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Dergimize 4 dilde (Tiirkge Tr, ngilizce En, Rusca Ru ve Ukraynaca Ua) yazi kabul etmektejdi. Tiirkge,
Rusca 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, tim
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, 6zellestirilmis 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, yuomusak robotik sistemleri, robot tutucu sistemler, bina uygulamalari, kalip / kalip
uygulamalari, mimarlik uygulamalari, model uygulamalari, hizli prototip uygulamalari, gorsel sanat
uygulamalari, tekstil uygulamalari, dijital fabrikalar, mimari model uygulamalari ve malzemeleri,
endiistriyel uygulamalar ve malzemeler, gida uygulamalar1 ve malzemeleri, sanatsal uygulamalar ve
malzemeler, tarama yontemleri ve modelleme v.d.

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

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

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

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

1J3DPTDI, online yayinlanan bir dergidir ve yilda 3 defa yayinlanir.
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Dear author,

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

International Journal of 3D Printing Technologies and Digital Industry

1J3DPTDI, 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.

1J3DPTDI, Its publication frequency is 3 issues per year.

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

ISSN 2602-3350
Web-site: http://dergipark.gov.tr/ij3dptdi
E-mail: korayozsoy32@gmail.com
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YBaxkaemblii aBTOp, N Urg
Halll XypHAJI TPUHUMAET CTaThH Ha 4-X S3bIKAaX (TYypELKOM, aHTTTHHCKOM, PYCCKOM H YKDPAWHCKOM).
CraThu Ha TYpEeLKOM, PYCCKOM M YKPaWHCKOM S3bIKaxX IOJKHBI CONPOBOXKJIAThCS aHHOTAIMEeW Ha
AHTITINIICKOM SI3BIKE.

Me:xayHapoaHblii :KypHaJ TexHogoruii 3D-neyaTu u nuudposoii HHAyCTpUA

IJ3DPTDI — »3T0 peneHsupyemMoe H3IaHHE C OTKPHITHIM JOCTYIIOM, MEXKIUCIUILTMHAPHAS
MeXIyHaponHas Iuiarpopma uii  OOMEHa pe3yiabTaTaMH UCCICNOBAHMN 1O HMH)XXEHEPHO-
KOHCTPYKTOPCKHM pa3pabOTKaM, TEOPETHUECKUM HCCIEJOBAHUIM, YCOBEPILIEHCTBOBAHUIO TEXHOJIOT U
Wnpyctpuun 4.0, B TOM ymciie — TEXHONOTHH 1TM(POBOM MPOMBIIIEHHOCTH, 3D-1e4atn, aiguTHBHOTO
NPOM3BOJICTBA M pa3paboTku npwmioxkenmit. 1J3DPTDI mpuHMMaeT mccieIoBaTeNbCKHE CTATBH,
0030pHBIE CTAaThbH, KPaTKHE COOOIICHUS M TEXHUYECKHE 3aMETKH, KOTOPbIE ONMCBHIBAIOT 3HAYHMMBIE
pe3yabTaThl HCCIIEAOBAaHMNA B 00JAaCTH MAIIMHOCTPOCHUS, TEXHOJIOTHH, TEOPETUYECKOW OCHOBBI
uaayctpun 4.0, uudpoBod mpomblieHHOCTH, 3D mewaTH, MpOM3BOACTBA MHOTOKOMIIOHEHTHBIX
MaTEepHasoB.

TemaTuka KypHa/ia BK/IKYaeT BCe HAYYHO-TeXHHMYECKHEe HCCJIeJOBAHUS U 0030pP TEXHOJIOrUii
HNunycrpuun 4.0, uudposoii npompimuienHocty u 3D neyarn.Meguuunckue texHojorun 3D-
neyaTu: OHONPHUHTHHI — BOCHPOM3BENCHHE OOBEMHBIX MOJENeil TKaHell M OpraHoB, CO3JaHHE
TPEXMEPHBIX BACKYJSIPU3HPOBAHHBIX OPraHOB, HHAWBHIYAIN3HPOBAHHBIX HUMIUIAHTATOB M IPOTE30B,
CUHTETUYECKON KOXKH, KOCTEH, 3aMEHbI YacTel Yepena; YACIIEBICHUE TEXHOJIOTUU IIPOTE3UPOBAHUS,
pa3paboTKa aHATOMUYECKHUX MOAETICH JUIS IIOATOTOBKH XHUPYPTOB, TECTOBBIX XUPYPIrHUECKHIX OTIEPaIIUii,
MEAUILHCKOTO O0OPYAOBaHMSA; W3TOTOBJICHHE HATYMKOB C 3aJaHHBIM HAOOpOM XapaKTepUCTHK,
CO3/1aHHE YHUKAJIBHBIX JIEKAPCTBEHHBIX IPENapaToB C MHAUBUAYAIbHBIMHU JO3HPOBKAMH, CIOMXKHBIX
MHOTOKOMITOHEHTHBIX JIEKAPCTBEHHBIX CPEJICTB.

OO0nacTu mnpUMeHeHUsl! MaTepuaibl M OOOpPyAOBaHME MJIsI MEAMLUHBI W CTOMAaTOJIOTHHU,
POOOTU3UPOBAHHBIE CUCTEMbI HA OCHOBE OMOJIOTMYECKHUX MMPOTOTHUIIOB, POOOTH3UPOBAHHBIE 3aXBAaTHbIC
YCTPOHCTBA, CTPOUTENBHBIE MaTepHaibl, Npecc-POpMbI, MOJEIA W MPOTOTHIIBI B apXUTEKTYpeE,
MOJIEJIIMPOBAaHUE DEANbHBIX OOBEKTOB, IPOTOTHIIMPOBaHME, cdepa BHU3YAIBHOIO HCKYCCTBa,
TEKCTHIIbHASI IPOMBIIUIEHHOCTD, HU(POBBIC 3aBObI, IPHIIOKEHHS U MaTE€PUAIbl ISl apXUTEKTYPHOTO
MOJICIMPOBAHMSI, TPOMBIILICHHbIE O0pa3llbl W MaTephalibl, CO3JaHUE IMHUIIEBBIX IPOAYKTOB,
TEXHOJIOTHH XYI0)KECTBEHHOW 00pabOTKM MaTepHajoB, METOJIbI MOJICIIMPOBAHUS U CKAaHUPOBAHUS H
T.IL.

HudpoBas muaycTpus: OONbIINE JaHHBIE, UCKYCCTBEHHBIH HHTEIUICKT, )KU3HEHHBIN IIUKIT IIM(QPOBBIX
TEXHOJIOTHH, TPHUBOAHBIE MEXaHW3MBl JATYMKOB, pACIIMPEHHAs pealbHOCTh, BH3YyalIH3allUd,
MOJICJINPOBaHKE CHCTEM, OeCTIpOBOIHAS CBsI3b, I T-0€301acHOCTD, 3JIEKTPOHHAS! KOMMEPLUS, OJIOKYeHH
TEXHOJIOT'MH, 0€30IT1aCHOCTh JTaHHBIX, aBTOHOMHbIE POOOTHI, CHCTEMHAsl HHTErpanusi, HHTEPHET BelLleH,
KnOepOe30nacHOCTh, 00IaYHbIe BEIYUCICHHS, IIN()POBOE IPOU3BOCTBO.

Auzaiin, MojeJMpoBaHue W aHAIW3. MojenupoBanue ans 3D medatw, skcTpyzaepa; paspaboTka
pa3sHOOOpa3HbIX  MPOAYKTOB,  HPOCKTHPOBAaHME  CHUCTEM  KEPAMHUYECKOr0  IPOM3BOACTBA,
YCOBEPIIEHCTBOBAHNE TEXHOJIOTMH MPOU3BOJICTBA MHUILEBBIX NMPOJYKTOB, IPOEKTUPOBAHUE TIPEIMETOB
Me0enu, 3JIeKTPOHHBIX KOMIIOHEHTOB, MEXaHUYECKUX AeTajel, CTaHIapTHhIX KOMIIOHEHTOB H T.II.
MexaHuyeckHe CBOICTBA HUTeH: MMOTUMEpHBIE MaTepualibl, THOKHE MaTepualibl, OMOMaTEpUaIbL,
W3JIENNS U3 MeTalljia U APEBECUHBI, KOMITIO3UITMOHHBIE MaTEPUAIIbI.

