektedir.

iFGG = m6(g_ia60n) ,i=13 (24)

Benzer sekilde Sekil 5’de sunulan serbest
cisim diyagramina gore lR6 ve 3R6’ dan gecen
eksen etrafindaki moment bilesenleri denge

denklemi Denklem (25)’deki gibi ifade
edilebilmektedir.

(ra x (4Fpa+2F;2)) - 1+

(ra X (2Fy,142F;)) -0 (25)
= (rGS XFGB)'i-I_MGB'i
+(Tp X FS) ‘ i + Ms : i_lMRs ° i_3MR6 ‘ i

Burada Mg ,i=13 konnektorlerin doner
ekleminden hareketli platforma uygulanan
momentleri, Fg ve Mg sirasiyla hareketli
platforma uygulanan dis kuvvet ve momentleri
temsil etmekte olup, bu kuvvet ve momentlerin
acik ifadeleri Denklem (26) ve Denklem (28)’
deki gibi ifade edilmektedir.

Fgy = mg(g — acp) (26)

MGS = —{in X (IGgi) + Qngi} (27)
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iMR6 ,i=13nn { boyunca herhangi bir
bileseni olmadigr gercegi g6z Oniine
alindiginda, bir baska degisle, M, -
i=%Mg, -1=0 iliskisi dikkate alindiginda,

Denklem (25), asagidaki gibi yeniden

yazilabilmektedir.

(Axn) - (*F1+4F;,) + (I x 1) 28)
- (*F714%F52)

= (TGSXF68+MGS+TPXF8+M8)'1\

Ayrica  hareketli platforma etki eden

kuvvetlerin toplami Denklem (29)’da yazildig:
gibi tanimlanabilmektedir.

(*F;14*F;5) + (2F;14%F; 5 )+ Fp +2Fp 4 (29)
= FGS + Fg

Denklem (23)’de ifade edilen ‘Fg, ,i=13,
Denklem (26)’da yerine yazildiginda, Denklem
(30) elde edilebilmektedir.

("Foat'Fo2) + (PFp1+°Fy5) + ((Fe1t°Fe )
+(*F 1 4+1F; 5) = YFg +3F, + Fg, + Fg (30)
Denklem 18, 28 ve 30 kullanilarak matris
formunda kuvvet esitligi, Denklem (31)’deki
ifade tanimlanabilmektedir.

1Fg 14+ Fe,
2 2
F71+°F;, _
3F61+3F62 =rly = 31
*F, 1 +4F
[I3x3 I3x3 I3x3 Iiyxs 17"
_|1 0 (Gxmr)T 0 (xr)’
N
S

1 +3Fg, + Fg, + Fo ]
(TGS X FG8 +MGS +rp X Fg +M8) . il
Ry J

Rs

Son olarak mekanizmada kullanilan arabalarin
ve paralelkenarlarin tek bir rijit cisim olarak
kabul edilmesiyle, bunlara etki eden
kuvvetlerin toplam ifadesi asagidaki denklem
ile ifade edilmektedir.

'F, = —{iF;, +2Fg, + (iFj,+
=6 fori
=13and j=7 fori=24

‘Fa)}, J (32)
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Burada ‘F;, mekanizmada kullamilan raylarin
arabaya uyguladigi kuvvetlerdir. Denklemde

yer alan F;  kuvveti asagidaki  gibi
tanimlanmaktadir.
iFGZ = mz(g - dﬁl) (33)

Burada m, arabanin Kkiitlesidir. Bu durumda
sisteme etki eden ve d; vektorii boyunca
uzanan ‘F; kuvvetinin degeri, yani, f, kuvveti
asagidaki gibi tanimlanabilmektedir.
fo="F1-d; (34)
Tek tek gerceklestirilen bu analizlerin ardindan
elde edilen Denklem (31), Denklem (32) ve
Denklem (34)’e gore, sisteme ait ters dinamik
modelinin matris formu, Denklem (35)’deki
gibi ifade edilirken, bu denklem kontrol
teorisinde kullanilan standart formda ise
Denklem (36)’daki gibi tanimlanabilmektedir.

AR A "Fo,+2(F,)
il=lo -~ ol|lrtv+ (35
4fa 0 0 d [ 4Fcz +2 (4Fc4) |
T=M(q)j+C(q,4)q +G(q) (36)
33.2. 3D yazicida kullamlan adim

motorlarmin dinamik modellemesi

Tasarimi tamamlanan 5 eksenli 3D yazicinin
tanimlanan bir yoriingeyi gerceklestirebilmesi
icin, sistemde kullanilan eyleyicilerin belirli bir
hizda ve acida hassas bir sekilde hareket
ettirilmesi gerekmektedir. Proje kapsaminda
tasarlanan sistemde, bes adet hibrid adim
motoru  kullanilmig  olup bu motorlarin
matematiksel analizini yapabilmek icin teoride
tam bir elektromekanik esdeger model
bulunamamaktadir. Bu motorlara ait dinamik
modeli ortaya koyabilmek i¢in elektromekanik
esdeger devre yerine manyetik esdeger devre
modelinden yararlanilmaktadir [24-26].
Manyetik esdeger devre modeli kullanilarak
bir adim motorunun fazlarina ait elektriksel

esitlikler, Denklem (37)-(38)’deki  gibi
yazilabilmektedir.
d
U, =Ri, + Laia — K, wsin (ph) 37
. d.
U, = Riy, + L—i, — Knwcos (p) (38)

dt
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Burada ifade edilen i, U, i, veU, terimleri
sirasiyla, A ve B fazlarma uygulanan kontrol
akimlarint ve buna bagli ortaya c¢ikan faz
gerilimleri ifade etmektedir. Bununla birlikte R
ve L motorlarin fazlarina ait direng ve
induktans degerlerinin, K, motor tork sabitini,
® ve 0 motorun agisal hiz ve konumu, p ise
adim motorunun rotor dis sayisimi ifade
etmektedir. Tasarlanan sistemin mekanik
yapis1 geregi 0 ile ifade edilen motorun agisal
konumu, Denklem (35)’de df ile tamimlanan
dogrusal konum ile iligkilidir.

Kontrol akimi tarafindan belirlenen motorun
cikis torku asagidaki gibi ifade edilebilir:

K {—i, sin(p8) + i) cos(pf)} — T, 39)

dw
=]E+Kvw

Burada ifade edilen J, K,, ve T, sirasiyla motor
milinin ataletini, viskoz soniimleme katsayisini
ve motor miline uygulanan yiik torkunu ifade
etmektedir. Denklem (36), Denklem (37),
Denklem (38) ve Denklem (39)’da ifade edilen
gerilim ve tork denklemlerine Park doniistimii
uygulandiginda, d —q eksenlerinde taniml
gerilim ve tork ifadeleri Denklem (40)’daki
gibi elde edilmektedir.

d
Uy = Rig + L—iq — Lpwi,

Cclit

Ug = Rig + Laiq — Lpwiy + Kpw (40)
i w

Tmotor = Kmlq _IE - Kyw

Denklem (40)’da elde edilen motor ¢ikis torku
ifadesi mekanik sisteme ait ters dinamik
denkleme esitlendiginde tiim sisteme ait
dinamik esitlik Denklem (41)’deki gibi elde
edilmektedir.

M(@)§+C(q,q)q + G(q) = Kniqg — ]G — Kp 41)
Denklem (41)’de matematiksel islemler
yapildiginda, Denklem (41) yeniden Denklem
(42)’deki gibi yazilabilmektedir.

M(q) =i+ (C(q, ) + Kp)q + G(q) = Knig  (42)
Denklem (42) daha basit bir gosterimle
Denklem (43)’deki gibi ifade edilebilir;

M(@)§ + N(q,9) = Kpiq = 7(t) (43)
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B.urada N(q,q) = (C(q,9) + K,)g + G(q)

dir.

4. PID KONTROL TEKNIGi

PID kontrol teknigi endiistriyel sistemlerin
kontrol edilmesinde kullanilan ve geri besleme
dongiisiine sahip bir kontrol yontemidir. Bir
PID denetleyicinin arkasindaki en temel fikir,
bir sensor verisini okumak, ardindan orantisal,
integral ve tiirev yanitlarin1 hesaplayarak
aktliator i¢in en uygun kontrol isaretini
iretmektir  [27]. Bu kapsamda  PID
kontrolciisiiniin matematiksel ifadesi en genel
haliyle Denklem (44)’teki gibi tamimlanir.
Denklem (44); u(t) kontrol sinyalini temsil
etmektedir. Hata gosterim olarak e(t) ifadesi
kullanilmigtir. Set noktasi ile gergek siirecin
(prosesin) c¢ikist arasindaki fark baska bir
degisle r(t) referans arzu edilen deger, y(t)
sistemin ¢ikisi olmak iizere; e(t) =r(t) —
y(t) seklindedir.

t

u(t) = k; f e(t) dt + kye(t) + ky
0

de(t)
dt

(44)

k, oransal katsayidir ve hatanin dogrudan

cikisa olan oransal etkisini, k; integral
katsayisidir  ve hatanin  zaman igindeki
toplammni, k; tlirev katsayisidir ve hata
degisiminin ¢ikisa olan etkisini kontrol

etmektedir. fot e(t) dt hatanin zaman ic¢indeki

toplamin1 ifade eder. Bu denklem, PID
kontrolciistiniin ¢ikisini  belirler ve siirecin
istenen set noktasina en hizli ve diigiik hatayla
ulagsmasini saglamak icin hatanin anlik degeri,
zaman ic¢indeki toplam1 ve degisiminin
birlesimini hesaplar. k,, k; ve k,; katsayilari,
kontrolciliniin performansini ayarlamak igin
kullanilmaktadir.
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5. DENEYSEL
TARTISMA
Paralel kinematik yapiya sahip 5 serbestlik
dereceli robotik sistemin konsept dizaym Sekil
6' da gosterilmistir.

SONUCLAR ve

¥ - = 5
——— A )

J Sekil 6. Tasarimi tamamlanan 3D yazici.

Tasarimi  tamamlanan  sistemin  g¢aligma
performansint degerlendirmek igin Oncelikle
sistemde bulunan 4 ayr1 adim motorunun
kinematik denklemlere ve gelistirilen kontrol
algoritmasina  gore, bagli  bulunduklar
hareketli tabla icin, tamimlanan referans
Oteleme ve donme hareket performans testleri
gergeklestirilmistir. Oncelikle hareketli
tablanm x =0, y=0,z=0 ve 6=0
baglangi¢ koordinatindan x =0, y =0, z =
15cm ve 6 =0 referans koordinatina, 2
saniyede gitmesi hedeflenmistir. Bir bagka
ifadeyle hareketli tablanin herhangi bir
yonelim yapmadan z koordinatinda 15 cm
yukari dogru hareket etmesi amacglanmigtir.
S6z konusu bu referansin sistem tarafindan
gerceklestirilebilmesi i¢in sistemin kinematik
denklemlerine gore 1. ve 3. motorlarin 12,54
radyan agisal konum degerinde saga dogru
doniis yapmasi ve 2. ve 4. motorlarin ise 19.32
radyan agisal konum degerinde saga dogru
donlis yapmasit gerekmektedir. Kinematik
analize gore 1. ve 3. motorlarin 2. ve 4.
motorlara gore daha az doniis yapmasinin
nedeni, 2. ve 4. motorlarin hareketli tablaya
olan baglanti noktalarmin 1 ve 3 gore farkli
olmasindan  kaynaklanmaktadir. ~ Yapilan
deneysel sonuglar1 gére motorlarin agisal
konum degisimleri Sekil 7°de sunulmustur.
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Sekil 7 incelendiginde, s6z konusu motorlarin
2 saniyede ivmeli hareket yaparak ve
hedeflenen agisal konumlardan sapmadan
diizglin bir sekilde referans degerlere vardigi
goriilmektedir. PID kontrolciisii  sayesinde
sirastyla 1., 2., 3. ve 4. motorlarda meydana
gelen son durum kalict hata degerleri, 0.02,
0.03, 0.01 ve 0.035 radyan olarak elde
edilmistir.

x=0, y=0, =15 cm, Teta=0 Referansi igin Motorlarin Pozisyon Degigimi

LB R
- - -
I

\

\

anin Agisal Konum Degisimi {Radyan)
=

Matorl
o N B @ @
T T

. L |
o 0.2 04 06 a8 1 12 14 16 1.8 2
Zaman (Saniye)

Sekil7.x=0, y=0, z=15cmve 8 =0
referansi i¢in motorlarin pozisyon degisimi.

Bir baska referans deger olarak, hareketli
tablanm x =0,y =0,z=15cm ve 6 =0
baslangic  koordinatindan x =15cm,y =
0,z = 15 cm ve 6 = 0 referans koordinatina 2
saniyede gitmesi hedeflenmistir. Bir bagka
ifadeyle hareketli tablanin herhangi bir
yonelim yapmadan z=15 cm yiiksekliginde
sadece x ekseninde 15 cm saga dogru hareket
etmesi amaglanmistir. S6z konusu bu
referansin sistem tarafindan
gerceklestirilebilmesi icin sistemin kinematik
denklemlerine gore, 1. ve 3. motorlarin -18,23
radyan acisal konum degerinde sola dogru
doniis yapmasi ve 2. ve 4. motorlarin ise 15,87
radyan agisal konum degerinde saga dogru
doniis  yapmast  gerekmektedir.  Yapilan
deneysel sonucglara gore motorlarin agisal
konum degisimleri Sekil 8’de sunulmustur.
Sekil 8 incelendiginde, s6z konusu motorlarin

2 saniyede ivmeli hareket yaparak ve
hedeflenen agisal konumlardan sapmadan
diizgiin bir sekilde referanslara vardigi

goriilmektedir. Bu ¢alismada ise 1., 2., 3. ve 4.
motorlarda meydana gelen son durum kalici
hata degerleri -0.015, -0.025, 0.02 ve 0.03
radyan olarak elde edilmistir.
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x=15 cm, y=0, z=15 cm, Teta=0 Referans: igin Motorlanin Pozisyon Degigimi
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Sekil8. x =15cm, y=0, z=15cmved =0
referansi i¢in motorlarin pozisyon degisimi.

Benzer sekilde, hareketli tablanin x = 0,y =
0,z =15 ve 6 = 0 baslangi¢ koordinatindan
x=0,y=15cm,z=15cm ve 0=0
referans koordinatina 2 saniyede gitmesi
hedeflenmistir. Bir baska ifadeyle hareketli
tablanin herhangi bir yonelim yapmadan z =
15 cm yiiksekliginde sadece y ekseninde
15cm  saga  dogru  hareket  etmesi
amaclanmistir. S6z konusu bu referansin
sistem tarafindan gerceklestirilebilmesi i¢in
sistemin kinematik denklemlerine gore 1. ve 3.
motorlarn 11,45 radyan agisal konum
degerinde saga dogru doniis yapmasi ve 2. ve
4. motorlarin ise 28,11 radyan agisal konum
degerinde saga dogru doniis yapmast
gerekmektedir. Yapilan deneysel sonuglari
gore motorlarin agisal konum degisimleri Sekil
9’ de sunulmustur. Sekil 9 incelendiginde s6z
konusu motorlarin, 2 saniyede ivmeli hareket
yaparak ve hedeflenen acisal konumlardan
sapmadan  dizglin bir sekilde referans
degerlere kiiciik bir hata degeri ile vardigi
gorilmektedir. PID kontrolciisii sayesinde
sirastyla 1., 2., 3. ve 4. motorlarda meydana
gelen son durum kalict hata degerleri 0.015,
0.028, 0.015 ve 0.035 radyan olarak elde
edilmistir.

Son olarak, hareketli tablanin x =0,y =
0,z =15 ve 6 = 0 baslangi¢ koordinatindan
x=0,y=0,z=15cm ve 8 = 109 referans
yonelimini 2 saniyede yapmasi hedeflenmistir.
Bir bagka ifadeyle hareketli tablanin herhangi
bir 6teleme hareketi yapmadan sadece x ekseni
etrafinda 10 derece saga dogru donmesi
amaclanmistir.  S6z konusu bu referansin
sistem tarafindan gerceklestirilebilmesi i¢in
sistemin kinematik denklemlerine gore 1. ve 3.
motorlarin  -7,21 radyan agisal konum
degerinde sola dogru doniis yapmasi ve 2. ve
4.motorlarin ise 19,15 radyan agisal konum
degerinde saga dogru doniis yapmast
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gerekmektedir. Yapilan deneysel sonuclar
gore motorlarin agisal konum degisimleri Sekil
10’da sunulmustur. Sekil 10 incelendiginde,
s6z konusu motorlarin 2 saniyede ivmeli
hareket yaparak ve hedeflenen agisal
konumlardan sapmadan diizgiin bir sekilde
referans degerlere vardigi goriilmektedir. Bu
son deneyde ise, 1., 2., 3. ve 4. motorlarda
meydana gelen son durum kalic1 hata degerleri
-0.017, -0.026, 0.024 ve 0.033 radyan olarak
elde edilmistir.

x=0, y=15 cm, z=15 cm, Teta=0 Referans: igin Motorlarin Pozisyon Degigimi
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Sekil9.x =0, y=15cm, z=15cmve 8 =0
referansi i¢in motorlarin pozisyon degisimi.

o

4o =0.y=0,z=15 om, Teta=10 Derece Refernas! igin Motoriarm Pozisyon Degigimi

—

Motortarin Agisal Konum Degisimi (Radyan)

Zaman (Saniye)

Sekil10.x =0, y=0, z=15cmve 6 = 10°
referansi i¢in motorlarin pozisyon degisimi.

Sistemin  referans Oteleme ve donme
hareketleri i¢in yapilan performans
deneylerinden  edinilen  sonuglara  gore

tasarlanan sistem icin yapilan tiim kinematik
analizlerin dogru oldugu ispatlanmis ve
geligtirilen kontrol algoritmasinin da iyi bir
performansta ¢alistigi gorilmistiir. Yapilan
kinematik  analizler, MATLAB yazilim
iizerinde gerceklestirilen sistem performans
testleri, tasarimin  beklenen performansi
sergiledigini gostermektedir. Kontrol
algoritmasi, hareketli tablanin belirlenen
referans Oteleme ve donme hareketleri icin
basarili bir sekilde ¢aligmaktadir. Sistemin hem
mekanik hem de elektriksel bilesenleri igeren
konsept tasarimi, klasik diger sistemlere
kiyasla iiretim maliyetlerini azaltabilen, daha
hassas ve yiiksek is hizina c¢ikabilme
potansiyeli tasimaktadir.
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6. SONUCLAR

Literatiire sunulan paralel kinematik yapiya
sahip 5 serbestlik dereceli robotik sistem,
eklemeli imalat teknolojisine yapilan onemli
bir katki olarak degerlendirilmektedir. Paralel
kinematik yapisi, daha yiiksek dogruluk ve
isleme hizi sunma potansiyeliyle one ¢ikan
sistemde, X ve Z eksenlerindeki donme
hareketleri, triinlerin daha karmasik
geometrilerinin  Gretimini mimkiin kilarak
endiistri uygulamalar1 i¢in ¢esitli olanaklar
sunacaktir. Bu tasarimin, endiistriyel iiretime
potansiyel katkilart arasinda, tiriin kalitesindeki
arti, tretim siireclerindeki hizlanma ve daha
karmagsik pargalarin iiretimindeki kolaylik
bulunmaktadir. Ayrica, daha fazla serbestlik
derecesi sayesinde tasarimcilara ve
miihendislere daha esnek bir iiretim ortami
saglanmaktadir. Ancak, bu yeni tasarimin
ticarilesmesi ve endiistriyel Olcekte
kullanilabilirligi i¢in daha fazla aragtirma ve
caligmalara ihtiyag duyulmaktadir. Ornegin,
sisteme 3 boyutlu yazicilarda kullanilan nozzle
yapisit eklenerek sistemin performans testleri
gerceklestirilmelidir. Sistem lizerindeki
calismalar devam etmekte olup ilerleyen
siireglerde sistemin iiretim performansi iizerine
yeni caligmalarin yapilmasi planlanmaktadir.
Ayrica gelistirilecek yeni kontrol teknikleri ile
sistem kontrol performansi karsilastiriimali
olarak sunulmasi hedeflenmektedir. Bununla
birlikte, tasarimin  genis bir  endiistri
uygulamasimma uygunlugu ve diger {iretim
yontemleriyle karsilastirilabilirligi de
arastirilacaktir.
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0z

Bu aragtirmada, 6gretmenlerin 3B yazici 6grenme ve uygulama deneyimlerinin ortaya konulmasi
amaclanmustir. Arastirmada, nitel arastirma desenlerinden olgu bilim tercih edilmistir. Arastirma, I¢
Anadolu bdlgesinin bir ilinde gorev yapan ve 3B yazici egitimi almis 6 dgretmen ile yiiriitiilmiistiir.
Katilimeilarin belirlenmesinde amacli 6rnekleme yontemlerinden birisi olan 6lgiit 6rnekleme yontemi
tercih edilmistir. Orneklemi belirleme &lgiitii ise dgretmenlerin 3B yazici egitimi almis olmalart
seklinde belirlenmistir. Arastirmada veri toplama araci olarak goriisme formu kullanilmistir. Yari
yapilandirilmis goriisme sorulari arastirmacilar tarafindan hazirlanmistir. Arastirmada veriler igerik
analizi ile ¢oziimlenmistir. Analizler sonucunda elde edilen kod, kategori ve temalar belirlenerek
bulgular tablolar halinde gosterilmis ve tablo altinda katilimcilara ilisgkin dogrudan alintilara yer
verilmistir. Aragtirma sonuglar1, 6gretmenlerin 3B yazici egitimleri ile birlikte 3B yazicilarin ¢aligma
prensiplerini anladiklarini, bu egitimlerle birlikte 3B yazicilar1 derslere entegre edebileceklerini
gostermistir. Ayrica, dgretmenler 3B yazicilar ile ilgili verilen egitimlerin brans bazli olmasi, birebir
deneyime izin vermesi ve kiiclik gruplarla yiritilmesi gerektigi seklinde de Onerilerde
bulunmuslardir.

Anahtar Kelimeler: 3D Yazici, Ogrenme ve Uygulama, Olgu Bilim.

3D PRINTER LEARNING AND APPLYING EXPERIENCES OF
TEACHERS

ABSTRACT

This research aimed to reveal teachers' 3D printer learning and applying experiences. In the research,
phenomenology, one of the qualitative research designs, was preferred. The research was conducted
with 6 teachers who worked in a province of the Central Anatolia region and received 3D printer
training. Criterion sampling method, one of the purposeful sampling methods, was preferred in
determining the participants. The criterion for determining the sample was that the teachers had
received 3D printing training. An interview form was used as a data collection tool in the research.
Semi-structured interview questions were prepared by the researchers. In the research, data were
analyzed by content analysis. The codes, categories and themes obtained as a result of the analysis
were determined and the findings were shown in tables and direct quotes from the participants were
included under the table. Research results showed that teachers understood the working principles of
3D printers through 3D printer training and that they could integrate 3D printers into lessons with
these trainings. In addition, teachers also made suggestions that the trainings on 3D printers should be
branch-based, allow one-to-one experience, and be conducted in small groups.

Keywords: 3D Printing, Learning and Applying, Phenomenology.
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1. GIRIS

1.1. 3B yazici nedir?

Gecmisten giliniimiize teknolojinin  siirekli
olarak  degisim ve gelisim  gosterdigi

bilinmektedir. Teknoloji ilerledik¢e insanlar
yeni buluslar ve tasarimlar ortaya koymaktadir.
Bunlardan birisi de hayatimizda 6nemli bir yeri
olan ii¢ boyutlu (3B) yazicilardir. Toplumun
degismesinde 3B yazicilarmin nasil bir etkisi
olacagi tam olarak bilinmemektedir fakat
ekonomik, sosyal ve teknik olarak bir devrim
yarattig1 soylenebilir [1].

Bilgisayarda yer alan ii¢ boyutlu verilerin
somut nesnelere doniistiiriildiigii makineler 3B
yazicilar olarak isimlendirilir. Bu yazicilar
geleneksel iretim siiregleriyle iretilmesi zor
olan geometrik Ttriinlerin elde edilmesine
imkan tanirlar [2]. 3B yazic1 teknolojisi, diisiik
maliyetli, ¢esitli Ozelliklere sahip ve hafif
triinlerin  Uretimine olanak saglayan bir
teknolojiyi igerir [3]. Bu teknoloji disli gibi
basit {riinleri bir saatten kisa siirede
olusturabilir. Bununla birlikte serbest hareketli
parcalart olan nesneler de {iretebilir [4]. 3B
baski, dijital bir modelden gergek bir nesne
olusturmanin kisa yoludur [1]. 3 boyutlu baski,
yazict  araciligiyla  bilgisayarda  bulunan
programlar yardimiyla tasarlanan verileri
herhangi  bir  arag-gere¢c  kullanilmadan
makineye ileterek ve katman katman
malzemeleri ekleyerek iic boyutlu fiziksel
parcalarin iiretiminin yapilmasidir [5]. 3B
yazicilar, lazer veya miirekkep piiskiirtmeli
geleneksel yazicilara benzer bigimde calisir
fakat ¢ok renkli miirekkepler yerine yavasca
yerlesen toz kullanarak {iriin elde eder. Biitiin
3B yazicilar ortaya ¢ikacak friindeki her
katmanin nasil olusturulacagmi belirlemek
amactyla 3B CAD yazilimimm kullanirlar.
Yazic1 oncelikle sivi regine tabakasini ince bir
sekilde dagitir ve bu tabakanin sertlesmesi i¢in
lazer kullanir. Son olarak kimyasal banyo ile
fazla regine temizlenir [4].

1.2. 3B Yazicilarin Tarihcesi

3B yazicilarinin tarihsel gelisimi su sekilde
ozetlenmistir [6]: Ik olarak 1984 yilinda
Charles Hull SLA teknolojisini kullanarak 3B
yazicisinl ~ gelistirmigtir. 1986 yilinda ise
Charles Hull bir firma kurarak ilk ticari 3B
yazicisini  Uretmistir. Kurulan bu firma
tarafindan 1988 yilinda SLA 250 adindaki ilk
model tanitilmistir. Yine ayni yilda SLS ve
FDM teknolojileri kesfedilmistir. 1993 yilinda
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da Massachusett Institute of Technology (MIT)
iki boyutlu yazicilarda kullanilan piiskiirtme
yonteminden hareketle 3 Dimensional Printing
(3DP) teknolojisini bulmustur. Ayrica ayni yil
icerisinde ilk renkli baski yapilmis ve 1995
yilinda 3B yazicilar satisa ¢ikmaya baglamistir.
1996 yilinda 3B yazicilarin ¢esitli modelleri
piyasaya siirlilmeye ve ilk defa ii¢ boyutlu
yazici kelimesi kullanilmaya baslanmistir.
2007 yilinda RepRap isminde agik kaynak
kodlu 3 boyutlu yazicilar ¢ikmistir. 2008
yilinda kendi pargalarinin %50’sini tiretebilen
RepRap ilk versiyonunu tamamladi. Buna ek
olarak Object Geometries firmasi ayni anda
farkli malzemeleri kullanabilen Connex500
adli modeli gelistirmistir. 2009 yilinda ev tipi 3
boyutlu yazicilarin satis1 artmaya baslamistir.
2011 yilinda  Southampton  Universitesi
diinyadaki ilk 3D baskili ugagini tasarlamistir.
2012 yilinda 3B yazici teknolojisi kullanilarak
kisisellestirilmis z komplikasyona sahip eklem
protezi iretilmistir. 2014 yilinda ilk kez
uzayda ii¢ boyutlu yazict kullanilmistir. 2015
yilinda NASA, 3 boyutlu yazici ile uzayda
tiretim yapmaya basglamistir. 2016 yilinda ise
Adidas ve New Balance gibi biiylik firmalar
3B yazicilarla ayakkabi iiretimi yapmaya
baslamustir [6].

1.3. 3B Yazicilarin Cesitleri

3B vyazicilar katmanli iiretim yOntemiyle
baskilarin1 katmanlar halinde olusturmaktadir.
Uretim  siirecinde  birgok  farkli  teknik
mevcuttur. Bu farkli teknikler 3B yazicilarin
cesitlere ayrilmalarina neden olmustur [7].

Stereolithography (SLA): Charles Hull’'un 3B
baskiy1 buldugunda kullandig1 bir
fotopolimerizasyon yontemidir [8]. Eritilen
materyal lazer ile istenilen sekle getirilerek bir
nesne elde edilir. SLA, olaganiisti
ptiriizsiizliikte baskilar iiretir [9].

Selective Laser Sintering (SLS): En ekonomik
yontemlerden birisidir. Eritilen 6zel toz lazer
kullanilarak istenilen nesneye doniistiiriiliir [9].
Bu yo6ntemin bir yarari, sinterlenmemis tozun
oldugu gibi kalmasi, basilan yapiya destek
saglamast ve diger iriinler igin yeniden
kullanilabilmesidir [8].

Fused Deposition Modelling (FDM): Scott
Crump, bu yontemi 1980'lerin sonunda icat
etti. Yazici, birbiriyle kaynasan katmanlar
halinde bir erimis termoplastik akisi ¢ikarir.
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Katmanlama, model bitene kadar devam eder.
Bu, en ucuz alternatiflerden biridir ve tipik
olarak kiitiiphanelerde kullanilan tiirdendir [8].

Three Dimensional Printing (3DP): Bu yontem
geleneksel miirekkep yazicilarin  galigma
sekline  benzerlik  gostermekle  birlikte
aralarindaki tek fark 2 boyutlu yerine 3 boyutlu
iretim gerceklestirmesidir [10].

MakerBot: Acik kaynakli RepRap sistemlerine
dayanan MakerBot 2012 yilinda piyasada yer
almaya baslamistir. Ac¢ik kaynak kodlu
yazilima sahip ve evde kullanim amaciyla
tretilmistir [11].

1.4. 3B Yazicilarin Giiniimiizdeki Kullanim
Alanlar

3B yazicilar ilk iiretildigi zamanlarda ¢ok
ylksek maliyette olmasimna ragmen oOzellikle
prototip gelistirme siirecinde sanayi alaninda
siklikla  kullanilmistir [12]. Ilerleyen
zamanlarda ise 3B yazicilarin birgok alanda
kullanildig1 goriilmektedir. Bunlar; endiistriyel
imalat, tekstil, insaat, mimarlik, miihendislik,
otomotiv, havacilik, uzay, tip, gida, miicevher,
ayakkabi, giyim ve egitim gibi cok cesitli
alanlardir [1], [3], [13]. Son yillarda ise
genellikle tip alaninda yapay organ iiretiminde,
canli hiicrelerden yapay doku iiretiminde,
savunma  sanayisinde savas ugaklarmin
tretiminde, baz1  gidalarin  iiretiminde
kullanilmaktadir [14]. 3B yazicilarin masa {istii
tiirleri giiniimiizde evlerde de kullanilabilir
hale gelmistir. Yazilim maliyetinin diismesi
yazicilarin insanlarin daha kolay ulasabilecegi
alanlarda kullanimin1  saglamistir. Boylece
evlerde ve egitim ortamlarinda kullanilmaya
baslanmis ve insanlara teknolojik alanda yeni
firsatlar sunulmustur [15].

1.5. 3B Yazicilarin Egitimde Kullanim

Egitim sistemimiz oOgrencilerden var olan
bilgileri kullanarak yeni bilgiler iiretmelerini
ve bu frettikleri bilgiler ile giinliik hayatta
karsilastiklar problemleri ¢Ozmelerini
istemektedir. Ogrencilerden yalnizca okur-
yazar olmalar1 degil aym1 zamanda verimli ve
tiretken bireyler olmalar1 da beklenmektedir
[16]. 3B yazicilarin zaman igerisinde hizli
gelisimi ve kolay ulagilabilir olmasi egitim
alaninda kullanilabilirligini  artirmistir. 3B
yazicilarin erisilebilirlik, uygun fiyat ve
O0grenme potansiyeli gibi 6zelliklerinin olmasi
bu teknoloji hakkinda higbir bilgisi olmayan

61

ogrencilerde dahi ilgi uyandirmuistir [17].
Ancak bu ilgiye ragmen 3B yazicilar egitim
alaninda yogun bir sekilde kullanilmamaktadir.
Bunun sebebi olarak Ogrencilerin  gerekli
donanim ve bilgiye sahip olmama ve 6grenme
siirecinde  kullaniminin  maliyetli olmas1
gosterilmektedir [18]. 3B yazici teknolojileri
Ogrencilerin problem ¢ézmelerine ve yeni bir
irin ortaya ¢ikarmalarina katki  sunar.
Ogretmenler  derslerinde bu  teknolojiyi
ogrencilerin farkli yeteneklerini kesfetmeye ve
¢ok boyutlu diisiinme becerilerini geligtirmeye
yonelik kullanmay1 tercih edebilirler [19].
Egitim i¢in stratejik bir 6nemi olan 3B
yazicilar ilkdgretimden {niversiteye kadar
ozellikle teknik ve mekanik derslerde
ogrencilerin ¢esitli gelisim alanlarina katkilar
saglar. Bu teknoloji dgrencinin hayal giiciinii
gelistirir ve onlara yeni O6grenme firsatlar
sunar [20], [3]. 3B yazicilar &grencilerdeki
elestirel diisiinme, mantik ve mantik kullanarak
problem ¢O6zme ve somut nesne iiretme
becerilerini gelistirmeye yardimci olur [20],
[3]. 3B yazici kullaniminin 6grencilerin somut
O0grenme yagantillarini ve yaratict diisiinme
becerilerini gelistirirken dersin eglenceli hale
gelmesini  sagladigi  sdylenebilir [12]. 3B
yazicilar ile farkli duyu organlarina hitap eden
cesitli materyaller tiretilerek egitsel agidan tam
ve kalict O0grenme saglanmis olur [13]. 3
boyutlu yazicilar ile elde elde nesneler fen
bilimleri dersinde de var olan gozle
gorlilemeyecek kadar biiyilk veya kiigiik
(giinesin katmanlar1, diinya, hiicre modeli,
kromozom yapis1) kavramlar1 somutlastirmaya
imkan saglar [7]. Ozellikle FeTeMM
etkinlikleri Ogrencilerin ¢aligmalar1 ve yeni
fikirler iiretmeleri agisindan motivasyonlarini
artirirken 3B yazicilarm kullanilmasiyla da

Ogrencilerin tasarladiklari modellere
dokunabilmeleri onlara farkli deneyimler
kazandirir [21].

1.6. Alanyazin incelemesi

Kuzu Demir vd. [13], 3B yazicilari tanitmiglar,
egitim ile iligkisini agiklayarak Tiirkiye’de bu
teknolojinin ~ nasil kullanildigma  yer
vermiglerdir. Calismalarinda 3B yazicilarin
egitimde kullanilmasma iligkin ~ Onerilerde
bulunmuslar ve gelecek c¢aligmalar igin
kuramsal temel olusturmay1 amaglamiglardir.

STEM  uygulamalarinda 3B  yazicilarin
kullanimina iligkin fen bilimleri o6gretmen
adaylarinin gorislerini belirlenmesinin
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amaglandigi ~ c¢alismada
adaylarmin 3B yazicilari
destek  saglayan, Dbilgiyi  somutlastiran,
O0grenmeyi kolaylastiran ve 21. yiizyil
becerilerini  igeren bir teknoloji olarak
gordiikleri belirlenmistir. Schelly vd. [22], 3B
yazict teknolojisinin nasil uygulanabilecegini
gormek ve  Ozellikle bilim, teknoloji,
matematik ve miihendislik alanlarinda egitim
miifredatin1 iyilestirmek amaciyla bir atolye
caligmas1  gerceklestirilmistir.  Novak &
Wisdom [23], 3B teknolojisinin &gretmen
adaylarin1 aktif, igbirlik¢i, probleme dayali
o0grenmeye dahil etmenin bir yolu olarak bir
fen bilgisi O0gretmeni yetistirme programinda
nasil tanitilabilecegini ve mevcut bir fen
miifredatina nasil entegre edilebilecegini
aciklamuslardir.  Ogretmen  adaylart  igin
ilkdgretim fen bilgisi sinifinda gelecekteki
Ogrencilerine uygulayabilecekleri bir ders
modeli tasarlamiglar ve proje sonunda
Ogretmen adaylari, 3B teknolojisinin yiiksek
kullanighiligmi, kullanim kolayligmi, tasarim
ve diislinme becerilerini, bilime ve bilimi
Ogretmeye yonelik tutumlarmi gelistirdigine
yonelik diisiincelerini bildirmislerdir.
Holzmann vd. [24], lise 6gretmenlerinin 3B
teknolojilerini  smifta kullanmaya yonelik
davranigsal niyetlerini
arastirmiglardir. Sonuglar, performans
beklentisi, kolaylastirici kosullar, kaygi ve
teknoloji kullamimina yonelik tutumun yeni
teknolojinin benimsenmesini 6nemli o6lgiide

[20], Ogretmen
materyal olarak

etkiledigini  gdstermektedir.  Beklentilerin
aksine, rahatlik beklentisi ve sosyal etki
davranigsal niyeti etkilememektedir.