TexHonorum ynpapjieHMs NMPHUJI0KEHUSIMH: KOHTPOJIbHBIE MPOTPAMMBI, MIPOEKTHBIE MPOTPaMMEI,
texHoiorun 3D-ckanupoBanus, TexHomoruu DMLS, SLA, SLS, FDM, mudpoBbie TeXHOIOTHA
MIPOM3BOJCTBA, Apyrue TexHonoruu 3D-nevatu u T.1m.1leprognyHOCTh BBIXOAA )KypHaia — 3 pa3a B TOLL:

1-i1 BeIMyCK — SIHBapb-alpeb,
2-11 BBIIYCK — Maii-aBTyCT;
3-11 BBIMYCK — CEHTS0Pb-1eKa0pb.
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IHIanoBHMIi aBTOPE,

HAIll )KypHaJI IpUiiMae cTaTTi Ha 4-X MOBax (TypELbKOIO, aHTJIIHCHKOIO, POCIHCHKOIO Ta YKPalHCHKOIO).
CraTTi TypenpKom, POCIHCHKOI0 Ta YKpPaiHCHKOIO MOBOIO TMOBHHHI CYIIPOBO/KYBATHCS AHOTAIIIEIO
AHTITIHCHKOI0 MOBOIO.

Mi:xHapoaHuii :kypHaa TexHoJioriii 3D-a1pyky i undposoi ingycrpii

IJ3DPTDI — me perieH30BaHe BHIAHHS 3 BIAKPUTHM JOCTYIIOM, MIXIUCIMIUTIHAPHA MDKHAPOJHA
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 MallMHOOYAYyBaHHS, TEXHOJIOTil, TEOPETHYHiH 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 npomucaosocri i 3D apyky.

Meauuni Texnosorii 3D-apyky: GionpiHTIHT — BiATBOpEHHS 00'€MHHX MOJEJe TKaHWH i OpraHiB,
CTBOPEHHSI TPUBHUMIPHUX BacKYJSIPU30BAHUX OPraHiB, 1HAMBIAyali30BaHMX IMIUIAHTATIB 1 MPOTE3iB,
CHUHTETHYHO! IIKipH, KICTOK, 3aMiHM YaCTHH 4Yepemna; 3JCIICBICHHS TEXHOJOTii MpoTe3yBaHHS,
pPO3pOOTIEHHS aHATOMIYHUX MOJEIEH ISl MiArOTOBKH XipYypriB, TECTOBHUX XipypridyHHX OIEpaIiid,
MEJIWYHOTO OOJaJHaHHS; BUTOTOBJICHHS NATYMKIB i3 3aJaHUM Ha0OPOM XapaKTEPHCTHK, CTBOPEHHS
VHIKQJIbHUX  JIKAPCBKUX  TpenapariB i3  IHAWBIOyalbHUMH  JTO3YBaHHSIMH;  CKJAaJHUX
0araTOKOMITOHEHTHUX JTIKAPChKHUX 3aCO0iB.

Coepn 3acTocyBaHHA: MaTepianu Ta OOJaJHAHHS JJIS METUIIMHHM 1 CTOMATOJIOTii, POOOTH30BaHi
CHUCTEMH Ha OCHOBI 010JIOTIYHHX MTPOTOTHUITIB, pOOOTH30BaHI 3aXBaTHI MPUCTPOI, OyAiBEIbHI MaTepiaiy,
rpec-hopMu, MOJIEITi i TPOTOTHIH B apXiTEKTYpi, MOJICIIFOBAHHS PEAbHUX 00'€KTIB, IPOTOTHITYBaHHS,
cdepa Bi3yalbHOTO MUCTELTBA, TEKCTUIILHA IPOMHUCIIOBICTD, IN(POBI 3aBO/IM, JOAATKH Ta MaTepiaau
JUISL apXiTEKTYPHOTO MOJICIIOBAHHS, IIPOMHUCIIOBI 3pa3KH 1 MaTepiain, CTBOPEHHS Xap4OBUX POTYKTiB,
TEXHOJIOT1{ XyJ0’)KHBOI 00POOKHM MaTepialliB, METOAN MOJICIIOBAHHS Ta CKAHYBAHHS 1 T.II.

HudpoBa inaycTpis: BenwKi JAaHI, ITYYHUH IHTENEKT, KUTTEBUH NUKIT HUMPOBUX TEXHOJIOTIH,
MPUBOJIHI MEXaHI3MH JaTYWKiB, PO3MIMPEHA peabHICTh, Bi3yalli3allis, MOJEIIOBAHHS CHCTEM,
Oe3nporoBuil 3B's30k, [T-Oesreka, eNeKTpPOHHA KOMEpINis, OJIOKYEHH TEXHOJOTii, Oe3leka NaHWX,
ABTOHOMHI POOOTH, CHCTEMHa iHTerpamis, IHTEpHET peded , KibepOesreka, XmapHi OOYHCIIECHHS,
nu(ppoBe BUPOOHHUIITBO.

JAu3zaiin, MoaeaoBaHHs i aHai3: MojenmoBaHHs i 3D pyKy, ekcTpynepa; po3pooKa pisHOMaHI THUX
NPOAYKTIB, TPOEKTYBaHHS CHCTEM KEPaMi4HOTrO BHUPOOHMITBA, YAOCKOHAJIEHHS TEXHOJOTI]
BUPOOHHUITBA XapUOBHX IMPOJYKTIiB, MPOCKTYBAHHS MPEIMETIB MEOJIB, €JIEKTPOHHHX KOMIIOHEHTIB,
MEXaHIUHUX JeTaeH, CTaHIaPTHUX KOMIIOHEHTIB 1 T.II.

MexaHiuHi BJaCTHBOCTI HUTOK: IOJIIMEpHI MaTepiaiu, THy4Ki MaTepianu, Giomarepiaiu, BUpoou 3
MeTaJy 1 IEPeBUHU, KOMITO3UIIiiiHI MaTepiaiy.

TexHoJiorii ynpaBaiHHA ToaaTKaMu: KOHTPOJIbHI MPOTpaMu, NPOEKTHI mporpaMu, TexHouorii 3D-
ckanyBanHs, TexHosorii DMLS, SLA, SLS, FDM, uudpoBsi TexHOIOTiT BUPOOHUIITBA, 1HIIT TEXHOIOTI1
3D-mpyKy i T.IL

[NepionnuHicTh BUXOY KYpHATY — 3 pa3u Ha piK:
1-#1 BUIycK — Ci4eHb-KBITEHB;

2-11 BUITYCK — TPaBEHb-CEPIICHb;

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

In this comprehensive exploration, the study explores the relationship between shape and the dimen-
sional accuracy of components manufactured through additive manufacturing processes. The method-
ology involves the adept utilization of Autodesk Inventor Software, strategically embossing capital let-
ters from A to O onto a rectangular plate. The resulting models are exported in STL format, laying the
foundation for rapid prototyping. The investigation unfolds with the application of a Prusa I3 desktop
3D printer, where specific settings, including layer height (ranging from 90 to 300 microns), 20% infill
density, and a heated bed temperature of 60 °C, are scrupulously chosen. Three different embossing
methods are examined in this study to see how each affects dimensional correctness. These methods are
join, cut half, and cut through. Through a meticulous comparative analysis, facilitated by high-resolution
image acquisition and advanced processing techniques like binarizing and edge detection, the study
discerns that embossing with join yields shapes characterized by higher dimensional accuracy, a con-
clusion substantiated by correlation coefficient analysis. This research stands as a significant contribu-
tion, offering valuable insights into optimizing additive manufacturing processes and elevating dimen-
sional precision in 3D printed components.

Keywords: Additive Manufacturing, Shape Effects, Image Processing, Edge Detection, Dimensional
Accuracy, STL Format.

1. INTRODUCTION

1.1. Advancements in Melt Extrusion

The details of the conventional melt extrusion
additive manufacturing (AM) process, depicted
in Figure 1, involve a systematic conveyance of
filament feedstock to the system through an
electric motor-controlled pinch roller mecha-
nism. This complicated mechanism plays im-
portant role in facilitating the precise delivery
of the filament, ensuring a controlled and uni-
form flow. Central to this process is the predom-
inant use of amorphous thermoplastics, where
materials such as acrylonitrile butadiene styrene
(ABS) or polylactic acid (PLA) are ideal
choices for feedstock filament. The selection of
these materials is vital, as they exhibit proper-
ties conducive to the extrusion and layering pro-
cess, ultimately contributing to the successful
fabrication of sophisticated and precise three-

dimensional structures. This initial phase sets
the stage for the subsequent stages of melting,
deposition, and layering, highlighting the sig-
nificance of material choice in the additive man-
ufacturing workflow.

At the base of the extrusion AM system resides
the heated liquefier, a critical component where
the filament undergoes the crucial phase of
melting. The resulting molten material is then
thoroughly propelled through a small print noz-
zle by the liquefier, forming what is commonly
referred to as a road or bead as it exits the noz-
zle. The liquefier head assembly undergoes sys-
tematic maneuvers throughout the build envi-
ronment, propelled by stepper motors. This or-
chestrated interplay of planar, x-y motion of the
print head, synchronized with the z-motion of
the build stage, lays the foundation for the layer-
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by-layer construction of intricate 3D structures
[1-2]. This intricate dance of components in the
extrusion process exemplifies the precision and
complexity inherent in additive manufacturing
methodologies.

build material
filament feedstock

feed pinch rollers

heated
liquifier
x-y motion of
liguifer/print
nozzle in ganiry
t nozzle

build material

e i s

Figure 1. Typical extrusion based AM process [2].

The trajectory traced by the print head along the
gantry is commonly known as the tool path, rep-
resenting a critical design variable in the imple-
mentation of extrusion-based additive processes
for part production. Achieving a consistent sur-
face involves the typical printing of a contour or
road along the part's perimeter. Internally, a lat-
tice of roads is deposited, with each layer usu-
ally oriented at a fixed raster angle relative to
the layer beneath it. The thickness of contours
and roads assumes vital significance in shaping
the dimensional accuracy and surface roughness
of the final parts, as illustrated in Figure 2.

contour

toolpath
starts

voids

rasier

toolpath stop

Figure 2. Typical toolpath with a single contour [2].

1.2. Optimizing Design and Product
Characteristics in Melt Extrusion Additive
Manufacturing

Dimensional accuracy, resolution and surface
roughness are closely related to performance

parameters and product design. The main fac-
tors affecting performance and production re-
sults are equipment track design, water and am-
bient temperature, and heating rate. Also, the
control algorithms that control filament feed
speed, path width, wafer thickness, and air gap
are important considerations. The dimensions
of the road, especially the width and thickness
specified in the x-y plane of the build plate, play
an important role in defining the basic limits of
dimensional accuracy in the manufacturing pro-
cess. These parameters directly affect the possi-
ble resolution of the printed object. In addition,
the space between adjacent roads, known as the
air gap, is an important factor affecting the cor-
rect size [3]. These important considerations
highlight the importance of shaping the final
product of the manufacturing process and
providing a basis for understanding and opti-
mizing the resolution and accuracy of printed
parts. In additive manufacturing (AM) design
software, a positive air gap means that two ad-
jacent roads do not touch, while a negative air
gap refers to a distance less than the distance be-
tween the centers of two adjacent roads

(Figure 3).

O O

Figure 3. The positive, zero and negative air gap

[4].

Implementing a minimum negative void is con-
sidered a strategy to reduce the void ratio be-
tween roads and increase the bounding area.
However, this approach should be carefully
considered as it can degrade the physical ap-
pearance of the part. Computer control of con-
struction direction and raster model is important
because it has a significant impact on construc-
tion time and mechanical properties. Critical
process parameters such as liquefaction temper-
ature, manufacturing environment temperature,
and filament feed rate are critical determinants
in ensuring the quality of manufactured compo-
nents. Thermal stresses built up in a part during
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drying and cooling, influenced by the tempera-
ture of the manufacturing environment, can
cause instability and distortion. In addition,
other parameters that affect the dimensional ac-
curacy are the materials selected, the nominal
dimensions (small, medium, or large), the con-
struction, the geometric characteristics of the la-
boratory and the topology (open or closed). The
choice between thick-walled parts, such as
frame or solid, and post-processing methods
will have a significant impact on the final parts
of the manufactured part.

Hannon et al. [5], studied the effects of printing
parameters on the dimensional accuracy of the
sample in the (Fused Deposition Modelling)
FDM 3D printing. They produced cylindrical
and dog bone tensile specimens with different
process parameters such as orientation, mesh
orientation angle, and layer thickness. They
found that the layer thickness parameter had a
significant impact on accuracy and that the grid
orientation angle was not an important factor.
Akbas et al. [6], researched the effects feed rate
and die temperature for dimensional accuracy of
FDM polymer parts. They printed 30 strips with
the same width as the diameter of the nozzle for
each sample. Using calipers to measure ribbon
width at five locations, they created a linear re-
gression model to find the relation between de-
viation and parameters. They found that pol-
ylactic acid (PLA) samples were more accurate
than acrylonitrile butadiene styrene (ABS) sam-
ples. Bora and Negabola [7], aimed to use the
Taguchi method to optimize the printing param-
eters (layer height, printing direction and expo-
sure time) of a mask stereolithography (MSLA)
tool. They performed analysis of variance
(ANOVA) to determine the most effective fac-
tors and used regression equations to predict
outcomes. They observed a significant effect of
exposure time on production measures.
Resende et. al [8], used the stereolithography
(SLA) method to evaluate the accuracy of 3D
printed castings. They produced samples using
3D layers with different thicknesses of 25, 50
and 100 micrometers. They found no significant
difference in accuracy between layer thickness.
Zarian et al. [9] studied the effect of printing pa-
rameters (orientation and position) on mechani-
cal properties using polyetheretherketone
(PEEK) biomaterials and the material extrusion
(MEX) method. They classify the specimens
based on their orientation and location. They

observed no significant difference in mechani-
cal strength between top and bottom printed
samples and vertically and horizontally oriented
samples.

Akincioglu et al. [10] investigated the effect of
infill density (25%, 50%, and 75%) on the wear
properties of gyroid-patterned ABS samples.
Their main objective was to determine the coef-
ficient of friction values and to present the im-
pact of infill density on wear and friction per-
formance. They evaluated several performance
indicators such as diameter deviation, hardness,
surface roughness, test temperature, friction co-
efficient, weight loss, and wearing surface re-
sults. Their results indicated that infill density
significantly affects the tribological and heating
characteristics of ABS samples. Specifically,
increasing infill density leads to higher friction
and heat in the samples.

Norani et al. [11] studied the coefficient of fric-
tion and wear properties of ABS material by de-
termining the optimal parameters for 3d printing
process. They analyzed the dependent variables
(friction coefficient and wear rate) as functions
of the nozzle temperature, layer height and
printing pattern. As a result of study, they found
that layer height of 0.10 mm and nozzle temper-
ature of 234 °C with triangle infill pattern is op-
timal to minimize the coefficient of friction and
wear rate.