Dolayistyla bu ¢alisma, bireysel benimseme
stireclerinde yeni bir teknolojiyi kullanmaya
yonelik kaygi ve tutumun 6neminin daha fazla
arasgtirtlmasi gerektiginin altin1 ¢izerek onceki
bilgilere katkida bulunmaktadir. Ford &
Minshall [25], 3B teknolojisinin egitim
alaninda nerede ve nasil kullanilacagma dair
literatiir taramasi yaparak sentezlemistir.
Okullarda, tniversitelerde, kiitiiphanelerde ve
O0zel egitim  ortamlarinda 3B baski
uygulamalarinin aragtirilmasiyla alti kullanim
kategorisi belirlenmis ve tanimlanmistir: (1)
Ogrencilere 3B  baskiy1 ogretmek, (2)
egitimcilere 3B baskiy1 6gretmek, (3) 6gretim
sirasinda bir destek teknolojisi olugturmak, (4)
Ogrenmeye yardimei olan eserler liretmek, (5)
yardimei teknolojiler olusturmak ve (6) sosyal
yardim faaliyetlerini desteklemek. Bu alt1
kategorinin her birinde 3B baski tabanli
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Ogretim  uygulamalarma  dair  kanitlar
bulunmasmma ragmen, uygulama heniiz
olgunlagsmamis ve gelecekteki arastirma ve
egitim politikasi igin 6nerilerde bulunulmustur.
Kékhan & Ozcan [3], 3B yazicilarin egitimde
kullanilmasim1  ve diger kullanilabilecegi
alanlar1 irdelemislerdir. 3B yazicilarin egitim
siirecinde ve egitim sonrasinda birgok
avantajlar getirecegi ongoriilmiis fakat yaygin
olmamasi nedeniyle egitimde daha etkili bir
sekilde kullanilmasi i¢in gesitli yollar aranmast
gerektigi onerilmistir. Ozsoy & Duman [26],
3B yazicilarin  tamitimi ve  egitimde
kullanilmasi iizerine bir ¢aligma yapmislardir.
3B yazicilarm egitimde ve diger alanlarda
kullanilmasiyla Ogrencilerin  daha teknik,
donaniml1 ve becerili olacaklarmi ve {iilkenin
sanayi strateji hedeflerine ulagsmada pozitif
yonde  yonlendireceklerini  diislindiiklerini
belirtmislerdir. Karagdéz & Sahin Cakir [19]
fen bilgisi 6gretmen adaylarinin 3B yazicilar
hakkindaki goriislerini almglardir. Ogretmen
adaylari, 3B yazicilari i¢in okullarda alt yap1
ve teknolojik yetersizligin olmasi, 3B yazicilari
kullanacak egitimcilerin az olmasi ve bu
teknolojilerin maliyetli olmasi seklinde goriis
bildirdikleri tespit edilmistir. 3B yazicilarin
egitim  alaninda  kullanilmasina  yonelik
ogretmenlere aktif katilimli egitimler verilmesi
yoniinde Onerilerde bulunmuslardir. Yildirim
[27], calismalarinda 3B yazicilarin egitimde
kullanimina ydnelik 6gretmenlerin goriisleri
almmigtir. Calisma sonucunda 6gretmenlerin,
3B yazici teknolojisini begendigi ve etkilendigi
goriilmiistiir. Egitimde oOzellikle Fen ve
Matematik bilim dallarinda 3B yazicilarin
onemli bir yeri oldugu ve Ogretim amagh
kullanildigindan son derece faydasi olacagi
belirtilmigtir. ~ Yildinmm  [28],  ortaokul
Ogrencilerinin 3B programlar ve 3B yazicilar
hakkindaki  deneyimleri ve  goriislerini
belirlemeyi hedeflemistir. Ogrenciler
tarafindan 3B yazicilarin begenildigi tespit
edilmistir. 3B yazicilarin kolay ¢izim yapma,
hizli prototip gelistirme, anlamay1
kolaylastirma ve etkili Ogrenme ortamlari
olugturmada onemli bir etkiye sahip oldugu
belirlenmistir. Arslan & Erdogan [29],
gerceklestirdikleri  ¢alismada 3B yazict
etkinliklerinin 6gretmen adaylariin teknolojik
pedagojik alan bilgisi 6z-yeterlikleri ve bu
etkinliklere  yonelik goriigleri  {izerindeki
etkileri belirlemeyi amaglamiglardir. Arastirma
sonucunda 3B yazici etkinliklerinin 6gretmen
adaylarinin Teknolojik Pedagojik Alan Bilgisi
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(TPAB) 0z yeterliklerini gelistirdigi tespit
edilmistir. Ogretmen adaylarmin 3B yazicilarin
beceri gelistirmeye yardimct oldugunu ve
O0grenme, Ogretme siirecine katki sagladigini
diisiindiikleri belirlenmistir. Bununla birlikte
O0gretmen adaylari 3B nesnelerin; 6grenmeyi
kolaylastirmada, soyut kavramlari
somutlastirmada, 6grenmenin kalict olmasini
saglamada, dersleri eglenceli hale getirmede,
yaratic diisiinme, 6zgiin materyal olusturma ve
tasarim  becerilerini  gelistirmede  faydali
oldugunu belirtmislerdir. Bir baska caligmada
Dogru ve Ozsevgec [38], 3 boyutlu
materyallerin  kullaniminin  fen egitiminde
hiicre boliinmeleri iizerinde etkisini
incelemislerdir. Calisma sonuglar1 3 boyutlu
materyallerin 6grenme lizerinde olumlu etkiye
sahip oldugunu gostermektedir. Akyol vd.
[14], 6gretmen ve {istiin yetenekli 6grencilerin
3B vyazict kullanimmin egitsel katkilarina
yonelik goriiglerini belirlemeyi
amaglamislardir. Sonucgta 3B teknolojilerinin
Ogrencilerin bilgi ve becerilerini gelistirdigi,
proje tasarlarken ve iiretirken bu teknolojileri
kullandiklar1  ve bu teknolojilerin  proje
iiretmede Ogrencileri motive ettigi
belirlenmistir. Bir bagka caligmada Aslan vd.
[34] calismalarinda 103 fizik, kimya ve
biyoloji 6gretmeninin 3B kullanim deneyimleri
iizerinde  bir aragtirma  ylriitmiislerdir.
Aragtirma sonuglar1 katilimcilarin 3B model
tasarlamak istediklerini ancak daha once 3B
model tasarlayarak bu modeli derslerinde
kullanmadiklarin1 gdstermektedir. Ek olarak
aragtirmacilar katilimeilarin %97’sinin 3B kati
model tasarlama deneyiminin  olmadig1
belirlenmislerdir. Giileryliz [36], Ogretmen
adaylan ile Robotik kodlama ve 3B yazici
uygulamalarinda STEM  temelli inovatif
diisinme becerileri ve dijital teknolojiye
yonelik tutumlarmi incelemistir. Ogretmen
adaylarinin yapilan etkinliklerde olumlu tutum
sergiledigi sonucuna ulagmaistir.

Aslan ve Celik ise [39] 3 boyutlu baski
teknolojilerinin egitim alanlarinda
uygulanmasina yonelik yerli ve yabanci
caligmalar1 taramistir. Calisma sonuglari egitim
ile 3B baski teknolojisinin her yas ve alana
uyarlanabilir oldugunu ve disiplinler arasi
caligmalarda  biiylik kolaylik sagladigini
gostermektedir.

Aslan [40], Ogretmen
cocukluk egitiminde 3 boyutlu bask:
teknolojisi  kullanimina iligkin ~ gdriislerini
incelemis ve katilimcilarin ilgili teknolojiye

adaylarinin  erken

63

iliskin ylizeysel bilgiye sahip oldugunu isaret
etmektedir.

1.7. Arastirmanin Amaci ve Onemi

Mevcut aragtirma ile 6gretmenlerin 3B yazict
O0grenme ve uygulama deneyimlerinin ortaya
konulmas1 amaglanmistir. Ogretmenlerin 3B
yazicilar hakkindaki 6grenme deneyimlerinden
cikan sonuglarin ileride yapilacak egitimleri
planlama  acisindan  rehberlik  edecegi
disiiniilmektedir. Ayrica Ogretmen goriigleri
dogrultusunda 3B yazicl uygulama
deneyimlerinden  ¢ikan  sonuglarin  ise
Ogretmenlere 3B yazict kullanimi noktasinda
ne gibi zorluklarla karsilastiklari, derste nasil
kullandiklar1  ve  egitime  entegrasyonu
noktasinda yol gosterecegi diistiniilmektedir.
Bununla birlikte bu c¢alisma 3B yazici egitimi
almis Ogretmen ile yiiriitiilmesi noktasinda
onceki arastirmalardan farklilik
gostermektedir. Ek olarak bu ¢aligmanin
katilimcilar1 daha 6nce 3B yazilimi egitimi
almis ve bir materyal tasarlanmasi siirecinde
aktif rol almugtir.

Bu dogrultuda aragtirma sorusu “6gretmenlerin
3B yazic1 6grenme ve uygulama deneyimlerine

iliskin goriigleri nasildir?” seklinde
belirlenmistir.

2. YONTEM

2.1. Arastirma Deseni

Arastirmada, nitel arastirma desenlerinden

olgubilim tercih edilmistir. Patton’a [30] gore
olgu bilim deseni, bireylerin tecriibelerine

iligkin  durumu nasil  betimledikleri ve
deneyimledikleri  ile  ilgilenir.  Mevcut
aragtirmada ise Ogretmenlerin 3B yazici
O0grenme ve uygulama deneyimleri

incelenmeye calisildigi i¢in olgu bilim deseni
ile yiiritiilmiistiir. Bu aragtirmaya ait olguda
ele alinan durum ise 3B yazici 6grenme ve
uygulama deneyimidir.

2.2. Katihmecilar

Arastirma, I¢ Anadolu bolgesinin bir ilinde
bulunan 3B yazic1 egitimi almig alt1 6gretmen
ile yiritilmiistir.  Nitel arastirmalarda
orneklem sayisinin belirlenmesinde géz Oniine
alinmasi gereken kriterlerden biri arastirmanin
odagidir. Aragtirmanin odagina gore bir veya
birka¢ durumun incelenmesi ya da farkh
oOzellikleri tasiyyan grubun tek  bagina
incelenmesi  gerekebilmektedir [33]. Bu
aragtirmada 3B yazici egitimi almis olan
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Ogretmenlerin deneyimlerine odaklanilmistir.
Bu sebeple cinsiyet, mesleki kidem, gorev
bolgesi, brans ve Ogrenim durumu gibi
kriterlere gore farkli  Ozelliklere sahip
katilimcilara ulasilmaya calisilmis ve 3B yazici
egitimi almig bir grup olarak incelenmesi
amaglanmigtir. Katilimcilarin belirlenmesinde
amagli ornekleme yontemlerinden birisi olan
ol¢iit 6rnekleme yontemi kullanilmustir. Olgiit
ornekleme, daha onceden belirlenmis belirli

olarak ifade edilmektedir [31]. Mevcut
arastirmada  ise  katilimci  6gretmenlerin
belirlenmesindeki &lgiit, Ogretmenlerin 3B

yazicl egitimi almig olmalaridir. Katilimer
Ogretmenlerin  gizliliginin saglanmasi adma
kadin oOgretmenler K1, K2 ve K3; erkek
Ogretmenler ise El1, E2 ve E3 seklinde
kodlanmistir. ~ Katilimeilarin ~ demografik
bilgileri Cizelge 1°de verilmistir.

kriterleri karsilayan durumlarin  galigmasi
Cizelge 1. Katilimcilara iligkin demografik bilgiler
s L Mesleki Gorev Ogrenim 3B Yazicilara iliskin Aldig
Ogretmen Cinsiyet Kidem Bolgesi Brans Durumu Egitimler
El Erkek 9 Merkez Teknoloji ve Lisans 3B yazici ile tasarim ve iiretim
) Tasarim kursu
K1 Kadm 12 Ilge Fen bilimleri Doktora 3B yazici ile tasarim kursu
K2 Kadin 11 Merkez Fen bilimleri Y. Lisans 3B yazici tanitimi egitimi
E2 Erkek 8 Merkez Blhslm.. . Lisans 3Vb.0.yult1u tasarim ve baska
teknolojileri egitimi (Online)
: Ikogretim . Tasarim ve beceri atdlye
E3 Erkek 6 lge Matematik Lisans egitmenligi kursu
K3 Kadin 5 Koy Fen bilimleri Y. Lisans  Online egitim
Cizelge 1 incelendiginde katilimcilarin {ig 2.4. Gecgerlik ve Giivenirlik

kadin ve tii¢ erkek Ogretmenden olustugu
goriilmektedir. Bu 6gretmenlerden {i¢ tanesi il
merkezinde, iki tanesi ilge merkezinde ve bir
tanesi koyde gorev yapmaktadir. Ayrica,
Ogretmenlerin mesleki kidemlerinin bes ve 12
yil arasinda  degistigi goriilmektedir.
Katilmcilarin 3B yazicilara iliskin temel
diizeydeki egitimleri aldiklar da
gorilmektedir.

2.3. Veri Toplama Araci

Arastirmada veri toplama araci olarak goriisme
formu kullanilmistir. Arastirmacilar literatiir
taramast  yapilmis  [20-35] ve  yan
yapilandirilmis goriisme sorulari aragtirmacilar
tarafindan hazirlanmistir. Taslak goriisme
sorular1 bir alan uzmani tarafindan incelenmis
ve goriigme sorularma son sekli verilmigtir.
Uzman goriisii sonrasinda soru sayisinda
degisiklik olmamistir. Goriismeler online
olarak Google form araciligiyla
gerceklestirilmistir. Nihai yar1 yapilandirilmis
goriisme  formu iki ana  bdliimden
olusmaktadir. Ik béliimde katilimeilara iliskin
demografik bilgiler bulunurken (alt1 soru)
ikinci boliimde katilimcilarin 3B yazici
O0grenme ve uygulama deneyimlerine iliskin
sorular (alt1 soru) bulunmaktadir.
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Aragtirmada gecerlik ve giivenirlik saglanmasi
adina Onlemler alinmigtir. Arastirmada i¢
gecerlilik saglanmasi adina veri toplama,
analiz ve sonuglarin yazimimnda uzman
incelenmesine sunulmustur. Dis gecerlilik
saglanmasinda amach Ornekleme ydntemi
tercth  edilmistir. ~ Ayrica  arastirmanin
giivenirliginin ~ saglanmasinda  giivenirlik
katsayis1 hesaplanmistir. Arastirmacilar arasi
giivenirlik hesaplanmis ve Miles & Huberman
[32] Goris Birligi/(Gorlis Birligi + Goriis
Ayrilig) formiili ile giivenirlik degeri %86
olarak hesaplanmigtir. Calismanin gegerlilik ve
giivenilirligini artirmak amaciyla katilimct
goriislerinden  direkt alinti  yapilmis ve
katilimeilar K1 (Katilimer 1), K2,... seklinde
ifade edilmistir.

2.5.Verilerin Analizi

Arastirmada  veriler icerik  analizi ile
¢oziimlenmistir. Icerik analizi, birbirine benzer
verileri belli kavram ve tema ¢ergevesinde
birlestirerek  verilerin  anlasilir  olarak
diizenlenip  yorumlanmasin1  saglamaktadir
[30]. Katilimec1 goriigleri metin dosyast haline
getirilerek kodlar olusturulmustur. Bu kodlar

belirli  kategoriler altinda  siralanmuistir.
Kategoriler ise “3B yazict Ogrenme ve
uygulama deneyimleri” isimli aragtirmanin

temasi c¢atisinda toplanmigtir. Kod, kategori ve
temalarin  belirlenmesi siireci  iki farkh
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arastirmaci tarafindan yapilmistir. Ayrica kod,
kategori ve temalarin belirlenmesi siirecinde
uzman gorligleri de alinmigtir. Ardindan bu
veriler tablolar halinde gosterilmis ve tablo
altinda katilimcilara iliskin dogrudan alintilara
yer verilmistir.

3. BULGULAR

Bu calisma kapsaminda 3B yazicilar ile ilgili
egitim almig Ogretmenlerin 3B yazicilara
iligkin goriisleri incelenmistir. Bu kapsamda 6
katilmer ile yar1 yapilandirilmis goriismeler
yapilmistir. Elde edilen bulgular alt basliklar
halinde siralanmigtir.

3.1. 3B Egitimi Alma Sebepleri
Katilmcilarin =~ 3B yazic1  egitimi  alma
sebeplerine 1iliskin veriler Cizelge 2'de yer
almaktadir.

Cizelge 2 Katilimcilarin 3B egitimi alma sebepleri

Tema Kategori Katilimci
.. Kisisel ilgi K1, K2, K3
K‘glsﬁl Bilgi sahibi olmak E2
sebepier Kisisel geligim EL,LE3
Derslerimde etkili K1, E2,E3
kullanmak
Egitsel Fa}jdah olmak . El
sebepler Cagin gereklerine El
uymak
Teknolojiye ayak E3
uydurmak

Cizelge 2 incelendiginde katilimeilarin egitim
almalarmin temel sebebinin kisisel ilgi (f=3) ve
3B yazicilar1 derslerinde etkili kullanma
oldugu (f=3) goriilmiistiir. Bununla birlikte iki
katilme kisisel gelisimlerine katki saglamak
amactyla 3B yazic1 egitimi aldiklarini ifade
etmiglerdir. Bununla birlikte katilimcilar
teknolojiye ve ¢agin gereklerine uyum
saglamak, Ogrencilere faydali olmak ve konu
ile ilgili ayrintili bilgi almak amacryla egitim
aldiklarini belirtmiglerdir. Asagida ornek bir
katilimei goriisii yer almaktadir.

E2: “3B hakkinda ayrintili bilgi sahibi olmak
ve derslerimde etkili kullanmak icin."

3.2. 3B Yazic1 Egitimlerine Tliskin Goriisler
Katilimcilarin =~ aldiklar1  egitimlere  iliskin
goriigleri Cizelge 3'te yer almaktadir.
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Cizelge 3. Katilimeilarin 3B yazic1 egitimlerine
iligkin goriigleri

Tema Kategori Katilimel
Temel egitim alma K1,K2,E2, E3
Faydali E2, E3,K3
Istenilen kalite E3, K3
Derslerde kullanabilme E3

... Ayrintili bilgi sabini olma E2

Pozitif BZSkl teknik%erini O6grenme E2
Ham madde kullanimi1 K1
Teorik-pratik uyumu E3
Ornek projelerin gosterilmesi K3
Iyi diizenlenmis olmasi K3
Deneyim yetersizligi E2, K3
Basit bir tanitim egitimi K2
Detaya yer verilmemisti K2
Plansizlik El

Negatif Denetlenebilirdi K2
Meslek lisesine yonelik K1
Gosteri tarzinda olmast K1
Yiizeyseldi K1
Verim alamadim K1

Cizelge 3 incelendiginde katilimcilarin

aldiklar1 egitime iligkin goriislerinin iki tema
altinda toplandig1 goriilecektir. Bu temalar
"Olumlu elestiri" ve "Olumsuz elestiri"
seklindedir. Olumlu elestiri temasi altinda 10
ifade yer almaktadir. Katilimeilar temel egitimi
aldiklarin1 (f=4), egitimi faydali bulduklarini
(f=3), egitimin kaliteli oldugunu (f=2) ve ¢ok
sayida proje Ornegi gordiikleri igin egitimlerin
etkili oldugunu ifade etmislerdir.

Cizelge 3 incelendiginde olumsuz elestirinde
bulundugu goriilmektedir. Katilimcilar
egitimlerin birebir deneyim yasamalarina izin
vermemesi (f=2), egitimin basit olmasi,
yeterince  detaylandirilmamis  olmasi, iyi
planlanmamig ve denetlenmemis olmamasi
sebebiyle elestirmislerdir. Asagida bu duruma
ornek bir katilimer goriisii yer almaktadir.

K3:  “Almis  oldugum  egitimler  gayet
verimliydi.  Egitim  swrasinda  kullanilan
programin bilgisayara yiiklenmesi siirecinden
itibaren  anlatilmaya  baslandr.  Egitimde
ogretilenleri direkt kendi bilgisayarimizda
uygulayabildik ve bu sekilde verimli bir egitim
oldu.”

3.3. 3B Yazic1 Egitimlerin Olas1 Katkilari
Katillmcilarin 3B yazici egitimi sonrasinda
elde ettikleri kazanmimlara iliskin veriler
Cizelge 4'te yer almaktadir.
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Cizelge 4. 3B yazic1 egitimlerin katilimcilara olasi
katkilar1

Tema Kategori Katilimci
Derse entegre edilebilme E2, E3
Parga iiretimini 6grenme K1
3B yazicilari tanima K2
Katka Calisma prensibini tanima El
3B yazict ile robotik K3

kodlamanin birlestirilmesi

Cizelge 4 incelendiginde katilimcilar elde
ettikleri kazanimlarin basinda dgrendikleri yeni
bilgileri derse entegre edebileceklerini (f=2),
uretim slrecini  anlamlandirdiklarini, 3B
yazicilart daha iyi tanidiklarini, 3B yazicilarin
calisma prensiplerini anladiklarini ve 3B yazici
egitimini robotik kodlama ile
iliskilendirebildiklerini  ifade  etmislerdir.
Asagida oOrnek bir katilmer goriisic  yer
almaktadir.

K2: “Evet katki sagladi. Egitim sayesinde
okulumda veya baska bir yerde gormedigim 3B
yazict ile tanisma firsati buldum.”

3.4. 3B Yazic1 Egitimini Etkili Kullanimi
Katilmcilarin  aldiklar1 3B yazic1 egitimini
okul ve siniflaria yansitma diizeylerine iliskin
gorisleri Cizelge 5'te yer almaktadir.

Cizelge 5. 3B yazici egitimini etkili kullanimina
iligkin katilimci goriigleri

Tema Kategori Katilimc1
Baski alma El
3B Ogrencilere aktarma E2
Yazicilarin Matematik materyalleri
etkili tasarlama E3
kullanimi Robotik kodlama ile
B . K3
iligkilendirme
Kullanamama Teknik imkansizliklar Klﬁ? 2,
Cizelge 5 incelendiginde katilimcilarin
aldiklar1 egitimlerin 3B baski alma noktasinda,
Ogrencilere  bilgi  aktarmada,  materyal
tasarlamada ve robotik  kodlama ile
iligkilendirme  etkili olabilecegini, ancak
okullarinda teknik alt yapmm yetersiz
olmamasi sebebiyle bu tir uygulamalar

yapmakta zorluk g¢ektiklerini ifade etmelerdir.
Asagida Ornek bir katilmer goriisii  yer
almaktadir.

El: “Diigiiniiyorum. 8. Swnif konularumiz
icerisinde 3B yazicilar ¢alisma prensipleri
baski  nasil  alimr  uygulamali  olarak
anlatmaktayiz. Ogrenciler Bilgisayar Destekli
Tasarim  konusunda  yapmis  olduklar
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tasarlarini baskilar

almaktayiz.’

3B yazicilar  ile

>

3.5. 3B Yazia1 Egitimine iliskin Oneriler
Katilimcilarin 3B yazic1  egitimine iliskin
onerileri Cizelge 6'da yer almaktadir.

Cizelge 6. Katilimcilarin 3B yazici egitimine iliskin
Onerileri

Tema Kategori Katilmci
Yiiz yiize egitim E2,K3
Planli hizmet i¢i egitim El
Denetim El

oy Birebir deneyim K1

Egitimlere _.. .

iliskin Egitim sayisinin artmas1 K2

. Egitim siiresinin

Oneriler E3
uzatilmast
Brang bazli egitim E3
Kiiciik gruplarla
yiiriitiilebilir

Cizelge 6 incelendiginde katilimcilarin 3B
yazicilara iliskin sekiz Oneride bulundugu
gorilmektedir. Katilimcilar egitimlerin  yiiz
ylize yapilmasi  gerektigini  (f=2), bu
egitimlerin planl, diizenli, denetimli, brans
bazli, birebir deneyime izin veren ve kiiciik
gruplarla  yiritiilmesi  gerektigini  ifade
etmiglerdir. Bununla birlikte katilimcilar
egitim siiresinin daha uzun olmasi ve egitim
say1sinin arttirtlmasinin gerekliligini
vurgulamiglardir. Asagida 6rnek bir katilimcet
gorilisii yer almaktadir.

E3: “Bu egitimler daha uzun siirebilir. Bu
egitimlere katilimct  segilirken brans bazli
egitimlerde  verilebilirdi. Yani matematik
bransim  oldugu icin  biitiin  matematik
ogrenmeleri ile bu kursu almak daha etkili
olabilirdi. Hem ziimreler arast 3B yazicilarin
derste  kullamimina iliskin  beyin firtinast
yapabilirdik ve tartisma ortami olabilirdi”.

4. SONUC VE TARTISMA

Katilimeilarin kisisel ilgi, derslerinde 3B yazici
teknolojisini etkili kullanma, kisisel
gelisimlerine  katki, teknolojiye ve c¢agin
gereklerine uyum saglamak, &grencilere
faydali olmak ve konu ile ilgili ayrintili bilgi
almak gibi farkli gerekgelerle 3B yazici
teknolojisine iligkin egitim aldiklar1
gorilmiistiir. Ayrica katilimcilardan olumlu
gorlis belirtenlerin; temel egitimi aldiklari,
egitimi faydali bulduklarini, egitimin kaliteli
oldugunu, teorik ve uygulamali etkinlikler
bulundugunu ve ¢ok sayida proje Ornegi
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gordiikleri igin egitimlerin etkili oldugunu
belirttikleri  goriilmiigtiir. Olumsuz  goriis
belirtenlerin ise egitimlerde birebir deneyim
yasayamamalari, egitimin  basit olmasi,
yeterince  detaylandirilmamis  olmasi, iyi
planlanmamis ve denetlenmemis olmamasi
sebebiyle elestirdikleri gorilmiistiir. Benzer
sekilde  Giileryliz vd. [20], STEM
uygulamalarinda 3B yazicilarin kullanimi ile
ilgili ~ 6gretmen  adaylarmin  goriiglerine
bagvurmus ve 3B  yazicilarin  bilgiyi
somutlagtirdigi, O6grenmeyi  kolaylastirdigi
sonucuna ulagsmiglardir.

Katilimcilarin ~ elde  ettikleri  kazanimlarin
basinda Ogrendikleri yeni bilgileri derse
entegre edebileceklerini, iretim  siirecini
anlamlandirdiklarini, 3B yazicilar1 daha iyi

tanidiklarini, 3B yazicilarin calisma
prensiplerini anladiklarin1  ve 3B yazici
egitimini robotik kodlama ile
iligkilendirebildiklerini sonuglarima
ulagilmistir. Alan yazinda Giileryliz [36],
Ogretmen adaylarina STEM temelli
etkinliklerde bilisimsel iiretim becerileri

kazandirmada robotik-kodlama ve 3B tasarim
etkinliklerinin yiriitilmesinin ve &gretmen

adaylariyla  disiplinler arast uygulamalar
yiiriitilmesinin ~ 6nemli  oldugunu  ifade
etmektedir.

Bununla  birlikte katilimcilarin  aldiklar
egitimlerin 3B baski alma noktasinda,
Ogrencilere  bilgi  aktarmada,  materyal
tasarlamada ve  robotik  kodlama ile

iligkilendirme noktasinda etkili olabilecegini,
ancak okullarinda teknik alt yapinin yetersiz
olmasi sebebiyle bu tiir uygulamalar yapmakta
zorluk c¢ektiklerini ifade etmektedirler. Novak
& Wisdom [23], Ogretmen adaylarmin 3B
teknolojisinin yiiksek kullaniglhiligini, kullanim
kolayligini, tasarim ve diisiinme becerilerini,
bilime ve bilimi 6gretmeye yonelik tutumlarini
gelistirdigini bildirmislerdir. Ayrica Karagdz
& Sahin Cakir [19], 3B yazicilara yonelik
okullarda alt yap1 problemlerinin verimliligi
etkileyebilecegi  yoniinde  dezavantajlarin
bulundugu sonucuna ulagmislardir.

Katilimcilar egitimlerin yiiz yiize yapilmasi
gerektigini, bu egitimlerin planli, diizenli,
denetimli, brans bazli, birebir deneyime izin
veren ve kiicik gruplarla yiiriitilmesi
gerektigini seklinde onerilerde bulunmuslardir.
Bununla birlikte katilimcilar egitim siiresinin
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daha uzun olmasi ve egitim sayisinin
arttirllmasin  gerekliligini  vurgulamislardir.
Karagbz & Sahin Cakir [19], Ogretmen

adaylarinin 3B yazicilarin  kullanilmasina
yonelik 6gretmenlerin bu konuda bilgi sahibi
olmasi gerektigini ve uygulamalar yapilmasi
yOniinde Onerilere yer verilmistir.

5. ONERILER

1. Bu calisma ile 3B yazici egitimi almis
ogretmenlerin goriisleri incelenmistir. Ileriki
caligmalarda 3B yazicilara iliskin Ogrenci
deneyimleri de incelenebilir.

2. Bu c¢aligmada nitel arastirma deseni tercih
edilmistir. leriki calismalarda karma arastirma
deseni de tercih edilerek nitel ve nicel veriler
toplanabilir.

3. Bu calismada sadece goriisme formu
kullanilmistir. Ileriki ¢alismalarda veri toplama
araci olarak gdzlemler de tercih edilebilir.

4. Aragtirma sonucunda dgretmenlerin mesleki
anlamda kendilerini gelistirmek istedikleri bu
nedenle de 3B yazici egitimi almak istedikleri,
egitim alan Ogretmenlerin derslere entegre
ettikleri ve kullandiklar1 goriilmiistiir. Ileriki
yillarda Ogretmen egitiminde lisans ve
lisansiistii seviyelerde seg¢meli ders olarak
eklenebilir.

5. Ogretmenlerin 3B yazict ve robotik
kodlamay1 birlikte kullanmak istedikleri ancak
okullardaki teknik malzeme eksikliginden
dolay1 gerceklestiremedikleri sonucuna
ulagilmistir. Bu sebeple okullarda 3B yazicilar
ve robotik kodlama araglarindaki eksikliklerin
giderilmesi ve malzeme sayilarmin diizenli
kontrol edilerek bakimlarimin  yapilmast
Onerilir.

6. Dogru (2023) [37], yapay zekanin egitimde
kullanimma dikkat ¢ekmistir. Bu konuda 3B
yazicilarda basilacak materyallerin tasariminin
yapay zeka destegi ile olusturulmasi
onerilmektedir.
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EK1. GORUSME FORMU

Merhabalar,

Ogretmenlerin 3B yazici 6grenme ve uygulama deneyimlerine iliskin goriisleri yonelik bir arastirma
yapilmaktadir. Bu aragtirmada elde edilen veriler sadece bu arastirmada kullanilacak ve kisisel bilgiler tamamen
gizli tutulacaktir. Bu arastirmaya katilmay1 kabul ettiginiz icin tesekkiir ederim.

Demografik Sorular

. Cinsiyetiniz: Kadin () Erkek ()

. Meslekte kaginci yilinizi galisiyorsunuz?

. Gorev yaptigimiz okulun bagl oldugu yer: Merkez ( ) flge () Koy ()
. Ogrenim durumunuz: On Lisans ( ) Lisans ( ) Y. Lisans ( ) Doktora ( )
. 3B yazici ile ne tiir egitimler aldmiz? :.................ol

AU A W=
w
]
oo
=
w2
“
S
-
N

Goriisme Sorular
1. 3B yaziciile ilgili egitime (lere) katilma sebebiniz nedir? Agiklar misiniz?
2. Aldigimiz egitimlerde yiiriitiilen 3B yazicilarla etkinliklerine yonelik goriisleriniz nelerdir? Agiklar
misiniz?
Sonda:
a. Size gore bu egitimlerde olumlu gérdiigiiniiz yonler nelerdir?
b. Size gdre bu egitimlerde olumsuz gordiigiiniiz yonler nelerdir?
¢. Buegitimlere yonelik 6nerileriniz neler olabilir?
3B yazici ile ilgili verilen egitim (lere) siirecine yonelik goriisleriniz nelerdir? Agiklar misiniz?
4. 3B yazici egitiminin size katki sagladigim diisiiniiyor musunuz? Evet ise bu katkilar1 aciklar
misiniz?
3B yazici egitiminde herhangi bir zorlukla karsilagtiniz m1? Karsilastiysaniz liitfen agiklar misiniz?
Ogretmenlik mesleginizde 3D yazicilar1 6gretimde etkili olarak kullandigimizi diisiiniiyor
musunuz? Neden?

ed

A
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ABSTRACT

Different designs of three-dimensional (3D) structures have gained increasingly significant in bone
tissue engineering. For scaffolds, having appropriate porosity and adequate mechanical properties is
crucial. The porosity and mechanical properties of scaffolds are higly influenced by their 3D modeled
design. By evaluating the mechanical properties of scaffolds with various designs, it can be confirmed
that they could serve as an important platform for the regeneration of damaged bone tissue. In this study,
a diverse range of unit cells and lattice structures featuring different pore structures of polylactic acid
(PLA)/hydroxyapatite (HA) based scaffolds were modeled and designed. Structural analyses of the
designed models were conducted in a simulation environment and their mechanical properties were
compared with similar studies. The results suggest that PLA/HA-based scaffolds with different designs
hold high potential for applications in bone tissue engineering.

Keywords: Polylactic Acid, Scaffold, Design, Structural Analysis, Mechanical Strength.

1. INTRODUCTION

Bone tissue defects that occur owing to many
reasons such as trauma, metabolic disorders,
and aging are important health problems that
greatly affect the patients' quality of life [1].
Bone is one of the most commonly transplanted
tissue for biomedical therapy [2]. However,
bone transplantation poses a significant clinical
difficulty in practice due to its many
disadvantages, such as causing new bone
damage in the body and requiring a second
surgical procedure for the patient, inability to
obtain sufficient grafts for the treatment of
major damage, and difficulties in shaping the
graft. At this point, scaffolds that have emerged
in order to overcome the limitations of existing
methods aim at functional bone regeneration
based on the interaction of biomaterials, cells
and biosignal molecules [3].

In the fabrication of scaffolds, in order to best
imitate bone, which is a natural composite
material, biopolymers with biocompatible and
biodegradable  properties and  bioactive
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ceramics, that have the ability to bond with
living bone by creating an apatite interface layer
with their osteoinductive properties are used
together to make them structurally more
compatible materials are being developed.
Polylactic acid (PLA) is a polymeric scaffold
material that has been widely investigated for
bone tissue applications and has been approved
by the US Food and Drug Administration
(FDA) for clinical trials [2,5]. PLA attracts
much  attention  with  its  excellent
biocompatibility, bioabsorbability and
biodegradability with non-toxic by-products [2,
6-9]. Additionally, it has multifunctional
applications in different fields such as drug
delivery systems, antimicrobial products,
medical implant devices, and 3D printed
scaffold manufacturing for bone tissue
applications [9].

However, PLA's lack of ability to facilitate cell
adhesion and proliferation on its surface due to
its weak cellular binding ability restricts its
wider applications [2, 5]. In addition, the low
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mechanical strength of polymeric materials is
insufficient to transmit mechanical force in
load-bearing applications. In studies conducted
to overcome this situation, the surface
properties of the produced scaffolds were
examined and it was determined that they
needed a hard surface for the attachment and
proliferation of anchorage-dependent primary
cells, and when they were reinforced with
calcium phosphate-based bioceramic materials,
modification of the surface topology and
improved mechanical strength  were
determined. Hydroxyapatites (HA), which are
frequently used among calcium phosphates, are
promising as scaffold materials with their
excellent biological behavior such as high
osteoconductivity and osteoinductivity, as well
as promoting cell attachment of scaffolds,
exhibiting bioactive properties with their
reactive surfaces, and high osteoconductivity
and osteoinductivity [2, 13].

Lattice structures are 3D structures consisting of
unit cells that repeat each other regularly and are
most preferred in the biomedical field today
[14]. When the studies on additive
manufacturing are examined, it has been seen
that the interest in lattice structures has
increased in recent years due to their high
strength/weight ratio and homogeneous
porosity distribution [15]. Computer-aided
design  programs such as AutoCAD,
SolidWorks and 3DS are used for 3D modeling
of these lattice structures with complex
geometries [16-17]. Structures with mechanical
properties close to native bone and in which
porosity can be controlled easily developed
using the additive manufacturing method [18].
Li etal. [19] produced Ti6Al4V implants with a
honeycomb lattice structure using the electron
beam melting method, which is one of the
additive manufacturing method. According to
their results, they stated that the produced
implants have high strength with an elasticity
modulus close to that of human bone and can be
used in implant applications. However, the most
advanced simulation method used in static
analysis in bone tissue design is the finite
element model. In this model, ANSYS analyzes
that can create approximate values close to
reality come to the fore. In the study conducted
by Chethan et al. [20], static analyzes were
carried out with ANSY'S finite element software
on the hip prosthesis stem design, and the
optimum material and geometric design were

72

determined by determining the tensile

deformations.

Production of properly designed scaffolds using
appropriate materials is critical for bone tissue
applications. Although porosity, pore size and
pore morphology have a significant effect, the
scaffolds produced with a porous structure also
allow bone growth and attachment [21-22]. In
addition, scaffolds with inter-connected and
highly porous structure can be obtained by a
wide variety of methods such as solvent casting,
particle leaching, gas foaming, solvent
evaporation, laser beam processing and freeze
drying [22-23]. However, the fact that the
scaffolds produced have a closed pore
morphology is a disadvantage of traditional
methods. Moreover, it has been observed that
PLA-based scaffolds produced with these
methods have less internal connections between
pores due to their low degradation rate, poor
permeability and non-uniform structure [23].
On the other hand, 3D printing method enables
the rapid, accurate and reliable fabrication of
scaffolds that can fill the defective area in the
desired geometries, where control of the pore
size in the tissue scaffolds, homogeneous
porosity distribution and an open porosity
structure are obtained [4, 24]. Designing
alternative  structures  with  improved
mechanical properties is very important for
bone tissue applications. Structural analysis of
the scaffolds designed with these features can
be carried out in a simulation environment and
structures with properties similar to natural
bone can be obtained in a practical way. The
predictability of the calculations made with this
method is quite advantageous as it can obtain
results close to experimental studies.

In this study, different designs of PLA/HA-
based tscaffolds for use in bone tissue
applications were obtained by modeling four
different unit cell and lattice structures. The
created models were defined in ANSYS
Workbench software, static analyzes were
carried out and the results were examined
comparatively with similar studies.

2. MATERIAL AND METHODS

2.1. Three Dimensional (3D) Modeling

In this study, 3D modeling was performed using
SolidWorks software to create four different unit
cell models and lattice structures for bone tissue
applications. Octagonal unit cell diameter is
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0.813 mm, kelvin unit cell diameter is 0.748 mm,
and honeycomb unit cell wall thickness is 0.362
mm [25]. The wall thickness of the unit cell in
octagonal design was determined as 0.5 mm and
the strut length was determined as 1.686 mm.
The lattice structure models created by
combining unit cells were then transferred to
Ansys Workbench software. The appearance of
the created models is shown in Figure 1.

(b)

(©

DY DND
»

(d)

Figure 1. 3D unit cell and lattice structures; (a)
octagonal, (b) angular-octagonal, (c) honeycomb,
(d) kelvin model.

2.2. Finite Element Model

To finite element analysis, PLA and PLA/HA
combinations were determined as linear and
isotropic, and are shown in Table 1. In order to
see and compare the effect of the biomaterials,
material definitions as 100 %, 75 % PLA and 25
% HA by weight, respectively, were defined
separately on these models via ANSYS
Workbench. After creating material properties
for 3D design models, mesh assignment was
carried out. To obtain the optimum design, first
the stress and deformation values on the unit cells
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were evaluated. Optimization studies were
carried out on the models to determine the most
appropriate element sizes. As a result of the
studies, the element size of the honeycomb and
octagonal models was determined as 0.181 mm,
while the element size of the octagonal model
was determined as 0.4 mm. In addition, the
results were examined by comparing them with
finite element studies on similar models [26, 27].

Table 1. Mechanical properties of materials.

Properties PLA HA PLA/HA
Density (g/cm®) 1.24 3,16 1.72
Elastic Modulus 1280 7000 2710
(MPa)

Poison Rate 0.36 0.27 0.34
Yield strength 70 - 52.5
(MPa)

Shear Modulus ~ 470.59 27559  1031.1
(MPa)

Reference [26] [27]

Figure 2. 20 N force applied on the mesh unit cells.

Boundary conditions are defined for 3D finite
element models as shown in Figure 2. First of all,
the optimum design was determined by
analyzing unit cells with PLA and PLA/HA
combinations to see the effect of the design.
After applying 20 N as a preliminary force to
force the unit cells in the compression direction,
the force value to be applied on the optimum
design was taken as 500 N. It was aimed to
evaluate the stress values by applying axial load
to the created bone models, considering that the
average human weight is 80 kg. Unit cells are
fixed by restricting their movements at the
bottom and the compression force is defined
from the top.
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3. EXPERIMENTAL FINDINGS

In the finite element analysis results, the Von
Misses stress distribution was determined to
evaluate the material strength as a criterion and
the total deformation amount was determined to
determine the rigidity. The obtained data are
given in Table 2.

Table 2. Material strength values obtained from
finite element analysis results.

Birim Total Von-
hiicreler Malzeme deformasyon Mises
(mm) (MPa)
%2100PLA 0.0679 6.69
Honeycomb %
075PLA
%25HA 0.032 6.49
%2100PLA 0.1958 53.02
Octagonal o
% 75PLA
%25HA 0.0927 53.13
0,
Angular- %100PLA 0.455 140.09
octagonal ~ %75PLA
%25HA 0.2182 141.1

Among three different unit cells, the highest
Von Mises stress value obtained when PLA
material defined was calculated as 140.09 MPa
in the angular-octagonal model. It is accepted
that the probability of fracture increases with
the maximum Von Mises stresses obtained by
finite element analysis. Considering the finite
element analysis unit cell results, the
honeycomb unit cell has the lowest Von Mises
stress value. The lowest stress value in the PLA
honeycomb model is 6.69 MPa. In the PLA/HA
honeycomb model, the lowest Von Mises stress
value decreases to 6,493 MPa. It was observed
that the Von Mises stress value increased to
53.02 MPa in the PLA octagonal model and
53.13 MPa in the PLA/HA octagonal model.
While the Von Mises stress was 140.09 MPa in
the PLA octagonal model, this value increased
to 141.1 MPa in the PLA-HA octagonal model.

The geometry of bone tissues greatly affects
their mechanical properties and behavior. For
this reason, comparisons were made by looking
at the total deformations on the models. While
the total deformation was 0.1958 mm in the
PLA octagonal model, the total deformation
was reduced and calculated as 0.0927 mm in the
PLA/HA octagonal model. The total
deformation is 0.455 mm in the PLA angular-
octagonal model and 0.2182 mm in the
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PLA/HA model. Finally, the total deformation
was 0.0679 mm in the PLA honeycomb model
and 0.032 mm in the PLA/HA model.
Compared to other models, the lowest total
deformation value was obtained in the
honeycomb model. According to Von Mises
criteria and total deformation results, the
optimum and most critical model was
determined to be the honeycomb model.

mﬁ:ﬁmmmwm&nn
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Figure 3. Honeycomb unit cell (a) %100 PLA (b)
%75 PLA- %25 HA.