Chand et al. [12] studied the dimensional accu-
racy and surface roughness of 3D printed parts
fabricated in different orientations. They ex-
plored four different part orientations to analyze
the variations in dimensional deviation and SR.
Additionally, fabricated parts were analyzed us-
ing scanning electron microscopy (SEM). The
results showed that there was a variation in di-
mensional accuracy and SR with different part
orientations.

Irene and Figueras [13], conducted a research
for a comparison of the dimensional accuracy
and form errors of Fused Filament Fabrication
(FFF) 3D printed spur gears made from two dif-
ferent polymeric materials: PLA and Nylon-
PAG6. They designed and printed two types of
gears with different module and teeth number
printed. They used the sector span method to
determine the base circular thickness and pitch
of the gears. They measured the root and tip di-
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ameters to determine the roundness and concen-
tricity errors. The results indicated that PLA
generally provides better dimensional accuracy
than Nylon.

Moradi et al. [14], investigated the additive
manufacturing of ABS using statistical analysis
and optimization methods. They considered the
impact of layer thickness, infill percentage and
contours number on the maximum failure load
and elastic modulus of the final ABS product.
They used both artificial neural network (ANN)
and response surface method (RSM) to assess
the impact of additive manufacturing parame-
ters on build quality. They extracted main effect
plots and 3D plots from the artificial neural net-
work (ANN) and response surface methodology
(RSM) models to analyze the process. They re-
ported, although ANN is better, those two mod-
els are efficient for prediction of mechanical
properties.

Zhao et al. [15] proposed a 3d machine vision
method to detect the 3d printing defects. They
reported from their experimental tests, method
is accurate and robust for both potential defect
region extraction and accurate defect detection.

Purpose of this study is to investigate the rela-
tionship between shape and the dimensional ac-
curacy of components manufactured through
additive manufacturing. The investigation fo-
cused on the influence of shape on the dimen-
sional accuracy of components manufactured
through additive manufacturing. Capital letters
from A to O were embossed on a rectangular
plate using extrusion through join, cut to half
the plate thickness, and cut through options with
Autodesk Inventor Software. Capital letters
have been selected as each of them has their
own geometric features such as straight-line end
and curved edges. By this way the effects of the
geometric features were also measured. High-
resolution images of the specimens were cap-
tured using a 20.2 Megapixels CCD camera.
These images underwent various image pro-
cessing techniques, including binarizing, edge
detection, edge enhancement, and image corre-
lation. The dimensional errors in the manufac-
tured components were identified through cor-
relation of the images of the three replicated
parts embossed with join, cut half, and cut
through.

2. MATERIAL AND METHOD

2.1. Specimen Design and Manufacturing
Models were created to precise dimensional
measurements using CAD (Autodesk Inventor)
software using joining, cutting and semi-deep
cutting techniques. A diagram with capital let-
ters A to O mounted on a square plate 150 mm
long, 100 mm high and 3 mm thick. The text
size of 15 mm was chosen to improve the reso-
lution and quality of the text. The carefully de-
signed model is then exported to the STL file
format, which lays the foundation for 3D print-
ing. The work continued with the printing of
prototypes for accurate measurement of dimen-
sions using a Prusa I3 desktop 3D machine (Fig-
ure 3) with a layer height of 90 to 300 microns
and a diameter of 1.75 mm. Complex printing
parameters were carefully configured using
Simplified3D software (Figure 4).

gl

Vol LT N8)S

i< »

Figure 4. Printing settings of measurement samples
[16].

The 3D printer's specifications include crucial
parameters such as layer resolution, defining the
thickness of each printed layer; build volume,
determining the maximum print dimensions;
XY positioning precision, ensuring accuracy in
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the horizontal plane; Z positioning precision, af-
fecting vertical layer alignment; filament diam-
eter, indicating the material thickness used for
printing; extruder temperature, specifying the
temperature range for material extrusion; and
print material, denoting the type of material em-
ployed. These specifications collectively influ-
ence the printer's capabilities, precision, and
suitability for diverse applications, emphasizing
the importance of understanding and optimizing
each parameter for achieving desired 3D print-
ing outcomes. In the scope of material versatil-
ity, the Prusa 13 3D printer showcases its capa-
bility by adeptly producing parts with both PLA
and ABS materials. The printing process were
meticulously managed, with a heated bed tem-
perature of 60 °C strategically chosen to elevate
bonding and enhance surface quality, comple-
mented by an extruder temperature set precisely
at 195 °C. The structural composition of the
specimens was carefully designed, featuring a
shell thickness of 0.8 mm, a layer height of 0.2
mm, and the incorporation of two shells to en-
sure robustness. The deliberate selection of a
print speed at 80 mm/s further attests to the op-
timization of efficiency in the manufacturing
process. Figure 6 visually encapsulates the tan-
gible outcomes of three distinct manufacturing
methods: (a) join, (b) cut, and (c) cut half. To
explore the details of dimensional accuracy, the
acquired images of replicated parts embossed
with join, cut half, and cut through underwent a
comprehensive analysis using various image
processing techniques, such as binarizing and
edge detection. This was followed by a correla-
tion analysis aimed at identifying and under-
standing any potential dimensional errors
within the manufactured components.

(@

()
Figure 5. The produced samples (a) join (b) cut
(c) cut half methods.

2.2. Dimensional Accuracy Assessment
Through Image Processing Techniques

Edge detection, within the domain of digital im-
age processing, serves as a cornerstone in image
analysis by systematically identifying bounda-
ries and transitions in image features. The un-
derlying principle involves the recognition of
intensity variations in image points, where dis-
tinct changes signify the presence of edges. The
procedural steps in edge detection are integral
to extracting valuable information from images,
encompassing the acquisition of a color image,
refinement to minimize noise while preserving
authentic edges, intensification to enhance edge
quality, thresholding to eliminate noisy edges
based on magnitude, localization to estimate
edge locations and pixel spacing, and the final
retrieval of the processed image. In the context
of digital image processing, an edge reflects al-
terations in light, color, and texture, providing
essential cues for defining characteristics such
as depth, size, orientation, and surface proper-
ties. This selectivity enables the selective iden-
tification of key edge points, making edge de-
tection indispensable in applications like feature
detection and extraction within the broader
landscape of image processing [16 - 18]. Figure
6 serves as a schematic representation, delineat-
ing the sequential flow of the edge detection
process. This academic discourse underscores
the pivotal role of edge detection in extracting
meaningful insights from digital images, con-
tributing to advancements in fields ranging
from computer vision to medical imaging.
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| Start |

| Input the color image I

Convert the image into
gray image

|

[ Detect the edges using different edge ]

detecttion operators

Figure 6. Flowchart of edge detection [16].

2.3. Image Correlation

For the image correlation, sample images were
obtained from printed boards (printed through
join, cut and cut to half depth of the plate thick-
ness methods) and design environment of Auto-
desk Inventor (designed through join, cut and
cut to half depth of the plate thickness with em-
boss) (Figure 7).

(a)
AR CDE
s H 1)
KLIVIN D

(b)
Figure 7. The images obtained from (a) design en-
vironment and (b) printer.

The images derived from edge-detected and en-
hanced images underwent a correlation process
with the images acquired from the design envi-
ronment and the physical parts produced
through additive manufacturing. This correla-
tion analysis serves as a crucial step in validat-
ing the fidelity and accuracy of the image pro-
cessing techniques applied. By comparing the
processed images with the original design and
the tangible manufactured components, this
correlation effort aims to assess the alignment

and congruence between the digital representa-
tion and the physical realization. The correla-
tion results provide insights into the effective-
ness of the edge detection and enhancement
procedures in faithfully representing the in-
tended design and the subsequent additive man-
ufacturing outcomes.

3. RESULTS AND DISCUSSION

The images obtained from the additive manu-
facturing process and the design environment
for specimens embossed with join, cut, and cut
half are displayed in Figure 8.

Images from Design  Images from Additive

Environment Manufacturing
) A\
ABCDPE ABCDE
FGHIJ G H 1)
KLMN®@

KLMDN D

Figure 8. Images from design environment and ad-
ditive manufacturing from top to bottom for em-
bossed with join, cut and cut half, respectively.

Images from Design  Images from Additive
Environment Manufacturing

ABCDE ABCDE
FGHIIJI EGHIJ
KLMNO gLrmMN O

Figure 9. Images processed with edge detection
from top to bottom for embossed with join, cut and
cut-half, respectively.
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The images processed using Sobel Edge filter
from both the design environment and additive
manufacturing for embossed with join, cut and
cut-half, respectively are given in Figure 10.
The correlation coefficients, computed using
Matlab, were found to be 0.50, 0.28, and 0.37
for join, cut, and cut-half, respectively. The cal-
culation of correlation coefficients was based on
the entire plate, which included fifteen letters
with different shapes. It is noteworthy that since
each letter introduces a small amount of error,
the accumulation of these errors contributes to a
lower overall correlation coefficient.

4. CONLUSION

The study has contributed valuable insights into
the intricate relationship between shape and di-
mensional accuracy in additive manufacturing.
The computation of overall correlation coeffi-
cients, with values of 0.50, 0.28, and 0.37 for
join, cut, and cut half, respectively, underscores
the varying degrees of accuracy associated with
different embossing techniques. Notably, the
designed images exhibited near-perfect dimen-
sions, highlighting the fidelity of the initial dig-
ital representation. In contrast, images derived
from additive manufacturing showed more pro-
nounced distortions, suggesting the presence of
inherent challenges in achieving perfect replica-
tion through the manufacturing process.

Furthermore, the observed loss of information
during resizing and transformation to gray level
underscores the need for careful consideration
in preprocessing steps to retain dimensional ac-
curacy. The differential correlation coefficients
between join, cut, and cut half emphasize the
distinct impact of each embossing technique on
the overall accuracy of the manufactured com-
ponents.

As the research progresses, additional image
processing and analyses are planned to explore
deeper the specific influence of each letter in the
images. This granular investigation aims to re-
solve the shape effects on dimensional accu-
racy, providing a comprehensive understanding
that can inform optimization strategies for addi-
tive manufacturing processes. The outcomes of
these forthcoming analyses are anticipated to
contribute significantly to the refinement and
enhancement of dimensional precision in 3D
printed components.
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ABSTRACT

In the current research, the influences of process parameters on surface roughness and kerf width in CO2
laser cutting of PLA plates produced by the fused filament fabrication method were experimentally
investigated. Laser cutting was performed using three plate thicknesses (2, 3, and 4 mm), three cutting
speeds (3, 6, and 9 mm/s), and three laser power levels (90, 95, and 100 W). Surface roughness was
determined with a surface roughness tester, and kerf widths were evaluated using a digital microscope.
The findings indicate that higher cutting speeds and lower laser power lead to a reduction in both surface
roughness and kerf width. Higher cutting speeds combined with lower laser power decreased the thermal
effect during cutting by reducing the interaction between the laser and material, resulting in lower
surface roughness and narrower kerf width. The effect of plate thickness on surface roughness and kerf
width was complex, varying with cutting speed and laser power. The lowest surface roughness (0.951
um) and kerf width (0.793 mm) values were achieved with a plate thickness of 3 mm, a cutting speed
of 9 mm/s, and a laser power of 90 W. This study provides valuable insights into how laser cutting
parameters affect the surface quality and dimensional accuracy of PLA plates, contributing to quality
improvements in industrial applications. The results highlight the essential influence of cutting speed
and laser power on managing surface roughness and kerf width, thus aiding in optimizing the process.

Keywords: Laser cutting, Fused filament fabrication, PLA, Surface roughness, Kerf width.

1. INTRODUCTION Recently, the use of PLA in additive

Polylactic Acid (PLA) is a biodegradable
thermoplastic polymer sourced from renewable
materials like cornstarch, sugarcane, and
tapioca roots. Unlike petroleum-based plastics,
PLA offers environmental sustainability due to
its ability to decompose under industrial
composting conditions [1]. Its desirable
properties, including mechanical strength,
stiffness, and thermal stability, make PLA
suitable for diverse applications, such as
packaging, biomedical devices, automotive
parts, and 3D printing. Additionally, its
relatively low melting point and ease of
processing have led to widespread adoption in
industries aiming to reduce environmental
impact [2].

manufacturing, particularly in Fused Filament
Fabrication (FFF), has expanded significantly.
Additive manufacturing, or 3D printing, enables
the layer-by-layer creation of complex
geometries that would be challenging or costly
to produce through traditional subtractive
methods [3]. In the FFF process, a heated
thermoplastic filament, such as PLA, is
extruded to form parts from a digital model.
This technique provides high design flexibility
and minimizes material waste, making it ideal
for rapid prototyping and low-volume
production [4]. PLA’s characteristics—low
shrinkage, high dimensional stability, and
strong layer adhesion—make it a preferred
material for FFF applications [5]. Its ease of
handling and relatively low cost further increase
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its accessibility for both industrial and

consumer-level users [6].

Laser cutting has emerged as an essential post-
processing technique for materials produced
through additive manufacturing, especially for
achieving precise and clean cuts [7]. Laser
cutting uses a high-energy laser beam to
vaporize or melt the material along a specified
path, producing clean, accurate cuts with
minimal  contact. This non-mechanical
approach is particularly advantageous for
fragile or intricate 3D-printed parts, where
traditional cutting methods may introduce stress
or damage. For PLA, laser cutting maintains
edge quality and dimensional accuracy,
reducing the heat-affected zone and minimizing
thermal distortion [8]. Additionally, laser
cutting facilitates the rapid processing of
complex patterns, making it ideal for
components with fine details. By preserving
both mechanical properties and aesthetic
appearance, laser cutting is invaluable for
producing functional prototypes and final
products [9].

Research on laser cutting as a post-processing
method for 3D-printed materials has focused
heavily on PLA due to its precision and surface
quality enhancement. For instance, Kechagias
et al. explored the influence of laser power and
cutting speed on surface roughness (Ra) and
kerf angle of 3D-printed PLA plates, finding
that lower cutting speeds improved surface
quality while both speed and power affected
kerf geometry significantly [10-11]. Similarly,
Moradi et al. [12] optimized the laser cutting
process for FDM-printed PLA, analyzing kerf
width, taper ratio, and the effects of focal plane
position, laser power, and cutting speed.
Fountas et al. [10] applied neural networks to
predict optimal process settings, examining the
effects of laser parameters on kerf angle and Ra
in PLA/wood composites. In a related study,
Kechagias et al. [13] employed genetic
algorithms and neural networks to optimize kerf
geometry and Ra during CO: laser cutting of
PLA, developing predictive models for
industrial applications. More recently, Tsiolikas
et al. [14] introduced a hybrid approach
combining fuzzy logic and grey relational
analysis to enhance surface quality and
dimensional accuracy in 3D-printed parts.
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This study aims to experimentally investigate
the impact of process parameters on Ra and kerf
width during CO: laser cutting of PLA materials
produced via fused filament fabrication. It
serves as a pioneering contribution to scientific
research by examining the effects of cutting
conditions to achieve precise and high-quality
cuts in the laser processing of 3D-printed PLA
materials.

2. MATERIALS AND METHODS

The PLA filament used in this study was
supplied by Filameon, featuring a 1.75 mm
diameter and recognized for its excellent
printability and mechanical properties. Samples
were produced using FFF technology on a
TEIRA3D 3D printer. The printing settings
were as follows: a nozzle temperature of 215°C,
a bed temperature of 60°C, a printing speed of
40 mm/s, and a layer height of 0.24 mm. The
infill density was set to 100%, with four shell
layers applied to both the top and bottom
surfaces. The samples, designed in SolidWorks
2020 CAD software, measured 130 x 130 mm
and varied in thickness (2, 3, and 4 mm). G-
codes for 3D printing were generated using
PrusaSlicer 2.6.1. The manufacturing process
flow of PLA materials via fused filament
fabrication is illustrated in Figure 1.