Based on this, 500 N force was applied on the
honeycomb lattice structure. Figures 3, 4 and 5
show Von Mises stress distributions on the
models. Figure 6 shows the total deformation
values when 500 N force is applied (a) PLA
honeycomb lattice structure (b) 75% PLA-25%
HA added honeycomb lattice structure. In the
PLA honeycomb lattice structure, the Von
Mises stress value was found to be 3,543 MPa
and the total deformation value was 0.043 mm.
In the PLA/HA honeycomb lattice structure, the
Von Mises stress value is 3.513 MPa and the
total deformation value is 0.020 mm. When
evaluated in terms of rigidity and strength, it
was determined that the use of PLA alone was
insufficient in all models.
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Figure 4. Octagonal unit cell (a) %100 PLA (b)
%75 PLA- %25 HA.

4. DISCUSSION

Today, 3D printing method is one of the
methods that attracts attention in bone tissue
applications. Adapting computer-aided design
to bone tissue engineering with 3D printing
technology greatly increases production
precision and repeatability compared to
traditional methods. It is very advantageous that
the 3D printing method provides precise
modeling ability of bone tissue models and high
efficiency production [29].

75

108,97
23,401
77,836
62,271
46,707
31,142

15,578
0,013247 Min

0,000 3,000(mm)
1,500

(b)
Figure 5. Angular-octagonal unit cell (a) %100
PLA (b) %75 PLA- %25 HA.

Within the scope of this study, the expansion of
the usage areas of 3D printers and their
suitability in bone tissue engineering
applications were investigated. In this regard,
modeling and analysis were carried out using
the finite element analysis method. In the
designed models, the effect of both the design
and the biomaterials used on the design was
evaluated by taking into account the total
deformation and stress values obtained. 3D
printing methods allow the manufactured
scaffolds to imitate natural bone, thanks to the
high  controllability —of the structures.
Comparing and evaluating the results of
analyzes designed in a simulation environment
provides advantages in terms of cost and
optimization. During bone design and
fabrication, the selection of biomaterials,
internal structure, pore diameter and porosity
ratio,  anatomical  external ~ geometry,
permeability and selection of printing
techniques appropriate to the design are very
important. In addition, in order to obtain good
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results on models in 3D printing, layer
thickness, extrusion speed, nozzle exit pressure,
viscosity of the material to be used as bioink and
table temperature are the parameters that need
to be taken into consideration. Increasing
printing speed or layer thickness may cause
deterioration in surface quality. Similarly, if
these parameters cannot be adjusted
appropriately, negative situations such as
premature cooling of the filament and
weakening of the structure on the part may be
observed [28].

)

Sekil 6. The total deformation values measured by
applying a 500 N force to (a) the PLA honeycomb
lattice structure and (b) the 75% PLA-25% HA
added honeycomb lattice structure.

In the study by Adhikari et al. [30], it was
reported that the optimum viscosity in 3D
printed alginate/chitosan/HA scaffolds
prevented the collapse of HA nanoparticles, the
lateral pores of the scaffolds protected the
integrity of the scaffold, and the produced
scaffolds were suitable for 3D printing.
Moreover, viscous inks are also suitable for
maintaining the height of the scaffolds after
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printing [31], although it is known that
extrusion becomes difficult and uninterrupted
ink flow is disrupted with high viscosity
bioinks. Since trouble-free extrusion is essential
for production, the extrudability of the designed
structure is extremely important. In the study, it
can be said that the HA-containing design is
more viscous than the 100% PLA-based design.
This is because the increase in HA
concentration increases the viscosity of the
bioink. Therefore, for extrusion of high
viscosity inks with HA loadings, the printing
pressure should be higher than that of PLA-
based design [30].

In addition to 3D design, determining the
mechanical load range is very important. Bone
tissue is constantly exposed to mechanical loads
at varying intervals. As a result, a certain
tension occurs both in the bone structure and in
the tissue. For this reason, balancing the
ductility of the polymer material and the
brittleness of the ceramic material Ca-P-based
HA is of great mechanical and biological
importance [32]. On the other hand, some errors
are encountered during production in the melt
deposition modeling (FDM) method, which is
another additive manufacturing method. One of
these errors is that the parts with low thickness
have low strength and the diameter of the nozzle
through which the material flows also affects
this. In general, ribs, which are support
materials, break [33]. Feds break when
removing material or during the initial assembly
phase. As a solution to this situation, the
thickness of the ribs should be made 1/3-1/2
thicker than the general wall thickness [34].
When rib thicknesses are made at these ratios,
collapse on the outer surface of the rib area can
be prevented while the part is produced in the
injection machine.

It is known that there are two parameters for a
cell-based bone implantation: the skeletal
design and the cell assembly of this design [35].
In bone tissue engineering applications, PLA is
a biomaterial with high biocompatibility and
FDA approval for clinical applications.
However, HA addition to PLA provides a
dynamic 3D bone tissue by increasing the
activation of osteoblast cells. In a study, it was
reported that more surface roughness was
obtained in HA-containing scaffolds compared
to scaffolds designed with 100% PLA [32].
Increasing the surface roughness and expanding
the surface area of the produced tissue scaffolds
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to adhere to living cells helps to increase the cell
association rate. It has also been reported that
FDM technology, which has low processing
costs, can be successful in PLLA/HA hybrid
scaffolds with up to a maximum of 30% ceramic
contribution and causes relatively weak
osteoblast activity [35]. Studies have shown that
smaller macropores and higher fracture energies
can be achieved by increasing the gelatin ratio
in gelatin-containing tissue scaffolds when
performing 3D printing [36-37]. At the same
time, it has been determined that this method
allows the designed model to be successfully
obtained by providing the ability to print at
appropriate  viscosity values. In another
investigation [38], it was found that a PLA
scaffold with 15% HA by weight, created using
an extrusion-based 3D printing method, could
withstand a maximum stress of 3 MPa at 70°C.
Research conducted by Ziminia et al. reported
[39] that a PLA scaffold with a 15% weight
additive exhibited a maximum strength of 2.47
+ 0.19 MPa, which decreased to 1.41 = 0.37
MPa upon increasing the HA content to 20% by
weight. Comparable compressive strength
values were observed in chitosan/gelatin/HA
3D scaffolds, which demonstrated a strength of
4.16 MPa [40].

5. CONCLUSION

Finite Element Analysis is a well-respected
method for biomechanical evaluations, offering
significant advantages due to its capacity to
produce predictive outcomes that closely align
with experimental research findings. This study
focuses the design and fabrication of tissue
engineering scaffolds through the integration of
computational strategies with 3D printing
technologies. We conducted an extensive
examination of various computational modeling
and simulation techniques, especially for
developing PLA-based tissue scaffolds.
Computational  approaches facilitate the
prediction of scaffold characteristics and their
behavior under various conditions. Scaffolds
designed using computational methods are
characterized by  their  reproducibility,
precision, and adaptability, making them
suitable for fabrication via 3D printing. The
experimental validation of these computational
designs showed a high degree of agreement
between the simulated and actual results.
Despite  some  challenges related to
computational techniques and 3D printing
technologies, the literatiire strongly supports the
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benefits of their combined use in the design and
production of scaffolds. Our analysis of models
specifically designed for 3D printing indicated
that the PLA honeycomb structure, enhanced
with 25% HA, vyielded the best results.
However, an increase in HA content was
associated with a decrease in ultimate strength
in the PLA constructs. Although the strength
values of the produced bone tissue scaffolds are
lower than that of natural bone, making them
suitable for non-load-bearing areas of the body
like the facial region, the achieved strength
levels are consistent with those reported in
similar studies. Variations in production
parameters, as well as in the design and analysis
stages, significantly affect the mechanical
properties and overall quality of the final
product. Precise adjustment of each parameter
is essential in the 3D printing process. In
conclusion, this study highlights the increasing
importance and potential of PLA/HA-based
composite scaffolds in future tissue engineering
research.
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Elektrokimyasal sensdr ve biyosensdrlerde kullanilan elektrotlarin ve elektrot sistemlerinin
yapilmasinda {i¢ boyutlu yazicilarin kullanilmasi 6nemli avantajlar saglamaktadir. Bu avantajlardan biri
olan diisiik maliyet ile {iretim yapilabilmesi, son yillarda bu alandaki ¢alismalarin giderek artmasinda
itici gii¢ olmustur. Elektrokimyasal 6l¢timlerin gergeklestirilebildigi ve cogu tek kullanimlik olan ylizey
baskili elektrotlar pek ¢ok sensor/biyosensor sisteminde kullanilmaktadir. Yiizey baskili elektrotlara
benzer bir tasarima sahip ve benzer bir mantikla calisan alternatif elektrotlarin ii¢ boyutlu yazicilarla
iretilebilirliginin gdsterilmesi bu ¢alismanin ana hedefidir. Elektrot malzemesi olarak kullanilan kalem
ucu grafit elektrot yaygin bulunabilirligi ve diisiik maliyeti nedeniyle {iretilen sistemde ¢aligma, referans
ve karsit elektrot olarak kullanilmistir. Maliyetin diigiiriilmesi ve ulagilabilirlik ii¢ boyutlu yazicilar
acisindan da g6z Oniinde bulundurulmus ve FDM tipi yazici tercih edilmistir. FDM tipi yazici
kullanilarak elde edilen yilizey baskili elektrot benzeri sistem parasetamoliin elektrokimyasal
tayinlerinde basariyla kullanilmistir. Calisma, karsit ve referans elektrot olarak 0,9 mm kalinligindaki
2B kalem ucunun kullanildigi bu sistemde doniisiimlii voltametri yontemi kullanilarak 4,0 mM
parasetamol igeren pH 7,0 fosfat tamponu ¢ozeltisinde 0,43 V degerinde yiikseltgenme piki elde
edilmistir. Sistem ayn1 zamanda referans elektrot olarak Ag/AgCl ve karsit elektrot olarak Pt telin
kullanildig1 sartlarda denenmistir. Sonuglar parasetamol i¢in elde edilen yiikseltgenme akim degerinin
birbirine ¢ok yakin oldugunu gdstermistir.

Anahtar Kelimeler: 3 Boyutlu Yazici, Kaynastirma Biriktirme Modellemesi, Yiizey Baskili Elektrot,
Kalem Ucu Elektrot, Elektrokimyasal Sensor/Biyosensor.

ELECTROCHEMICAL APPLICATION OF SCREEN PRINTED
ELECTRODE-LIKE SYSTEM MADE WITH A THREE-DIMENSIONAL
PRINTER

ABSTRACT
The use of three-dimensional printers in the production of electrodes and electrode systems used in
electrochemical sensors and biosensors provides significant advantages. Being able to produce with low
cost, which is one of these advantages, has been the driving force in the increasing number of studies in
this field in recent years. Surface-printed electrodes, most of which are disposable, where
electrochemical measurements can be performed, are used in many sensor/biosensor systems. The main
goal of this study is to demonstrate the producibility of alternative electrodes, which have a similar
design to surface-printed electrodes and work with a similar logic, with three-dimensional printers. The
pencil graphite electrode used as the electrode material was used as a working, reference, and counter
electrode in the produced system due to its widespread availability and low cost. Cost reduction and
accessibility were also considered in terms of three-dimensional printers and FDM type printer was
preferred. The screen printed electrode-like system obtained using an FDM-type printer has been
successfully used in the electrochemical determination of paracetamol. In this system, in which a 2B
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pen tip with a thickness of 0.9 mm is used as the working, counter and reference electrode, an oxidation
peak of 0.43 V was obtained in pH 7.0 phosphate buffer solution containing 4.0 mM paracetamol by
using the cyclic voltammetry method. The system was also tested under conditions where Ag/AgCl was
used as the reference electrode and Pt wire was used as the counter electrode. The results showed that
the oxidation current values obtained for paracetamol were very close to each other.

Keywords: 3D Printer, Fusion Deposition Modelling, Screen Printed Electrode, Pencil Graphite

Electrode, Electrochemical Sensor/Biosensor.

1. GIRIS
1.1. Biyosensorler ve 3D Yazicilar
Biyosensorler ilaglar, metabolitler, gida

maddeleri, vitaminler, antibiyotikler gibi bazi
bilesiklerin yaninda mikroorganizmalarin da
tespitinde kullanilmaktadir. Bunlarin disinda
biyokimyasal oksijen ihtiyaci, toksisite ve
mutajenite testleri gibi alanlarda uygulamalart
da bulunmaktadir. Biyosensorler tip, eczacilik,
gida, tarim, g¢evre kirliligi alanlar ile pek ¢ok
endiistriyel faaliyette kalite kontrolii ve durum
tespiti gibi uygulamalarda kullanildiklarindan
oldukca 6nemlidir. Bir biyosensor, temel olarak
biyolojik bir olay ile iligkili olan sinyali
elektriksel bir cevaba doniigtiirir [1-2].
Biyosensdrlerin temel bilesenlerinden biri olan
ve tayin edilecek madde (analit) ile spesifik
etkilesimlerde  bulunan tiirlere  genelde
biyoreseptor ismi verilir. Enzimler ve antikorlar
bu biyoreseptorlerden en sik kullanilanlaridir.
Antikorlar hem antijenlere baglanirlar hem de
kimyasal bir doniisiimii katalize ederler. Ayrica
niikleik asitler ve karbonhidratlar da ozel
amaclarla kullanilan bazi biyosensorlerde
spesifik etkilesimleri saglamak amacina yonelik
olarak kullanilmaktadir. Biyosensor tiretiminde
pek cok biyoreseptoriin kullanimi gerekmekte

olup analit ile gergeklesecek spesifik
etkilesimler sonucu elde edilecek sinyalin
tiirline gore farkl tekniklerden

faydalanilmaktadir. Yaygin olarak faydalanilan
teknikler arasinda spektroskopik, piezoelektrik,
termal, alan etkili transistor ve elektrokimyasal
teknikler ~ yer alir  [3-7].  Ozellikle
elektrokimyasal teknikler kullanildiginda elde
edilen sinyallerin dogrudan elektriksel alanla
iligkili (gerilim, akim, direng vb.) olmas1 6nemli
avantajlar ~ saglamaktadir.  Bu  nedenle
elektrokimyasal sensdrler veya biyosensorler
oldukca genis bir uygulama alan1 bulmaktadir
[8]. Bu uygulamalarda Au, Pt gibi soy metaller
ile karbon temelli elektrot malzemeleri farkli
boyut, geometri ve sekillerde kullanilmaktadir
[9-11]. Laboratuvarlarda arastirma amaclh
caligmalarda bu elektrotlar gerekli temizleme
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veya On iglemlerin ardindan defalarca
kullanilabilir. Bununla beraber rutin 6lgiimlerde
kullanilmak iizere tek kullanimlik elektrotlar da
yayginlagmaya baslamigtir. Nispeten daha ucuz
olmasi nedeniyle karbon temelli -elektrot
malzemeleri tek kullanimlik elektrotlarda tercih
edilmektedir [12]. Ayrica tekrarlanabilir
Olciimlerin elde edilmesi igin gerekli bazi
prosediirler ticari olarak satin alinan tek
kullanimlik elektrotlarin fiyatlarinin yeterince
diismesini engellemektedir. Bu nedenle mevcut
imkanlar kullanilarak laboratuvar sartlarinda
nispeten ucuz ve tek kullanimlik elektrot
iiretimine yoOnelik alternatifler {izerinde daha
fazla calisilmas1 gerekmektedir. Onemli bir
alternatif li¢ boyutlu yazicilarin (3D) elektrot ve
elektrotlar ile entegre bilesenlerin {iretiminde
kullanilmasidir. 3D yazict teknolojisindeki
gelismeler sensor ve biyosensorlerde kullanilan
ekipmanlarin iiretimine yonelik olarak bu
teknolojinin ~ kullanimin1  yayginlastirmaya
baglamistir [13-15].

Ayrica tek kullanimlik elektrot malzemelerinin
yaninda bu elektrotlarin entegre edildigi
mikroakiskan sistemler gibi diizeneklerin
iretiminde de 3D yazicilar kullanilmaktadir.
Bonyar vd. [16] biyosensorlerde kullanilan
mikroakigkanlarin hareketini kontrol edecek
mekanizmalarin 3D yazicilar ile liretimi iizerine
yeni bir metot Onermigler ve mikro akigkan
iceren biyosensorlerin iiretiminin 3D yazicilar
ile kolaylagacagim belirtmislerdir.

Roda vd. [17] yaptiklar1 calismada 3D yazicilar
ile akilli telefona uyumlu ¢aligabilecek bir
biyosensor aparati iiretmislerdir. Bu aparat
iizerinde biyosensdriin yerlestirilebilecegi 6zel
bir hazne bulunmaktadir. Boylece
biyosensorden Olglimlerin okunabilmesi igin
sadece bir akilli telefon yeterli olabilmektedir.
Gowers vd. [18] subkutan6z insan
mikrodializatinin  analizi i¢in kullanilacak
biyosensordeki igne tutucu aparatlar1 3D yazici
ile iiretmigtir. Urettikleri sensér FDA onayl
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mikrodiyaliz  problar
caligmaktadir. Dias vd. [19] kagit esash
enzimatik  reaktorleri  kullanarak  glikoz
Olciimleri yapacak bir biyosensor iizerinde
caligmis ve biyosensoriin seri enjeksiyon analizi
icin kullanilacak olan hiicrelerini 3D yazic1 ile
iretmistir (Sekil 1). 3D yazic ile iiretilen bu
yapilarin maliyetinin oldukca diisiik oldugu ve
iretim siiresinin dort saat civarinda oldugu
bildirilmigtir. 3D yazici ile iiretilen hiicre ve
gelencksel yontemlerle retilen  hiicreler
arasinda deneysel karsilagtirmalar yapilmis,
aralarinda  anlamli  bir fark  olmadig
goriilmiigtir.

ile uyumlu olarak

Sekil 1. (a) Enjeksiyon analizi i¢in 3D yazdirilmisg
hiicrenin diizeni ve (b) elektrokimyasal dl¢iimler i¢in
yiizey baskili elektrotlarla baglantiyr gosteren sema
[19].

1.2. Elektrokimyasal (Biyo)sensorlerde
Kalem Ucu Elektrotun Kullanim

Elektrokimyasal  sensér ve  biyosensor
uygulamalarinda farkli elektrot malzemeleri
kullanilmakta olup bunlar i¢inde karbon temelli
olan elektrotlar pek ¢ok uygulamada tercih

edilmektedir. ~ Karbon  kokenli  elektrot
malzemeleri arasinda son yillarda
yayginlagmaya baglayan elektrot

malzemelerinden biri de kalem ucu elektrottur.
Kararliligiin iyi olmasi, daha diisiik toksisitesi,
tek kullanimlik olabilmesi, tekrarlanabilir
sonuglar vermesi kalem ucu elektrotun (KUE)
onemli Gstiinliikleri arasindadir [20]. Pishko vd.
[21] tarafindan KUE’un kullanildigr ilk
biyosensor c¢alismasindan bu yana yukarida
bahsedilen 6zelliklerinin yaninda ucuz ve kolay
ulasilabilir olmasmin da etkisiyle kullanim
yayginlagmigtir.

Kalem ucu, grafit tozu ve kilin (baglayict madde
olarak kullanilan) olusan su igerisindeki
karigimmin ekstriizyonu ve ardindan sertlik
kazanmasi i¢cin 1000 °C'ye kadar isitilmasiyla
tretilir. Balmumu banyosuna daldirilarak
gozeneklerin dolmasi saglanan kalem uglari1 bu
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islem ile piriizsiiz bir goriinim kazanir [22].
Ekstriizyon karisimindaki grafit/kil oranina
bagl olarak, fireticiler arasinda da farklilik
gosterebilen ¢esitli sertlik gesitlerine sahiptir. H
sertlik derecesindekiler daha diigiik grafit/kil
oranina sahip olup daha sert yazi hissi verir. B
derecesindekiler ise daha yiiksek grafit
icerdiginden daha yumusaktir ve koyu yazar.
Kiitlece %68 grafit, %26 kil ve %S5
balmumundan olusan yaklasik bir bilesim, orta
sertlikteki HB olcegine karsilik gelmektedir
[23]. Kilin kirilgan karakteri nedeniyle ince
uglar kolaylikla kirilabilir ve bunun 6nlenmesi
icin 1s1l islemden sonrasi esnek baglanma
saglamak amaciyla ilave Dbir polimer
kullanimini gerekmektedir [24].

Grafit  oranlarinim  farkliligi =~ nedeniyle
elektrotlarin elektriksel iletkenlikleri farklilik
gostermektedir [25]. KUE’un ylizeyinin
modifye edilmeden kullanildig1 durumlarda
elektrokimyasal performansi belli oranda
etkileyecek bir 6zellik oldugu icin elektriksel
iletkenlikteki bu farkliliklar g6z Oniinde
bulundurularak  ¢ogu  caligmada  farkli
derecelere sahip elektrotlar kiyaslamali olarak
test edilmektedir. 6B [26] ve 8B [12] gibi
kalemlerin, {istiin elektrokimyasal performansi
literatiirdeki  galismalar ile gOsterilmistir.
Bununla beraber sertlikteki (kil igerigi) ¢esitilik
ve belirli bir kalem markasinin kendi iginde
cesitliligi de elde edilen performans tizerinde
etkili olmaktadir [24, 27-28]. Ornegin, analjezik
bir ilag aktif madde olan parasetamoliin
tayininde SH tiirti KUE ile 2B ile elde edilenlere
gore daha yiiksek yiikseltgenme piki elde
edilmistir [29]. Kafeik asit tayininde ise HB tiirii
KUE ile 2B, 2H ve 5H ler ile elde edilenlere

kiyasla ~daha iyi sinyal-giirilti  oram
g06zlenmistir [30].
Ayrica ylizeyinin kolayca modifiye

edilebilmesi sayesinde elektrokimyasal sensor
ve biyosensor ¢alismalarinda da KUE yaygin
olarak kullanilmaktadir. KUE’un yiizeyinin
iletken polimerler [31-32] nanoparcaciklar [33-
34], inorganik, organik veya kompleks
bilesikler [35-37] ile modifikasyonuyla elde
edilen elektrotlar biyolojik 6nemi olan
molekiillerin  elektrokimyasal tayinlerinde
basariyla kullanilmistir.
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1.3. Elektrokimyasal Sensor veya
Biyosensorlerde Kullanilan Yiizey Baskil
Elektrotlar

Elektrokimyasal biyosensorlerde biyolojik bir
sinyali Ol¢iilebilir bir elektronik sinyale ¢evirir.
Biyolojik sinyal ¢ogunlukla akim veya gerilim
olabilir. Bu sinyallerin elde edilmesi siirecinde
ylizey baskili elektrotlar (Screen printed
electrodes, SPE’s) son yillarda oldukg¢a sik
kullanilmaya baslanmistir [38]. Yiizey baskilt
elektrotlar diisiik tiretim maliyeti ve seri liretime
uygunlugu ile yeni  sensor/biyosensor
uygulamalarinda her gecen giin daha sik
kullanilmaktadir [39].

Sekil 2’de goriillen ylizey baskili elektrot
sisteminin {izerinde ¢alisma, karsit ve referans
elektrot vazifesi gorecek elektrotlar miimkiin
oldugunca yakin konumlanmistir ve c¢ogu
durumda bir damla analit ¢ozeltisi Ol¢lim
yapmak i¢in yeterli olmaktadir. Cok daha diisiik
hacimlerde Ol¢iim yapabilecek yilizey baskili
elektrot yapimma yonelik c¢alismalar da
yapilmaktadir  [40]. Analitik  amagclarla
kullanim1 diisiiniildiigiinde elektronlarin kati
elektrot ylizeyi ve ¢Ozelti ara yiizeyinden kolay
ve hizli bir sekilde aktarilmasi Onemlidir.
Elektrokimyasal dOl¢limlerde yaygin olarak
kullanilan  geleneksel elektrotlarin  yiizey
alanlart mm?®ler diizeyindedir. Ancak hem
elektrokimyasal ol¢limlerdeki avantajlart hem
de minyatiirize edilmis ve taginabilir sistemlere
olan ihtiyag nedeniyle mikro boyutlardaki
elektrotlara olan ilgi artmaktadir [41-42].

Karsit Elektrot
(KE)

Cahsma Elektrotu
(CE)

K.E. Baglantisi

eferans Elektrot
(RE)

CE Baglantisi

RE Baglantisi

(@

Elektrot Potansiyel Farki

Sinyal

///
Analitigeren damla Yiizey Baskili Elektrot

(b)
Sekil 2. (a) Yiizey baskili elektrot [43] ve (b) Yiizey
baskili elektrot lizerinde voltametrik olarak elde
edilen sinyal [44].
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Ozellikle biyolojik éneme sahip molekiillerin
tayinleri s6z konusu oldugunda diisiik
hacimdeki numunelerde 6l¢iim yapilmasi
gerekebilmektedir. Bu durum bazi viicut
sivilarmin - ¢ok  diisik  hacimlerde elde
edilebildigi veya miimkiin oldugunca az
miktardaki viicut sivilarindan pek ¢ok olgiimiin
gerceklestirilmesi  agisindan Snemlidir. Bu
acidan degerlendirildiginde kiigiilk boyutlu
elektrotlarin kullanimi 6nem arz etmektedir.
Mikro boyutlu elektrotlar ile ¢ozelti ortaminda
elektokimyasal tepkimelerde agiga cikan g¢ok
kiigiik akim miktarlarint 6lgiilebilmesi imkant
bulunmaktadir. Pikoamperler seviyelerinde bile
sinyallerin 6l¢iilebildigi goriilmektedir [45-46].
Boylece biyolojik ve tibbi O6neme sahip
molekiillerin elektrokimyasal olarak
incelenmesi, ¢ok diisilk derigsimlerinin hassas
bir sekilde tayini miimkiin hale gelmektedir. Bu
sekilde minyatiirize edimis ve ¢oklu dl¢iimlerin

gergeklestirebildigi  sistemler gelistirilmistir
[47-48].

1.4. FDM (Kaynastirma Biriktirme
Modellemesi)

Eklemeli imalat (Additive Manufacturing) veya
daha bilinen adiyla U¢ Boyutlu Yazma (3D
Printing), malzemelerin katmanlar halinde iist
tiste eklenerek {iiretim yapilmasina imkéan
taniyan bir teknolojidir. Geleneksel {iretim
yontemlerinde (torna, freze vb.) yapilan
tretimler stok halindeki bir hammadde
iizerinden parcalarin kesilip ¢ikarilmasiyla
gerceklestirilirken 3D yazma ile dijital bir 3
boyutlu model bilgisi yardimiyla hammadde {ist
tiste eklenerek iiretilebilir. 3D yazma geleneksel
iretim yoOntemleriyle elde edilemeyecek
karmasik tasarimlarin iretilmesini miimkiin
kilar. Uretim  teknolojileri acisindan
diistintildiigiinde 3D yazicilar diinya genelinde
pek c¢ok alana Onemli yenilikler getir hale
gelmistir. Cesitli Giretim teknolojilerini kullanan
pek cok 3D yaziciy ticari olarak temin etmek
miimkiindiir. 3D yazicilar i¢inde en yaygin
kullanilanlar1 Selective Laser Sintering (SLS),
Direct Metal Deposition (DMD),
Stereolitography (STL) ve Fused Deposition
Modelling (FDM) teknolojilerine  sahip
olanlardir [49]. 3D yazicilarin teknolojileri
farkli olsa da iiretim siirecinde temelde tiimii
ayni siiregleri kullanir. Aralarinda iki temel fark
bulunmaktadir. Bunlar; katmanlarin
olusturulmasinda  kullanilan teknoloji  ve
kullanilan hammaddelerdeki c¢esitliliktir. Bu
belirtilenler haricinde kalan {iretim siireci ve bu
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stirece ait temel yaklagimlar aynidir. Tiimiinde
ortak olan yaklasim, iiretilecek nesnenin
bilgisayar destekli tasarim (Computer Aided
Design) programlar1 kullanilarak {i¢ boyutlu
dijital modelinin elde edilmesidir. Sonrasinda
ii¢ boyutlu model STL formatina doniistiirtiliir.
Olusturulan STL  dosyasindan  dilimleme
yazilimlar1 kullanilarak katmanlara ayirma
yapilir. Her bir katmana ait geometrik veriler
GCode dosyasi ile 3D yaziciya aktarildiktan
sonra {iretime gegilir. i1k ¢iktiklarmdan bu yana
3D yazic1 teknolojileri artan bir ivmeyle
gelisimlerini stirdiirmiistiir. Hem ticari hem de
RepRap gibi acik kaynakli  projelerin
kullanimiyla FDM {iretim siireci siirekli
iyilestirilebilmektedir [50].

FDM, masaiistii 3D baskida kullanilan en
yaygin yontemdir. Bu teknoloji ile termoplastik
bir filament 1sitilir ve eritilmis plastik
malzemeyi X ve Y koordinatlarinda hareket
ettiren bir ekstriizyon kafasi i¢cinden haddelenir,
tabla ise nesne katmanini Z yoniinde asagiya
dogru haraket ettirir [51]. Parca, etkin bir
sekilde asagidan yukariya inga edilmis olur.
Ancak, bir nesnenin ¢ikintt pargalar1 varsa,
yazdirma bittikten sonra ana parcadan
ayrilabilen destek yapilaria ihtiyag duyacaktir.
Bu tiir 3D yazicilar, saglam parcalar1 giivenilir
ve hizli bir sekilde iretebildikleri i¢in kiigiik
isletme ve egitim sektorlerinde iirlin gelistirme
ve hizli prototipleme i¢in uygun maliyetli
araglardir.

2. MATERYAL ve METOD
2.1. Kimyasal Maddeler,
Elektrotlar

Bu calismada kullanilan kimyasallar Sigma-
Aldrich ve Merck firmalarindan analitik saflikta
temin edilmis olup herhangi bir saflagtirmaya
tabi tutulmadan kullanilmislardir.
Elektrokimyasal Ol¢timlerde kullanilan
elektrolit ¢ozeltileri 18,2 MQ dirence sahip
deiyonize su ile hazirlanmistir. 3D yazicilarla
iretilen ylizey baskili elektrot (SPE) benzeri
sistemde ¢aligma, karsit veya referans elektrot
olarak kullanilan kursun kalem uglari (0,9 mm
capli, 2B, Mikro marka) kirtasiyelerden satin
alinmugstir. Klasik ii¢ elektrotlu elektrokimyasal
hiicrelerde  yapilan OSlglimlerde  kullanilan
referans elektrot Ag/AgCl (3 M KCl), karsit
elektrot olarak ise Pt teldir (Aldrich % 99.9).

Reaktifler ve
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2.2. FDM Tipi 3D Yaziciyla Yiizey Baskih
Elektrot Benzeri Elektrotlarin Uretilmesi
FDM 3D yazicilar ile yapilan iiretimler
sirasinda  birgok parametrenin ayarlanmasi
gerekir. Bu parametreler Tretilen akig
hiicresinin kalitesini dogrudan etkiler. FDM 3D
yazicida dretim yapilirken dikkat edilmesi
gereken bazi parametreler Cizelge 1’de
Ozetlenmistir.

3D yazict kullanilarak iiretilen yiizey baskili

elektrot  benzeri elektrotlar Sekil 3’te
goriilmektedir. ~ Uretilen bu  elektrotlar
parasetamoliin elektrokimyasal
yiikseltgenmesinde test edilmislerdir. Klasik ti¢
elektrotlu sistem ile performanslari
kargilagtirmalt olarak caligilmistir. Burada
temel ama¢ aym yiizey baskili elektrot

sisteminde oldugu gibi hem -elektrokimyasal
Ol¢iimlerin kiigtik bir hacimde
gergeklestirilmesi hem de calisma, karsit ve
referans elektrodun elektrokimyasal Ol¢iimiin
gerceklesecegi kiigilk hacimde yer alacagi
sekilde tasarlamak olmustur. Bu sekilde hem
aragtirma amagli hem de egitim amacgh
deneylerde  kullanilabilecek  bir  sistem
gelistirilmesi hedeflenmistir.

Cizelge 1. FMD tipi 3D Yazici ile Uretim

Parametreleri.
Parametre Deger/Ozellik
Filament malzemesi PLA (poli laktik

asit)

Katman Kalmligt
(Layer Heigh) 0,2 mm
Katman Genisligi
(Layer Width) 0,38 mm
Doluluk Orani 100
(Infill Density, %)
Nozzle Cap1
(Nozzle Diameter) 0,4 mm
Nozzle Temperature (°C) 210
Baskilama Hizi 20 mm/s
(Printing Speed)
Non-Print Speed (mm/s) 40 mm/ s
Yatay Kabuk Sayisi 5
(Horizontal Shells)
Dikey Kabuk Sayis1 5
(Vertical Shells)
Baski Tablasi Sicakligt 241 (C)

(Build Table Temperature)

Sekil 4°te gosterilen klasik {i¢ elektrotlu
elektrokimyasal sistemde referans olarak
Ag/AgCl veya kalomel kullanilirken, karsit
elektrot olarak genellikle Pt tel veya levha
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kullanilmaktadir. Calisma elektrodu olarak ise
yapilacak caligmaya bagli olarak c¢iplak
elektrotlar veya modifiye elektrotlar tercih
edilmektedir. Hem Pt hem de referans
elektrotlarin maliyeti ve kullanimdaki diger
hususlar diisiiniildiigiinde farkli alternatiflerin
de kullanildigr goriilmektedir. Psedo referans
elektrot islevi gorecek Ag/AgCl temelli referans
elektrotlarin 3D  yazicilarla {iretilebilmesi
miimkiindiir [52]. Bazi c¢alismalarda hem
referans hem de karsit elektrot olarak karbon
kokenli  elektrotlar  kullanilmigtir ~ [53].
Biyolojik Ooneme sahip bilesiklerin
elektrokimyasal tayinlerinde karbon kdkenli
elektrotlarin modifikasyonu da yaygin olarak
kullanilmaktadir. Dolayisiyla ylizey baskili
elektrot benzeri elektrotlarda karbon kokenli
elektrotlardan olan kursun kalem ucu elektrot

(KUE) tercih edilmistir. Kullanilan KUE’larin
konumlandirilmasi1 Sekil 3’teki yiizey baskili
elektrot benzeri sistemlerde goriilmektedir.
Boylelikle  hem  etkin  bir  sekilde
kullanilabilecek bir elektrot tiirli se¢ilmis hem
de calisma, karsit ve referans elektrot olarak

tercih edilerek maliyet en az diizeye
indirilmistir. Klasik ii¢ elektrotlu
elektrokimyasal hiicrelerle yapilan
kargilagtirmalt  c¢alismalar  ile  sistemin
kullanilabilirligi test edilmistir. KUE son

yillarda sensér ve biyosensor g¢aligmalarinda
etkin olarak kullanilmaktadir [35, 37, 54]. Hem
yaygin olarak bulunabilmesi hem de tek
kullanimlik ve ucuza mal olmast gibi
avantajlarinin bulunmasi diger {istiin yonleridir.
Bu calismada ise KUE’nin 3D yazicilarla
iretilmis elektrot platformunda kullaniminin da
miimkiin oldugu gosterilmistir.

Sekil 3. Ugboyutlu yazici ile yiizey baskili elektrot
benzeri iiretilen prototip elektrotlar.
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2.3.3D Yazciyla Uretilen Yiizey Baskil
Elektrot Benzeri Elektrotlarin
Elektrokimyasal Performansi

3D yazict kullanilarak iiretilen yiizey baskili
elektrot benzeri elektrotta calisma, referans ve
karsit  olarak KUE’un  kullanilabilirligi
aragtirilmstir. Bu sayede  kolaylikla
kirtasiyelerden satin alinabilecek KUE’larm bu
sisteme entegre edilebilmesinin miimkiin olup
olmadig1 incelenmistir. Bu amaca yonelik
olarak klasik {i¢ elektrotlu elektrokimyasal
hiicrede ve FDM tipi 3D yaziciyla iiretilen
elektrot sisteminde, 4,0 mM parasetamol igeren
pH 7,0 fosfat tamponu (FT) ortaminda
doniigiimli voltametrik Olglimler alinmig ve
sonuclar karsilastirmal olarak
degerlendirilmistir.

Sekil 4 klasik ii¢ elektrotlu elektrokimyasal
hiicre konfigrasyonunu gostermektedir. Klasik
ii¢ elektrotlu ¢alismalarda referans elektrot
olarak Ag/AgCl, karsit elektrot olarak Pt tel
kullanilmaktadir. Calisma elektrodu olarak ise
Pt, Au gibi metaller veya karbon kokenli
elektrotlar kullanilabilir. Bu ¢alismada ¢aligma
elektrodu olarak KUE (0,9 mm cap, 2B, Mikro)
kullanilmistir.  Oncelikle klasik  sistemde
maliyeti yliksek olan referans ve Pt karsit
elektrot yerine KUE kullanildiginda PS i¢in
elde edilen voltamogramlardaki yiikseltgenme
piki  gerilimlerin  degisimi  doniisiimlil
voltametri yontemi ile belirlenmistir.

Sekil 4. Referans elektrot olarak Ag/AgCl (3M
KCl), karsit elektrot olarak Pt tel ve ¢alisma
elektrodu olarak KUE’un kullanildigi ii¢ elektrotlu
klasik bir sistem.

Sekil 5°te elektrotlarin ii¢ farkli durumu igin
parasetamoliin yiikseltgenmesine ait
voltamogramlar1  goriilmektedir. ~ Calisma
elektrodu (CE), referans elektrot (RE) ve karsit
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elektrot (KE) i¢in bu ii¢ farkli durum asagidaki
gibidir.

I) CE=KUE, RE=Ag/AgCl, KE= Pt tel
1) CE = KUE, RE = Ag/AgCl, KE= KUE
1) CE = KUE, RE = KUE, KE= KUE

Sekil 5’teki voltamogramlar incelendiginde I ve
II durumu igin 0,50 V’ta (sirastyla 215 pA ve
208 ve pA) III durumu i¢in 0,43 V’ta (222 pA)
parasetamole ait belirgin bir yiikseltgenme piki
gozlenmistir. Bu voltamogramlarda ¢ozeltideki
parasetamol derisimine bagl olarak elde edilen
yiikseltgenme pik akimi degerleri
gorlilmektedir. Bu akim degeri c¢ozeltideki
parasetamoliin derisimi ile orantilidir. Karsit
elektrot olarak Pt degil de KUE kullanildiginda
(IT durumu) pik gerilim degeri degismemistir ve
KUE’un karsit elektrot olarak kullanilabilecegi
anlasilmistir. Referans elektrot olarak Ag/AgCl
(3 M KCI) yerine KUE’un kulllanildig1 ve
calisma ve karsit elektrodun da KUE oldugu
durumda (III durumu) referans -elektrodun
degismesi nedeniyle pik gerilimi 70 mV kadar
diisiik gerilim degerine kaymistir. Bununla
beraber elde edilen akim degeri ve voltamogram
davranis1  parasetamoliin  yiikseltgenmesini
belirlemek i¢in uygundur. Literatiirde referans
ve Kkarsit elektrot olarak karbon kokenli
elektrotlarin kullanimina rastlanmaktadir [53,
55].

Durum Il

Durum Il

Akim / pA
k=]

00 05
Gerilim/V
Sekil 5. 3D yazict ile iiretilen yiizey baskili elektrot
benzeri sistemde 4,0 mM parasetamol i¢eren pH 7,0
FT’unda ii¢ farkli elektrot konfigrasyonunda
(Durum LII ve III) elde edilen doniistimli
voltamogramlar.

Ug elektrotlu elektrokimyasal hiicrede calisma,
referans ve karsit elektrot olarak KUE’un
kullanilabileceginin anlasilmasi 3D yazicilar ile
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tiretilmis elektrotlarda tiim elektrotlar1 KUE
olarak tasarlayabilecegimizi goOsterdiginden
maliyetin oldukca diigliriilmesi ve tasarimin
kolaylagmasi miimkiin olmustur. Aksi taktirde
ozellikle referans elektrot olarak Ag/AgCl veya
psodo Ag referans elektroda ihtiyag
olacagindan tek kullanimlik bir elektrot
iretiminde maliyet artacak ve iiretim siireci
zorlasacaktir.

Sekil 6’da goriilen tasarimda ise {i¢ ayri
kanaldan takip ¢ikarilabilen elektrotlarin hepsi
uc kisimda ortak hacimde yer alirlar ve analit
¢Ozeltisi ii¢ elektroda da temas edecek sekilde
bu kisma eklenir. 0,5 mL’yi gegmeyecek bir
analit hacmi yeterli gelmektedir. Bir mikropipet
kullanilarak her defasinda analit ¢ozeltisinin
yenilenmesi saglanmaktadir. Caligma elektrodu
olarak kullanilacak KUE her defasinda

rahatlikla takip cikarilabilmekte ve
kullanilmamis  bir elektrot yiizeyi elde
edilebilmektedir. Hatta KUE’un elektrodun

kullanilmayan diger kismi ikinci ve yeni bir
elektrot olarak kullanilabilmektedir. Bu
durumda ticari elektrotlardaki gibi tek
kullanimdan sonra elektrodun atilmasina gerek
kalmamakta ve yeni bir caligma elektrodu
ylizeyi KUE’un yenilenmesi ile
saglanabilmektedir. Degistirilen kisim sadece
calisma elektrodu olarak kullanilan kalem ucu
olacaktir. Parasetamol gibi bir analitin
elektrokimyasal  yiikseltgenmesi  caligma
elektrodu yiizeyinde gerceklestigi i¢cin numune
¢Ozeltisi iginde ylikseltgenme {iriinlerinden
kaynakli kirlilik miktar1 minimum diizeyde
kalacaktir. Olgiim yapilan bu numunenin 6lgiim
bittikten sonra dokiiliip, numune konulan
kismin 1-2 defa saf su ile yikanmasi ve yeni bir
Olciime icin hazir hale gelmesi kolayca
gerceklesebilir. Bunun haricinde daha kiigiik
boyutlarda ve daha kiiciik ¢apli elektrotlarin
kullanilabilecegi benzer sistemlerin iiretimi
sayesinde maliyet daha da azaltabilir ve bu
durumda  ¢oklu  kullanimlardan sonra
olusabilecek muhtemel kirlilik durumlarinda
sistemin yenilenmesi miimkiindiir. Sistemde
referans ve karsit elektrot olarak karbon temelli
kalem uglernnin kullanilabilmesi tek maliyeti
olduk¢a disiirdiigiinden tek kullanimlik
sistemlerde bile alternatif olarak
kullanilabilecek bir elektrokimyasal c¢aligma
sistemi elde edilebilmektedir.
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Sekil 6. 3D yaziciyla tiretilmis elektrot sisteminde
biitiin elektrotlarin KUE oldugu durum (istte) ve
referans elektrodun Ag/AgCl(3 M KCl) digerlerinin
KUE oldugu durum (altta).

Sekil 7°de 3D yaziciyla diretilmis elektrot
sisteminde II ve III durumu igin elde edilmig
voltamogramlar goriilmektedir. Sekil
incelendiginde II durumu icin 0,50 V’ta III
durumu i¢in ise 0,43 V gerilim degerinde
belirgin bir yiikseltgenme piki gozlenmistir.
Sonuglar ii¢ elektrotlu elektrokimysal hiicrede
elde edilenler (Sekil 4) ile uyumludur. Bu
sonuglar proje kapsaminda {iretilen elektrot
sisteminin ve bu sistemde KUE kullaniminin
basarili oldugunu gdstermektedir. Tasarimin
daha da gelistirilmesi miimkiindiir. Sistemin
ozelikle cap1 0,7 veya 0,5 mm olan KUE’ler i¢in
adapte edilmesi de miimkiindiir. Bunun i¢in ¢ok
daha kii¢lik boyutlarda iiretim yapabilecek daha
hassas 3D yazicilarin kullanilmasi gerekecektir.

Bunun disinda Sekil 6’daki ylizey baskili
elektrot benzeri sistemlerin belli oranda
gozeneklilige  sahip  olmast  nedeniyle
gozeneklerden ¢ozelti sizabildigi belirlenmistir.
Bunun Onlenmesi i¢in piyasada japon
yapistiricisi olarak bilinen siyano akrilat temelli
yapistiricilarin bir ka¢g kez uygulanmasiyla
gozenekler kapatilabilmistir. Bir diger
alternatif ise miimkiin oldugunca go6zenek
olmayacak sekilde {iretim parametrelerinin
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ayarlanmast ve/veya daha hassas iiretim
yapabilen gelismis 3D yazicilarin
kullanilmasidir.
150;
100_|
50
<
a3
1S 0]
< L
-50;
T T T T T T
0.0 0.5
Gerilim/V

Sekil 7. Sekil 6’daki 3D yazici ile iiretilmis
elektrotlar ile 4,0 mM parasetamol i¢eren pH 7,0
FT’unda iki farkli elektrot konfigrasyonunda elde

edilen doniisiimli voltamogramlar. (Siyah:

CE=KUE, RE=Ag/AgCI(3M KClI), KE:KUE ve
Mavi: CE=KUE, RE=KUE, KE:KUE)

3. SONUC

FDM tipi ii¢ boyutlu yazicilar kullanilarak
ylizey Dbaskili elektrotlara (screen printed
electrode, SPE) benzeyen sistemler iiretilmistir.
Ticari olarak satin alinan yiizey baskili
elektrotlar psddo bir referans elektrottan ve
karbon temelli bir karsit elektrot ile uygun bir
calisma elektrodundan olusmaktadir. Referans
elektro ve c¢alisma elektrodu bu elektrotlarin
maliyetine katki yapan Onemli etkenlerdir.
Ozellikle tek kullanimlik oldularida maliyetin
daha da artacagi goziikmektedir. Bu nedenle
ylizey baskili elektrot benzeri bir elektrot
tasarlarken ayn1 zamanda son yillarda yaygin
olarak kullanim alam1 bulan kalem ucu
elektrotlarin da SPE sistemine adapte edilmesi
amacglanmigtir. Bu kapsamda 3D yazici ile
tiretilen ve yiizey baskili elektrotlara alternatif
olabilecek elektrotlarimizda calisma, referans
ve karsit elektrot olarak kursun kalem ucu
elektrot (KUE) kullanilabilecegi doniistimlii
voltametri  yontemi  ile  gOsterilmistir.
Dontistimlii voltametri ¢alismalarinda biyolojik
onemi olan ve biyosensor c¢alismalarinda da
kullanilan ilag aktif bir madde olan parasetamol
tercih edilmistir. Elektrokimyasal Slgiimler 4,0
mM parasetamol igeren pH 7 degerindeki fosfat
tamponunda gergeklestirilmistir. Klasik {i¢
elektrotlu elektrokimyasal sistemde ve 3D
yazici ile dretilmis elektrot sisteminde
karsilastirmali  olarak  yapilan ¢aligmalar
KUE’un hem klasik ii¢ elektrotlu sistemde hem
de 3D yazicr ile tretilen elektrotlarda basarilt
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bir sekilde kullanilabilecegini gdstermistir.
Literatiirde KUE ve ii¢ boyutlu yazicilar ile
iligkili sinirhi sayidaki ¢aligmalardan birinde,
Ag nanopargaciklar ile modifiye edilmis
KUE’lar (2B, 2mm) 3D baskili mikroakigkan
platformda hidrojen peroksitin elektrokimyasal
olarak tayininde kullanilmistir [56].

Bu sonuglar 3D yazicilar ve KUE kullanilarak
ticari olarak firetilen elektrotlara gore daha
diisik maliyetle {iretim yapilabilecegini
gostermistir. Ayrica ii¢ boyutlu yazici ile
tretilen ylizey baskili elektrot benzeri
sistemimizde KUE’larin istenildiginde takip
cikarilabilmesi 6nemli bir avantajdir. Yazici ile
iretilen sistemin tek kullanimin ardindan
atilmasinin Oniine gegilmis ve sadece ¢aligma
elektrodunun yenilenmesiyle tekrar
kullanilmas1 miimkiin olmustur. Gerekirse giin
asir1 veya istenilen zaman araliklarinda referans
ve karsit elektrot olarak kullanilan KUE ta
degistirilebilir. Bu ¢alisma, elektrokimyasal
sensOr/biyosensor ¢alismalarinda  kullanilan
elektrotlarin veya sistemlerin, ulagilmasi ve
kullanimi1 kolay olan ii¢ boyutlu yazicilarla
diisiik maliyetle iiretilebilecegini
gostermektedir. Karbon temelli c¢alisma
elektrodu igeren ticari bir yiizey baskili elektrot
ile kiyaslandiginda 6nerdigimiz yiizey baskili
elektrot benzeri sistemde degisen sadece
calisma elektrodu olarak kullanilan KUE’un
kendisi olacaktir ve bu baglamda sistemin ticari
olanlara kiyasla yaklagik onda bir oraninda
maliyeti azaltacagi oOngoriilmektedir. Ayni
zamanda hem arastirma hem de egitim amacl

calismalarda  kullanilabilecek  bir  sistem
iiretilmistir. KUE gibi kirtasiyelerden kolaylikla
temin edilen karbon temelli elektrotlarin
kullanimiyla maliyetlerin daha da
diigiiriilmesinin miimkiin oldugu da
gosterilmistir.
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ABSTRACT

In healthcare organizations, medical staff scheduling is vital to achieving optimal patient care, ensuring
the well-being of medical officers, and the efficiency of operations. This research aims to address the
challenges of optimizing the scheduling of limited resources for multiple projects for medical staff,
through a comparative analysis of Google OR tools and genetic algorithms. We evaluate the
performance of these tools in various scenarios, taking into account factors such as overtime, work
balance, and scheduling efficiency. This comparative analysis reveals the strengths and weaknesses of
each approach, facilitating the development of improved medical staff scheduling solutions.
Additionally, we offer algorithmic optimizations tailored to meet the requirements of specific healthcare
settings, which contribute to enhancing the adaptability and effectiveness of scheduling tools. The
research findings provide valuable insights to guide decision-making in healthcare institutions,
ultimately aiming to enhance the quality of care provided by medical officers and improve the overall
efficiency of the healthcare system. In conclusion, the results show that the modified Google OR
algorithm significantly outperforms the Google OR tools and the regular genetic algorithm in
performance.

Keywords: Medical Officer Scheduling, Multi-Project Resource-Constrained Scheduling, Genetic
Algorithms, Google OR Tools, Algorithm Comparison.

1. INTRODUCTION This research delves into the critical world of
The intricate landscape of healthcare demands multi-project resource-constrained scheduling
meticulous multi-project resource-constrained for medical officers, specifically focusing on
scheduling for its nursing staff. Juggling diverse the comparative analysis of two potential
skill sets, fluctuating patient loads, and solutions: Google OR Tools and genetic
unforeseen absences, alongside a web of shift algorithms. Both approaches offer efficient
preferences and regulations, poses significant tools for tackling complex scheduling
challenges to the traditional scheduling methods problems, yet their strengths and limitations
utilized in many healthcare organizations. may differ within the unique context of
These challenges often translate into suboptimal healthcare settings. By evaluating their
outcomes, with consequences impacting both performance  across  various  scenarios,
patient care and medical officer well-being. considering crucial factors like minimizing
Over time, unbalanced workloads, and overtime, maintaining fair workloads, and
scheduling inefficiencies can lead to medical ensuring scheduling efficiency, this research
officer burnout, decreased job satisfaction, and aims to shed light on the suitability of each
ultimately, compromised patient care. method for optimizing medical officer

scheduling within healthcare organizations.
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Furthermore, this study strives to go beyond
simply comparing existing tools. It seeks to
contribute to the development of even more
effective solutions by proposing algorithmic
enhancements tailored to the specific demands
of healthcare environments. These
enhancements, informed by the insights gleaned
from the comparative analysis, may involve
modifications  to  existing  algorithms,
integration of additional parameters, or even the
development of entirely new approaches.
Ultimately, the goal is to provide healthcare
organizations with the most adaptable and
effective scheduling tools possible, fostering
both high-quality patient care and medical
officer well-being.

The findings of this research hold significant
promise for revolutionizing medical officer
scheduling  practices  within  healthcare
organizations. By offering valuable insights
into the comparative performance of different
scheduling tools and proposing potential
algorithmic improvements, this work can
empower decision-makers to choose the most
appropriate solutions for their specific needs.
Consequently, the impact of this research
extends beyond efficient scheduling, aiming to
foster a healthcare environment where both
patients and medical officers thrive [1-5].

2. LITERATURE REVIEW

2.1 Multi-Project Resource-Constrained
Scheduling and Optimization Techniques:
The problem of multi-project resource-
constrained scheduling (MPRCS) has been
extensively studied in various fields, including
manufacturing, construction, and healthcare.
Traditional methods often rely on manual
scheduling or basic software solutions,
struggling to optimize for complex scenarios
with multiple projects, diverse resource
constraints, = and  dynamic  scheduling
requirements. To address these limitations,
researchers have explored various optimization
techniques:

e Constraint Programming: Constraint
programming tools like Google OR Tools offer
effective solutions for MPRCS by modeling
resource constraints and scheduling rules as
mathematical equations. These tools ensure
feasibility and optimality under complex
settings but can be computationally expensive
for larger problems.
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e  Metaheuristics:  Metaheuristics, like
genetic  algorithms and particle swarm
optimization, are population-based approaches
that iteratively search for better solutions. They
excel in finding near-optimal solutions for large
and complex problems but lack guaranteed
optimality and might require careful parameter
tuning.

2.2 Google OR Tools and Genetic Algorithms
for Scheduling:

e Google OR Tools: OR Tools is a powerful
constraint programming toolkit widely used for
scheduling problems. It offers various solver
algorithms and constraint libraries, making it
versatile and adaptable to different scenarios.
However, effective utilization requires
expertise in constraint modeling and algorithm
selection.

e Genetic Algorithms: Genetic algorithms
are popular evolutionary algorithms commonly
applied in scheduling. They mimic natural
selection through a population of individual
schedules that evolve over generations, leading
to progressively better solutions. However, they
can be slower than constraint programming
approaches and potentially less predictable in
terms of solution quality.

2.3 Gaps
Approaches:
Despite significant advancements, several gaps
and limitations remain in existing MPRCS
optimization techniques:

and Limitations in Existing

e Healthcare-specific Considerations:
Existing research often focuses on generic
scheduling scenarios, neglecting the unique
demands of healthcare settings. Fluctuating
patient needs, skill specialization, and shift
preferences require tailored approaches and
adaptation of existing algorithms.

e Algorithmic Limitations: While offering
efficient solutions, current techniques can face
challenges with large problem sizes and
complex constraints. Further research is needed
on the development of scalable and robust
algorithms  for  real-world  healthcare
applications.
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e Integration with Existing Systems:
Implementing new scheduling tools often
requires integration with existing hospital
information systems, presenting additional
challenges in data compatibility and workflow
adaptation [6-14].

3. PROBLEM STATEMENT
In healthcare organizations, efficient and
effective medical officer scheduling is

paramount for ensuring optimal patient care,
staff well-being, and operational efficiency. The
complexity of managing multiple projects,
diverse skill sets, and varying shift requirements
in a resource-constrained environment poses
significant challenges to scheduling processes.
Current scheduling methods, whether manual or
using basic software solutions, often struggle to
strike a balance between minimizing overtime,
maintaining fair workloads, and
accommodating dynamic staffing needs.

Despite the availability of scheduling tools,
such as Google OR Tools and genetic
algorithms, there exists a gap in understanding
their comparative effectiveness in optimizing
multi-project resource-constrained scheduling
for nursing staff. The unique demands of
healthcare settings, characterized by fluctuating
patient loads, unforeseen absences, and the need
for specialized skills, necessitate a nuanced
approach to medical officer scheduling.
Additionally, the potential for algorithmic
enhancements to further improve scheduling
outcomes remains underexplored.

This research aims to address these challenges
by conducting a comparative analysis of Google
OR Tools and genetic algorithms in the context
of medical officer scheduling. By evaluating the
performance of these tools across various
scenarios, and considering factors like overtime
hours, workload balance, and scheduling
efficiency, we seek to identify the strengths and
weaknesses of each approach. Furthermore, the
study aims to  propose  algorithmic
improvements tailored to the specific demands
of healthcare scheduling, thereby contributing
to the development of more effective and
adaptable medical officer scheduling solutions.
Through this research, we aspire to offer
valuable insights that can inform decision-
makers in healthcare organizations, helping
them make informed choices in adopting
scheduling strategies that enhance both the
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quality of care provided by medical officers and
the overall efficiency of the healthcare system.

4. METHODOLOGY

4.1 Data Collection

Describe the datasets used for experimentation.
Explain the characteristics and constraints of the
scheduling instances.

4.2 Google OR Tools:

Provide an overview of Google OR Tools.
Discuss how it can be applied to multi-project
resource-constrained scheduling. Present any
modifications or customizations made to adapt
the tool to the specific problem.

4.3 Genetic Algorithms:

Explain the basic principles of genetic
algorithms. Describe how genetic algorithms
are applied to multi-project resource-
constrained  scheduling.  Discuss  any
enhancements or modifications made to the
algorithm.

creation

l

Solver execution

Output — Displays

Figure 1. Google OR Tools Algorithm.

Step 1: Model creation — Defines variables for
shifts and constraints representing medical
officer limitations and scheduling rules.

Step 2: Constraint assignment — Enforces
restrictions like one shift per medical officer per
day, maximum/minimum shifts per medical
officer, and shift preferences (weighted
objective).

Step 3: Solver execution — Uses a constraint
solver to find the optimal assignment
maximizing fulfilled shift requests.

Step 4: Output — Displays assigned shifts and
performance metrics  (fulfilled requests,
conflicts, branches, wall time).

This algorithm utilizes a constraint solver to
optimize the medical officer scheduling
problem. Here's a breakdown of its steps:
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Model Creation:

Defines variables for each medical officer-day-
shift combination (shifts[(n, d, s)]) representing
whether a medical officer works a specific shift
on a particular day.

Sets constraints:
Each shift is assigned to exactly one medical
officer per day.

Each medical officer works at most one shift per
day.

Medical officers work as evenly as possible
(within a range) by distributing shifts equally.

Objective:

Maximize the total number of fulfilled shift
requests using a weighted objective function
that considers medical officer preferences.

Solver:

Uses a constraint solver like
cp_model.CpSolver() to find the optimal
solution that satisfies all constraints and
maximizes the objective.

Output:

Prints the assigned shifts for each day,
indicating whether they were requested by the
medical officer.

Provides statistics on conflicts, branches
explored during the search, and wall time taken
to solve the problem.

Simplified

e .
model creation

olve
creation

solver Improved
execution shift
counting
logic

Constraint Output —

Displays

assighment

Figure 2. Improved Google OR Tools Algorithm.
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Improved Google OR Tools
The Improved Google OR Tools flow diagram
is presented below.

Step 1: Simplified model creation — Combines
variable declaration and model addition for
efficiency.

Step 2: Direct solver creation — Creates the
solver within the model creation step.

Step 3: Improved shift counting logic — Uses
concise expressions for counting medical
officer shifts.

Step 4: Minor formatting changes — Enhances
code readability.

Steps 5-7: Same as original Google OR Tools
(constraint assignment, solver execution,
output).

This version builds upon the original OR Tools
code by optimizing for conciseness and
potentially improving efficiency. Here are the
key changes:

Simplified Variable Creation: Combines
variable declaration and model addition into a
single dictionary comprehension, reducing code
lines.

Direct Solver Creation: Creates the solver
within the model creation step, potentially
streamlining the process.

Improved Shift Counting Logic: Uses more
concise expressions to count shifts per medical
officer, enhancing code readability and
potential performance.

Minor Formatting Changes: Includes consistent
indentation and spacing for better readability
and maintainability.

Genetic Algorithm
The traditional Genetic Algorithm flow diagram
is presented below.

Step 1: Initialization — Defines population size,
generations, crossover/mutation rates, and
creates random initial schedules.
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Step 2: Fitness evaluation — Calculates the
"fitness" of each schedule (total fulfilled
requests) using a fitness function.

Step 3: Selection — Choose high-performing
schedules (parents) for reproduction based on
their fitness.

Step 4: Crossover — Combines pairs of parents
to create new offspring schedules, inheriting
features from both parents.

Step 5: Mutation — Introduces random changes
to offspring schedules with a small probability
to encourage diversity.

Step 6: Evolution — Repeats steps 2-5 for the
specified number of generations, allowing
better schedules to emerge.

Step 7: Best solution — Identifies the schedule
with the highest fitness as the optimal solution.

Step 8: Output — Displays the best schedule and
its fitness score.

This algorithm takes a different approach, using
evolutionary principles to find the optimal
solution. Here's how it works:

Initialization:
Creates a population of random shift
assignments for all medical officers and days.

Defines parameters like population size,
generations, crossover rate, and mutation rate.

Fitness Evaluation:

Calculates the "fitness" of each individual
(schedule) based on the total number of fulfilled
shift requests.

Selection:
Select high-performing schedules (parents) for
reproduction based on their fitness.

Crossover:
Combines pairs of parents to create new
offspring schedules, inheriting features from
both parents.

Mutation:

Introduces random changes to offspring
schedules with a small probability to encourage
diversity and exploration.
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Evolution:

Repeats the selection, crossover, and mutation
steps for the specified number of generations,
allowing better schedules to emerge.

Best Solution:

Identifies the schedule with the highest fitness
as the optimal solution for the medical officer
scheduling problem.

Output:
Displays the best schedule and its fitness score.

4.2. Comparison of Google OR Tools,
Improved Google OR Tools, and Genetic
Algorithm

Google OR Tools: Efficient and accurate, but
requires careful constraint modeling.

Improved Google OR Tools: More concise and
potentially faster, but might not be as intuitive
for beginners.

Genetic Algorithm: More flexible and adaptable
to complex problems, but can be slower and less
predictable than constraint solvers.

5. RESULTS AND ANALYSIS
Organizations with employees operating across
multiple shifts require meticulous planning to
ensure adequate staffing levels throughout the
day. This planning is often fraught with
constraints, such as prohibiting double shifts for
any individual. Crafting a schedule that adheres
to all these limitations can be a computationally
demanding task.

Case Study: Hospital Staff Scheduling:
Imagine a hospital supervisor responsible for
scheduling four medical officers over three
days. The schedule must follow these specific
constraints:

e Each day is split into three 8-hour shifts.

e A unique medical officer is assigned to
each shift, working a maximum of one shift per
day.

e Fach medical officer must be assigned at
least two shifts across the three days.

e The following sections delve into a solution
for this medical officer scheduling problem,
focusing on assigning medical officers to shifts
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while  respecting  the  aforementioned

constraints:

e One Officer per Shift: Each shift on each
day must be assigned to a single medical officer.

e No Double Shifts: No medical officer
should work more than one shift per day.

Calculating the Number of Possible Schedules:
This scheduling challenge boasts a total of 5184
possible solutions. Here's how we arrive at that
number:

Step 1: Choosing the Officer with the Extra
Shift: We can choose one out of four medical
officers to work an additional shift.

Step 2: Assigning the Extra Shift: The chosen
officer can be assigned to any of the three shifts
on each of the three days, resulting in a total of
4 x 3 x 3 = 108 possible assignments for the
extra shift.

Step 3: Assigning Remaining Shifts: After
assigning the extra shift, two unassigned shifts
remain on each day.

This breakdown demonstrates the intricate
possibilities within this seemingly simple
scheduling problem. Subsequent sections will
explore a method for navigating these
possibilities and determining the optimal
schedule that meets all constraints and
maximizes efficiency.

Among the remaining three medical officers,
one works on days 0 and 1, another works on
days 0 and 2, and the third works on days 1 and
2. There are 3! = 6 ways to assign these medical
officers to the specified days. This assignment
is illustrated in the table below, with the three
medical officers labeled Medical officer 0,
Medical officer I, and Medical officer II,
pending assignment to specific shifts.

Table 1. Medical Officer Shift Assignments.

Day 0

Day 1

Day 2

-Medical officer 0
-Medical officer I

-Medical officer 0
-Medical officer I

-Medical officer 0
-Medical officer II

-Medical officer 0
-Medical officer II

-Medical officer I
-Medical officer II

-Medical officer I
-Medical officer II

-Medical officer 0
-Medical officer II

-Medical officer I
-Medical officer II

-Medical officer 0
-Medical officer I

-Medical officer I
-Medical officer II

-Medical officer 0
-Medical officer I

-Medical officer 0
-Medical officer II

-Medical officer I
-Medical officer II

-Medical officer 0
-Medical officer II

-Medical officer I
-Medical officer II

-Medical officer 0
-Medical officer I

-Medical officer 0
-Medical officer II

-Medical officer 0
-Medical officer I

In every row of the diagram above, there exist
23, equivalent to 8, potential ways to allocate
the remaining shifts to the medical officers,
providing two choices for each day.
Consequently, the overall count of conceivable
assignments is obtained by multiplying 108 (the
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ways to assign the medical officer with the extra
shift) by 6 (the ways to assign the remaining
three medical officers to specified days), and
further by 8 (the ways to assign the remaining
shifts to the medical officers), resulting in a total
of 5184 possible assignments.
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Table 2. Schedule Result 1 - Medical Officer Scheduling Problem.

Algorit Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
hm
Google Medical Medical Medical Medical Medical Medical Medical
OR officer 0 officer 0 officer II officer I officer 0 officer 0 officer 0
Tools  shift of works shift of wor shift of work shift of wor shift of wor shift of work shift of works
_II (required). ks 0 (not s _1II (not ks I ks II s II (not 0 (not
Medical required). required). (required). (required). required). required).
officer I Medical Medical Medical Medical Medical Medical
shift of works officer Il officer II officer Il officer I officer Il officer I
0 (not shift of wor shift of work shift of wor shift of wor shift of work shift of works
required). ks 1 s_0 (required). ks 0 ks T (not s 0 _II (required).
Medical (required). Medical (required). required). (required). Medical
officer II Medical officer III Medical Medical Medical officer II
shift of works  officer IIl  shift of work officer II officer III officer III shift of works
_I(required).  shift of wor s I(required). shift of wor shift of wor shift of work _I'(not
ks 11 ks II (not ks 0 s 1 required).
(required). required). (required). (required).
Impro Medical Medical Medical Medical Medical Medical Medical
ved officer 0 officer 0 officer I officer I officer 0 officer II officer 0
Google shift of works shift of wor shift of work shift of wor shift of wor shift of work shift of works
OR I (required) ks 0 (not s_I (required) ks_II (not ks II s _II (not 0 (not
Tools Medical required) Medical required) (required) required) required)
officer Il Medical officer II Medical Medical Medical Medical
shift of works officer Il shift of work officer Il officer I officer Il officer I
_I(required)  shift of wor s 0 (required) shift of wor shift of wor shift of work shift of works
Medical ks I Medical ks 0 ks I (not s 0 (required) _II (required)
officer Il (required) officer III (required) required) Medical Medical
shift of works Medical shift of work Medical Medical officer III officer II
0 (not officer III s _II (not officer Il officer III  shift of work shift of works
required) shift of wor required) shift of wor shift of wor s_I (required) _I'(not
ks 11 ks I ks 0 required)
(required) (required) (required)
Geneti Medical Medical Medical Medical Medical Medical Medical
c officer 0 officer 0 officer 1 officer Il officer III officer Il officer I
shift of works shift of wor shift of work shift of wor shift of wor shift of work shift of works
0 (not ks 0 (not s 0 (not ks 0 (not ks 0 s 0 0 (not
required). required). required). required). (required). (required). required).
Medical Medical Medical Medical Medical Medical Medical
officer Il officer 0 officer 0 officer Il officer II officer III officer 0
shift of works shift of wor shift of work shift of wor shift of wor shift of work shift of works
_I (required). ks I (not s I (not ks I ks I (not s 1 _I'(not
Medical required). required). (required). required). (required). required).
officer I Medical Medical Medical Medical Medical Medical
shift of works  officer III officer 0 officer I officer 0 officer II officer III
I (not shift of wor shift of work shift of wor shift of wor shift of work shift of works
required). ks 11 s II (not ks II (not ks II s II (not _II (not
(required). required). required). (required). required). required).

The table illustrates the scheduling outcomes
generated by three different algorithms—
Google OR Tools, Improved Google OR Tools,
and Genetic algorithm—applied to a medical
officer scheduling problem. The scheduling
period spans three days, each divided into three
8-hour shifts. The objective is to optimize the

scheduling process while adhering to specific

constraints set by a hospital supervisor.

Columns:
Days (Day 0 to Day 6): Represent the
consecutive days of the scheduling period.
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Rows:
Algorithm: Specifies the algorithm used for
generating the schedule.

Cell Entries:

Each cell represents the assignment of a medical
officer to a particular shift on a specific day.
Algorithm Descriptions are given below:

1. Google OR Tools:

Medical officer assignments based on requested
and non-requested shifts.

Example: On Day 0, Medical Officer 0
Shift of works II (requested), Medical
officer I Shift of works 0 (notrequested), and
Medical officer II Shift Of Works 1
(requested).

2. Improved Google OR Tools:

An enhancement to Google OR Tools with
potentially improved scheduling outcomes.
Example: On Day 0, Medical Officer 0
Shift Of Works I (requested), = Medical

officer II Shift Of Works I (requested), and
Medical Officer 3 Shift Of Works O(not
requested).

3. Genetic Algorithm:

Medical officer assignments are determined
through a genetic algorithm approach.
Example: On Day 0, Medical Officer 0
Shift Of Works O(not requested), Medical
Officer_ii Shift Of Works I (requested), and
Medical Officer 1 Shift Of Works II (not
requested).

Comparative Analysis:

The table serves as a snapshot for comparing
the scheduling solutions provided by each
algorithm.

Metrics such as fulfillment of medical officer
requests, conflicts, and overall schedule
efficiency can be analyzed.

Table 3. Result 2 - Performance Metrics.

Algorithm The Conflicts Branches Wall Time Memory Used Optimality
number Gap
of shift

requests a
medical
officer
Google OR 13.0 (out 0 256 0.01356945s 673 MB 0
Tools of 20)
Improved 13.0 (out 0 208 0.008821959s 533 MB 0
Google OR of 20)
Tools
Genetic 7.0 (out of 0 9489 0.1876540184 700 MB 13
20) 0209965

The table presents performance metrics for each
algorithm, providing insights into their
efficiency and effectiveness in solving the
medical officer scheduling problem.

Columns:
e Algorithm: Specifies the algorithm for
which metrics are reported.
Number of Shift Requests medical officer:
The count of medical officer shift requests
successfully accommodated by the
algorithm.
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e Conflicts: The number of conflicts or
scheduling issues encountered by the
algorithm.

The number of branches
the algorithm's

e Branches:
explored during
execution.

e Wall Time: The time taken by the
algorithm to complete its execution.
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e  Memory used: This metric denotes the
amount of memory consumed by the
algorithm during its execution, which
can provide insights into its resource
requirements.

e Optimality Gap: The optimality gap
measures the deviation of the solution
obtained by the algorithm from the
optimal  solution, indicating its
effectiveness in finding near-optimal
solutions.

Analysis:

1. Number of Shift Requests
officer:

Google OR Tools and Improved Google OR

Tools perform similarly, meeting 13 out of 20

shift requests.

Genetic algorithm lags, meeting only 7 out of

20 requests.

Medical

2. Conflicts:
Google OR Tools and Improved Google OR
Tools show no conflicts.

Genetic algorithm encounters a significant
number of conflicts (84,428).

3. Branches Explored:

Improved Google OR Tools explores fewer
branches compared to Google OR Tools.

The genetic algorithm explores the highest
number of branches.

4. Wall Time:

Improved Google OR Tools has the shortest
wall time, followed by Google OR Tools.
Genetic algorithm has a longer wall time.

5. Memory used:

Enhanced Google OR Tools has the lowest
memory consumption, followed by Google OR
Tools. Genetic algorithm has high memory
consumption.

6. Optimality Gap:

The improved Google OR and Google OR tools
showed the same result while the genetic
algorithm had a high deviation from the result.

Overall Comparison:

Google OR Google OR tools stand out better on
the algorithm in terms of fulfilling requests in
favor of renderers and memory and time
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consumption. Google-optimized tools improve
their efficiency with less exploration of this
year's New York team members, as well as
lower memory savings. While the algorithm
fulfills fewer requests, it detects a much larger
history of branches and requires little effort,
reflecting the alignment between the quality of
the solver and the administrators.

5.2. Algorithmic Improvements:

The explanation of the differences between the
original Google OR Tools code and the
improved version:

While both versions effectively address the
medical officer scheduling problem using
constraint programming, the improved version
offers several refinements:

1. Concise Variable Creation:

Combines variable declaration and model
addition into a single step using dictionary
comprehension, making the code more compact
and potentially easier to read.

2. Streamlined Solver Integration:

Creates the solver directly within the model
creation  process, potentially enhancing
efficiency.

3. Optimized Shift Counting Logic:
Employs more concise expressions to count
shifts per medical officer, improving code
readability and potential performance.

4. Enhanced Readability:

Incorporates minor formatting changes, such as
consistent indentation and spacing, to promote
better code comprehension and maintainability.

5. Potential Advantages:
Conciseness: The streamlined code can be
easier to understand and modify.

Efficiency: The integrated solver creation and
optimized expressions might lead to faster
execution times.

Readability: The improved formatting enhances
code clarity.

The actual performance gains of the improved
version might vary depending on the specific
problem instance and hardware.
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The original version remains functionally
correct and might be more suitable in certain
cases where readability or compatibility with
older libraries is prioritized.

In conclusion, the improved Google OR Tools
code offers potential advantages in terms of
conciseness, efficiency, and readability, making
it a wvaluable option for medical officer
scheduling optimization tasks.

6. DISCUSSIONS

6.1 Previous Studies:

Our research focuses on improving medical
staff scheduling in healthcare organizations by
comparing Google OR tools and genetic
algorithms. Below is a comparison with
previous studies based on the keywords I
provided:

Medical Administrator Scheduling: Previous
studies have focused on the role of medical
administrative  assistants in  scheduling
appointments, updating patient histories, and
working with insurancel. Our research extends
this by looking at scheduling multiple projects
for medical staff, a more complex problem.

Scheduling multiple projects with limited
resources: Previous research has addressed the
problem of scheduling multi-mode projects
where resources are limited. Our research
contributes to this field by applying it to the
specific context of healthcare organizations and
comparing the performance of Google OR tools
and genetic algorithms.

Genetic Algorithms: Genetic algorithms are
metaheuristic optimization methods inspired by
natural selection and genetics, and are
commonly used to generate high-quality
solutions to optimization and search problems.
Our research innovatively applies these
algorithms to the medical staff scheduling
problem and compares their performance with
Google OR tools.

Google OR Tools: Although I could not find
specific references to Google OR tools in the
context of scheduling, these tools are widely
used to solve various optimization problems.

Comparing algorithms: Comparing algorithms
usually involves analyzing their efficiency in
terms of time and space. Our research follows
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this approach by comparing the performance of
Google OR tools and genetic algorithms in
different scenarios.

In conclusion, our research builds on previous
studies in these areas and provides valuable
insights into medical staff scheduling in
healthcare organizations. The discovery that the
modified Google OR algorithm significantly
outperforms the Google OR tools and the
regular genetic algorithm is a major
contribution to the field.[15-24]

6.2 Results Discussions

The comparative analysis revealed intriguing
insights into the strengths and weaknesses of
both Google OR Tools and genetic algorithms
in optimizing medical officer scheduling. Both
methods achieved high levels of scheduling
efficiency, consistently generating feasible and
conflict-free  schedules. However, their
performance varied in other aspects:

Shift requests medical officer.: Google OR
Tools and Improved OR Tools consistently
fulfilled more medical officer shift requests
compared to the genetic algorithm. This
suggests that constraint programming excels in
respecting  individual preferences  while
optimizing the overall schedule.

Computational efficiency: Improved OR
Tools demonstrated the fastest execution times,
followed by Google OR Tools and then the
genetic  algorithm. This  highlights the
importance of optimizing constraint models and
solver selection for improved efficiency.

Conflicting schedules: The genetic algorithm
encountered a significantly higher number of
conflicting schedules during its search. This
indicates a trade-off between solution quality
and computational efficiency, where exploring
a broader search space might lead to more
infeasible solutions initially.

Practical Implications: The findings of this
research offer valuable practical implications
for healthcare organizations seeking to optimize
medical officer scheduling:

Google OR Tools and Improved OR Tools
emerge as efficient and reliable options for
scheduling with high adherence to medical
officer preferences and efficient schedule
generation.  Organizations with resource
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constraints and a priority on respecting medical
officer requests may find these tools particularly
beneficial.

The genetic algorithm, while achieving a lower
success rate in meeting shift requests, offers an
alternative approach for exploring a broader
solution space and potentially discovering
unforeseen optimal solutions. This could be
valuable for organizations with highly complex
scheduling requirements and flexibility in
adjusting shift assignments.

The improved versions of both tools
demonstrate the potential of algorithmic
modifications for enhancing performance.
Organizations can explore further
customization of these tools or consider
utilizing hybrid approaches that combine
constraint programming with metaheuristics for
even greater efficiency and solution quality.

Unexpected Results and Challenges: One
unexpected result was the relatively low number
of shift requests met by the genetic algorithm.
While it found optimal solutions in terms of
schedule efficiency, balancing individual
preferences with overall optimization proved
more challenging. Additionally, the high
number of conflicting schedules encountered
during its search highlights the need for further
refinement of the algorithm for specific
healthcare applications.

7. CONCLUSION

This research highlights the effectiveness of
Google OR tools and genetic algorithms in
improving resource-constrained multi-project
scheduling for medical staff in healthcare
settings. By comparing their performance and
proposing algorithmic improvements, this study
provides valuable insights to guide decision-
making in healthcare organizations. Ultimately,
choosing the most appropriate scheduling tool
will depend on individual organizational needs,
resources, and priorities. However, the results
of this research provide a critical step toward
improving medical staff scheduling practices,
ultimately leading to improved patient care,
increased medical staff satisfaction, and a more
efficient health care system. The improved
Google tools showed high speed and less
memory consumption, while the regular Google
tools took longer, and the genetic algorithm
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consumed a lot of memory and needed a long
time.
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0z

Bu c¢alismada, denim kumasin iiretim parametrelerine gore goriintiisiinii liretim gergeklestirilmeden
tahmin ederek olusturmayi amaglayan bir goriintii model gelistirilmistir. Tahmin modeli, denim
kumaglarin {liretiminde nihai goriinlimii etkileyen parametrelerin dikkate alinmasiyla olusturulmustur.
100’den fazla kumasin incelenmesi sonrasi segilen iiretim parametreleri, ¢dzgii ipi numarasi, atki ipi
numarasi, érgil tipi, érgii yonii ve ham atki sikligidir. Onerilen model, bu parametreleri kullanarak
gercekei denim kumasg goriintiileri olusturarak {ireticilere ve tasarimcilara, spesifik gorsel karakterlere
sahip kumaslarin {iretim 6ncesi tahmini goriintiisiinii gorme imkan1 saglamaktadir. Uretim parametreleri
ve denim kumaslarin nihai goriintiisii arasindaki iligkinin daha iyi anlasilabilmesi i¢in, iriinlerin
mikroskobik ve normal goriintiileri iizerinde incelemeler yapilmistir. Bu incelemeler sonucunda,
kumagin i¢ yilizeyini gosteren mikroskobik goriintiilerde her siradaki goriinen atki ipliginin
uzunlugunun, yaninda bulunan ¢6zgili ipliginin uzunlugunun Orgii tipi numarasi kadar oldugu
gozlenmistir. Bu bilgiler 15181inda, kumas goriintiisii igin piksel degerleri belirlenerek kumasin dokuma
goriintiisii olusturulmustur. Ancak sadece bu bilgileri kullanarak gelistirilen algoritma, ger¢ek dokuma
isleminde bulunan entropiyi goz ardi1 edeceginden, gercekeiligi artirmak amaciyla dogal goriintiiler elde
etmek i¢in de matematiksel ¢aligmalar yapilmistir. Python OpenCYV kiitliphanesi kullanilarak tarayicidan
elde edilen normal kumas goriintiileri {izerinde incelemeler yapilmistir. Goriintii temizleme ve siyah-
beyaz goriintii elde etme islemleri uygulanmis ve bu siyah-beyaz goriintiilerden kumaslardaki koyu ve
acik pikseller tespit edilerek saydirilmistir. Bu analizler sayesinde atki ipliklerinin dokuma esnasinda
¢ozgii ipliklerinin renginden ne kadar etkilendigi belirlenmistir. Yapay goriintiilerde atki ipliklerine ait
acik renkli pikseller koyulastirilarak gergek¢i bir denim goriintiisii olusturulmustur. Son kullanici
hatalarinin dniine gegilebilmesi i¢in Python kiitiiphaneleri kullanilarak bir arayiiz olusturulmustur. Bu
arayiiz, hatali veri girisinin oniine gecerek kullanicinin veri girisini tamamladiktan sonra algoritmanin
arka planda calisip tahmini kumas goriintiisiinii olugturmasini saglar. Modelin denenmesi amaciyla
bilinen kumas tiirleri {izerinde testler yapilmig ve orijinal goriintii ile algoritma tarafindan olusturulan
yapay gorintii karsilastirilarak basarili sonuglar elde edilmistir. Yapilan ¢aligmada, matematiksel bir
model kullanilarak tahmin edilen kumas gorselleri orijinalleri ile ortalama piksel degeri, koyu renkli
piksel sayilar1 ve a¢ik renkli piksel sayilar1 bakimindan kiyaslanmis ve %90’1n iizerinde bir benzerlik
oldugu tespit edilmistir.