-
L=
®

i @ _
- o o Sumplt.s

Translurruu. manufacturing
G codes to
3D printer

(_m.m.rllmb
G codes

Solid
model
design

Figure 1. Manufacturing flow of 3D printed PLA
with fused filament fabrication.

The CO; laser cutting process was conducted
using a LazerFix LF7010 Laser Cutting
Machine (Figure 2). For all experiments, the
laser nozzle was positioned 7 mm above the
workpiece. Compressed air was used to expel
molten material and to protect the optics from
debris. Plate thickness, cutting speed, and
power were selected as the experimental
parameters for the laser cutting process. Table 1
presents the experimental parameters and their
levels. To ensure stability during the process,
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the samples were securely fixed to the laser
cutting table using polypropylene material.

Figure 2. CO; laser cutting device.

Laser power levels of 90, 95, and 100 W were
chosen based on preliminary experiments to
ensure effective cutting of PLA plates across all
thicknesses without causing excessive thermal
damage. Furthermore, similar power levels
have been reported in previous studies [11-12]
to yield favorable results for cutting
thermoplastic materials, further validating their
selection for this study. These selected levels
are also relevant to industrial practices,
representing typical power settings for CO:
laser cutting of thermoplastics.

Table 1. Parameters and levels utilized in the laser
cutting process.

Factor Level Level Level
1 2 3
Plate thickness (mm) 2 3 4
Cutting speed (mm/s) 3 6 9
Power (W) 90 95 100

Following a full factorial experimental design,
27 experiments were performed. For each plate
thickness shown in Figure 3, nine laser cutting
trials were carried out on 3D-printed PLA
materials, with three different cutting speeds
and three power levels. A full factorial
experimental design was employed to evaluate
the effects of laser power, cutting speed, and
plate thickness on kerf width and surface
roughness. This design systematically examines
all possible combinations of the selected
parameters, ensuring a comprehensive analysis
of their individual and interaction effects. By
testing each combination, the study achieves
high statistical reliability —and robust

11

conclusions regarding the influence of process
parameters. Additionally, the factorial design
facilitates the optimization of laser cutting
parameters for improving both dimensional
accuracy and surface quality, making the
findings broadly applicable to various industrial
applications.

| PLP Bam B

pLA L

.

Figure 3. 3D printed PLA materials cut by laser.

Upon completion of the cutting process, the
surface roughness (Ra) and kerf width of the cut
samples were measured to evaluate the impact
of the parameters. Precision instruments were
employed to ensure accurate assessments of cut
quality. Ra was measured on the cut surfaces
using a DAILYAID DR100 model device, with
nine readings taken for each experimental
condition to calculate an average value. Kerf
width was measured using a digital microscope
(Dino-Lite AM4113T), with four measurements
taken per condition, followed by calculating an
average value. Figure 4 shows the surface
roughness measurement device and the digital
microscope.

Figure 4. Devices used in measurements a) Surface
roughness device b) Digital microscope.
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3. RESULTS AND DISCUSSION

3.1. Evaluation of Surface Roughness

The Ra values obtained at a laser power of 90
W, with different plate thicknesses (2, 3, and 4
mm) and cutting speeds (3, 6, and 9 mm/s), are
shown in Figure 5. Overall, an increase in
cutting speed resulted in a decrease in Ra. This
reduction is attributed to the shortened
interaction time between the laser and material
at higher speeds, which reduces energy
accumulation and contributes to a smoother
surface [12, 14]. For instance, at a plate
thickness of 2 mm, raising the cutting speed
from 3 mm/s to 6 mm/s led to an 18.48%
reduction in Ra, decreasing from 2.506 pm to
2.043 pm. Increasing the speed further to 9
mm/s lowered Ra by an additional 27.70%,
reducing it to 1.477 pum. The reduction in
surface roughness at higher cutting speeds can
be attributed to the shorter interaction time
between the laser beam and the material surface.
This limits the accumulation of thermal energy,
preventing excessive melting and the formation
of surface irregularities. Furthermore, higher
speeds reduce the HAZ and material swelling
caused by prolonged thermal exposure,
resulting in a smoother and more homogeneous
surface. These findings align with observations
from previous studies [14], which indicate that
faster cutting speeds improve surface quality by
reducing thermal degradation. By increasing the
speed, this localized overheating effect is
diminished, resulting in improved surface

homogeneity and lower surface roughness.
Likewise, for a 3 mm thick plate, Ra at 3 mm/s
cutting speed was 2.352 pum; raising the speed
to 6 mm/s led to a 47.87% reduction to 1.226
um, and at 9 mm/s, Ra further decreased by
59.57% to 0.951 um. These results indicate that
increased speed reduces the interaction time
between the laser and material, thus decreasing
surface roughness and providing a more
homogeneous surface. Moradi et al. [12] also
observed a decrease in surface roughness with
higher laser speeds, achieving optimal cutting
quality. For the 4 mm thick plate, surface
roughness at 3 mm/s cutting speed was 2.118
um; increasing the speed to 6 mm/s reduced
surface roughness by 37.87% to 1.316 um, and
further to 1.167 pum at 9 mm/s, marking a
44.90% reduction. These findings demonstrate
that increasing laser cutting speed reduces
surface roughness and minimizes thermal
effects during cutting, resulting in a smoother
surface. The effect of plate thickness on surface
roughness is also noteworthy. In general,
thinner plates (2 mm) exhibited higher surface
roughness, while increasing thickness resulted
in reduced surface roughness values. For
instance, at a cutting speed of 3 mm/s, a 3 mm
thick plate showed a 6.15% lower surface
roughness (2.352 um compared to 2.506 um for
the 2 mm plate).

3.200 |

2.700

2.200

1.700

1.200

Surface roughness, Ra (um)

0.700

2mm E3mm B4 mm

6 9

Cutting speed (mm/s)
Figure 5. Surface roughness depending on cutting speed and plate thickness at 90 W power.
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Similarly, for a 4 mm thick plate at the same
speed, surface roughness further decreased by
9.95% to 2.118 um, providing a smoother
surface. At a cutting speed of 6 mm/s, surface
roughness for a 2 mm thick plate decreased by
18.48%, from 2.506 pm to 2.043 pm. A 3 mm
thick plate showed a 47.87% reduction (from
2.352 pm to 1.226 pm), achieving a lower
surface roughness. For the 4 mm thick plate,
surface roughness decreased by 37.87% from
2.118 pm to 1.316 pum. At the highest cutting
speed (9 mm/s), surface roughness for a 2 mm
thick plate dropped by 41.06%, from 2.506 um
to 1.477 pm, while a 3 mm thick plate achieved
a 59.57% lower surface roughness (2.352 um to
0.951 um). For a 4 mm thick plate, surface
roughness decreased by 44.90%, from 2.118 um
to 1.167 um. This trend suggests that thicker
plates produce a more uniform cut when
interacting with the laser beam. As noted by
Tsiolikas et al. [14], thicker plates processed by
laser tend to exhibit lower surface roughness
due to more homogeneous energy distribution
and transfer. Moradi et al. [12] also emphasized
that energy absorption in thicker materials is
more uniform, resulting in reduced surface
roughness. Surface roughness values obtained
at a laser power of 95 W across different plate
thicknesses (2, 3, and 4 mm) and cutting speeds
(3, 6, and 9 mm/s) are shown in Figure 6. A
clear reduction in surface roughness was
observed as cutting speed increased.