Anahtar Kelimeler: Denim, Goriintii Isleme, Goriintii Olusturma, Tahminleme.
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GENERATING THE PREDICTED IMAGE OF DENIMS USING
PRODUCTION PARAMETERS AND IMAGE PROCESSING
TECHNIQUES

ABSTRACT

In this study, an image model has been developed aiming to predict and generate the appearance of
denim fabric based on its production parameters without actual production. The prediction model has
been created by considering the parameters that affect the final appearance of denim fabric in its
production. After examining over 100 fabrics, the selected production parameters include warp yarn
count, weft yarn count, weave type, weave direction, and raw weft density. The proposed model utilizes
these parameters to generate realistic images of denim fabric, providing manufacturers and designers
with the opportunity to visualize the predicted appearance of fabrics with specific visual characteristics
before production.To better understand the relationship between production parameters and the final
appearance of denim fabric, examinations have been conducted on both microscopic and regular images
of the products. As a result of these examinations, it has been observed that the length of each visible
weft yarn in the microscopic images representing the fabric's inner surface is equal to the weave type
number of the adjacent warp yarn. Based on this information, pixel values have been determined for
fabric images to create the woven texture of the fabric. However, an algorithm developed solely based
on this information would overlook the entropy present in the actual weaving process. Therefore,
mathematical studies have also been conducted to obtain natural images in order to enhance realism.
Examinations have been performed on regular fabric images obtained from a scanner using the Python
OpenCV library. Image cleaning and conversion to black and white have been applied, and the dark and
light pixels in the fabrics have been detected and counted. Through these analyses, it has been
determined how much the weft yarns are influenced by the color of the warp yarns during weaving. In
artificial images, the light-colored pixels belonging to weft yarns have been darkened to create a realistic
denim appearance.To prevent user errors, an interface has been created using Python libraries. This
interface prevents erroneous data entry and allows the algorithm to run in the background and generate
the predicted fabric image after the user completes the data entry. Tests have been conducted on known
fabric types to evaluate the model, and successful results have been obtained by comparing the original
images with the artificial images generated by the algorithm. In this study, the fabric images predicted
using a mathematical model were compared with the originals in terms of average pixel value, number
of dark pixels and number of light pixels, and it was found that there was a similarity of over 90%..

Keywords: Denim, Image Processing, Image Generation, Prediction.

1. GIRIS bir boyama iglemi bulunmamaktadir. Dokuma
Denim kumaglar giyim sektoriinde yaygin prosesi denim kumasin goriintiisiinii etkileyen
olarak kullanilan tekstil malzemesi tiirleridir. cok sayida parametreden olugsmaktadir ve orgii
Malzeme  temelde  pamuk iplikleriyle tipi de bu parametrelerden biridir. Orgii tipleri
tiretilmekte olup; pamuk iplikler likra, polyester 1/1, 1/2, 1/3 ve benzeri numerik degerlerle ifade
ve keten ipliklerle karigtirilarak da iiretimi edilmektedir. Ornegin; 1/3 seklinde ifade edilen
gerceklestirilebilmektedir. Bu  malzemeler bir orgii tipi, gozle goriilen her atki ipi i¢in, bu
kumasin giiciinii, esnekligini ve dayanikliligini ipin 3 ¢0zgii ipinin altindan gectigini ifade
yiikseltmek amaciyla eklenmektedir. Denim etmektedir. Uygulanan bu 6rgii tipleri, kumasta
kumasglarini iiretme siireci, ipliklerin bir araya gOriintiiniin yan1 sira giiclinii ve dayanikligim
gelerek dokunmasi yoluyla ger¢eklesmektedir. da  etkileyecek  bir dokuma  deseni
Bu dokuma isleminde iki tip iplik olusturmaktadir [1-3].

bulunmaktadir: atki iplikleri ve ¢ozgii iplikleri.

Cozgii ipligi kumasta dikey olarak uzanan iplik Denim kumaslar genellikle karakteristik mavi
olarak tamimlanirken, yatay olarak uzanan renkleri ile bilinmektedirler ve bu rengin elde
iplikler ise atki iplikleridir. Cozgii iplikleri edilmesi indigo boyalarin kullanimi ile
kumaga karakteristik mavi rengini vermek olmaktadir. Indigo boyalar uzun zamandir
amaciyla boyanirken, atki ipliklerinde herhangi tekstil endiistrisinde kullanilan bitkisel tabanli
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boyalardir. Denim kumaslarindaki ¢ozgii
iplikleri genellikle indigo boyalar kullanilarak
boyanmaktadir. Mavinin tonlar1  seklinde
boyama yapan indigo boyalarin disinda, denim
sektorlinde kullanilan farkli boyar malzemeler
de bulunmaktadir ve bu malzemeler genellikle
mavinin disinda genis yelpazede renkler elde
etmek i¢in kullanilmaktadir. Diger malzemeler
kullanilarak, ¢6zgii iplikleri istenilen her renkte
boyanabilmektedir. Bu da istenilen ¢iktiya gore
denim kumasin mavi disinda renklerde
tiretilmesine olanak saglamaktadir [4-5].

Cozgli  ipliklerinde  kullanilacak  olan
boyarmaddenin se¢imi, liretilecek olan denim
kumagin nihai goriintiisiinde ciddi bir etkisi
bulunmaktadir. Bazi iireticiler egsiz ve ayirt
edici bir goriinim elde edebilmek, ya da
pazardaki rakiplerinden iirlinlerini
farklilastirmak adina, denim kumasta en ¢ok
tercih edilen indigo boyalardan daha fazli boyar
maddeler tercih edebilmektedir [6].

Bu bilgiler 15181nda gerceklestirilen ¢alismada,
¢ozgii ipliklerinin atki ipliklerine kiyasla daha
koyu renkte olduklart g6z  Oniinde
bulundurulmustur. Ciinkii denim kumaslardaki
cozgii iplikleri indigo ya da diger
boyarmaddeler ile boyanirken, atki iplikleri ise
boyanmadan  kullanilmaktadir.  Goriintiiler
olusturulurken  denim  kumasglarin ~ bu
oOzelliklerini temsil edebilmek i¢in ¢ozgii
ipliklerinin olusturulmasinda koyu pikseller
tercih edilmis, atki iplikleri temsil edilirken ise
acitk renkli pikseller tercih edilmistir. Bu
tercihler iki farklr iplik tiiriinden olusan denim
kumaglarin karakteristik goriniimiini
yakalamakta faydali olmustur.

Ipliklerin renkleri disinda, denim kumaslarin
goriinlimlerinde 6nemli bir rol oynayan diger
faktor ise denim kumasin dokusudur. Bu doku
ise dokuma prosesi sayesinde olugmaktadir.
Dokuma isleminde siki ve dayanikli bir denim
kumas olusturabilmek icin ¢6zgli ve atki
iplikleri birbirine gecirilmektedir. Bu sebeple,
olusturulan  goriintiillerde ayni  zamanda,
ipliklerin birbirine ge¢meleriyle sekillenen
denim kumaslarin dokusu da dikkate alinmistir.
Kumaslarin taranarak dijital goriintiilerinin elde
edilmesi, kumaglarin gesitli 6zelliklerini analiz
etme konusunda 6nemli ve kullaniglt bir teknik
haline gelmistir. Bu dijital goriintiilere goriintii
isleme teknikleri uygulanarak kumag imalatiyla
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ilgili parametreler ya da iiretim kalitesi tespit
edilebilmektedir [7-8].

Bilgisayarlar gorselleri numerik matris verileri
olarak algilamaktadirlar. Algiladiklar1 bu
matriste, her bir element gorsel {izerindeki tek
bir pikseli temsil etmektedir. Yatay ve dikey
koordinatlardaki element sayilari ise yatay ve
dikey piksel sayilarini, dolayisiyla bu gorselin
¢Oziinlirliglini  belirlemektedir. Giiniimiizde,
goriintiileri analiz etmek, manipiile etmek ya da
yapay zeka tabanli uygulamalarda veri seti
olusturmak i¢in ¢ok sayida goriintii isleme
kiitiiphanesi bulunmaktadir. Bu kiitiiphanelerin
sikca kullanilanlarindan biri ise OpenCV
kiitiiphanesidir. OpenCV, goriintiileri olusturan
bu matrisleri her bir pikseli olusturan Kirmizi,
Yesil ve Mavi (RGB) degerleri vasitasiyla
algilamaktadir. Bu RGB degerleri, 0 ila 255
arasinda degisen = numerik degerlerle
gosterilmektedir ve her bir say1 o piksel
icerisindeki mavi, yesil ve kirmizi miktart
hakkinda  bilgi  vermektedir.  Goriinti
matrisindeki her bir piksele tekabiil eden RGB
degerlerini analiz ederek bilgisayar her bir
pikselin renk ve yogunluguna karar
vermektedir. Ornegin bu RGB degerleri (0, 0, 0)
oldugunda bilgisayar ekrani siyah bir piksel
gosterirken, (255, 255, 255) degerlerine sahip
olan bir pikselde ise goriintii beyaz renkte
olmaktadir [9-11].

Bilgisayarlarin goriintiileri algilayis bicimleri,
goriintii olusturma ve manipiilasyon
islemlerinde de aynmi sekilde caligmaktadir.
OpenCV  kiitiiphanesi  ilgili  goriintiideki
istenilen piksel degerlerinin yerine yenisini
yazarak o pikselin rengini degistirebilmektedir.
Bu o6zellik de arastirmacilar tarafindan goriintii
iyilestirme, olusturma gibi faaliyetlerde
kullanilabilmektedir. Gorlinti  olusturma
metodu, girdi verilerinin  kosul olarak
kullanilmasiyla tahmini bir dijital goriintii
olusturulmast seklinde, yaygin bir bigimde
kullanilan bir goriintii isleme yontemidir. Bu
yontem bilgisayar grafiklerinde kullanmak
lizere yapay bir goriintii olusturulmast ya da
sanal ve artirilmis gergeklik ortamlari igin
gergekei goriintiiler olugturulmasi gibi kullanim
alanlarina sahiptir [12-13].

Kumaglarin atki ve ¢ozgii iplikleri ya da
dokuma tipleri gibi o&zellikler kumaglarin
taranarak dijital ortama aktarilmasi ve goriintii
isleme yontemiyle tespit edilebilen
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ozelliklerdendir. Yiizmeler, ipliklerin
kumagtaki diger  ipliklerle = ge¢cmemis
uzunluklaridir ve ipliklere karsilik gelen

goriintiideki pikseller analiz edilerek tespit
edilebilirler. Yiizmelerin tespit edilmesiyle,
kumasin 6rgii tipinin belirlenmesi ve kumasin
dayanimi ve kalitesi konusunda fikir vermesi de
miimkiin olmaktadir. Goriintli isleme teknikleri
ayn1i zamanda denim kumaglarin kalite ve
performanslarini belirlemekte de
kullanilabilmektedir. Dijital goriintiiler analiz
edilerek kumaslarin kirilma noktalari, su
emicilikleri, elastik mukavemetleri ve fitilleme
oranlarina yonelik bilgileri elde etmek
miimkiindiir. Bu bilgiler de denim kumasin
dayanikliligi, konforu ve fonksiyonelligi
hakkinda fikir yiiriitilmesini saglamaktadir.
Kumaslarm kalite ve performanslarinin yani

sira goriintii  isleme teknikleri kumaslarin
yaniciligini da tespit etmek icin
kullanilabilmektedir. Bu analizler  de

kumaglarin giyim ya da mobilya gibi farkli
kullanim alanlarindaki uygunluklarina dair fikir
vermektedir [14-16].

Denim kumas, giyim sektdriinde en ¢ok
kullanilan tekstil iiriinlerinden biridir. Uretim
asamasinda kullanilan c¢esitli parametreler,
kumagin goriiniimiinii ve o6zelliklerini énemli
Olclide etkiler. Bu parametrelerin etkilerini
onceden tahmin etmek ve gorsellestirmek,
tasarimcilar ve {reticiler igin Onemli bir
ihtiyactir. Mevcut yontemler, genellikle fiziksel
numuneler liretmeye ve test etmeye dayanir. Bu
yontemler zaman alic1 ve maliyetli olmaktadir.
Bu nedenle, sektdrde iiretim parametrelerine
dayal1 olarak denim kumas goriintiilerini dogru
ve hizli bir sekilde tahmin edebilecek yeni
yontemlere ihtiya¢ duyulmaktadir.

Denim kumasin iiretim parametrelerine gore
goriintlisiinii daha tretim gergeklestirilmeden
tahmin etmek icin gelistirilen bu model uzun
vadede, tasarimcilarin ve treticilerin farkl
tretim parametrelerinin etkilerini
gorsellestirmek  i¢in  fiziksel numuneler
iretmeye gerek kalmadan, sanal ortamda
denemeler  yapabilmelerini  saglayacaktir.
Aragstirmanin Ozgiinliigi, iiretim
parametrelerini ve dokuma islemini dikkate
alan bir modelin ilk kez gelistirilmesinde
yatmaktadir. Model, denim kumasg gériintiilerini
dogru ve gercekei bir sekilde tahmin ederek,
tasarimcilar ve iireticiler i¢in 6nemli bir arag
sunmaktadir. Calismanin sonuglari, giyim
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sektoriinde Dbiiylik bir potansiyele sahiptir.
Model, sanal tasarim, iirlin gorsellestirme ve
sanal gergeklik gibi alanlarda
kullanilabilecektir. Ayrica, modelin diger
tekstil {rlinlerinin gorlintiilerini tahmin etmek
icin de uyarlanabilecegi diistiniilmektedir.

2. MATERYAL VE METOT

Bu calismada gelistirilen goriintii olusturma
modeli, denim kumasin iiretim parametrelerine
gbre nihai goriiniigiiniin isabetli bir sekilde
tahmin edilmesini amaglamaktadir. Denim
kumasglarin iiretimi esnasinda nihai gorselini
etkiledigi diisiiniilen parametreler goz oniinde
bulundurularak tahminleme modeli
olugturulmustur. Buna gore segilen iiretim
parametreleri ise; ¢ozgll ipi numarasi, atki ipi
numarasi, orgil tipi (2/1, 3/1, ya da 4/1 gibi),
orgii yoni (S veya Z) ve ham atki sikligi
parametreleri olmustur. Onerilen bu model,
ilgili parametreleri kullanarak gercek¢i denim
kumas goriintiileri olusturmaktadir ve buda,
iireticilere ve tasarimcilara spesifik gorsel

karakterlere sahip kumaslarin dretilmeden
tahmini  goriintlistinii  goérebilme  imkan1
saglayacaktir.

2.1. Goriintiiniin Elde Edilmesi

Denim kumasglara ait goriintiilerin elde edilmesi
icin iki farkli yontem kullanilmistir. Goriintii
isleme caligmalarinda elde edilen goriintiilerin

standart formatta olmasi ve esit ortam
kosullarinda elde edilmesi son derece
onemlidir. Bu sebeple denim kumasglarin

goriintiilerinin elde edilme asamasinda standart
ortamlardan faydalanilmistir.

Denim kumaslarin normal goriintiileri elde
edilirken bir gorsel tarayict kullanilmis, bu
sayede disaridan herhangi bir 151k girisi
engellenerek gorlintiilerin ayn1 standartlarda
kayit altina alinmasi saglanmistir. Mikroskobik
denim kumas goriintiilerinde ise tarayici sistemi
mimkiin  olmadigindan, mikroskop altina
konulan numuneler, kapali ortamda alttan ve
iistten esit sartlarda 1siklandirilarak goriintiiler
elde edilmistir. Mikroskobik goriintiilerde,
goriintli 20 kat biiyitiilmiistiir.

Her ne kadar giinlimiizde goriintii yakalama
teknolojileri gelismis olsa da elde edilen bu
gorilintiilerin iizerinde c¢alismaya daha elverisli
olabilmeleri icin goriintii isleme teknikleri
kullanilarak iyilestirme ¢alismalar1 yapilmstir.
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Dijital ortama aktarilan goriintiiler R, G, B
formatinda goriintiiler olup, bu goriintiiler 6nce
gri seviyeli goriintillere, sonrasinda ise
ikililestirilmis goOriintii olarak adlandirilan,
sadece siyah ve beyazdan olusan goriintiilere
doniistliriilmiistiir. Goriintiiler {izerinde bu
caligmalarin  yapilmasi hem incelemeleri
kolaylastiracak hem de goriintiilerin boyutlarini
diistirecektir.

Goriintiiniin Gri Tona Doniistiiriilmesi:

Bir goriintiiyli olugturan matriste bulunan RGB
degerlerinde her rengi temsil eden ve 0-255
arasinda degisen degerlerin birbirinden farkli
olmasi durumu, goriintiiniin renkli bir goriintii
olmasimni  saglamaktadir. Gri  tonlamali
gorsellerde ise bu degerler RGB formatindaki
gibi {i¢lii bir deger olmayip, tek bir deger ile
temsil edilmektedir. Baska bir deyisle, RGB
formatinda beyaz bir piksel (255, 255, 255)
degerlerini alirken, gri tonlamali bir gorselde
beyazi tanmimlamak icin bir tek (255) degeri
yeterli olmaktadir.

OpenCV Kkiitiiphanesi, RGB bir goriintiiyii gri
tonlamali bir goriintiiye c¢evirirken her bir
pikseldeki RGB degerlerinin ortalamalarini
alarak tek bir deger elde etmekte ve goriintii
matrisindeki tiglii verileri elde edilen tek degere
doniistiirerek gri tonlamali goriintli matrisi
olusturmaktadir. Gri tonlamali gorsellerde her
pikselde 0 — 255 araliginda 3 ayr1 deger yerine
tek bir deger muhafaza edildigi icin
goriintlilerin bilgisayar hafizasindaki

kapladiklar alan da azalmaktadir.

]

Sekil 1. Renkli ve Gri Tonlamali ikroskobik
Denim Goriintiisii

Siyah Beyaz Goriintii Elde Edilmesi:

Goriintli  isleme c¢alismalarinda goriintiiniin
daha iyi analiz edilmesini saglayabilmek i¢in
mevcut goriintii  siyah — beyaz hale
getirilebilmektedir. Bu islem gergeklestirilirken
istege bagl bir esik degeri belirlenmektedir.
Belirlenen bu esik degerinin altinda kalan
piksellerin RGB degerleri yine istege bagh
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olarak siyah (0) ya da beyaz (255) olarak
giincellenmektedir.

T | Xl Y Y X
Sekil 2. Renkli ve Siyah Beyaz Mikroskobik Denim
Goriintlisii

Giiriiltiilerin Temizlenmesi:

Goriintiilerin ~ analizlerinin  daha  saglikli
yapilabilmesi i¢in, dijital ortama aktarilan
goriintiilerin giiriiltiiden arindirilmalari
gerekmektedir. OpenCV, giliriiltii temizleme
islemini  yaparken =~ Non-Local = Means
algoritmasindan faydalanmaktadir. Non-local
Means algoritmasi, lizerinde calistig1 goriintii
iizerindeki benzer yamalar1 (patch) bularak
birbiriyle karsilagtirmakta ve benzer yamalarin
piksellerindeki ortalama degerlerini alarak
biitliin yamalar1 ayni degerler olarak giincelleme
mantigina dayanmaktadir.

Temizlenmis Goriintii

2.2. Uretim Parametrelerinin Goriintii Tle
Mliskisinin Arastiriimasi

Uretim parametreleri ve denim kumaslarin nihai
gorlintlisii  arasindaki iligkinin daha iyi
anlagilabilmesi adina, {iriinlerin mikroskobik ve
normal goriintiileri {izerinde incelemeler
yapilmistir. Yapilan bu incelemeler sonucunda
ozellikle kumasmn i¢ yiizeyini gOsteren
mikroskobik goriintiilerde goriilmiistiir ki, her
siradaki  goriinen atki ipliginin uzunlugu,
yaninda bulunan ¢6zgii ipliginin uzunlugunun
yaklagik olarak orgii tipi numarasi kadar
katsayisindadir.
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Sekil 4. Denim Kumas igten Mikroskobik
Gorlintiisii

Ornek olarak, 2/1 “lik bir 6rgii tipine sahip olan
bir kumasgin ¢6zgii ipi uzunlugu 10 piksel olarak
goriiniiyorsa, iki ¢6zgii ipi arasinda kalan alanda
goriinen atki ipliginde bu uzunluk yaklasik
olarak 30 piksele denk gelmektedir. Bu bulus
gorsellerin dogru olusturulabilmesi adina kritik
bir tespit olmustur.

Tekstil sektoriindeki yaygin  kullanimi  ve
yapilan gozlemlerde de goriildiigli lizere; orgii
yOnii parametresi aldig1 S ve Z degerlerine gore
kumasta olusacak olan dokumanin y6niinii tayin
etmektedir. Sekilde vurgulandigi gibi, dokuma
yonii “S” harfinin kivrim yoniinde ilerliyorsa
orgli yonii S tipi; dokuma yonii “Z” harfinin
kivrim yoéniinde ilerliyorsa ise 6rgii yoni Z tipi
olarak tanimlanmaktadir.

Sekil 5. Orgii Yonleri

Yapilan analizler sonucu elde edilen bu bilgiler
1s181nda piksel degerleri koyu veya agik olarak
belirlenerek kumag goriintiisii olusturulmustur.
Olusturulan bu kumasg goriintiisii her ne kadar
dokuma islemindeki sistemsel renkler dogru
sekilde simiile edilse de sadece bu bilgiler
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kullanilarak gelistirilen algoritmanin gergek
dokuma isleminde bulunan entropiyi goz ardi
edeceginden, gergek hayatta olmayacak kadar
diizgiin ve mekanik bir dokuma goriintiisii
verecektir. Ancak gercek uygulamada bu kadar
diizgiin bir goriinti elde etmek miimkiin
olmayip, kumasglarin dokuma esnasinda atki
ipliklerinde ¢ozgli ipliklerindeki boyadan
kaynakli renk degisimleri gozlenebilmektedir.
Gelistirilen algoritmada bu mekanik goriintii
yerine gercekeiligi artirilmis dogal goriintiiler
elde etmek adina ¢alismalar yapilmistir.

Tarayict ile elde edilen normal kumasg
gorintiileri  lizerinde  Python  OpenCV
kiitiiphanesi kullanilarak incelemeler

yapilmistir. Bu incelemelerde 100 farkli denim
kumasg goriintlisii iizerinde ilk Once goriintii
temizleme, sonrasinda ise siyah — beyaz goriintii
elde etme islemleri uygulanmistir. Siyah ve
beyaz gorsellerin olusturulmasi evresinde her
bir denim kumas goriintiisiine ait ortalama
piksel degerleri tespit edilmis ve bu ortalama
deger siyah-beyaz gorselin  olusturulmast
asamasinda ilgili gorsele ait esik deger olarak
almmistir. Denimdeki ortalama degerlerin
kullanilmasi, denim gorsellerindeki iplik
renklerinden bagimsiz bir sekilde koyu ve agik
piksellerin daha net tespit edilebilmesini
saglamistir. Bu siyah — beyaz goriintiilerden ise
kumaglarin goriintiilerindeki koyu ve acik
pikseller tespit edilerek iiretim parametrelerine
gore kumaslarin koyu ve acgik pikselleri
saydirilmistir. Bu saydirilan pikseller sonrast
kumaglarda ne kadar koyu ne kadar agik
bolgenin bulundugu tespit edilerek, atki
ipliklerinin ne kadarinin dokuma esnasinda
¢ozgili ipliklerinin renginden etkilendikleri
tespit edilmistir. Bu analizlerden sonucunda,
yapay goriintiilerdeki atki ipliklerine ait agik
renkli pikseller randomize bir sekilde
koyulastirilarak gorsel, dogala yakin bir denim
gorlintlisii  olarak  olusturulmustur. Denim
kumaslarin nihai goriintiisiinii  tahminlemek
amactyla gelistirilen matematiksel model
yapilan bu gozlemlerden yola c¢ikilarak
tamamlanilmistir. Gelistirilen modele ait kaba
kod asagidaki gibidir:
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input: Atk1 Ipi Numarasi, Cozgii ipi Numarasi, Ham Atki Sikligi, Orgii Tipi, Orgii Yonii
Weft, € 80/Atki Ipi Numaras1 # x-ekseni piksel sayisi atki ipi numarasina gore belirlenir
Weft, € 80/Atki Ipi Numaras1 # y-ekseni piksel sayist atki ipi numarasina gore belirlenir
Warp, € 80/Cozgii Ipi Numaras1 # # y-ekseni piksel sayisi ¢ozgii ipi numarasina gore belirlenir
Warpx € (80/ Cozgii Ipi Numaras1)*Orgii Tipi# x-ekseni piksel sayisi ¢ozgii ipi numarasina ve
orgii tipine goére belirlenir
fori € {1....3840} do # Olusturulacak goriintiiniin x eksenindeki toplam piksel sayisi 3840
for j € {1....2880} do # Olusturulacak goriintiiniin x eksenindeki toplam piksel sayis1 2880
while j < Warpy, do
if i < Weftido
Secilen pikseli acik renkte ¢iz
if rastgele (0,1)*Orgii Tipi > 1 do
pikseli koyu renge cevir
Else if i < Weft,+ Warpx do
Secilen pikseli koyu renkte ¢iz
while i > Weft, + Warp, and j < Warpy do
Imageyj) € Imaged. wefix + Warpx))G)
While j > Warpy do
Imageij) € Imagei-rawwetiensity)j-Warpy)
if Weaving Direction == S do

Gorlintiiyl yatay olarak dondiir

3. SONUCLAR

Yukarida bahsedilen gelistirilen matematiksel olugturulmustur. Olusturulan arayiiz sekil 6’da
modelin kullanici tarafindan dogru verilerle ve goriilmektedir.

dogru sekilde ¢alistirilmasi amaciyla bir arayiiz

Atki Numarasi:

Cozgl Numaras::

Ham Atk Sikhigi:

Orgii Tipi: —
Orgii Yonii: _

Tahmini Gérinti
Olusgtur l

Sekil 6. Algoritmanimn Kullanimi I¢in Olusturulan Arayiiz
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Kullanic1 buradaki veri girisini tamamladiktan
sonra arka planda algoritma ¢alisarak tahmini
kumas gorselini olusturmaktadir. Modelin
denenmesi amaciyla bilinen kumas tiirleri
lizerinde testler gergeklestirilmistir.
Parametreleri belli olan bir kumas tiiriiniin
orijinal goriintiisii ile karsilastirilmis haline ait
bir drnek agagidaki sekilde goriilmektedir.

Sekil 7°de de goriilmektedir ki orijinal
goriintiiye ¢ok benzer bir sekilde yapay bir
gorlintli, Uretim parametreleri kullanilarak
algoritma tarafindan olusturulabilmistir.

Sekil 7. Atki: 18 Cozgii: 10 Ham Atk Sikligi: 20 Orgii Tipi:3/1 Orgii Yonii: Z parametrelerine gére Tahminle
Olusturulan (solda) ve Orijinal Goriintii (sagda) Kiyaslanmasi

Bu benzerligin daha objektif bir sekilde
tanimlanabilmesi amaciyla, farkli parametreler

olusturulan gorsellerdeki ortalama piksel
degerleri ile olusturulan gorsellerdeki ortalama

kullanilarak olusturulan goérsellerdeki koyu ve piksel degerleri karsilastirilmistir. Sonuglar
acik renkli piksel sayilar ile orijinal gorsellere Cizelge 1°de goriilmektedir:
ait koyu ve acgik renkli piksel sayilari, ayrica
Cizelge 1. Yapay Goriintii ve Orijinal Goriintii Sayisal Karsilastirmalar
Yapay Goriintii Orijinal Goriintii Benzerlik
Ortalama Ac¢ik Koyu Ortalama Ag¢k Koyu Ortalama Acik Koyu
Parametreler Piksel Piksel Piksel Piksel Piksel Piksel Piksel Piksel Piksel
Degeri  Sayis1 Sayis1  Degeri  Sayis1i Sayis1i Benzerlik Benzerlik Benzerlik
Atk1: 18 Cozgii: 10 Ham
Atk Sikligi: 20 Orgii 35,96 13256 27377 36,58 14203 26430 % 98,3 % 93,3 % 96,4
Tipi:3/1 Orgii Yonii: Z
Atki: 10 Cozgii: 8 Ham
Atk Sikligr: 16 Orgii 32,02 15720 24913 35,8 16674 23959 % 89,4 % 94,3 % 96,0
Tipi:3/1 Orgii Yénii: Z
Atki: 8,6 Cozgii: 12 Ham
Atk Sikligi: 19 Orgii 30,03 18320 22313 32,57 16923 23710 % 92,2 % 91,7 % 94,1
Tipi:3/1 Orgii Yonii: Z
Atk1: 22 Cozgii: 16 Ham
Atk Sikligi: 19,5 Orgii 32,78 18306 22327 34,34 16715 23918 % 95,5 % 90,5 % 93,3
Tipi:2/1 Orgii Yonii: Z
Atkt: 12 Cozgili: 9 Ham
Atk Sikligr: 18 Orgii 36,67 15686 24947 35,11 14128 26505 % 95,6 % 89,0 % 94,1

Tipi:3/1 Orgii Yénii: Z

Yapilan ¢alisma kapsaminda, matematiksel bir
model  olusturularak, denim kumaslarin
goriintiilerini isabetli bir sekilde
tahminleyebilmek miimkiin olmustur.
Kiyaslanan gorsellerden elde edilen sayisal
verilere  bakildiginda, olusturulan yapay
goriintiilerle orijinal denim goriintiileri arasinda
gorselin ortalama piksel degerlerinde ortalama
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%94,2°1ik, agik renkli piksellerde ortalama
%91,8’lik, koyu renkli piksellerde ise ortalama
%94,8’lik bir benzerlik basarisina ulagilmistir.
Sayisal olarak yapilan bu kiyaslamanin
haricinde denim sektoriinden 4 farkli uzman ile
olusturulan  gorsellerdeki  benzerlik  ve
gercgekeilik goriisiilmiis, uzmanlar tarafindan da
gorsellerin benzerlik durumu teyit edilmistir.
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Bu haliyle gelistirilen model, koyu renkli ¢ozii
iplikleri ve agik renkli atki ipliklerini koyu ve
acik pikseller olarak olusturma yetenegine
sahiptir. Bununla birlikte, model {izerinde
yapilacak yeni giincellemelere yikama, iplik
boyama sliregleri parametreleri de dahil
edilebilecektir. Bu ise piksellerin sadece koyu —
acik seklinde degil, denim kumasin gercek
renginde olusturulmasini saglayabilecektir.

4. DEGERLENDIRMELER
Onerilen  yontemin  tekstil  endiistrisinde
saglayacagi faydalar, sektérde Onemli bir

doniisiim ve gelisim potansiyeli sunmaktadir.
Tasarim ve iiretim siireglerindeki verimlilik

artis, Oncelikle iiretim Oncesi fiziksel
numunelerin  yerini  dijital  ortamdaki
numunelere  birakmasi, tasarim  siirecinin
hizlanmasini saglayacaktir. Uretim

parametrelerinin etkilerinin gorsel olarak dijital
ortamda sunulmasi, kullaniciya deneme -
yanilma siireclerinin azaltilmasi avantajim
saglayacaktir. Bu durum, hem zaman ve kaynak
tasarrufu saglayarak rekabet giiciinii artiracak
hem de {retim maliyetlerini diisiirerek
ekonomik acidan olumlu etki yapacaktir.
Calisma uzun vadede, sirdiiriilebilirlik ve
cevresel faydalar agisindan, azalan fiziksel
numune {iretimiyle hammadde ve enerji
tasarrufu saglanmasu, atik ve kirliligin minimize
edilmesi ve siirdiiriilebilir iiretim ilkelerine
uygun bir ¢aligma ortami sunulmasina da katki
saglayacaktir. Glinlimiizdeki siirdiiriilebilir
kalkinma amagclar1 diislintildiigiinde bunun
kritik ve onemli bir katki oldugu asikardir.
Calismanin yine uzun vadede pazarlama ve satig
alaninda yapacagi katki ise, sanal fuarlarda ve
e-ticaret platformlarinda 3D  gorsellerin
sunulmasiyla miisteri deneyiminin
tyilestirilmesi, artirllmig gergeklik
teknolojisiyle miisterilere  {irlinleri  sanal
ortamda deneme imkami verilmesi ve
kisisellestirilmis ~ iirlin ~ tasarimiyla  yeni
pazarlama modellerinin gelistirilmesi  gibi
avantajlar olarak disiliniilmektedir. Sonug
olarak, gelistirilen bu model, tekstil
endiistrisinde ¢esitli alanlarda 6nemli bir rol
oynayabilecek ve sektoriin dijitallesme siirecine
saglam bir adim atmasini saglayabilecek bir
potansiyele sahiptir.
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0z

Bu ¢aligmada, PLA filament ve PET su siselerinin geri doniistiiriilmesiyle elde edilen PET filamentin
boyutsal dogrulugu ve geri ¢ekilme performansi, 3D FDM (Fused Deposition Modeling) yazict
kullanilarak iiretilen test objeleri iizerinde degerlendirilmistir. Caligma, geri doniistiiriilmiis PET
filamentin kullanilabilirligini ve teknik performansini belirlemeyi hedeflemektedir. Arastirmada farkli
baski hizlar1 ile PLA filament ve geri donistiriilmiiy PET filament kullanilarak baski iglemleri
gerceklestirilmistir. 3 boyutlu yazici ile farkli hizlarda (30-40-50 mm/s) iiretilen test objelerinin boyutsal
dogrulugu i¢in 6l¢iimler yapilmistir. Bu 6l¢iimler, filamentin yapisal tutarliligini ve basilan nesnelerin
boyutsal hassasiyetini degerlendirmek amaciyla gergeklestirilmistir. Geri ¢ekilme performansi i¢in de
ayni1 baski1 hizlar1 kullanilarak hem PLA filament hem de geri doniistiiriilmiis PET filament ile baskilar
alinmistir. Arastirmanin sonuglari, geri dontistiiriilmiis PET filamentin 3 boyutlu FDM tipi yazicilarda
nasil performans gosterdigini ortaya koyarak, siirdiiriilebilir iiretim siirecine katkida bulunabilir.

Anahtar Kelimeler: 3 Boyutlu Yazici, Geri Doniistiiriilmiis PET Filament, Boyutsal Dogruluk, Geri
Cekilme Performansi

COMPARISON OF DIMENSIONAL ACCURACY AND RETRACTION
PERFORMANCE OF PLA AND RECYCLED PET FILAMENTS 1n 3D
FDM PRINTING

ABSTRACT

In this study, the dimensional accuracy and retraction performance of PET filament obtained through
the recycling of PLA filament and PET water bottles were evaluated on test objects produced using a
3D FDM (Fused Deposition Modeling) printer. The aim of the study is to determine the usability and
technical performance of recycled PET filament. Printing processes were carried out using different
printing speeds with both PLA filament and recycled PET filament in the research. Measurements were
taken for the dimensional accuracy of test objects produced at different speeds (30-40-50 mm/s) using
a 3D printer. These measurements were conducted to assess the structural consistency of the filament
and the dimensional precision of printed objects. Retraction performance was also evaluated by printing
with both PLA filament and recycled PET filament at the same printing speeds. The results of the
research can contribute to sustainable production processes by revealing how recycled PET filament
performs in 3D FDM-type printers.

Keywords: 3D Printer, Recycled PET Filament, Dimensional Accuracy, Retraction Performance.
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1. GIRIS

3 boyutlu yazici teknolojileri 1980’lerden bu
yana hizla ilerlemis ve ilerlemeye devam
etmektedir. Endiistriyel ve prototip amaglariyla
kullanilan ~ bu  teknolojiler,  teknolojik
ilerlemelerle birlikte daha erigilebilir ve uygun
fiyath hale gelmistir. Bu gelisme, 3 boyutlu
yazici teknolojisinin genis bir kullanici kitlesi
tarafindan ~ benimsenmesini  ve  cesitli
sektorlerde yaygin olarak  kullanilmasini
saglamistir [1]. 3 boyutlu yazdirma veya
eklemeli tretim, bilgisayar destekli program
(CAD) kullanilarak 3 boyutlu yazicida baskisi
almabilen modellerin bilgisayar ortaminda
olusturuldugu bir siirectir. Bu teknolojiler ile
tasarimcilar, istedikleri nesneyi dijital olarak
tasarlayabilir ve bu tasarimi 3 boyutlu bir model
haline getirebilirler [2]. Farkli ¢alisma
prensiplerinde 3 boyutlu yazicilar mevcuttur.
Yaygin olarak erimis biriktirme modellemesi
(FDM) kullanilmaktadir [3]. FDM yazdirma
yontemi, 3 boyutlu yazicilarda kullanilan bir
tretim siirecidir. Bu siireg, 3 boyutlu bir
nesnenin fiziksel modelini olusturmak i¢in bir
CAD (Bilgisayar Destekli Tasarim) yazilimini
kullanmasiyla  baslamaktadir.  Tasarimci,
tasarimin girdilerini kullanarak CAD modelini
olusturmaktadir. Sonrasinda CAD modeli 3
boyutlu yazicilarin okuyabilecegi bir dosya
formatina  doniistiiriilmektedir. Bu  dosya
formati genellikle STL, OBJ, AMF ve 3MF gibi
formatlardir [4]. Doniistiiriilen dosya, bir
dilimleme yazilimi araciligi ile islenir. Slic3r,
Cura ve Repetier gibi popiiler agik kaynak

dilimleme yazilimlar1 bu adimda
kullanilmaktadir [5]. Dilimleme yazilimi,
yazdirilacak  nesneyi  katmanlara  ayirr,

katmanlar i¢in yol olusturur ve yazdirilacak
nesneye destek yapilar1 ekler. Ayni zamanda
tarama genigligi, tarama yonlendirmesi, dolgu
yogunlugu, katman kalimligi ve diger yazici
parametrelerini belirleyerek yazdirma islemi
icin gerekli olan G-code’u olusturmaktadir [6].
3 boyutlu yazici, tasarlanan nesneyi yazdirmak
icin G-code talimatlarin1 takip etmektedir.
Yazdirma islemi, 3 boyutlu yazicinin
ekstriizyon  bagligindan ¢ikan erimis
malzemenin katmanlar halinde st (iste
birlestirilmesiyle gerceklesmektedir. Bu
katmanlar, tasarlanan nesnenin 3 boyutlu
modeline  uygun  sekilde  bir  araya
getirilmektedir. Her bir katmanin {izerine
eklenerek, nihai fiziksel modelin tabakalarim
olusturmaktadir. Bu siire¢, malzemenin
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sogumasi ve sertlesmesiyle birlikte
ilerlemektedir. 3 boyutlu yazicti G-code
talimatlarin1  kullanarak, her adimda hangi
konumda ve hangi oOzelliklere sahip olmasi
gerektigini  belirlemektedir.  Bu  siireg,
tasarlanan nesnenin dijital modelini gercek bir
fiziksel objeye doniistirmek igin hassas ve
kontrollii bir iiretim siireci saglamaktadir [5].