For instance, with a 2 mm thick plate, increasing
the cutting speed from 3 mm/s to 6 mm/s
resulted in a 47.64% decrease in surface
roughness, from 2.758 um to 1.444 pm. Further
raising the speed to 9 mm/s reduced surface
roughness by an additional 11.91%, bringing it
down to 1.272 um. For a 3 mm thick plate, the
surface roughness at 3 mm/s was 2.596 pum.
Increasing the speed to 6 mm/s led to a 47%
reduction to 1.376 um, and at 9 mm/s, surface
roughness further dropped by 54.28% to 1.187
um. For the 4 mm thick plate, surface roughness
at 3 mm/s was 2.443 um. Increasing the speed
to 6 mm/s reduced it by 41.55% to 1.428 pm,
and at 9 mm/s, it further decreased by 47.32%
to 1.287 um. The impact of plate thickness on
surface roughness is also noteworthy. In
general, thinner plates (2 mm) exhibited higher
surface roughness, while an increase in
thickness tended to result in lower surface
roughness values. For instance, at a cutting
speed of 3 mm/s, a 3 mm thick plate achieved a
5.87% lower surface roughness (2.596 pum
compared to 2.758 pm for the 2 mm plate).
Similarly, a 4 mm thick plate showed an
additional 5.89% reduction in Ra (from 2.596
um to 2.443 pum), producing a smoother surface.
When the cutting speed was set to 6 mm/s,
surface roughness values for the 2-, 3- and 4-
mm plates were measured at 1.444 um, 1.376
um, and 1.428 um, respectively, with the 3 mm
plate exhibiting the lowest surface roughness.
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T 2700 |
3
<
&
£ 2200 |
D
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Figure 6. Surface roughness depending on cutting speed and plate thickness at 95 W power.
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At an increased cutting speed of 9 mm/s, surface
roughness further decreased across all
thicknesses, with values recorded at 1.272 pm
for the 2 mm plate, 1.187 um for the 3 mm plate,
and 1.287 pum for the 4 mm plate. These results
indicate that increasing laser cutting speed
reduces surface roughness, contributing to a
smoother finish by minimizing thermal effects
during cutting. Additionally, the trend of
decreasing surface roughness with increasing
plate thickness suggests that thicker plates
allow for a more uniform surface under the laser
beam, thereby enhancing surface quality. Figure
7 shows the Ra values measured for 3D-printed
PLA materials at a constant laser power of 100
W with varying parameters. Surface roughness
decreased with increasing cutting speed. For
instance, with a 2 mm thick plate, increasing the
cutting speed from 3 mm/s to 6 mm/s reduced
Ra by 43.95%, from 2.983 um to 1.672 pm. A
further increase in speed to 9 mm/s lowered
surface roughness by an additional 8.07%,
reaching 1.537 pm. Similarly, for a 3 mm thick
plate, surface roughness at 3 mm/s was 2.758
um; raising the speed to 6 mm/s resulted in a
41.44% reduction to 1.615 pum, and at 9 mm/s,
Ra decreased by 49.60% to 1.390 um. For a 4
mm thick plate, surface roughness at a cutting
speed of 3 mm/s was 2.691 pm; increasing the
speed to 6 mm/s reduced it by 41.32% to 1.579
um, and at 9 mm/s, Ra was further reduced by
51.77% to 1.298 pm.

The influence of plate thickness on surface
roughness is evident when evaluated alongside
cutting speed. In general, thinner plates (2 mm)
exhibited higher surface roughness, while an
increase in plate thickness correlated with lower
surface roughness values. For example, at a
cutting speed of 9 mm/s, comparing Ra values
for the 2 mm and 3 mm thick plates showed a
reduction of 9.56%, from 1.537 pm to 1.390
pm. Similarly, comparing the 3 mm and 4 mm
thick plates at the same speed, the 4 mm
thickness showed an additional 6.62%
reduction in Ra, from 1.390 um to 1.298 pm.
These results suggest that thicker plates and
higher cutting speeds enable a more uniform
interaction with the laser beam, thereby
enhancing surface quality. Figure 8 shows
cross-sectional images of surfaces obtained at
different cutting speeds with a plate thickness of
3 mm and a laser power of 90 W. The images
reveal a noticeable improvement in surface
quality as cutting speed increases. At the lowest
cutting speed of 3 mm/s, distinct irregularities
and surface unevenness are observed. Due to the
longer interaction time between the laser and
the material at this speed, energy accumulation
on the surface increases, resulting in a higher Ra
0f2.352 um. At a cutting speed of 6 mm/s, there
is a moderate improvement in surface quality,
as the shorter interaction time reduces energy
accumulation on the surface, bringing the
surface roughness down to 1.226 um.
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Figure 7. Surface roughness depending on cutting speed and plate thickness at 100 W power.
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At the highest speed of 9 mm/s, surface quality
reaches its optimal level; the brief contact
between the laser and the material results in
minimal energy build-up and reduced thermal
impact, lowering surface roughness to its
minimum level of 0.951 pm. These
observations align with previous findings,
confirming that increased cutting speed reduces
surface roughness and enhances surface quality.

Figure 8. Laser cutting at different speeds for 3 mm
thickness and 90 W power a) 3 mm/s, b) 6 mm/s
and ¢) 9 mm/s.

Figure 9 illustrates the effect of laser power (90,
95, and 100 W) on average surface roughness.
A notable increase in Ra was observed with
rising laser power. For example, the average Ra
at 90 W was 1.684 um, which increased by
4.22% to 1.755 pym at 95 W and further by
10.94% to 1.947 pm at 100 W. These findings
indicate that higher laser power leads to greater
energy density on the surface, resulting in more
pronounced melting and surface irregularities in
the material. Increased laser power causes
greater energy accumulation on the surface,
which raises the extent of melting and leads to a
significant increase in surface roughness. These
results demonstrate that higher laser power
reduces surface quality, as the increased energy
density negatively impacts surface roughness.

15

2.1 A

6% %% %% % %"

PLX XXX KK XA
KX XXX XXX XY
[oSeses0setetete’s

Average surface roughness (um)
o

90 95 100
Power (W)
Figure 9. Average surface roughness at different
powers.

3.2. Evaluation of Kerf Width

The kerf widths of 3D-printed PLA material
were examined by cutting it at 90 W power with
three different plate thicknesses and three
different cutting speeds; the results are shown in
Figure 10. The highest kerf width, measured at
1.071 mm, was observed with a plate thickness
of 2 mm and a cutting speed of 3 mm/s. When
the cutting speed was increased to 6 mm/s and
9 mm/s, the kerf width for the 2 mm thick plate
decreased by 12.89% and 24.09%, respectively.
At the same laser power, the kerf width for a 3
mm thick plate at a cutting speed of 3 mm/s was
0.979 mm, reaching the lowest value of 0.793
mm at 9 mm/s. At lower cutting speeds, the
prolonged interaction time between the laser
and the material allows for significant heat
accumulation, particularly in thicker plates.
This increased heat transfer leads to a wider kerf
width due to greater melting of the material. In
contrast, thinner plates exhibit narrower kerf
widths at the same cutting speed, as the heat
dissipates more quickly. As the cutting speed
increases, the interaction time decreases,
limiting heat accumulation and minimizing the
influence of plate thickness on kerf width.
These trends highlight the critical role of
optimizing cutting speed and thickness to
achieve precise kerf dimensions. In general,
increasing the cutting speed for all plate
thicknesses reduced the energy transfer in the
cutting zone by decreasing the interaction time
between the laser beam and material, which in
turn reduced melting and led to narrower kerf
widths [15-16]. At a low cutting speed (3
mm/s), variations in kerf width were observed
with increasing plate thickness.
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As the plate thickness rose from 2 to 3 mm, the
kerf width contracted by 8.59%. However,
when the thickness advanced further from 3 to
4 mm, the kerf width expanded by 4.39%. These
findings align with literature suggesting that
thicker plates at lower cutting speeds absorb
more heat, leading to increased melting [11]. At
cutting speeds of 6-9 mm/s, the widest kerf
values were observed for 4 mm thick plates [12,
17]. This trend of increasing kerf width with
plate thickness at lower speeds can be attributed
to thicker plates spreading the laser beam's
effect over a larger area, enhancing heat
distribution. It is emphasized that laser
processing parameters have a significant impact
on cutting operations and should be optimized
according to plate thickness and cutting speed
[12, 18]. These results indicate that careful
selection of process parameters is critical to
improve laser cutting quality. Figure 11
presents the kerf widths obtained at a laser
power of 95 W for three different plate
thicknesses and cutting speeds. A clear
reduction in kerf width was observed across all
plate thicknesses as cutting speed increased. For
example, with a 2 mm thick plate, increasing the
cutting speed from 3 mm/s to 6 mm/s reduced
the kerf width by 14.47%, from 1.099 mm to
0.940 mm. Further increasing the speed to 9
mm/s led to an additional 21.20% reduction,
yielding a kerf width of 0.866 mm. Similarly,
for a 3 mm thick plate, increasing the cutting
speed from 3 mm/s to 6 mm/s reduced the kerf
width by 10.57%, from 0.946 mm to 0.846 mm,
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Figure 10. Kerf widths depending on cutting speed and plate thickness at 90 W power.