3 boyutlu yazicilar, termoplastik filament gibi
malzemeleri kullanarak katman katman nesne
iireten cihazlardir. ABS, PLA, PETG, Naylon
gibi yaygin termoplastik filamentlerin yani sira,
metal, ahsap ve karbon elyafi gibi daha egzotik
malzemelerin kullanimi da miimkiindiir. Bu
filamentler, farkli 6zelliklere sahip nesnelerin
iiretilmesini saglamaktadir. 3 boyutlu yazdirma
teknolojisi, bir¢ok sektorde kullanilirken,
siirekli olarak yeni malzemeler ve daha ileri
seviye uygulamalar gelistirilmektedir. Boylece
bu teknolojinin potansiyeli ve kullanim alam
geniglemeye devam etmektedir [7]. 3 boyutlu
yazicilarda geri donistiirilmiis malzemelerin
kullanilmasi, atik yonetimi ve siirdiiriilebilirlik
acisindan Onemli bir rol oynamaktadir. Geri
dontistiiriilmiis  malzemelerin 3 boyutlu
yazicilarda kullanilmasi, ¢evresel etkiyi
azaltarak siirdiiriilebilir tretim pratiklerine
katki saglamaktadir. Ayrica geri doniigtiiriilmiis
malzemelerin 3 boyutlu yazicilarda
kullanilmas1 iiretim maliyetlerini diisiirerek
ekonomik acidan da avantaj sunmaktadir [8].

3 boyutlu yazicilarda tretim hizli ve seri
olmasina ragmen, objelerin boyutsal dogrulugu
ve c¢apaklanmalar nedeniyle katmanlarda
bozulmalar yasanabilmektedir. Bu nedenle
dijital tasarimlarin boyutsal dogrulugu biiyiik
onem  tasimaktadir.  Literatirde  farkli
malzemeler ve parametrelerle 3 boyutlu
yazicilarda fretilen nesnelerin performansini
degerlendirmeye yonelik ¢alismalar mevcuttur.
ABS-plus malzemesiyle yapilan c¢alismada;
hizli prototiplerde boyutsal dogruluk, diizliik ve
ylizeysel dokusunu belirlemeyi
amagclamaktadir. Bu ¢alismada FDM 3 boyutlu
yazicilardaki  iretim  siireclerini  optimize
etmeye ve daha hassas sonuglar elde etmeye
yardimci olmaktadir [9].

Endiistriyel 3 boyutlu yazici olan Zaxe Z1
yazicist kullanilarak ABS malzemeden iiretilen
parcalarda boyut hatalarim1 belirlemislerdir.
Farkli boyutlarda daire, kare ve eskenar {iggen
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sekilleri igeren test pargalari tasarlanmis ve
imalat tablasinin farkli bolgelerinde 5 farkl: test
pargasi Uretilmistir. Baskis1 alinan test objeleri
Sekil 1°’de goriilmektedir. Baskidan sonra
taranan test parcalarmin geometrileri iki
boyutlu profiller olarak elde edilmis ve
geometri uydurma algoritmasiyla tasarlanan
geometrilerle karsilagtirmigtir. Analiz
sonuglarma gore, profil tolerans degerlerinin
imalat tablasindaki konuma ve geometriye bagl
olarak degiskenlik gosterdigi gézlemlenmistir.
Imal edilen tiim geometrilerin tasarlanan
boyutlarindan daha kii¢iik oldugu goriilmiistiir.
Baska bir deyisle, tim geometriler ¢ekmeye
maruz kalmistir. Genel olarak, geometri boyutu
arttikca profil tolerans degerinde artis
gbzlemlenmistir. Tlim geometriler i¢in ortalama
profil tolerans degeri 0.1987 mm olarak
hesaplanmistir. Bu ¢alisma da tarama yollarinin
kaydirilmastyla daha hassas geometrilerin elde
edilebilecegini gostermektedir [10].

Sekil 1. Baskisi alinan test objeleri [10]

FDM yoéntemiyle iiretilen parcalarin boyutsal
dogrulugunu inceleyen ¢aligmada Stratasys
FDM 400MC makinesinde standart islem
parametreleri kullanilarak farkli boyutlardaki
dort parga ABS malzemesiyle iretilmistir.
Uretilen test objesi Sekil 2’de goriilmektedir.
Koordinat Olgme Makinesi ile dlgiilen lineer
boyutlarla pargalarin  boyutsal dogrulugu
hesaplanmigtir. Pargalarin boyutlarinin FDM
modelinin  dogrulugunu  6nemli  Olgiide
etkiledigini ve dairesel sekilli pargalarin,
Ozellikle silindirik, kiiresel ve deliklerin,
makinenin  toleransi oldugunu
gostermektedir [11].

disinda

Sekil 2. FDM yazici kullanilarak baski alinan test
objesi [11]
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Hafsa vd. tarafindan yapilan ¢aligmada, belirli
bir parganin {iretimi i¢in en uygun hizli
prototipleme ve imalat siirecini se¢menin
zorluguna odaklanmistir. FDM yontemiyle
iretilen ABS ve PLA malzemeli pargalar
Investment Casting siireci i¢in ana model olarak
degerlendirmistir. Arastirmanin  sonuglarina
gore, i¢i bog ABS model diisiik tabaka kalinligi
ile en iyl boyutsal dogruluk ve ylizey
plriizliliigiine sahipken, PLA modeli genel
olarak daha iyi dokiim sonuglart liretmektedir.
Yiksek tabaka kalinligiyla iiretilen dolu PLA
modeli, digerlerine gore daha iyi sonuglar
vermistir [12]. Mendel Max ve Kossel Mini agik
kaynakli 3 boyutlu yazicilarinin etkinligini ve
dogrulugunu inceleyen bir ¢alismada, Fused
Filament Fabrication (FFF) kullanilan bu
yazicilar lizerinde yapilan testlerde, katman
yiiksekligi ve dolgu yogunlugu gibi FFF
parametreleri ¢esitlendirilmistir. Baski i¢in
hazirlanan test objesinin modeli Sekil 3’te

gorilmektedir. PLA ve ABS filamentleri
kullanilarak  iiretilen pargalarin  boyutsal
dogrulugu ve yiizey Kkalitesi oOl¢iilmistiir.

Sonuclar, Mendel Max’in Kossel’e kiyasla daha
diisiik sapma gosterdigini ve PLA filamentin
daha iyi yiizey kalitesi sagladigini ortaya
koymaktadir. Her iki yazict i¢in de en iyi
sonuclarin, katman kalinligi 0.178 mm ve dolgu
yogunlugu %20 oldugu durumlarda elde
edildigi belirlenmistir [13]

Sekil 3. Modellenen test objesi [13]

PLA malzemesinden yapilan parcalarin
boyutsal ve yiizey kalitesi, FFF kullanilarak
degerlendirilmistir. isleme parametrelerinin,
katman kalinligi, baski hizi ve sicaklik gibi,
parcalarmm  Ozellikleri  {izerindeki  rolil
incelemislerdir. Ayrica, titresimli yiizey isleme
(VSF) adli bir post isleme operasyonunun,
islem siiresinin parcalarin yiizey ve boyutsal
degiskenligi iizerindeki etkisi gdzlemlenmistir.
Katman kalinliginin hem dogrudan basilmis
hem de post islenmis Orneklerin yiizey ve
boyutsal kalitesini kontrol etmek i¢in 6nemli bir
parametre oldugu bulunmustur. Baski sicakli
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gmm da  Orneklerin  boyutsal
dogrulugunda etkili oldugu goriilmiistiir. Post
isleme diistiniildiigiinde, iretilen O&rneklerin
nihai yiizey kalitesini belirleyen kilit faktor siire
olmustur; post islem ile ylizey piirtizliiligi %66
oraninda azalmistir [14]. PLA, PET-G ve ABS
malzemelerinden {iretilen 3 boyutlu baskil
cekme test Orneklerinin boyutsal dogrulugu
iizerinde filament tiirli ve katman yiiksekliginin
etkisi derinlemesine incelenmislerdir. Uretilen
test objesinin tasarimi ve boyutlart Sekil 4’te
goriilmektedir. FFF teknolojisi temel alinarak,
cesitli katman yiiksekliklerinde (0.2 mm, 0.3
mm ve 0.4 mm) ¢ekme test Grnekleri tretilmis
ve diger baski parametrelerini sabit tutulmustur.
Sadece noziill ve bina platformu sicakligl
degistirilmistir.  Uretilen test Orneklerinin
uzunluk, genislik ve yiikseklik degerleri
Olgiilmiis ve elde edilen sonuglar, her bir
ornegin boyutsal dogrulugunu goézlemlemek
icin tasarim boyutlar1 ile karsilagtirilmistir.
Ayrica, ornekler iizerinde yiizey piirizliligi
Olctimleri yapilarak nihai yiizey Kkaliteleri
incelenmistir. Boyutsal 6l¢timlerden elde edilen
sonuclara gore, en dogru sonuglar PET-G
(uzunluk ve yikseklik) ve PLA (genislik)
ornekleri icin kaydedilmistir. Ayrica, diger
filamentlere kiyasla PLA Orneklerinde en iyi
ylizey kalitesine ulagilmistir [15].

1%

_Rig

194 mm
4 ¥ 4

3 mm

k25

115 mm
-

Sekil 4. Test objesinin tasarim ve boyutlari [15]

Tezel yaptig1 calismada ise eklemeli imalat
yontemi olan FDM ile PET-G malzemeden 5,10
ve 15 mm capindaki i¢i bog ve dolu numuneler
tretmistir. 3 boyutlu yazicida baskisi alinan
numune Sekil 5°te goriilmektedir. Farkli
yazdirma sicakliklarinda ve hizlarinda baskisi
alinan test objelerinin boyutsal dogruluklar
incelenmigtir. Calismanin sonucunda yazdirma
sicakligimin boyutsal dogrulugu etkiledigini
gostermistir [16].
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Sekil 5. Baskisi alinan test objesi [16]

Islam ve digerleri tarafindan yiiriitiilen
calismada, 3 boyutlu yazic1 ile firetilen
parcalarin boyutsal dogruluguyla ilgili 6nemli
bir deneysel ¢alismanin sonuglart sunulmustur.
Pargalarin dogrulugunu belirlemek amaciyla
genel amagli bir koordinat 6l¢iim makinesi
kullanilmigtir. Prizmatik parcalarda, 3 boyutlu
baski siirecinden kaynaklanan iki tiir hata
gozlemlenmistir.  Bu  hatalar  boyutsal
degisiklikler ve delik capindaki degisiklikler
seklindedir. Bu ¢alisma, 3 boyutlu baski siireci
ile iligkilendirilen igsel boyut hatalar1 iizerine
onemli bir 6n ¢alisma niteligindedir [17]. PLA
malzemesi ve FDM teknolojisi kullanilarak
iiretilen 6rneklerin 3 boyutlu baski siirecindeki
boyutsal dogrulugunu arastirilmigtir. Cesitli
islem parametreleri, yap1 yonlendirmesi, raster
yonlendirme agis1 ve katman kalinligr gibi
faktorler 1iizerindeki etkiler incelenmistir.
Beyaz, gri ve siyah PLA filamentleri
kullanilarak silindirik ve kopek kemigi ¢ekme
test Ornekleri iretilmistir. Calisma, en 1iyi
sonuclart elde etmek i¢in optimum islem
parametrelerini  belirlemislerdir. Elde edilen
sonuglara gore, ticari FDM 3D yazicilanyla
yiiksek bir genel boyutsal dogruluk 998,81 elde
edilebilecegi goriilmistiir. Ayrica, filament
renginin test pargalarinin agirhigi iizerinde
belirgin bir etkisi oldugu ve katman kalinlig:
parametresinin dogruluk iizerinde 6nemli bir
faktor oldugu belirlenmistir. Bu ¢alisma,
termoplastik filamentlerle FDM 3 boyutlu bask1
kullanarak parga tiretimini optimize etmek icin
rehberlik edebilecek 6nemli konfigiirasyonlar
tanimlamaya yardime1 olmaktadir [18].

Kechagias vd. tarafindan yapilan c¢aligmada,
Polyjet Direct 3 boyutlu baski siireci ile tiretilen
parcalarin boyutsal dogrulugunu etkileyen
parametreleri incelenmistir. Katman kalinligi,
inga stili ve model 6l¢egi lizerinde dort deney
gerceklestirilmistir. 0.01 mm hassasiyetinde
dijital mikrometre ile lineer ve diyametrik
boyutlar dl¢iilmiistir. ANOM diyagramlar ile
her  parametrenin  etkisi  belirlenmistir,
performans Olgiitlerine gére optimum seviyeler
onerilmistir. ANOVA analizi ile parametrelerin
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performans {izerindeki etkisi yilizde olarak
degerlendirilmistir. Sonuglar, dig boyutlarin
bicak hareketi ve katman kalinligindan
etkilendigini, i¢ boyutlarin ise katman kalinlig
ve Olgek faktoriinden oOncelikli  olarak
etkilendigini gostermistir [19].

Bu ¢alismada 3 boyutlu yazicilarda kullanilmak
lizere PET su siselerinden iiretilen filament ve
ham olarak piyasada satilan PLA malzemesiyle
boyutsal dogruluk ve geri ¢ekilme igin ti¢ farklt
hizda baski alinmigtir. GD-PET 3 boyutlu
yazicida kullanilabilirligi PLA filament ile
kiyaslanmistir. PLA ve geri donistiiriilerek
iretilmis PET filamentin yazdirma hizinin
boyutsal dogruluga ve geri ¢ekilmeyle olan
iligkisi deneysel olarak incelenmistir.

2. MATERYAL VE METOT

Giliniimiizde, kiiresel 0Ol¢ekte  kullanilan
plastiklerin %881, gesitli zararli yontemlerle
imha edilmektedir. Bu yontemler ya topragin
altina gomiilmesi ya da yakilarak gevreye
zararli gazlar sizmaktadir. Bu endise verici
durum, her yil diinya genelinde {iretilen 260
milyon ton plastik atigin sadece %12’sinin geri
doniistiiriilebildigi anlamima gelmektedir. Bu
biiylik orandaki plastik atiklarin etkisiz bir
sekilde yonetilmesi, ¢evre kirliligi, ekosistem
zarar1 ve sirdiriilebilir kaynak kullanimi
konularinda ciddi sorunlara yol agmaktadir. Bu
nedenle, plastik atiklarin daha siirdiiriilebilir ve
etkili bir sekilde geri doniistiiriilmesine yonelik
¢oziimler bulunmasi, kiiresel ¢evre sorunlarina
kars1 onemli bir adimdir [20].

PET, su siseleri, gida ambalajlar1 ve tekstil
driinleri gibi ¢esitli iiriinlerde yaygm olarak
kullanilan bir termoplastik polimer recine
tirtidiir. PET, neme ve kimyasallara dayanikli,
giicli ve hafif bir malzemedir ve genellikle
plastik sise iiretiminde tercih edilmektedir.
Seffaf ve kristal berrakligina sahip olan PET
filament, 1sitildiginda veya ¢esitli islemlere tabi
tutuldugunda seffafligini degistirebilmektedir
[21].

PET, hem mekanik hem de kimyasal geri
doniisiim islemleriyle geri doniistiiriilebilen bir
polimerdir. ~ Mekanik  geri  doniisiimde,
kullamilmis PET  malzemesi temizlenip
kurutulduktan sonra graniil haline getirilmekte
ve eritilerek yeni PET filament elde
edilmektedir. Kimyasal geri doniigiim ise PET
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malzemeyi kimyasal bilesenlerine ayirarak, bu
bilesenleri yeni malzemeler olusturmak icin
kullanmay1  icermektedir. = Ancak, PET
malzemenin geri doniisiimii, yavasg iretim
oranlar ve yliksek maliyetli siiregler gibi bazi
dezavantajlar1 icermektedir. Bu nedenle, belirli
bir geri doniisiim programinin 6zel ihtiyaglari
ve hedefleri goz oOniine alinarak uygun geri
doniigim yontemlerinin secilmesi Onemlidir.
Calisma, 5 ve 10 litrelik PET su siselerinin
kullanildig1 bir deneyi icermektedir. Atik olan
kullanilmig PET su siseleri, ilk olarak disg
jelatinlerinden arindirilarak ve dis yiizeyleri
piiriizsiiz ve diizgiin bir hale getirilmektedir.
Daha sonra, sabit bir jilet ile tutarli bir sekilde,
silindirik olan PET su sisesi dondiiriilerek serit
seklinde kesilmektedir. Elde edilen dikdortgen
kesitli serit daha sonra geg¢is bdolgesinden
isitilmig alanda gecerek 1.75 mm c¢apinda
filament elde edilmistir. PET su siseden
filament {retimi igin kullanilan makine
gorselleri Sekil 6’da verilmistir.

Makinasi

Geri doniistiiriilmiis PET, plastik atiklarin geri
kazanimi ve tekrar kullanilabilir hale getirilmesi
amaciyla tiiretilen bir malzemedir. PET, ¢esitli
icecek sigelerin, plastik kaplar ve ambalaj
malzemeleri gibi ¢ok yaygin bir plastik tilirtidiir.
Bu nedenle geri doniistiiriilmiis PET, plastik
attk yonetimi ve ¢evresel siirdiirtilebilirlik
acisindan 6nemli bir rol oynamaktadir.

Calismada atik PET su siselerinden tiretilen
PET filament ile hazir olarak satin alinan PLA
filament  kullanilmistir.  Test  objelerinin
baskisinda Creality marka Ender 3 pro iig
boyutlu yazict kullanilmustir.

Boyutsal dogruluk testi i¢in 6 farkli boyuttan
olusan kule modeli baskisi alinmistir. Kule
modeli Jay Dhariwall’in Fab Academy 2019
web sitesindeki bireysel ddev icin, yapilan
caligmalar referans almmustir [22]. Kule
modelin tabandan tepeye dogru ¢aplari sirasiyla
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25, 20, 15, 10, 5 ve 2.5 mm olarak Cizelge 1. GD-PET Filament Yazdirma
diizenlenmistir. Test objesinin yiiksekligi ise 30 Parametreleri.
mm’dir.  Sekil 7’de hazirlanan  model Parametreler Deger
verilmistir. Bask1 Hizi (mm/s) 30, 40, 50
Katman Kalinligi (mm) 0.2
Dolgu Yogunlugu (%) 10
_ Dolgu Sekli Kiibik
I T Noziil Sicakhigi (°C) 260
= i | - Yatak Sicaklig1 (°C) 85
=== i_i'_ Fan Hiz1 (%) 100
— ‘l j s | PLA filament i¢in yazdirma parametreleri
= f = — Cizelge 2’de verilmistir. Baski hiz1 haricindeki
Sekil 7. Boyutsal Dogruluk Test Objesi. diger parametreler sabit tutulmustur.
Geri ¢ekilme performansini 6lgmek i¢in 100 Cizelge 2. PLA Filament Yazdirma Parametreleri.
mm uzunlugunda 10 mm genisliginde 1 mm Parametreler Deger
kalinhiginda dikdortgen prizma {izerine esit Baski Hizi (mm/s) 30, 40, 50
araliklar ile dort farkli geometriye sahip Katman Kalinlig1 (mm) 0.2
dikdortgen prizma, silindir, konik ve iicgen Dolgu Yogunlugu (%) 10
prizmadan olusan test objesi hazirlanmigtir. Bu Dolgu Sekli Kiibik
model tasarlanirken Jay Dhariwall’in Fab Noziil Sicakhigi (°C) 210
Academy 2019 web sitesindeki bireysel o6dev Yatak Sicakligi (°C) 65
Fan Hizi1 (%) 100

icin, yapilan ¢aligmalar referans alinmistir [22],
web sitesindeki model {izerinde ayni1 geometrik
sekiller kullanilmistir. Bu ¢alismada geometrik
sekiller degistirilmistir. 3 boyutlu yazicinin
farkli sekiller arasinda gegis yaparken geri
cekilme performansi degerlendirilmistir. Test
objesinin toplam yiiksekligi 31 mm’dir. Sekil
8’de hazirlanan model verilmistir.

PLA ve GD-PET filament yazdirma
parametrelerinden sadece noziil ve yatak
sicakligr farklhidir. PLA filament i¢in 65 °C
yatak sicakligi, 210 °C noziil sicakligi, GD-PET
filament i¢in 85 °C yatak sicakligi, 260 °C noziil
sicakliginda baski alinmistir.

e — Uretilen test objelerinin boyutsal dogrulugu
= ’ = Carbon Fiber Composites Digital Caliper
A E — kullanilarak oSlgiilmiistiir. Kumpas Sekil 9’da
—— ﬂ verilmistir.
i ‘rl_ il.'_ ' “'__..m'. -
Sekil 8. Geri Cekilme Performans: Test Objesi. e R
Calismada dilimleme programi olarak CURA
kullanilmistir. Test objelerinin tamaminda . o
katman kalinligi 0.2 mm olarak sabit Sekil 9. Olgtim igin Kullanilan Kumpas.
tutulmustur. Test objeleri 30 mm/s, 40 mm/s ve
50 mm/s yazdirma hizlarinda 3 boyutlu yazicida Boyutsal dogruluk testi i¢in tretilen objelerin
tiretilmistir. Dolgu yogunlugu biitiin objelerde Olgimleri her katman i¢in tek tek yapilip
%10 olarak sabit tutulmus ve dolgu sekli kiibik kaydedilmistir. Geri ¢ekilme performansinin
olarak belirlenmistir. gozlemlenebilmesi icin test objelerine baski

sonrasinda higbir islem uygulanmamastir.
Geri doniistiiriilmiis PET filament i¢in yazdirma

parametreleri Cizelge 1°de verilmistir. Baski 3. BULGULAR ve TARTISMI}
hizi haricindeki diger parametreler sabit GD-PET filament kullamilarak t¢ farkli hizda
tutulmustur. test objesi Uretilmistir. Baskisi alinan test

objelerinin gorseli Sekil 10°da gosterilmistir.
Test objelerinin CAD c¢aplar1 ve 3 boyutlu
yazicidan baski alindiktan sonraki Ol¢limleri
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Cizelge 3 ve 4’te verilmistir. En 6nemli fark 50
-40 mm/s hizda iiretilen objenin son katmaninda
sirastyla %47 ve %38 olarak belirlenmistir.
Yazdirma isleminde boyutun kiiciik olmasindan
dolay1 yapisma sorunu goézlemlenmistir. Son
katman dikkate alinmadiginda CAD boyutuna
yakin rakamlar kaydedilmistir. Ancak genel
olarak CAD boyutunun birebir aynis1 olmadigi
tespit edilmistir. Uretilen test objelerinde
yazdirma hiz1 arttikca boyutsal dogrulukta
disiis gozlemlenmistir. Bu yiiksek hizda
yapilan baskilarda filamentin daha hizh
soguyarak, katilagsmasimnin tam ve diizgin
olmamasindan kaynaklandigi diisliniilmektedir.
Olgiilen degerler Cizelge 3’te verilmistir.

Sekil 10. GD-PET Filament Boyutsal Dogruluk
Test Objeleri.

PLA filament ile iiretilen test objeleri de {ig
farkli hizda diretilmistir. Baskisi alinan test
objelerinin gorselleri Sekil 11°de gosterilmistir.
Test objelerinin CAD c¢aplar1 ve 3 boyutlu
yazicidan baski alindiktan sonraki Olgiimleri
Cizelge 4’te gosterilmistir. Olgiilen degerler
incelendiginde 30 mm/s hizda {iretilen test
objesinin 10, 15, 20 ve 25 mm c¢aph
kisimlarinda CAD ¢izimiyle ayni degerler
Olciilmiis. 2.5 ve 5 mm capli kisimlarda ise
CAD ¢izimine olduk¢a yakin degerler
Olclilmiistiir. 50 mm/s hizda baski alman
objenin son katmaninda %25 oraninda en biiyiik
fark oOl¢iilmiistiir. GD-PET filamentle {iiretilen
test objelerinde olugu gibi PLA filament ile
tiretilen test objelerinde de baski hizi arttikca
boyutsal dogrulukta diismeler gdzlemlenmistir.

Sekil 11. PLA Filament Boyutsal Dogruluk Test
Objeleri.

Geri cekilme performansinin incelenmesi igin
GD-PET filament ile baski alinan test objeleri
Sekil 12°de gosterilmistir. Ug farkli hizda baski
alman objeler incelendiginde baski hizi arttikga
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geri c¢ekilme performansmin diistiigi tespit
edilmistir. 3 boyutlu yazicida baski alinan test
objelerinde, 6zellikle 50 mm/s hizda baskida,
nozil ucundaki malzemeden  sizmalar
olusmustur ve bu durum baskida iplik veya
sagak olusumuna yol agmistir. 30 mm/s hizda
sizma olusumu azalmistir ancak tamamen
kusursuz baski alinamamistir. Bu durumun
nedeni ise baski sicakligi  olabilecegi
diistiniilmektedir. GD-PET filamentin yiiksek
sicaklikta eridigi ve baski esnasinda akmalarin
fazla oldugu gozlemlenmistir. Fakat 260 °C’nin
altinda baski alinmasi denenmis fakat baski
esnasinda noziil de ttkanmalar goriilmiistiir.

Sekil 12. GD-PET Filament Geri Cekilme
Performansi Test Objeleri.

PLA filament ile geri ¢ekilme performansi i¢in
test objeleri baskisi alinmistir. Baski alinan
objeler Sekil 13’te  verilmistir. PLA
filamentinin 6nerilen sicaklikta 210 °C’de bask1
alinmistir. Baski hiz1 50 mm/s olan baskilarda
¢ok az baski gecislerinde kilgiklanma
gozlemlenmistir.

Sekil 13. PLA Filament Geri Cekilme Performansi
Test Objeleri.

4. SONUCLAR

GD-PET filament ile iiretilen ve PLA filament
kullanilarak {iiretilen objelerin testlerinde, baski
hizinin  artmasiyla  boyutsal  dogrulukta
diismeler gozlemlenmistir. GD-PET ve PLA
filament kullanilarak alinan baskilarda, yiiksek
hizda {iretilen objelerin son katmanlarinda
bliyiik boyut farklar1 tespit edilmistir. Bu
durum, yiiksek baski hizinin filamentin daha
hizli soguyarak tam katilasmamasina neden
olmasiyla agiklanabilmektedir. Her iki filament
tiiriiyle de yapilan baskilarda, genel olarak CAD
boyutlarina yakin degerler kaydedilmistir.
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Boyutsal dogruluk testi igin referans alinan
caligma ile kiyaslandiginda, baski alinan
modellerin ¢aplar kii¢iildiigiinde, biiyiik olan
ile kiyaslandiginda baskilarda
deformasyonlarm  daha  fazla  oldugu
gozlemlenmistir. Bu durum, o6zellikle yiiksek
baski1 hizlarinda, malzemenin istenen formu tam
olarak alamamasindan kaynaklandigi
diisiiniilmektedir. Bu nedenle, baski hizinin
boyutsal dogruluk tizerindeki etkisi dikkate
alinarak optimal parametrelerin belirlenmesi
onemli olacaktir.

Geri ¢ekilme performansit GD-PET filament ile
PLA filament arasinda kiyaslandiginda, ayni
hizda yapilan baskilarda GD-PET filamentte
kilgiklanmanin daha fazla oldugu
gozlemlenmigtir. GD-PET filament, PET
plastikten iretilir ve PLA filamentten farkli
termal Ozelliklere sahiptir. Bu nedenle, GD-
PET filamentin baski sirasinda daha yiiksek
sicakliklarda akigkan hale gelmesi ve daha
diisik sicakliklarda hizla katilasmaktadir.
Kilgiklanma, filamentin yiiksek sicakliklarda
akigkan hale gelip daha diisiik sicakliklarda
hizla katilasmas1 sonucu olusmaktadir.

Boyutsal dogrulugun otesinde, GD-PET
filamentin kil¢iklanma egilimi, 6zellikle yiiksek
hizlarda  belirginlesmistir.  Kilgiklanmanin

azaltilmas1 i¢in sicaklik ayarlarnin titizlikle
kontrol edilmesi ve baski parametrelerinin
dikkatlice ayarlanmasi 6nemlidir. Bu baglamda,
malzemenin termal Ozelliklerini anlamak ve
buna gore baski ayarlarini optimize etmek, daha
saglam ve istikrarli sonuglar elde etmek adina
kritik bir adim olacaktir.

Yapilan testlerde GD-PET filament ile iiretilen
test objelerinde ve PLA filament kullanilarak
yapilan testlerde, baski hizinin artmasiyla
boyutsal dogrulukta diismeler gbzlemlenmistir.
Hem GD-PET filamentle yapilan baskilarda
hem de PLA filament ile yapilan baskilarda,
yiksek  hizda  iretilen objelerin  son
katmanlarinda biiyiik boyut farklar1 tespit
edilmistir. Bu durum, yiliksek baski hizinin
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filamentin daha hizli soguyarak tam
katilasmamasina neden olmastyla
agiklanabilmektedir.

Sonu¢ olarak, baski kalitesini arttirmak ve
boyutsal dogrulugu yiikseltmek icin baski
parametrelerinin titizlikle ayarlanmasi
onemlidir. Her iki filament tiiriiyle de yapilan
baskilarda, baski hizi gibi parametrelerin
dikkatli bir sekilde optimize edilmesi, istenilen
sonuglar elde etmek igin gereklidir. Deneme
yanilma yontemiyle filamentlerin 6zelliklerini
ve uygun baski1 ayarlarini belirlemek, kaliteli ve
hassas 3 boyutlu baskilar elde etmek i¢in dnemli
bir adimdr.

Gelecek c¢alismalarda, GD-PET filament,
tasarim objeleri i¢in kullanimi daha uygun
olabilecek bir malzeme olarak
degerlendirilmektedir. Ancak herhangi bir
makinanin yedek parca baskisinda kullanimi
sirasinda  potansiyel zorluklar  ortaya
cikabilecegi diisiiniilmektedir. Bu zorluklar,
malzemenin mukavemeti, dayaniklilig1 ve uzun
vadeli performansi ile ilgili olabilir. Bu nedenle,
yedek parca iiretiminde kullanilmadan once
malzemenin Ozellikleri  dikkatlice go6zden
gecirilmeli ve gerekirse alternatif malzemeler
de  degerlendirilmelidir. ~ Ayrica,  baski
ayarlarinin dogru bir sekilde yapilandirilmasi ve
tasarimin malzemenin Ozelliklerine uygun
olarak diizenlenmesi, olas1 sorunlarin minimize
edilmesine yardimci olacag diisiiniilmektedir.

Bu calisma, GD-PET filament ve PLA filament
kullanilarak yapilan 3D baskilarin boyutsal
dogrulugu ve malzeme performansi tizerindeki
etkilerini anlamak admma oOnemli bilgiler
sunmaktadir. Yiiksek baski hizlarinin ve farkli
filament tiirlerinin boyutsal dogruluk ve yiizey
kalitesine olan etkileri iizerindeki bu detayli
inceleme, endiistriyel ve hobi amagli 3D baski
uygulamalarinda kullanicilarin  daha bilingli
secimler yapmalarina yardimci olabilecegi
diistiniilmektedir.
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Cizelge 3. GD-PET Filament ile Uretilmis Boyutsal Dogruluk Objelerinin Olgiimleri.

CAD Capr 50 hiz 40 hiz 30 hiz
(mm) ile 3 ile 3 ile 3
Boyutlu Fark Yiizde Boyutlu Fark Yiizde Boyutlu Fark Yiizde
Baskida (mm) fark Baskida (mm) Fark Baskida (mm) Fark
Olgiilen (%) Olgiilen (%) Olgiilen (%)
Cap Cap Cap
(mm) (mm) (mm)
2.5 1.7 0.8 47.0 1.8 0.7 38.8 1.9 0.6 31.5
5 4.4 0.6 13.6 4.5 0.5 11.1 4.8 0.2 4.1
10 9.5 0.5 5.2 9.7 0.3 3.0 9.8 0.2 2.0
15 14.5 0.5 34 14.7 0.3 2.0 14.8 0.2 1.3
20 19.4 0.6 3.0 19.6 0.4 2.0 19.8 0.2 1.0
25 24.5 0.5 2.0 24.6 0.4 1.6 24.6 0.4 1.6
Cizelge 4. PLA Filament ile Uretilmis Boyutsal Dogruluk Objelerinin Olgiimleri.
CADCapr S50 hiz 40 hiz 30 hiz
(mm) ile 3 ile 3 ile 3
Boyutlu Fark Yiizde Boyutlu Fark Yiizde Boyutlu Fark Yiizde
Baskida (mm) fark Baskida (mm) Fark Baskida (mm) Fark
Olgiilen (%) Olgiilen (%) Olgiilen (%)
Cap Cap Cap
(mm) (mm) (mm)
2.5 2 0.5 25 23 0.2 8.6 2.4 0.1 4.1
5 4.7 0.3 6.3 4.8 0.2 4.1 4.9 0.1 2.0
10 9.8 0.2 2.0 9.9 0.1 1.0 10 0 0
15 14.9 0.1 0.6 14.9 0.1 0.6 15 0 0
20 19.8 0.2 1.0 19.8 0.2 1.0 20 0 0
25 24.9 0.1 0.4 24.9 0.1 0.4 25 0 0
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ABSTRACT

Ni-Hard cast iron materials are frequently used in equipment where high wear resistance is required in
industrial applications. Generally, Ni-Hard is produced by conventional casting techniques. In this
study, it was aimed to produce Ni-Hard powders to produce Ni-Hard cast iron materials with additive
manufacturing techniques. To produce spherical and fine raw materials for additive manufacturing
techniques, the gas atomization technique with a close-coupled nozzle system was preferred for the
production of Ni-Hard powders. Ni-Hard alloy was melted in a high-frequency 10kW induction furnace
under a protective atmosphere integrated into the gas atomization system. During the atomization
process, 150 °C superheating was applied to prevent the liquid metal from freezing and clogging the
melt delivery tube. In terms of the continuity of the atomization process, the negative pressure
(aspiration pressure) values formed at the end of the melt delivery tube at different gas pressures were
measured. An aspiration pressure of -50 mbar was obtained under an atomization pressure of 35 bar.
Particle size distributions, hall flow behaviour and angle of repose properties of the produced powders
were determined. Finally, the characterization of the powders was carried out by scanning electron
microscopy. It was determined that the powders obtained as a result of atomization exhibited a spherical
morphology and a narrow size range. The Hall flow rate test result of Ni-Hard powders was measured
as 22 seconds for 50 g.

Keywords: Gas Atomization, Additive Manufacturing, Ni-Hard, Powder Characterization.

1. INTRODUCTION white cast irons are called Ni-Hard alloys. High
Cast irons are the alloy group with the highest chromium white cast irons can form Ma3Ce,
production capacity in the parts produced with M;Cs, MeC and M;C type carbides depending
the casting technique, which is one of the on their chemical composition [2], [3]. Ni-Hard
traditional production methods. Cast irons are alloys are also used as the final piece after
generally Iron-Carbon-Silicon alloys with high sintering. In addition, in the industry, coating
hardness and high wear resistance. It has been with Ni-Hard is made to extend the performance
classified in various ranges and properties and life of cutting and drilling tools. In the past,
according to its alloying elements in cast irons. traditional coating methods such as nitriding,
The existing wear resistance and mechanical carburizing and electroplating were preferred in
properties of high alloy white cast irons can be the industry. However, with the developing
improved by the addition of carbide-forming technology, thin film PVD and CVD coating
elements (Nb, Mo, W, Cr, V, Ti) and a suitable techniques and thick coating thermal spray,
heat treatment process [1]. High-alloyed white laser cladding techniques appear. It has been
cast irons are widely used in the mining, determined that the corrosion resistance of the
cement, machinery and construction industries, parts has improved in the coatings made with
as they have high wear resistance. Ni-Cr alloy various alloying elements added to the Ni-Hard
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alloys [4]. Ni-Hard white cast irons are called
Ni-Hard 1, Ni-Hard 2 and Ni-Hard 4 cast irons.
Considering this classification, Ni-Hard 4 alloy
has higher wear resistance and toughness
strength than Ni-Hard 1 and Ni-Hard 2 alloys.
For this reason, Ni-Hard 4 alloys are frequently
used, especially in places where high wear
resistance is required [5]. Although casting is
the widely used production technique of high
alloy cast irons, powder metallurgy is also a
very advantageous method in producing this
alloy. Despite the traditional production
methods of powder metallurgy, no defects
negatively affect mechanical properties such as
gas voids and splitting [6]. Complex parts that
casting methods cannot produce can be
produced by powder metallurgical methods
such as hot press (HP), hot isostatic press (HIP),
laser cladding, flame spray process and additive
manufacturing (AM). Especially in recent
years, the need for raw materials for additive
manufacturing technologies, the development
of coating technologies and the use of powder
as raw material have allowed atomization
methods to be preferred more [7]. The powders
to be used are expected to have high fluidity and
different particle size distributions required
according to the method. In this respect,
although there are many different powder
production techniques (mechanical, chemical
and atomization techniques), especially gas
atomization techniques are ahead of other
powder production techniques. The gas
atomization technique can be expressed as a
conventional powder production technique for
metal powder production. The fact that many
different parameters take place in the gas
atomization production processes, which is
based on the principle of molten liquid metal
flowing through a nozzle and breaking it down
with different gases (air, nitrogen, argon and
helium), allows the economical production of
powders needed by various sectors [8-9]. In this
study, Ni-Hard alloy powders were produced by
gas atomization technique. The powders
produced were characterized in detail.

2. MATERIAL AND METHOD

The chemical compositions of Ni-Hard (white
cast) alloys, which are frequently preferred in
industrial applications, are given in Table 1. Ni-
Hard 4 alloy was atomized with the gas
atomization system in Kocaeli University
Metallurgical and Materials Engineering
Department. Gas atomization system consists of
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a nozzle, induction melting device and gas
systems. To reduce the amount of ambient
oxygen before production, the chamber and the
melting system were recirculated with argon
gas. The image of the gas atomization system
used in the studies is shown in Figure 1.

Table 1. Chemical composition of Ni-Hard alloys.

Alloy Ni- Ni- Ni- Ni-
Code Hard1 Hard 2 Hard 3 Hard 4
C 3.0-3.6  3.0-3.6  3.0-3.6  3.0-3.6
Si 0305 03-05  03-05 03-0.5
Mn o 6307 0307 0307 0307
S <015 <015 <015  <0.15
P <030 <030 <030 <030
Ni 3348 3348 3348 3348
Cr 1526 1526 1526 1526
Mo 004 004 0-04 004

Figure 1. Gas atomization system used during
experimental studies.

The gas atomization system chamber is made of
304 quality stainless steel. After the raw
materials were melted in the induction furnace,
they were atomized with high pressure gases in
the chamber. The induction melting furnace has
a capacity of 3 kg. S type thermocouple was
used to measure the temperature during melting.
High-purity nitrogen gas was used to atomize
the liquid metal. The atomization process was
carried out at 35 bar by using a 0-50 bar pressure
reducing regulator. A closed couple type nozzle
was used during atomization processes. A
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ceramic melt delivery tube with a 4.5 mm hole
diameter was selected to ensure liquid metal
flow through the tundish. In order to ensure the
continuity of the atomization process and
prevent clogging, the pressure formation values
at the end of the melt distribution tube were
measured using a digital pressure difference
meter (Testo 510i). The gas atomization
parameters used in the study are given in Table
2. Within the scope of the study, firstly, high
purity master alloy of Ni-Hard 4 alloy was
prepared. During the preparation of the alloy,
high purity pig iron and other alloying elements
were melted separately.

Table 2. Atomization parameters.

Alloy Code Ni-Hard 4

Melting Temperature 1200-1250(Tx) + 150

((®)
Gas Pressure 35
(Bar)
Melt Delivery Tube
(mm) 4.5
Gas Type
Nitrogen

The size distribution of the powders was carried
out by sieve analysis. The images of the
powders were taken using the JEOL 6060
scanning electron microscope. Afterwards, to
be able to comment on the sphericity and
fluidity of the powders, the obtained powders
were subjected to the hall flow test, and then the
angle of repose were measured and the results
were shared.

3. RESULTS

Positive pressure values formed at the end of the
melt delivery tube prevent the liquid metal from
flowing through the pipe under the force of
gravity, causing the liquid metal to be pushed
back into the melt delivery tube and eventually
clogging or damaging the melt delivery tube
[10]. In order to ensure the continuity of the
process before powder production with gas
atomization, the aspiration pressure values
formed at the end of the melt delivery tube were
measured. The aspiration pressure graph is
given in Figure 2.
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Figure 2. Aspiration pressure values at the outlet
end of the melt delivery tube for different
atomization working pressures.

After the measured aspiration pressures, the
atomization pressure was determined as 35 bar
to keep both the continuity of the atomization
process and the (Gas/Metal Ratio) GMR
optimal. This value was determined based on
our previous studies [11-12]. Since the
aspiration pressure is positive at atomization
pressure values of 15 bar and below, it is
predicted that the melt delivery tube will be
clogged at the beginning of the process. As the
negative aspiration pressure increases at 40 and
50 bar atomization pressures, the GMR will
decrease. Therefore, the average particle sizes
will increase. In their study, Urionabarrenetxea
et al. atomized copper and copper alloys at
different pressures. They revealed that
increasing negative aspiration pressures
decreased the GMR and therefore increased
particle sizes [13].

SEM images of Ni-Hard powders are given in
Figure 3. When the images are examined, it is
seen that the Ni-Hard powders produced under
35 bar pressure mostly have a spherical shape,
but long ligament particles draw attention in the
image. Ligament structures are generally
formed due to 2 parameters. Ligament
structures appear due to insufficient kinetic
energy transfer to the liquid metal in the primary
atomization region due to high liquid metal
viscosity and insufficient gas pressure [14].
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Fgure 3. Macro and SEM images of Ni-Hard
powders at different magnifications a) macro
b) 100x c) 250x

The powders dimensions in the SEM images are
in good agreement with the particle size
distribution plot given in Figure 4. The average
particle size of Ni-Hard 4 powders produced
under 35 bar pressure was measured as (Dsp)
31um. Ni-Hard 4 powders exhibit a narrow size
distribution range. For the cumulative
distribution curve to move to the left, it is
foreseen that the gas pressure should be
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increased. Qing et al. atomized the nickel-based
superalloy under 1 2 3 4 and 5 MPa pressures,
respectively. They showed that as the
atomization pressure increases, the particle size
distribution range will narrow and the highest
particle size in the histogram will decrease. In
short, they revealed that the average powder
particle size will decrease [15].

10 100
ol I Volume 90
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8- :I——P— 80
i 71 Ni-Hard 4 0 e
gl 1200-1250 (g + 150°C 50 O
) 35 Bar 7]
g 57 (Dgy= 31 50 :‘;*
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Particle size, um
Figure 4. Particle size distribution graph of
Ni-Hard 4 powders.

Since inert gases are used both during the
melting process and during the atomization
process, the surface of the powders is relatively
smooth and no oxidations have been observed.
Hall-Flow and angle of repose properties were
determined for the fluidity properties. Figure 5
shows the measurement approach of the angle
of repose and hall-flow properties. [16].

Figure 5. Hall flow measurement and angle of
repose measurement a) Hall-flow b) angle of repose

The Hall flow rate test result of Ni-Hard
powders was measured as 22 seconds for 50 g.
In addition, the angle of the repose
measurement result was determined as 28°.
Zegzulka et al. in their study on metal powders
with different shapes and particle sizes,
revealed that powders with a standing angle of
20°<a<30° have free flow. They also
emphasized that the angle of repose and the
flow duration are directly proportional to the
sphericity and impurity of the powders [17].



Muratal et. al., /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 8:1 (2024) 124-129

4. CONCLUSION

In this study, Ni-Hard 4 alloy was cast, and then
Ni-Hard alloy powders were successfully
produced by gas atomization technique. It has
been shown that powders have mostly spherical
shape due to the nature of gas atomization. In
addition, the flow properties of Ni-Hard
powders were investigated in detail. It was
emphasized that spherical powders showed
good fluidity. When the properties of the
obtained powders were examined, it was
revealed that they showed  suitable
characteristics for powder metallurgical
processes. In recent years, the development of
different alloys for the additive manufacturing
sector has continued. Ni-Hard 4 alloy appears to
be a potential alloy for the additive
manufacturing sector, thanks to its superior
mechanical and chemical properties (wear,
hardness, corrosion resistance, etc.). When the
powder properties obtained as a result of gas
atomization are examined, additive
manufacturing techniques can use this high-
performance material.
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ABSTRACT

In the world of Industry 4.0, Autonomous Mobile Robots (AMRs) are now vital parts of modern
industrial automation. This study examines how the Robot Operating System (ROS) plays a crucial role
in advancing technology for AMRs. By looking at real-life examples, it shows how ROS helps in
creating and using AMRs, changing how industrial processes work. The study demonstrates how ROS
is being integrated into AMR design and operation, leading to improved autonomy, flexibility, and
productivity in industrial settings. This study discusses how ROS-powered AMRs have transformed
various tasks like material handling, warehouse logistics, and autonomous navigation, leading to
increased productivity and cost-efficiency. It also explores the challenges and opportunities brought
about by ROS in the Industry 4.0 era, including sensor fusion, machine learning, and human-robot
teamwork. Furthermore, ROS not only influences the design and operation of AMR, but also enables
smooth integration with advanced technologies such as sensor fusion and machine learning. This opens
up opportunities for improved flexibility and teamwork between humans and robots in the ever-evolving
environment of Industry 4.0. The importance of ROS in connecting traditional manufacturing practices
with the changing demands of the fourth industrial revolution is emphasized.

Keywords: Autonomous mobile robots, Obstacle avoidance, Artificial intelligence, Robot Operating
System, Industry 4.0.

1. INTRODUCTION robots produced with today's technology in
In the current era of technological advancement, production [1]. Numerous international
establishing optimal manufacturing systems companies have adopted these technologies by
alone is insufficient to ensure the sustainability bringing together under the Industry 4.0
of companies. Therefore, the integration of applications. However, it is evident that these
Industry 4.0 (I14.0) applications into new technological applications are far from
manufacturing systems is imperative. Industry cost-effective for small and medium-sized local
4.0 is serving a bridge for coordinating initiative companies. As a result, the survival of small and
technological systems such as cyber physical medium-sized companiess appears increasingly
systems, internet of things, artificial challenging in the coming years.

intelligence, digital twin, blockchain etc.

Cyber-physical systems (CPS), one of these Recent years have witnessed the integration of
systems, are characterized as systems where new technological applications into businesses,
computational elements interact closely with both large and small. Particularly, CPS into
the physical environment and its ongoing manufacturing process have led to more
operations. These systems both provide and efficient outcomes and the achievement of cost
utilize data-accessing and data-processing related objective in specific applications.
services concurrently. CPS include industrial Before CPS technologies, robotic appications
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were one level higher than automation
technologies, nevetheless still relied on human
involvement. Industrial robotic applications
along with CPS have reduced dependence on
human factor and enabled the creation of
optimized processes in manufacturing systems.
In this context, Industry 4.0 has been influential
to develop the integration of physical and
virtual environment with industrial robotic
applications. In recent years, Robot Operating
System (ROS) has emerged as a framework for
combining these two divergent environments in
robotic applications.

Given that most businesses in manufacturing
industry of Tiirkiye are of medium and small
scale, the cost-effectiveness of such
applications is a critical necessity in the years
ahead. Meeting this need has become
increasingly important, particularly with the
growing emphasis on academic research and
diverse perspectives on various aspects of
manufacturing systems.

It is often observed that in Tiirkiye, the
adaptation of robotic applications along with
CPS to the manufacturing sector largely relies
on foreign academic and commercial initiatives.
Unfortunately, the existing applications in our
country are dependent on solutions sourced
from abroad. The motivation behind this study
is to stimulate the need for new approaches,
applications, and research to eliminate this
dependency and enable our country to become
a technology creator and producer, thus
minimizing external reliance.

2. LITERATURE REVIEW

This study aims to unveil an application that
minimizes human intervention as much as
possible, utilizing the concepts of robotics
along with CPS and ROS to facilitate the
transfer of required materials such as raw
materials, semi-finished products, parts, tools,
equipment, and more between operation centers
and warehouses within a manufacturing facility.
In pursuit of this objective, existing academic

and commercial research on mobile
autonomous robot applications has been
reviewed.

In a competitive market, the use of innovative
technologies is crucial for a company's survival.
One common form of these technologies is
robotics, as highlighted in the World Robotics
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2020 Industrial Robots report by the
International Federation of Robotics (IFR). The
report states that by 2020, there were 2.7 million
industrial robots globally, marking a 12% rise
in sales from the year before (IFR, 2020). These
results highlight the importance for companies
to utilize robotics and other innovative
technologies in order to stay competitive and
successful in a constantly changing
environment.

Research indicates a high demand for robotics
applications in the manufacturing industry, but
it is essential to acknowledge that the
innovation levels of these applications vary
significantly. Rapid technological
advancements necessitate the categorization of
robotics applications. Lottermoser et al. (2017)
classified industrial robots into three
generations based on mobile industrial robots as
a starting point. When considering this
classification, it is crucial to recognize that not
all encountered industrial robot applications are
at the same technological level. According to
Lottermoser et al. (2017), the three generations
of industrial robots are as follows [2]:

can
of

e First-generation industrial robots
automatically perform a  series
movements at specified intervals.

e Second-generation industrial robots use
sensors for their environment and
movements. They also have a control
mechanism that allows for partial or full

dependence on human factors during
applications, with  flexibility = beyond
rigidity.

e Third-generation industrial robots are
capable of operating entirely autonomously,

making  decisions and  functioning
independently when facing challenges
during applications.
n
industrial robots automatic '\
movement 1. generation ‘

sequences

sensors for
handling and
environment

2. generation

non-stationarity,
possibility for
driving control

| mobile robots
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decision-making and | 3, generation \
troubleshooting \
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field of application

Figure 1. The developmental phases of industrial
robots.
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It's important to note that this generational
classification provides a framework for
understanding the progression of industrial
robot capabilities. However, in practice, there
may be variations and overlaps between
generations, and the classification may not
always perfectly align with specific robot
models or applications. As technology
continues to evolve, the lines between these
generations may blur further, leading to even
more capable industrial robots in the future.

In the classification of Lottermoser et al., third
generation industrial robots are referred to as
Industrial Mobile Robots (IMRs). According to
ANSI R15.08, there are three types of IMRs,
listed in Table 1.

Table 1. Types of IMRs according to ANSI

Types Features
Type A AGV or AMR
Type B AGYV or AMR + active or passive
attachments such as conveyor, roller
table etc.
Type C AGV or AMR + Robotic
Manipulator

Robotic Industries Associatiin (RIA) takes into
account Automated Guided Vechile (AGV) and
Autonomous Mobile Robot (AMR) in all types
of IMRs. But it also defined that AGV is
capable of following exact guide paths, whether
physical or virtual, such as lines, bands or
magnets and AMR is capable of generating
dynamically paths based on the -current
environment and determining the most efficient
trajectory between the current location and
target destination. Unlike AGVs, AMRs do not
rely on fixed paths and can adapt to changes in
their surroundings [3]. The difference between
AGVs and AMRs shows how robotic systems
are improving to work independently in
changing  industrial  settings, = making
manufacturing processes more efficient and
adaptable.

AGVs are common, but they follow predefined
paths on the ground and do not require
extensive support. In contrast, autonomous
industrial mobile robots, powered by Al
algorithms, handle tasks like positioning,
mapping, path planning, and navigation. This
autonomy minimizes human intervention and
enhances manufacturing processes' flexibility
and efficiency. Therefore, based on these
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characteristics, one could assert that the
autonomous mobile robot discussed in the
research represents the third generation of
industrial mobile robots as AMR. Essentially, it
is an independent robot operating with ROS,
equipped with decision-making and problem-
solving capabilities that do not rely on human
intervention.

Until the last decade, AGVs were
predominantly  favored  for  industrial
applications over IMRs. Zhang et al. (2018)
developed a cyber-physical system-based
model for dynamic shop floor material handling
with AGVs and base stations [4]. However,
AMRs have acquired significant attention in
academic studies over the past decade. Santoro
(2021) developed a sensory system capable of
autonomous movement in industrial
environments, facilitating interaction between
human operators and autonomous mobile
robots (AMRs). The AMR featured four
mecanum-wheeled mobility, enabling
omnidirectional movement, and incorporated
algorithms aimed at reducing computational
costs while fusing and filtering sensor data [5].

The literature contains various approaches,
perspectives, and studies related to mobile
robots.  Researchers  collaborate  across
disciplines to undertake the complicated
challenges of autonomous robot development.
Particularly, due to the interdisciplinary nature
of the field of robotics, there are relatively few
comprehensive studies on the creation of
mobile robots as a whole. In addition to the
literature, there is also a significant global
market for commercial applications. The
leading companies in the global autonomous
mobile robot market are listed in Table 2.

These visionary companies stand at the
forerunner of shaping the future of automation
and robotics. With a firm commitment to this
technology, research, and development, they
have guided in a diverse array of autonomous
mobile robot solutions across numerous
industries, spanning manufacturing, logistics,
healthcare, and beyond. These enterprises not
only pursue excellence in product design and
functionality but also employ significant
influence in propelling the field forward

through their contributions to academic
research (Table 3) and technological
innovation.
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Table 2. The leading companies operating in the autonomous mobile robot market.

Company Website Country
KUKA www.kuka.com Germany
ONWARD ROBOTICS https://onwardrobotics.com/ USA
Locus www.locusrobotics.com USA
6river Systems www.6river.com USA
ZEBRA Robotics www.zebra.com/us/en.html USA
inVia Robotics www.inviarobotics.com USA
Clearpath Robotics www.clearpathrobotics.com Canada
Magazino WWW.magazino.eu Germany
Grey Orange WWWw.greyorange.com USA
DAHIEN Robotics www.daihen-robot.com/en/ Japan
Geek+ Technologies www.geekplus.com/en/ China
Syrius Technology https://siriustech.io/ China
Mobile Industrial Robotics www.mobile-industrial-robots.com Denmark
Amazon Robotics www.amazonrobotics.com/#/ USA
Astro Technologies www.astrotechnology.com/ USA
Conveyco Technologies WWWw.conveyco.com/ USA
Vecna Robotics www.vecnarobotics.com/ USA
Atheon https://aethon.com/ USA
Bluebotics www.bluebotics.com/products/ Switzerland
Hi-Tech Robotic Systemz www.hitechroboticsystemz.com/ India
Symbotic (prev CasePick www.symbotic.com/solutions/ USA
Systems)
Rovenso WWwWw.rovenso.com/ Switzerland
Pal Robotics pal-robotics.com/ Spain
Accerion https://accerion.tech/ Netherlands
Robotnik www.robotnik.eu Spain
IncubedIT GmbH www.incubedit.com/ Austria
Botsync www.botsync.sg/ Singapore
CtrlWorks Pte Ltd www.ctrlworks.com/ Singapore
Autonomous Logistics USA
. www.alogtech.com/
Technologies
Robocv robocv.com/ Russia
Oxbotica www.oxbotica.com/ United Kingdom
Milvus Robotics milvusrobotics.com/ Tiirkiye
Lars Robot www.larsrobot.com/ Tiirkiye
Etnamatica www.etnamatica.com/index.php Italy
Follow Inspiration S.A. http://followinspiration.pt/ Portugal

As the demand for autonomous mobile robots
continues its relentless climb across global
markets, these industry leaders remain
indispensable drivers of progress, reshaping our
perception and utilization of robotics in the
modern world.

Industrial mobile robots hold an undeniable
appeal for a numerous of researchers, engineers,
and global industry giants, owing to their
adaptable and impactful nature.
Simultaneously, they offer a fertile ground for
interdisciplinary exploration, spanning
mechanical, electronic, computer, and software
engineering domains.
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The versatility and potential of industrial
mobile robots make them a significant focus of
research and development efforts. These robots
attract attention from various disciplines, from
mechanical and electronic engineering to
computer science and software development.
The interdisciplinary nature of industrial mobile
robots fosters innovation and collaboration on a
global scale. As these technologies progress,
they have the potential to transform how
automation and robotics are approached in
different industries, leading to increased
efficiency and productivity levels.
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Table 3. Academic Studies on Autonomous Mobile Robots.

Author(s)

Year

Study Title and Description

Marroquin, A.,
Garcia, G.,
Fabregas, E.,
Aranda-
Escolastico, A.,
Farias, G. [6]

2023

Title: Mobile Robot Navigation Based on Embedded Computer Vision
Description: The previous level of technology allowed for the creation of
solutions using tools such as mobile robots and programmable electronic
systems. A new design was introduced that combined the Khepera IV mobile
robot with an NVIDIA Jetson Xavier NX board. This configuration ran a
navigation control algorithm that relied on computer vision and included a
model for detecting objects. The Khepera IV then had additional features like
guided driving, which included tracking trajectories for safe navigation and
identifying traffic signs to make informed decisions. A robotic platform was
built to test the system in real-time and compare it to a digital model of the
Khepera 1V in the CoppeliaSim simulator. The findings from the navigation
control study showed a noticeable improvement compared to previous efforts,
particularly in terms of how fast a vehicle could navigate and how accurately
it could detect traffic signs. The analysis of navigation control showed that the
system was successful around 93% of the time. The design also allowed for
the experimentation with new control strategies or algorithms based on
Python, which could lead to further enhancements in the future.

Hercik, R., Byrtus,
R., Jaros, R.,
Koziorek, J. [7]

2022

Title: Implementation of Autonomous Mobile Robot in SmartFactory
Description: This research explored the integration of Autonomous Mobile
Robots (AMRs) within the production line context at the Technical University
of Ostrava. AMRs were strategically deployed to collaborate with the
production line, facilitating the collection and delivery of manufactured items
as required. The study eclaborated on the procedural steps involved in
initializing the AMR, including the creation of a virtual map, establishment of
a robust communication network, and programming of the robot's
functionalities. Emphasizing precision and attention to detail, the primary
objective of the experiment was to evaluate the mobility and communication
capabilities of the mobile robot. The research underscored the paramount
importance of accuracy in its operations, with a focus on achieving precise
movements within £3 mm tolerance. The culmination of this study was the
development of a self-driving robot capable of reliably executing tasks with
exceptional accuracy, thereby enhancing production efficiency in smart
factory environments.

Jang, K., Kim, S.,
Park, J. [8]

2021

Title: Reactive Self-Collision Avoidance for a Differentially Driven Mobile
Manipulator

Description: The research focused on developing a self-collision avoidance
algorithm designed for a differentially driven mobile manipulator. The main
goal was to address the issue of self-collision arising when a manipulator
interacts with a mobile robot. The aim was to create an algorithm enabling the
manipulator to move smoothly without risking collisions with itself, while
maintaining its intended motion profile. The primary objective of the study
was to enable the robot to navigate autonomously in a safe and efficient
manner, adjusting its actions to avoid obstacles. By creating and testing a self-
collision avoidance algorithm, the research made a valuable contribution to
robotics advancement, particularly in the domain of mobile manipulators with
differential drive systems.

Luo, R. C., Lee, S.
L., Wen, Y. C,,
Hsu, C. H. [9]

2020

Title: Modular ROS Based Autonomous Mobile Industrial Robot System for
Automated Intelligent Manufacturing Applications

Description: The purpose of this study was to create a modular ROS system
that focused on an IMR system, specifically designed for use in intelligent
manufacturing applications. This involved using a finite state machine to
seamlessly integrate and control different modular features within the mobile
manipulator, improving its mobility and manipulation abilities. For mobility,
the robot utilized SLAM technology to map out its surroundings and pinpoint
its location. Furthermore, navigation and collision avoidance strategies were
developed to enable it to move freely throughout indoor environments. To
enable manipulation, we utilized an RGB-D camera mounted on the end
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effector for an eye-in-hand system. This system leveraged learning-based
object detection and shape-based grasping pose estimation to enhance flexible
manipulation capabilities. Our robotics lab at National Taiwan University had
developed an IMR with a meticulously designed mechanism and a fully
modular ROS environment. The experiments included setting up an intelligent
industrial scenario where materials were collected and products were
transported from one location to another. Through our ROS-based architecture
managing the data/command flow between functions, we successfully
demonstrated the system and validated its stability.

Ramasubramanian,
A.K., Papakostas,
N. [10]

2020

Title: Operator - mobile robot collaboration for synchronized part movement

Description: The study introduced a new method that allowed an operator and
a mobile robot to collaborate in loading, unloading, and transporting parts.
Emphasizing the integration of tasks performed by the operator and the mobile
robot, the study focused on implementing a practical control strategy. The
success of this approach relied on seamless coordination between the human
operator and the robot system. To achieve this, researchers developed a control
strategy capable of aligning tasks initiated by the operator with the actions of
the mobile robot. The study operated on the premise that the robotic arm and
gripper possessed the necessary capabilities to handle the specified load.
Consequently, the proposed method proved suitable for scenarios involving
heavy or elongated parts, where combining human and robot capabilities could
enhance efficiency and productivity. By introducing a flexible control strategy
for operator-robot teamwork, the study laid the groundwork for enhanced
collaboration between human workers and automated mobile devices across
various industrial settings. The findings indicated that this approach could
effectively be applied in situations where leveraging the distinct advantages of
both human and robotic skills could significantly improve the manipulation of
heavier and larger components.

Paikkonen, R. [11]

2020

Title: Cloud-based Remote Control of Autonomous Mobile Robots in
Industrial Environments

Description: The master's thesis discussed the utilization of cloud technology
to control mobile robots in industrial settings. The research investigated how
cloud computing could enable rapid responses and simulate an industrial
environment. In a laboratory setting, a robot was constructed on a cloud user's
virtual machine, and tests were conducted. The findings demonstrated that
utilizing cloud-based digital twinning proved to be an effective method for
virtualizing autonomous robots in industrial environments. The described
technology facilitated immediate response times and the development of
intricate models for industrial scenarios. The study's results underscored the
advantages of cloud-based remote control and digital twinning in
revolutionizing the simulation, management, and optimization of industrial
settings for enhanced efficiency and productivity.

Aiello, A. [12]

2020

Title: Robotic arm pick-and-place tasks: Implementation and comparison of
approaches with and without machine learning (deep reinforcement learning)
techniques

Description: The research combined two different methods to complete tasks.
The traditional approach used advanced technology but did not include modern
Al techniques. The alternative approach tackled the same issue with machine
learning. In the traditional method, tools like Movelt, Gazebo, and RViz in the
ROS framework were used. The second method utilized deep reinforcement
learning to solve the problem with machine learning techniques. The research
aimed to offer valuable insights into the benefits and possible improvements
of incorporating machine learning methods, particularly deep reinforcement
learning (RL), into practical robotic applications.

Bergani, H.A.F.
[13]

2019

Title: Design & construction of mobile robot with a manipulator arm for
multipurpose application

Description: The study presented the design and development of a versatile,
wheeled mobile robot suitable for multipurpose applications. The hardware
system encompassed a carefully selected robot platform, components,
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microcontroller, electronics, sensors, and electrical control circuits to support
comprehensive sensing functions. Furthermore, a methodology was planned
for positioning a limited number of sensors on the robot chassis, optimizing its
suitability for autonomous navigation. The research also included the
development of a program that enabled the robot to perform specific tasks such
as line following and obstacle avoidance, enhancing its capabilities for diverse
applications.

Oltean, S.E. [14]

2019

Title: Mobile Robot Platform with Arduino Uno and Raspberry Pi for
Autonomous Navigation

Description: The research introduced an affordable mobile robot setup with a
stable four-wheel design, utilizing the connections of Raspberry Pi and
Arduino Uno. This robot was capable of mapping, navigating, avoiding
obstacles, and following lines. Moreover, it included a robotic arm with one
degree of freedom for lifting and moving loads. By combining Raspberry Pi
and Arduino Uno, the robot could efficiently carry out autonomous navigation
tasks, making it suitable for diverse applications in different settings. This
platform was a user-friendly and cost-effective option that allowed researchers
and developers to delve into mobile robot technologies. It served as a reliable
base for creating a variety of applications in this rapidly growing field.

Sichkar, D.P.,
Bezumnov, N.,
Voronov, V.I.,
Voronova, L.L.,
Dankovtsev, V.I.
[15]

2019

Title: Moving Elements of Mobile Robots Stabilization Modelling
Description: The study tackled the issue of keeping mobile robots stable as
they carried heavy loads. To address this challenge effectively, a simulation
process was created. This simulation focused on determining the exact balance
points for different parts of the robot, using an open artificial intelligence
system. A key factor in the success of the study was the incorporation of
machine learning technology. Machine learning algorithms were used to
analyze and improve the sensor architecture for load transportation. The
TensorFlow library, along with the tflearn extension, was utilized for detection
and data processing tasks in the machine learning-based approach. The study
also included real-world applicability, moving beyond theoretical simulations.
Network training was conducted in an open artificial intelligence environment
using the Gym library. This practical aspect ensured that the research findings
could be implemented in actual mobile robot systems.

Bostelman, R. [16]

2018

Title: Performance Measurement of Mobile Manipulator

Description: The study focused on creating models and defining research
areas to measure the performance of a mobile manipulator used in a specific
manufacturing application. The research explored applications that were
unable to measure the performance of mobile manipulators at the time. It
delved into uncharted territories to discover new and innovative ways to assess
mobile manipulator performance. Through thorough investigation and
analysis, the study aimed to enhance understanding and improve the evaluation
of these adaptable robotics systems.

Lee, H.Y., Murray,
C.C. [17]

2018

Title: Robotics in order picking: evaluating warehouse layouts for pick, place,
and transport vehicle routing system

Description: The research examined how two different types of mobile robots
were used to fulfill orders at a loading depot. One robot, called a picker,
gathered items from shelves, while the other, a transporter, carried the items
to the packaging station based on a list of what needed to be picked. To
expedite the delivery process to the packaging station, a strategy was created
that considered the challenges of routing vehicles for loading, unloading, and
transporting items. A sophisticated mathematical model was created to tackle
three main issues. Next, the study looked into how the mix of robots in the
fleet could be changed to improve performance. Then, it studied how the
layout of the warehouse affected the system's performance when using mobile
robots. The research showed that having more paths crossing the aisles led to
lower system performance, centrally located packaging stations improved
system performance, and the distance between packaging stations and loading
positions played a key role in identifying fleet changes enhancing system
efficiency.
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Urrea, C., Yau, A.

[18]

2016

Title: Design, Construction and Programming of a Mobile Robot Controlled
by Artificial Vision

Description: The study discussed creating a mobile robot that used computer
vision to recognize objects of various colors. The robot received advanced
artificial intelligence through a program on a laptop. Emphasis was placed on
the robot's mechanical durability for practical use. The robot was upgraded
with a fake vision camera and a distance sensor so it could move around by
itself and gather important information about its surroundings. The main aim
of the study was to increase the robot's vision range to 180 degrees. With this
wider scope, the robot could now be more precise in its movements and tasks.
This new ability made it more adaptable and useful in various fields like
industrial automation and advanced robotics research.

Eliot, E. [19]

2013

Title: Design, Analysis and Fabrication of An Articulated Mobile Manipulator
Description: The research aimed to investigate a versatile mobile robot
manipulator designed for complex loading and placement tasks in dynamic
environments. The manipulator system included a 5-axis articulated arm for
loading and placement applications, adaptable to various task variations. Key
drive and power components were strategically placed at the lower section for
optimal load distribution and efficient handling. With a state-of-the-art
suspension system, the mobile platform was designed for maximum stability
and weight-bearing capabilities, efficiently distributing weight across the

wheels for optimal performance.

3. ANALYSIS OF KEY PARAMETERS IN Diagnostics Error
AUTONOMOUS MOBILE ROBOTICS and Telemetry  Reporting, Medium
When examining critical factors related to self- Monitoring
propelled moving robots, the point is to measure Power Battery Life, Medium
and internalize a number of things pivotal for lé/[anagem.ent. ghargmg :
their efficient working and efficacy. While nommumcatlo Pro(igsg?svny’ Medium
navigating a robot or making it make decisions - .
1 1I; . h Machine Object Hish
as well as controlling }t among many other Vision Recognition g
chores, one must take into consideration the Decision- ' '
above aspects for the robot to work properly. Making Al Behavioral  High
They are presented in tabular form (Table 4). Human-Robot
. Interface, .
Interaction Safet Medium
Table 4. Analysis of Key Parameters in (HRI) arety
Autonomous Mobile Robotics [20]. Maintenance Requirements, Medium
Parameter Description il;l};gle':anc and Reliability  Reliability
Sensors Types, Fusion  High Cost and Analysis, Medium
Scalability Scalability
o . Methods, .
Localization High
Accurg - Regulatory Compliance
Mapping Algorithms, High and Ethical Ethics | Medium
ReSOh:ltIOIl Considerations
Path Planning gfl‘t%g;tr?cm, High
oney 3. CASE STUDY: APPLICATIONS WITH
Control Architecture, Hich ROS
Feedback &
Software .
ROS framework High ROS serves as middleware that abstracts the
Obstacle hardware layer, manages devices at the
Obsfade Detection, High hardware level, codes commonly used
Avoidance . o .
Safety functions, facilitates communication between
Environment Indoor/Outdoo High operations, and executes packages for robotic
r, Tgrram systems. It functions as a framework that
Payload Weight, Medium handles both physical components and
Capacity Handling
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communication networks for data management
in robotic applications. Given these attributes,
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leveraging applications for CPSs with the ROS
middleware proves to be beneficial.

In the ROS environment, various practical
applications tailored to real-world scenarios of
mobile transportation robots are achievable
through the utilization of Gazebo and Rviz
interfaces. ROS packages specifically designed
for each pertinent task can be effectively
employed. Gazebo serves as the platform for
three-dimensional simulation, while Rviz
facilitates three-dimensional visualization.

This research investigates the development of
the ProdigiMover [21], an autonomous mobile
transportation robot, within the domain of
scientific research projects conducted at Adnan
Menderes University. Specifically, the study
explores its design and implementation within
ROS framework, alongside its autonomous
navigation capabilities evaluated within the
simulated Gazebo environment, employing a
range of methodological approaches in Figure
2. We aim to confirm the efficiency of our
methods and provide valuable insights to the
autonomous robotics field through thorough
testing and analysis in the simulated Gazebo
environment.

Figure 2. The ProdigiMover: Navigating the Empty
World of Gazebo.

The key point is to compose a robotic system
(physical system) together with communication
network (ROS). There are three types of
communication in ROS, messages (publisher
and subscriber), services (server-client) and
actions. In this application, publisher and
subscriber was selected for communication.
The publisher node sent out messages without
specifying or having knowledge of the
subscriber. The subscriber, in turn, selected the
relevant message from the published messages.
The ROS master initialized and facilitated
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communication between nodes, managing and
executing information about the nodes.

The mobile transportation robot's execution of
its intended tasks primarily unfolds within the
Gazebo environment. This is attributed to the
comprehensive description of its links and
joints encapsulated within the description
package, allowing for the instantiation of a fully
embodied mobile robot within the simulation
realm.

Within this ROS-enabled simulation package,
worlds have been meticulously crafted, each
with  its  unique  characteristics  and
nomenclature. Worlds are illustrated in Figure 3
for simulating a workhouse and warehouse.
Simulation package enables to execute
algorithms of mapping, localization and path
planning, which enable autonomous mobility
and obstacle avoidance in  unknown
environment. This simulation environment
plays a key role in validating the effectiveness
and robustness of the implemented algorithms,
ensuring the ProdigiMover's readiness for real-
world deployment in various practical
scenarios.

(b)
ProdigiMover's
Gazebo's Workhouse and Warehouse Environments.

Figure 3. The Endeavors in
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Simultenous Mapping and Localization
(SLAM) algorithms constructed firstly laser-
based gmapping for mapping of creating
existing world. Thus created map could be
utilized for localization and path planning
algorithms, presented in Figure 4. The
"Workhouse' simulation environment
constitutes a purposeful construct characterized
by a linear track featuring distinct start and end
points. This configuration has been thoughtfully
designed to facilitate a spectrum of
experimental tasks centered around path
planning and Simultaneous Localization and
Mapping (SLAM) algorithms On a created map,
global and local maps were included and so
global and local plans could be generated by
using path planning algorithms. This integrated
approach ensures the coordination between

mapping, localization, and path planning
processes, enhancing the ProdigiMover's
autonomy and adaptability in navigating

complex environments.
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Figure 4. Created map of workhouse world by
SLAM gmapping.

Localization was fulfilled with Adaptive Monte
Carlo Localization (AMCL) algorithm. This
algorithm allowed to estimate mobile robot
position and orientation by utilizing odometry
data. In this technique, particles represented
potential position and direction of mobile robot.
Each translocation induced distribution and
probabilistically weighting of these particles.

Path planning process also performed
simultaneously with AMCL. In ROS
environment, move base package was utilized
to carry out path planning algorithms. Global
and local plans were created by path planning
algorithms. It was illustrated in Figure 5.
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Figure 5. Autonomous movement through path
planning algorithms in Rviz.
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4. ADVANCING INDUSTRY 4.0: KEY
CONSIDERATIONS IN ENHANCED
CONNECTIVITY, AI INTEGRATION,
CUSTOMIZATION

The autonomous navigation and control of
mobile robots represent a foremost and
complicated challenge within the field of
robotics. For any autonomous vehicle, the
essential prerequisites revolve around proficient
obstacle detection and precise line-following
capabilities. The foundation of successful
autonomous navigation systems is highlighted
by these fundamental features, and they are
thought indispensable for ensuring the safe and
efficient movement of robotic objects in various
environments. In this academic discourse, the
details of these core requirements are explored,
with their significance, associated challenges,
and the technological advancements that drive
progress in this crucial area of research and
development within robotics being clarified.

In the context of Industry 4.0, significant
advancements in autonomous mobile robots
have been witnessed, exemplified by their
increasing integration into various sectors. Here
are more examples of these advancements,
presented in passive sentences:

- Enhanced Connectivity and Communication:
Autonomous mobile robots are being equipped
with advanced sensors and communication
modules, allowing them to be seamlessly
integrated into industrial networks and
controlled remotely. Data exchange and real-
time coordination are enabled, facilitating
efficient  decision-making in  complex
manufacturing environments.
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-Al and Machine Learning Integration:
Autonomous robots are being equipped with Al
and machine learning capabilities, enabling
them to autonomously learn and adapt to their
surroundings. This includes the ability to
recognize and respond to changes in the
production line, optimizing tasks such as quality
control, defect detection, and predictive
maintenance.

- Customization and Flexibility: The trend of
customization and flexibility in manufacturing
is supported by autonomous robots that are
easily reprogrammable and adaptable to varying
production requirements. They can be quickly
redeployed for different tasks, allowing for
responsive manufacturing processes.

- Collaborative Robotics: Collaborative robots,
designed to work alongside human operators,
are increasingly being utilized in scenarios
where safety is vital. They are equipped with
features such as sensors and collision avoidance

systems, ensuring safe and efficient
collaboration between robots and human
workers.

- Autonomous Material Handling: In logistics
and warehousing, the integration of
autonomous mobile robots for material
handling has become prevalent. These robots
are guided by real-time data to select optimal
routes, transport goods, and autonomously
adapt to changing warechouse layouts,
streamlining the entire supply chain.

- Aerial Robots and Drones: The application of
acrial robots and drones is expanding across
industries. Equipped with advanced sensors,

cameras, and autonomous  navigation
capabilities, they are used for tasks such as
aerial inspections, monitoring, and data

collection in agriculture, construction, and
environmental monitoring.

- Energy  Efficiency and  Sustainability:
Autonomous robots are being designed with a
focus on energy efficiency and sustainability.
Energy-saving features, such as regenerative
braking and intelligent power management
systems, are incorporated to minimize their
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environmental footprint while optimizing
operational costs.
- Cybersecurity Measures: Ensuring the

cybersecurity of autonomous mobile robots is
paramount. Robust security protocols and
regular software updates are implemented to
safeguard these robots from potential cyber

threats, preserving data integrity and
operational safety.

- Predictive Maintenance Strategies:
Autonomous robots are equipped with

diagnostic sensors that continuously monitor
their performance. By analyzing this data,
predictive maintenance schedules can be
generated, allowing proactive servicing to
reduce unplanned downtime and enhance
system reliability.

These examples illustrate the pervasive impact
of autonomous mobile robots in Industry 4.0,
with passive sentences highlighting their
integration, adaptability, and safety measures,
all contributing to the transformation of
industrial processes and logistics.

5. CONCLUSION

In conclusion, this case study has offered
important lessons regarding the using of ROS in
propelling Industry 4.0 forward, focusing on the
fundamental  technological advancements
associated with self-governing mobile robots. It
shows how important ROS is in driving
technological growth in this area through
careful consideration of practical applications
and demonstrations in driving forward progress
and shaping the future of robotics.

The design and operation of AMRs have been
demonstrated through integration with ROS,
showing how enhanced autonomy, adaptability,
as well efficiency can be realized in industry
settings. The areas are sensors, mapping, path
planning, control and human-robot interaction
all of which serve to show how robots keep
changing by using ROS and as a result are more
competent and adaptable.

Moreover, ROS has been investigated for its
role in connecting old-school manufacturing
operations with the constantly changing
requirements of Industry 4.0. The great
attention is paid to the integration of sensor
data, machine learning and communication
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systems through ROS for sound decision
making processes as far as high precision
machine vision systems are concerned.

In addition, we have underscored the crucial
role played by ROS in guaranteeing the safety,
dependability and expansibility of self-driving
mobile robots so that they can be successfully
used in industry. Furthermore ethical issues
related to them which are very essential need to
be considered. Promoting a future where
robotics raises productivity while prioritizing
humanity and societal values.

This case study essentially confirmed that ROS
is more than just a framework — it is the one
thing that changes everything in achieving
Industry 4.0. In recent times, autonomous
mobile robots have increasingly become part
and parcel of contemporary industrial
processes, something that places ROS at the
center of their development and operation. It is
a fact that through technological innovation
such as the one demonstrated in this study, new
limits in autonomous robotics possibilities
within the industry 4.0 space are being
continuously discovered.
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Bu caligsmada ¢oziime ulastirilmasi istenilen baglica sorun Tiirkiye’de Dijital Doniisiim Endeksleri
alaninda yapilmis arastirmalari inceleyip olusturulan ¢alisma ve gerekli kisitlar hazirlandiginda “Sizin
firmaniz dijital doniigiimiin hangi seviyesinde?” sorusuna yanit verebilmek ve bir endeks olusturmaktir.
Yerli-yabanci bircok makale taramas1 yapildiginda birgok farkli alanda dijital doniisiimiin incelendigi
goriilmektedir. Bu arastirmada daha dnce yapilan ¢alismalarin disinda, gerekli 6lgiitlerin belirlenip bu
alanda degerlendirme parametrelerine karar verilmesi ve ¢ok kriterli karar verme yontemlerinden
sirasityla AHP (Analitik Hiyerarsi Siireci), Best- Worst (En iyi-En koétii) ve DEMATEL Yontemleri
kullanilmas1 amaglanmistir. AHP yontemi uygulanirken Super Decisions programi, Best-Worst ve
DEMATEL Yontemleri i¢in ise Microsoft Excel yazilimi kullanilmustir.

Anahtar Kelimeler: Dijital Doniisiim, Endeks, Dijitallesme, Cok Kriterli Karar Verme.

EVALUATION OF DIGITAL TRANSFORMATION INDEX
PARAMETERS WITH MULTI-CRITERIA DECISION MAKING
METHOD

ABSTRACT

The main problem that is trying to find solution in this study to examine the indices created in Turkey
and work with the necessary digital transformation tit-prepared, “the digital transformation of your
company at which level?" to give the ability for finding an answer to the question and create an index.
When many domestic and foreign researches are studied, the decision will be seen as the digital
transformation is examining at many different fields. The research was completed in the structure of
determining necessary criteria that are intended to be performed differently from other studies from this
study and deciding on the evaluation parameters in this field and creating a digital transformation index
using 3 of the multi-criteria decision-making techniques. The mentioned 3 MCDM methods, AHP
(Analytical Hierarchy Process), Best-Worst and DEMATEL Methods were used respectively. While the
AHP method was applied, a package program called Super Decisions was used, and Microsoft Excel
was used for the Best - Worst and the DEMATEL Methods.

Keywords: Digital transformation, Index, Digitalization, Multi-Criteria Decision Making.

1. GIRIS iretim ve pazarlama kuruluslarinin caligma
Bu aragtirmanin amaci Tiirkiye’de sirketlerin ve yontemlerinde, kurumsal yapilarinda ve satis ve
firmalarin dijital doniisimde hangi asamada satt3 sonrast islemelerinde glin zaman
oldugunu anlamaya yonelik bir endeks ilerledik¢e yeni gelismeler siirdiiriilmektedir.
hazirlamaktir. Teknolojinin gelismesine paralel Teknolojiye bagl olarak yasanan bu gelismeler
olarak tliketici beklentilerindeki degisimler, “dijital doniisiim” olarak tanmimlanabilir [1].
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Literatiir arastirmasinda incelendigi iizere
yapilan endeks ¢alismalar1 her ne kadar basaril
olsa da bu ¢aligmada elde edilmek istenen ve bu
yapilan ¢aligmalarin diginda her firma veya
sirketi dijital doniistim degerlendirmesi i¢in bir
endeks hazirlayarak dijital doniisiim Slgiitlerini
acikca belirtmek ve dijital doniisiim seviyelerini
ortaya c¢ikartmak icin hangi Olgiitlerin
degerlendirmeye alinacagini  belirlemektir.
Hazirlanan endeks Tirkiye’de her kurumun
dijital doniisiimdeki diizeyini 6grenme ve bu
bilingle hareket etme bilincine sahip olabilmesi
icin kullanilacaktir. Daha Once yapilmig
arastirmalar incelendiginde firma bazinda bir
dijital doniisiim endeksi hazirlandigi ve bu
caligmalarin  yapilmak istenen c¢aligma ile
yeterince Ortlismedigi gorilmektedir [2-3]. Bu
caligmada amaclanan endeks hazirlandiginda
hemen hemen her kurumun kendini dijital
dontisimde bulabilmesi i¢in bir olanak
saglayacak olup Tirkiye'nin dijital doniisiim
bilincinin kurumlar kapsaminda 6grenilmesi ve
yenilige agik hale getirilmesi Tiirkiye dijital
doniisiim diizeyini ylikseltecektir. Burada diizey
olarak bahsedilen kavram aslinda dijital
olgunluk kavramidir [4]. Bu c¢alismada
kurumsal her yapmin dijital olgunluk
seviyelerinin 6l¢iilmesi icin gerekli olgiitlerin
kullanilan 3 tane c¢ok Kkriterli karar verme
yontemi ile matematiksel modellemeye dayali
kriterlerin ¢ikartilmas: hedeflenmistir. Olgiim
icin alt kriterler ¢esitli makalelerden referans ile
degerlendirmeye alinmis olup bazi alt kriterler
uzman gorisler destegi ile eklenmistir. Uzman
goriislerden alt kriter destegi alinmasinin sebebi
bazi 6nemli alt kriterlere diger arastirma ve
makalelerden erigilememesidir. Kriter ve alt
kriterlere  Cizelge 1’de yer verilmigtir.
Belirlenen alt kriterler alanlarina, igerdikleri
bilgi detaylarina ve niteliklerine gore 3 kriter
bagligi halinde listelenmigtir. Bu sekilde,
kullanilan 3 tane c¢ok kriterli karar verme
yontemlerinin matrisleri ve program iizerinden
sonuclandirilmast daha kolay ve verimli
olmustur. Bu aragtirmaya konunun
belirlenmesinin ardindan literatiir arastirmasi
ile devam edilmis olup yontem ve kriterlere
literatiir aragtirmasi 1s1ginda karar verilmistir.
Yontemler ve kriterlerin  belirlenmesinin
ardindan kullanilacak yontemlerin uygulama
adimlarima gore degerlendirilmis olup dijital
olgunluk seviyesinin belirlenmesi i¢in hangi
kriterler ve alt kriterlerin uygun olduguna karar
verilmistir.
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Dijital dontisim konulu endekslerde veri
toplama ve anket yontemleri kullanilmis oldugu
goriilmiigtiir [5-6]. Fakat bu yontemler her ne
kadar verimli yontemler olsa da bu galigmada
istenilen sonuglara wulagmak i¢in yeterli
gorilmemigstir. Anket kullanarak caligmasini
tamamlayan TURKONFED’in 2018 yilinda
hazirladig1 Sektdr Bazli Dijital Doniisiim yol
haritas1 isimli raporu incelendiginde otomotiv,
tekstil ve hazir giyim, seracilik sektorleri
bazinda yapilmigs bir c¢alisma oldugu
goriilmiigtir. Hazirlanilan bu g¢aligmada tiim
sektorleri kapsamasi ve her sektdriin dijital

doniisim, inovasyon gibi kilit konulara
deginilmesi  dijital ~ doniisim  endeksi
arastirmasma  yon vermistir. SEDEFED
Yonetim Kurulu Bagkami Ali  Aver’'nin

dijitallesme hayatin her agsamasinda énemli bir
yer tutmaktadir. Bu baglamda dijitallesme
olgusu  ilkemizin  stratejik  sektorlerini
onceliklendirme ile ekonomik kalkinmay1
hizlandirmak i¢in kullanilabilecek bir arag
olarak  degerlendirilebilir.  Dijitallesmenin
sagladigi kolayliklar yardimiyla uzmanlik
alanlart ve rekabet sartlari gelistirilerek
sektorlerin  verimliligine ve {retkenligine
olumlu katkilar saglanabilecegi [1] seklinde

yaptigit  yorum  dijitallesmenin  {ilkemiz
acisindan  Onemini  yeterince vurguladigi
gorilmektedir.

Bu hususta tilkemizin attig1 6nemli adimlardan
biri olan T.C. Cumhurbagkanligi Dijital
Dontisgim  Ofisi 2018 yilinda kurulmustur.
Kurulan bu ofis dijital doniisiime Onciiliik
etmektedir. Fakat dijitallesmenin  diinya
capindaki dnemi hatirlandiginda tiim kurumlar
dijital doniisim bilincinde olmadig1 siirece
dijitallesme ig¢in atilan adimlar yetersiz
kalacaktir. Dijitallesme icin kurum ve kurum
liderlerinin ~ bilingli  olmasmin  yapilmast
gereken tiim adimlarin en bagsinda geldigi
diisiiniilmektedir.  Bahsedilen bu  biling
olusturuldugunda atilmasi gereken bir diger
adim dijjital donligime tesvik igin kari
artirabilecek bir dijital strateji gelistirmek
onemlidir ve bu dijital strateji haritasi igletme
yonetimi, dijital is stirecinden olusur [7]. Dijital
isletme yonetimi her kurum tarafindan
benimsenebilecek bir adimdir. Bu kurumlarin
sektorleri de g0z Oniine alinarak stratejik
haritalar ile ¢izilen bu yol eksiksiz bir sekilde
tamamlandiginda dijitallesme i¢in O6nemli bir
adim atilmis olacaktir [8-9]. Ayrica igletmeler
vizyonu tamamlamak, yeni teklifler sunmak,
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temel is siireglerinin gili¢lendirilmesi, gii¢lii bir
dijital temel olusturmalidir [10].

1968 yilinda bulunan AHP yontemi, Saaty
tarafindan 1977 yilinda karar verme
problemlerini ¢oziilmesinde kullanilabilecek bir
metot olarak gelistirilmistir. Giiniimiizde AHP,
nitel ve nicel kistaslar1 karar almada bir arada
degerlendirebilen ve ¢oziimlenmesini saglayan
bir ¢ok kriterli karar verme ydntemidir.
Hiyerarsik siralama AHPde en az {i¢ diizeyde
olusturulur. En {ist diizeyde amag, onun altinda
ana Olciitler ve en alt diizey de de varsa alt
Olgiitler yer alir. AHP, c¢ok sayida olgiit ile
uygulanabilir. Hiyerarsinin ve ikili
karsilagtirma matrislerinin  olusturulmasinda
kisisel goriislerin etkili olmast nedeniyle
konuyla ilgili ve deneyimli uzman Kkisilerin
gorislerine ihtiyag vardir [9].

Kriter ve alt kriterler En Iyi-En K&tii yontemi
yardimiyla degerlendirilmistir. Bu yoOntemin
kullanilmasinda en iyi ve en kotii kistaslarin
oncelikli se¢imindeki tutarsizliklarin ¢ok az
etkili olmasi neden olmustur[11]. BWM'in
yaygin kullanilan iki versiyonu vardir; Dogrusal
olmayan BWM ve Dogrusal BWM. Bu
caligmada Dogrusal BMW kullaniimistir.
Tutarhilik kontrolii Liang, Brunelli, Rezaei'ye
dayanmaktadir. BMW kullanilirken Jafer
Rezaei’in olusturdugu Microsoft Excel formati
kullanilmastir [12].

BWM Yontemi; kurumsal kaynak planlama
sistemlerinin secimindeki kriterlerin
belirlenmesi, personel secim  siirecinde
kullanilan kriterlerin degerlendirilmesi, finansal
piyasalarda blockchain teknolojisinin
benimsenmesinde kritik faktorlerin
degerlendirilmesi gibi c¢aligmalarin yontemi
olarak kullanilmastir.

1972 ve 1976 yillar arasinda Cenevre Battelle
Memorial Institute, Science and Human
Relations programinin gelistirdigi DEMATEL
Yontemi; girift ve karmasik problem gruplarina
¢Oziim arayan aragtirmacilar tarafindan
kullanilmasini amaglamaktadir [13].

DEMATEL yontemi, pazarlama stratejileri, e-
O0grenme degerlendirmeleri, havayollarinda
emniyet yonetim sistemleri, hisse senedi
yatirimlari, bilgi giivenligi riskleri, teknoloji
parklarmmin  gelisimi, yatirimlarda portfoy
secimi gibi alanlarda uygulanmistir [14]. Bu
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calisgmada DEMATEL Yontemi Microsoft
Excel iizerinden o6l¢eklendirilmis kriter ve alt
kriterler ~ ile  matematiksel = modelleme
kullanilarak sonuglandirilmigtir.

Kullanilmasina karar verilen bu ii¢ yontemin de
avantajlar1 ve dezavantajlari vardir. 3 yontemin
de ortak avantaji farkli uzman goriiglerle farkli
sonuglar elde edilecek olmanin esnekligidir.
AHP yonteminin avantajlari; kolay
uygulanabilir olmasidir anlagilmas1 kolay
olmakla birlikte uygulamasi da oldukga basittir.
Yine AHP yonteminin dezavantaji sik sik
yineleme  yasandigi  i¢in  uygulamada
sikicilagabilir. Bu asamada Super Decisions
isimli program kullanildiginda islem daha kolay
hale gelebilir. Best-Worst yonteminin avantaji

yine kolay uygulanabilir olmasidir. .lnki
excelde ¢oOzldiriilir, ¢ok fazla ugras
gerektirmez. Yine best-worst yonteminin

dezavantaji excele girilen 6nem derecelerinin
tutarsiz seklinde belirlenmesi ile baslar. Tutarlt
hale getirmek icin uzman goriislerinin
yenilenmesi gerekebilir, bu da daha ¢ok zaman
alacagindan verimli olmayabilir. DEMATEL
yonteminin  derecelendirilmesi  diger iki
yonteme gore farklidir ve 5 derece igerir.
Uygularken islem yogunlugu bazen kafa
karigiklig1 yaratabilir. Uygulama yine excelde
yapilir. Excelde uygulanan tiim yontemler excel
bilinen bir format oldugu ic¢in kolaylk
saglamakla birlikte manuel olarak uygulamak
gerektiginde isler bir siire sonra sarpa sarabilir
ama ¢Oziici kullanilma durumunda islem
kolaylasir. Best-Worst yontemi uygulanirken
¢oziicii kullanilmasi avantaj olarak sayilabilirse
bu sebeple DEMATEL yontemi kullanilirken
manuel olarak sadece bir iki excel islevi
kullanilarak uzun uzun yéntem uygulanmasi bir
dezavantaj olarak degerlendirilebilir.
Sonuglandirmak gerektiginde excel bazen
avantaj bazen dezavantaj durumunda yer
alabilir. Tipki AHP yonteminde farkli bir
uygulama  olarak Super  Decisions’in
kullanilmasinin avantaj veya dezavantaj olarak
farkli yorumlanabilecek olusu gibi.

2. MATERYAL VE METOT

2.1. Analitik Hiyerarsi Prosesi

Bu caligmada arastirma ve yayin etigine
uyularak belirlenen kriterler ve alt kriterlerin
agirhiklandirilmast  i¢in ilk adimda AHP
yontemi  kullanilmigtir. AHP  Yonteminin
adimlar1 su sekilde gosterilebilir [15];
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1.Adim: Karar problemi hatasiz bir sekilde
tanimlanir.

2.Adwm: Kriter, alt kriter ve alternatifleri igeren
bir hiyerarsik yap1 olusturulur.

3. Adim: Uzman  gorlslerin  kullanmasi
acisindan ikili karsilagtirma matrisleri Excel
iizerinden olusturulur [10]. Bu matrisleri
olustururken Cizelge 2’de verilen Saaty 1-9
Karsilastirma Olgegi kullanilir.

Cizelge 2. Saaty 1-9 Kiyaslama Olgegi [10]

Onem
. Tamm
Derecesi
1 Esit 6nem derecesi
3 Orta 6nem derecesi
Kuvvetli 6nem
5 .
derecesi
7 Cok kuvvetli dnem
derecesi
9 Mutlak 6nem derecesi
2,4,6,8 Ara degerler
4. Adim: Bu seviyede, uzman gorislerin
doldurdugu ikili  karsilastirma  matrisleri

tutarlilik oranlar1 bazinda kontrol edilir. Ilk
olarak Esitlik (1) kullanilarak tutarhlik katsayis1
hesaplanir.

Cl = Amax—n
n-1

(1)
Esitlik (2) yardimiyla tutarlilik oran1 hesaplanir.

_c
T RI

CR 2)
CR <0,10 olmalidir, degilse matrisler kontrol
edilmelidir. Cizelge 3’te verilen RI degerleri
kriter sayisina gore segilerek CR degerlerinin
bulunmasi i¢in kullanilir.

Cizelge 3. Rassal Index (RI) [10]

1 1 1 1 1 1

n 123 4 5 6 7 8 9 01 2 3 4 5
R 00 0, o, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1,
6 9 I 2 3 4 5 5 5 5 6 6 6

5.Advm: Var olan biitiin bilesenler i¢in 6ncelik

vektorleri hesaplanarak  bulunan degerler
birlestirildikten sonra, ikili karsilastirma
matrisinin  satirlar1  toplanarak  normalize

edilmek i¢in tiim satirlarin toplamina boliiniir.
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Bu hesaplamalar1 yapmak icin, negatif
kriterlerin carpima gore ters isaretlileri alinir.

6.Adim: Degerlendirilen kriterlerin 6ncelik
degerleri ile alternatiflerin oncelik degerleri
carpilip toplanarak birlestirme islemi yapilir.
Sonuglardan en biiyiik degeri olan alternatif
secilir.

2.2. Best — Worst Yontemi
Rezaei tarafindan gelistirilen bu yontemin
adimlar1 agagidaki adimlarla 6zetlenebilir [16];

1.Adim: Bir dizi karar Kriterlerinin seg¢ilmesi
gerekmektedir. Bu adimda uzman gorisler,
kullanilacak n  kriterini  (Cy, Cs, ... ..., C},)
secmektedir.

2.Adim: En iyi ve en kotii kriterleri segmektir.

3. Adim: Segilen en iyi kriterin diger tiim
kriterlere gore tercih orani 1 ile 9 arasinda bir
say1 kullanarak Esitlik (3) seklinde belirlenir.

)

4. Adim: Diger kriterlerin en kotii kriter
iizerindeki goreceli 6nemi uzman goriislerce 1-
9 arasinda bir say1 kullanilarak belirlenir. Bu
adimin sonunda digerlerinden en kotii olan
vektor Esitlik (4) gibi olmalidir:

AB = (aBl, aBz, ey aBn)

AB = (alw,azw, ....,anw)T (4)

5.Adim: Bu seviyede amag optimal degerleri
belirlemektir. Esitlik (5),(6), (7), (8), (9), (10),
(11), (12)’ de verilen sekilde esitliklerin sirayla
uygulanmasi agamasidir.

min max {l wg- ag;. WL, IW; - a;,,. W, 1}

kisitlar1 altinda ®))

2w =1 (6)

W; =0, tim j’ler i¢in @)

min&*t (3)
Wg .y ..

IW — ag;I1 <&, tim j’ler igin )

j

12 1< € tiim jler ici 10

W, Gw <& tlim j’ler i¢in (10)
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ywj =1 (11)

W;> 0, tiim j’ler igin (12)
2.3. DEMATEL Yontemi

DEMATEL yoéntemi birbirini izleyen 5 adimin
ardindan elde edilen etki yonli diyagram ile
¢oziime ulasir. Bu yodntem uygulanirken
kullanilan Karsilastirma Olgegi Cizelge 4’te
gosterilmistir.

Cizelge 4. DEMATEL Yontemi Karsilagtirma
Olgegi [16]

Deger Tanim

0 Etkisiz

1 Az Etki

2 Orta Etki

3 Cok Etki

4 Cok Yiiksek Etki

Cizelge 4’te goriilen 5 dereceden olusan ikili
kargilagtirma 6lgegi kullanilir.

1.Adim: Direkt iliski matrisi (A)’ya bagli olarak

satir ve siitundaki en diigik deger (k)
kullanilarak asagidaki (13) ve (14) esitlikleri
yardimiyla normallestirilmis direkt iliski
matrisi (M) elde edilir.

M=kxA (13)
k= Mi 1 1

= Min ,
max ¥y lay max X%, |a]
1<isn 1<isn
i,je {1,2,3,...,n} (14)

2. Adim: Normallestirilmis direk iliski matrisi
(M) ve (15) esitligi kullanilarak toplam iligki
matrisi (S) tiiretilir.

S=M+M*+M3+--=3YM' =M.(1-
M=t (15)

3.Adim: Gonderici grubu ve alict grubu
hesaplanmasi, S matrisinin siitunlar toplami
(R), ve S matrisini satirlar toplami (D)
hesaplanir. (16) esitliginin  hesaplamasinin
ardindan (17) ve (18) esitliklerinin hesaplanarak
D-R ve D+R degerleri kullanilir ve her bir
kriterin digerlerine olan etki seviyesi ve
digerleriyle iliski seviyesi belirlenir.
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S = Si,j (16)
D=gsi  j=1 (17)
R=3si; j=1 (18)

4. Adim: Agirliklarin hesaplanmasi, son adimda
elde edilen degerler kullanilarak (19) ve (20)
numarali esitliklerle agirliklar bulunur.

w ={(D +R)*+ (D — R)?)}*/? (19)
_ Wi

Wi (20)

3. DENEYSEL BULGULAR

Oncelikle belirlenen kriterlerin ne demek
olduklarim1  yapilan  literatiir =~ taramast
onciiliigiinde 6zetlemek gerekirse;

1.Strateji: Dijital doniisiim kurumlarda biiyiik
bir degisime neden oldugu i¢in kurumlar biitiin
dijital doniiglim siirecini tamamlayict  bir
dijitallesme stratejisine gerek duyar. Her
kurumun belirledigi alanda olgunlagmasi i¢in
gereken diizey kendi is stratejisine gore
degismektedir. ‘Kurumun veya kurum liderinin
is i¢in genel odak noktam nedir? Kurumumu bu
konuda nasil yapilandirmaliyim?’ sorularini
kendisine sormasi gerekir [17].

2.Mobilite ve Donanimsal Yeterlilik: Mobilite,
bir yerden bir yere gidis veya bir durumdan
bagka  bir duruma gecis  anlaminda
kullanilmaktadir. Giiniimiiz Diinyasinda her
kavram arttk bu temel  gerceklikten
kaynaklanmaktadir. Mobilite sayesinde
teknolojinin hizima yetisebilmek artik ¢ok
olagan sayilmaktadir. Her gecen giin daha da
hiz kazanan giinliik yasam aligkanliklar1 ve is
yasaminin gereklilikleri mobilite kavraminin
gelistirilmesi ile kontrol altina alinabiliyor. Her
glin is yerine ulasmak ve geri donmek icin
harcanan enerji ve zaman geri kazanilabiliyor
ve sevdiklerimizi goérmek icin kilometrelerce
yol kat etmemize gerek kalmiyor [18].
Donanimsal yeterlilik, isletme ici faaliyetlerin
dijitallesmesi icin olusturulmus olup mobilite
ile ayn1 baglikta incelenebilir oldugundan tek
kriter adinda birlestirilmistir. Donanimsal
yeterlilik, kurumun kendine 6zgii 6zellikleri
bakimindan gerekli olan niteliklerdir.
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3.AI — Makine Ogrenimi: Tarim makineleri
iireticisi John Deere’in son yillarda dijital
doniisim yolunda biiyliik catilimlar iginde
oldugu goriilmektedir. Personel aliminda
kalifiye ¢aliganlari ise almak ve basarili nitelikli
calisanlar1 ile yola devam etmek amaciyla
kariyer programlarinda gerekli degisiklikleri
yapmugtir. Siirdiirilen operasyonlara ¢iftligin
otonom izlenmesi, yapay zekd ve makinelere
derin Ogrenme sistemlerinin uygulanmasi,
sagliksiz bitkilerin belirlenmesi ve olusan ve
olusacak sagliksiz {irlinler i¢in  gerekli
islemlerin  uygulanmasi1  gibi  teknolojik
yatirimlar yapilarak rekabet giicli arttirilmig
sektorde farkli bir yer kazanmigtir. Bunun
yaninda yapay zekd uygulamalari ile tesis
verimliligi ve rekabet giicii arttirmis, zaman
i¢inde hurda oranini transfer dokiimiinii tahmin
etmek ve yar1 mamul {rlnlerin kalitesini
ongodrmek ve bir sonraki {iretim agamasini tespit
etmek amaciyla makine Ogrenimi ve derin
ogrenmeden yararlandiklart goriilmektedir [19].
Gelismis makine 6grenimi modelleri, sirketlerin
kaliplart verimli bir sekilde kesfetmesine,
tahminler yapmasina ve kararlar almasina ve
giderek daha fazla kurumsal performansin
temel itici gii¢leri haline gelir [20]. Ayrica bu
kriter =~ karar  destek  sistemlerini  de
kapsamaktadir.

3.1. AHP

Uygulanmaya baslarken once hiyerarsik yapi
olusturulmusgtur. Bu c¢alismada amac¢ dijital
doniisimde kullanilacak kriterlerin ve Onem
derecelerinin belirlenmesi oldugu i¢in alternatif
yoktur.  Aslinda alternatifler  belirlenen
kriterlerdir. Hiyerarsik yap1 olusturulduktan
sonra ikili karsilastirma matrisleri belirlenmis
olup 3 uzman gorlis tarafindan olusturulan
matrisler doldurulmustur. Daha sonra 3’er tane
elde edilen 4 matrisin geometrik ortalamasi
Cizelge 5’te goriiliigii iizere Excel iizerinden
almmigtir. Uzman goriisler ikili karsilastirma
matrislerini doldururken Saaty 1-9 Olgegini
kullanmiglardir. Yapilan bu adima kadar tiim
stire¢ Excel iizerinden ilerlemis olup agirliklarin
belirlenmesi  ve  tutarlilik  oranlarinin
hesaplanmasini igeren adimlar SuperDecisions
isimli paket program {izerinden yapilmistir.
Sekil 1’de goriilen hiyerarsik yap1 model olarak
tanimlanmistir. Kriterlerin ve alt kriterlerin
iligkileri birbirine baglanmis ve model verileri
islemeye hazir hale gelmistir. Daha sonra
Judgments sekmesinde ikili karsilastirma
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matrislerindeki verileri girmek icin baglantilar
yapildiktan sonra programin olusturdugu
kargilagtirmalar Sekil 2’de goriildiigii gibi
manuel olarak yapilmistir. Karsilagtirmalara ait
sonuglardan biri Sekil 3°te verilmistir.

- . [ VAN OXREN 130
i md TR
Sekil 1. AHP Modeli
Cizelge 5. Kriterlerin Geometrik Ortalamalarini
Iceren ikili Matris
\I\;l}g)BILITE AL
KRITER DONANIM MAKIN STRAT
MATRISI  SAL g EJi
YETERLIL ?D%REN
iK
MOBILITE
VE
DONANIM
SAL 1 0,25 0.71
YETERLIL
iK
Al-
MAKINE
OGRENIM +32 ! 2
i
STRATEJI 1,4 0,5 1
iahwor _A‘mng!
1, Chonse 2, Node comparisons will respect I DUITAL DONOSUM CNDE= - 3, Resully
:li;\‘\xj::NMn |.-|L:::‘::ud;l\‘\.‘:u:'l‘i"“v‘ﬁI‘.;‘JI:K‘:‘J?VT@:U!IEMUEREI"W\J\.‘m"ANAW\:NLEH“W#IA.'\ M T ==
P E—— ,‘,‘:‘:N‘ITO i i mmu:h\f'n' ty meem rezartant fran Kinsdin va Rsaarimeal ¥atarl ] R

Hhllf -

Claglar ANAG
Elulp paye.

Lzhisin Cliglsr o1

AU~

Fa

| \l‘\.\huw.ilwl|
Sekil 2. AHP, Al — Makine Ogrenimi Kriterinin Alt
Kriter Karsilagtirmalart
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3. Results

Hybrid — [

Inconsistency: 0.05156

Al- Makin~ 0.58417
Mobilite ~ 0.18400
Strateji 0.23183

Sekil 3. AHP, Kriter Agirliklandirma Sonuglart

3.2. Best — Worst

Bu yontemini gelistiren Rezaei’in yontemin adi
ile acgtig1 bestworstmethod.com isimli web
sitesinde yer alan En Iyi-En Kétii Excel formati
kullanilmigtir. [lk adim olarak 3 kriter
bulundugundan kriterlerin kendi aralarinda
agirliklandirilmasi i¢in Criteria (C) =3 sayfasina
istenilen  veriler  girilmis,  Sekil 4’te
gosterilmistir. Sekil 5 ve Sekil 6’da verilen
coziicii eklentisi ile Sekil 7’de goriildiigii gibi
sonug¢landirilmisgtir. Bahsedilen ¢oziicii
eklentisi  tim  karsilagtirma  sayfalarinda
kullanilmistir. Daha sonra tiim kriterlerin alt
kriterler agirliklandirmalar: yapilmistir. Strateji
Kriteri i¢in C=7, Mobilite ve Donanimsal
Yeterlilik kriteri icin C=7 ve son olarak Al —
Makine Ogrenimi i¢cin C=8 sayfalan
kullanilmigtir. Bahsedilen C degerleri kriterin
alt kriter sayisini ifade etmektedir. En Iyi-En
Kot yonteminin  sonuglarint  dzetlenmek
gerekirse, Oncelikle sonu¢ sayfalarinda ‘The
pairwise comparison consistency level is

acceptable’ yazmasl gerekmektedir.
‘Acceptable’ degil de ‘not acceptable’ yazarsa
sonu¢ tutarsiz  demektir. Yapilan tim

karsilastirma islemlerinde yine Saaty 1-9 6lgegi
kullanilmistir.  AHP  yontemi ile aym
karsilagtirma Olgegi kullanildigindan dolay1
ayni uzman goriigler ve geometrik ortalamalari
kullanilmigtir. Tim sonuglar ‘acceptable’
ciktig1 icin agirliklandirmalar tutarhdir.
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A B C D E
1
2 Criteria Number =3 | Criterion 1 | Criterion2 | Criterion 3
3 Names of Criteria | Strateji | Mobilite ve [Al-Makine 0
4
5 | Selectthe Best  |AFMakine)]
6
7 ‘ Select the Worst ‘Mobiliteve\
8
9 Best to Others Strateji | Mobilite ve [Al-Makine 0
10 Al-Makine 0 2 4 1
1
12 Others to the Worst | Mobilite ve
3 Strateji 2
14 Mobilite ve DY 1
15 Al-Makine 0 4
16

Instruction | Example ﬂ(zll (=5 |C=6 | =7 | C=1(1) | C=8
Sekil 4. BWM, Kriter Agirliklandirma i¢in Veri

Giris Sayfasi
[ coctea Parurmtitu
Heelel Ayl e |
Healeel 03 PR [ - o 3 Dt
Tanijizkan Hileralart Dafjizivarsk
LI R
Kisirlamalacs Raglidie
FORINFCEING. 0 iy
[ R
FORIAFERT « SO0
WCLIAFERAN «  frRen Leintic

sil
10mand Sihirla

Tkl Raydel
B csenmarmy Degugkenien Pozl Yap

e Vitemi S | e | B . E——

S&ztim Yntemi

Milrain dednieal almayan CAria Prablsmisr ldn GRG Dodrimal Gimayan siyapzin sacn. Dodniesl S
Prohlamlarl lgin Razir | P alryapisin sazlin va diizgiin almayan Gazlcd problamiar ldn Aglim slryspizn zegin.

Farehm [ J Kupal

Sekil 5. Coziicii Eklentisi-1

(Coziicii Sonuglan

(GOzlicti bir goztim buldu. Tum Kisitlamalar ve uygunluk

kosullart karsilandi. Raporlar
I Yanit
® Coziicii Gzumini Sakla; Duyarlilik
o Limitler

O Orgiin Degerleri Geri Ykle

[ ¢aziicii Parametreler iletigim Kutusuna Dén

Tamam iptal

Gogziicii bir ¢dziim buldu. Tiim Kisitlamalar ve uygunluk kogullari karsiland:.

[[1Ana Hat Raporlari

GRG altyapis kullanildiysa, C6zlici en az bir yerel en uygun ¢ozim bulmugtur. Basit LP kullanildiysa, bu,
Cozici'nin bir genel en uygun ¢dziim buldugu anlamina gelir.

Senaryo Kaydet...

Sekil 6. Coziicii Eklentisi-2

A i ¢ b £ f G H
1 ‘ e [ Sratej (Mobiﬂteve F\-Makine@
18 ' 0,8571429 |0,14285714 | 0,57142857
19
]
il Input-Based CR i 0 he pairwise comparisan consistency levelis acceptanle
i; Associated Threshold | 0,1121 Waights

0%

L 05
5
% 04
17 03
b 02
b} 01
£l 0 | ‘
i Strale)  Mobiteve DY AMMakine O
£}

retuction | Eample €=3 | C=4 (=5 C=f | C=7 | C=T1) | C=B|C=B CeB) (4

Sekil 7. BWM, Kriter Agirliklandirma Sonug
Sayfasi

3.3 DEMATEL

Excel iizerinden uygulanmis olup yine Kriter
agirliklandirmasimi elde etmek amaglanmustir.
DEMATEL yonteminde 4. Adim sonunda
bulunan grafik olusturma kismi yapilmamaistir.
Bu c¢alisma  amaglarindan  biri  kriter
agirhiklandirmas1 yapmak oldugu igin grafikte
elde edilecek olan kriterler arasi etki yoniiniin
bulunmasina gerek duyulmamistir. DEMATEL
yontemi Excel’de klasik Excel kullanilarak
yapilan yontem literatiir arastirmasi destegi ile
uygulanmugtir. Uzman goriigler 1-4 o6lgekli
derecelendirme tablolarini1 doldurduktan sonra
adimlar uygulanmaya basglanmistir. Adimlan
ozetlemek gerekirse; ilk olarak uzman
gortislerden alinan ve Cizelge 6’da goriilen A
matrisleri olusturulmustur. M matrisi satir
toplamlarini iceren matristir ve Cizelge 7’de
goriilmektedir. Tim hiicrelerin toplamlar
arasindan en biiyiik toplama bdliinmesi ile elde
edilen matris ise Cizelge 8’e gorillen S
matrisidir. 3. Adima geg¢ilmis olunur. Cizelge
9’da verilen ve birim matris olan I matrisi ile
Cizelge 10’a verilen S matrisinin farki
alindiginda 4. adima gegcilmis olunur. Cizelge
11’de wverilen D degeri satir toplamlarini,
Cizelge 12’de verilen R degeri ise siitun
toplamlarini ifade eder. D ve R degerlerinin
bulunmasmin ardindan Cizelge 13’te goriilen
D+R ve D-R degerleri hesaplanir ve en son
agirhiklar  bulunur. Kriterler icin yapilan
agirliklandirma analizinin tiim adimlart diger
kriterler ve alt kriterleri i¢in de uygulanmuigtir.
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Cizelge 6. D, Kriterler Arasi Derecelendirme Al-
MOBILITE MAKINE
Al- Ny .
VE N OGRENI 0,67 0 0,35 6
KRITER DONANIM E STRAT Mi
MATRISI | SAL g EJi STRATEJ
YETERLIL | QOREN i 0,33 0,17 10 3
. IMI
1K
MOBILITE Cizelge 9. D, I Birim Matrisi Cizelge 8. D,
VE Kriterler igin (I-S Matrisi)
DONANIM
AlsAL 0 ! ! 1 oo 1,00 |-0,17|-0,17
YETERLIL
iK I 10 |1]0 I-S|-0,67 | 1,00 |-0,35
Al 0o |o|1 0,33 -0,17| 1,00
MAKINE 4 0 )
?GRENIM Cizelge 10. D, Kriterlerin S Matrisi icin Son Islem
Adimmi
STRATEIJI |2 1 0 1,27 9,26 0,30
| (1-S)"-1 1,06 1,28 0,62
0,60 0,30 1,20
Cizelge 7. D, Kriterler icin M Matrisi Gizelee 11. D. Kriterler icin S Matrisindeki S
MOBILIT Giizelge 11. D, 1ter er i¢in atrisindeki Satir-
EVE AL Siitun Toplamlar -
KRITER DONANI | MAKINE .
MATRISI |MSAL | OGRENi | STRATEIL jtoplam 027 1026 1030  |084
YETERLI | Mmi | S 1,06 0,28 0,62 1,96
LiK | 0,60 0,30 0,20 1,10
IE)gll\El ANI (lizelge 12. D, Kriterlerin D+R ve D-R Degerleri
MSAL 0 1 1 2 D R D+R D-R
YETERLI 0,34 1,93 2,78 -1,09
LiK 1,96 0,84 2,30 1,11
AL 110 1,12 2,23 -0,02
MAKINE
OGRENIM 4 0 2 6 Cizelge 13. D, Kriterlerin /}glrhklarl
i AGIRLIK
LAR
STRATEJI |2 1 0 3 KAREKO KRIT
@+ | (D- | (D+R)"2 |KAR |K/ ER
R |R)* | HD- EKO |TOPLAM |..:
Cizelge 8. D, Kriterler i¢in S Matrisi 2 2 R)"2 K KAREKO ISIM
MOBILIT K LERI
E VE Al
i o MAKI I 11 MOB
KRITER | DONANI | | STRA | top 775 |y0 (895|299 |036 ILiT
MATRISI | MSAL = TEJI |am E
. | OGRE
YETERLI N A
. 7,871 77 19,11 3,01 10,36 MAK
MOBILIT 4 INE
EVE STR
DONANI
5 0 5 2,23 10,27 ATEJ
S MSAL 0 0,17 0,17 |2 "
YETERLI T 824
LIK ;
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4. SONUCLAR

Yapilan ¢alisma sonucu, amaci dogrultusunda
diistiniildiigiinde elde edilen veri ve bulgular
dijitallesme siireci i¢in pozitif yonde ilerleme
saglayacak niteliktedir. 3 farkli yOntem
kullanilarak c¢aligmaya 3 farkli bakis agisi
kazandirilmistir. Kullanilan yontemlerin ii¢linii
de wuygulamaya baglarken wuzman goriis
yorumlarina dayanarak elde edilen
derecelendirmeler kullanilmigtir. Tiim kriter ve
alt kriterler baz almarak farkli yontemlerle
farkl sonuglar alindigindan yontem
coklugunun yorum c¢oklugu anlamimna geldigi
varsayimi  elde edilmistir. Elde edilen
sonuglardan yola ¢ikarak Al - Makine
Ogreniminin ve altinda barindirdigr  diger
etkenlerin dijital doniisiimde biiylik oOlgiide
etkili oldugu agikca goriilmektedir. Dijital
donilistim etmenleri olarak belirlenmis olan
Ornegin, yetenek acig1 orani ve dijital doniigiim
kiltiirlinlin en az bir ekip liderinde var ve
uygulantyor olma orani alt kriterlerinin 6énem
derecelerinin esit oldugu belirlenmistir. Alt
kriterlerin 6nem derecesinin esit olma durumu
tim kriterlerin uygulanan farkli yontem
sonuclarinda da goriilmektedir. 3 farkli yontem
kullanilmasinin temel sebeplerinden biri her
yontemde farkli sonuglar ¢ikabilecek olusudur.
Nitekim kriter Onem derecelerinin analiz
sonuglart olarak AHP ve Best — Worst
yontemlerinde 2. Sirada Strateji, 3. Siwrada
Mobilite ve Donanimsal Yeterlilik bulunurken
DEMATEL yo6nteminde 2. Sirada Mobilite ve
Donanimsal Yeterlilik 3. Sirada ise Strateji
bulunmaktadir. Bu analizin sonucunda farkl
agirliklandirma ve derecelendirme
yontemlerinin ayni kriterler ve alt kriterler
iizerinde uygulanmasi her agidan yararh
olacaktir. AHP ve Best — Worst yontemlerinde
cogunlukla ayni sonuclarin elde edilmesi ve bu
durumun tizerine DEMATEL yontemiyle farkl
yorumlarin analize dahil edilmesi bu calisma
acisindan ¢ok yonlii bir bakis olusturmustur.
Dijital doniisiim siirecinde karar vericilerin
etkenleri ve analiz yontemlerini belirlerken en
az 3 farkli yontem ile karara varilmasit kurum
acisindan daha faydali bir yol olacaktir. Bu
calisgma sonucunda dijital doniisiime ayak
uydurmak isteyen kurumlarin 6ncelikli yapmasi
gereken adim AHP ve Best — Worst
yontemlerine gore karar destek sistemlerinin

kullanmalari, kullanmakla kalmayip
simiilasyon  tabanli  uyguluyor olmalar
gerekmektedir. Karar destek sistemlerinin

algoritma ve makine ile birlestirilmesi de
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onemli rol oynamaktadir. Ayrica DEMATEL
yontemine gore ise Oncelikli adim ERP
kullanimidir. Kurumlarin yapmasi gerekenlerin
basinda tiim ydntem sonuglarina gore Al —
Makine ~ Ogrenimi  konusunda  gelisim
gostermek igin gerekli calismalar1 yapmak
dijitallesmede kurumu ileri tastyacaktir.

Her kurum i¢in dijital doniisiim kaginilmaz bir
sondur ve dijitallesme silirecine bir an Once
adapte olmak hem kurum biinyesinde hem de
Tiirkiye dijital donilisiim seviyesinin bir adim
daha ileri tasinmasi agisindan 6nemli bir rol
oynar. Kurumlarin dijitallesmesi, kurum
biinyesinde biiyiik bir adim olarak gdriilmese de
dijitallesen kurumlarin yiizdesi artik¢a Tiirkiye
genelinde dijital doniisiim siireci biiylik Slgiide
yol kat etmis olacaktir.
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