and further increasing the speed to 9 mm/s
resulted in a 12.05% reduction, reaching 0.832
mm. For a 4 mm thick plate, the kerf width was
1.043 mm at a cutting speed of 3 mm/s. Raising
the speed to 6 mm/s decreased the kerf width by
6.33%, bringing it to 0.977 mm, and further
increasing to 9 mm/s led to a 15.34% reduction,
resulting in a kerf width of 0.883 mm. At a low
cutting speed (3 mm/s), variations in kerf width
were observed with increasing plate thickness.
Increasing the thickness from 2 to 3 mm led to
a 13.92% decrease in kerf width (from 1.099
mm to 0.946 mm), while increasing thickness
from 3 mm to 4 mm caused a 10.25% rise,
reaching 1.043 mm. These results indicate an
overall trend of decreasing kerf width with
higher cutting speeds; however, variations in
kerf width were seen at lower speeds depending
on plate thickness. This can be attributed to the
laser's larger area of influence on thicker
materials and the extended interaction time at
lower speeds, resulting in a wider kerf. Figure
12 shows the kerf widths obtained from the laser
cutting process conducted at a power level of
100 W, using different plate thicknesses and
cutting speeds. Generally, an increase in cutting
speed led to a reduction in kerf width. For
instance, for a 2 mm thick plate, increasing the
cutting speed from 3 mm/s to 6 mm/s reduced
the kerf width by 18.64%, from 1.164 mm to
0.947 mm. Further increasing the speed to 9
mm/s decreased the kerf width by an additional
22.34%, resulting in a final width of 0.904 mm.



Der and Basar /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY x:x (202x) XXX-XXX

1.200

1.150

1.099

1.100
1.050
1.000
0.950
0.900

Kerf width, KW (mm)

0.850
0.800
0.750

0.700

E2mm E3mm =4 mm

6 9

Cutting speed (mm/s)
Figure 11. Kerf widths depending on cutting speed and plate thickness at 95 W power.

For a 3 mm thick plate, the kerf width at a
cutting speed of 3 mm/s was 0.938 mm; raising
the speed to 6 mm/s reduced the kerf width by
10.55% to 0.839 mm, and a further increase to
9 mm/s reduced it by 12.05%, bringing it down
to 0.825 mm. For a 4 mm thick plate, the kerf
width measured 1.030 mm at a cutting speed of
3 mm/s. Increasing the speed to 6 mm/s lowered
the kerf width by 6.89%, reducing it to 0.959
mm, while a further increase to 9 mm/s resulted
in a 16.70% reduction, bringing the kerf width
down to 0.858 mm. Overall, at a laser power of
100 W, higher cutting speeds resulted in

This outcome can be attributed to the reduced
interaction time between the laser beam and the
material, which decreases the amount of
melting and produces a narrower kerf.
Additionally, an increase in kerf width was
observed with greater plate thicknesses at lower
cutting speeds, likely due to higher heat
absorption in thicker plates. Figure 13 shows the
microscope images and measurement pictures
of the kerf widths after laser cutting at 2 mm
plate thickness, 90 W power and three different
cutting speeds (3, 6 and 9 mm/s).

narrower kerf widths across all plate
thicknesses.
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Figure 12. Kerf widths depending on cutting speed and plate thickness at 100 W power.
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Figure 13. Laser cutting at different speeds for 2 mm thickness and 90 W power
a) 3 mm/s, b) 6 mm/s and ¢) 9 mm/s.

An examination of the figure shows that kerf
widths decrease as the speed rises. In the first
image, kerf width measurements for a speed of
3 mm/s range from 1.078 mm to 1.071 mm,
reflecting the relatively wide kerf width
expected at low speeds. As the cutting speed
increased, the kerf width consistently declined,
as illustrated in the second image (6 mm/s),
where the kerf width fell between 0.931 mm and
0.938 mm, and in the third image (9 mm/s),
where it ranged from 0.810 mm to 0.816 mm.
These trends are consistent with the literature
where studies by Kechagias et al. [11] and Sabri
et al. [19] similarly reported that increasing
cutting speeds resulted in more consistent and
narrower kerf widths. Figure 14 shows the
average kerf widths resulting from laser cutting
at different power levels. The average kerf
widths for 3D-printed PLA cut at 90, 95, and
100 W were calculated as 0.917, 0.937, and
0.940 mm, respectively. An increase in kerf
width was observed with rising power levels,
with the lowest kerf width occurring at 90 W
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and the highest at 100 W. However, the increase
in kerf width with higher power levels was not
significant, suggesting that the limited laser
cutting time, combined with a certain level of
energy density, was sufficient to achieve
adequate melting without further widening the
kerf. While an upward trend in average kerf
width was observed with increasing laser
power, this increase was minimal. This result
can be attributed to the accumulation of more
energy on the material surface as laser power
increases, leading to a greater amount of melted
material. The increase in the amount of melting
widens the kerf. These findings align with other
studies on the effect of laser power on kerf
width and are consistent with the work by
Moradi et al., which also examined the
relationship between laser power and kerf width
[12].
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Figure 14. Average kerf widths at different powers.

4. CONCLUSIONS

The influence of cutting parameters—plate
thickness, cutting speed, and laser power—on
surface roughness and kerf width in CO: laser
cutting of PLA materials made by fused
filament fabrication was examined through
experimental investigation. The findings
obtained from the investigation are summarized
below:

» Rareduced with rising cutting speed at
for all laser power levels.

» In laser cutting operations performed at
low cutting speeds, Ra decreased as
plate thickness increased. Moreover, at
these low cutting speeds, surface
roughness values rose with an increase
in laser power.

» The lowest Ra (2.118 um) at low
cutting speed (3 mm/s) was measured
with a plate thickness of 4 mm and the
lowest laser power (90 W).

» The lowest surface roughness observed
in laser cutting processes conducted at
90 and 95 W laser power and cutting
speeds of 6 and 9 mm/s was achieved
with a plate thickness of 4 mm.

» Across all laser cutting conditions, the
lowest surface roughness (0.951 um)
was achieved with a plate thickness of
3 mm, cutting speed of 9 mm/s, and
laser power of 90 W, whereas the
highest surface roughness (2.983 um)
was obtained with a plate thickness of 2
mm, cutting speed of 3 mm/s, and laser
power of 100 W.

» Kerf width was reduced with higher
cutting speeds and lower laser power
across all plate thicknesses.
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» At the lowest cutting speed (3 mm/s),
the smallest kerf width was achieved
with a 2 mm plate thickness regardless
of laser power. Under these conditions,
kerf width increased as laser power
increased.

» When all cutting conditions are
considered, kerf width decreased when
plate thickness increased from 2 mm to
3 mm, whereas a further increase in
plate thickness to 4 mm resulted in an
increase in kerf width.

» Under all laser cutting conditions, the
minimum kerf width of 0.793 mm was
achieved with a 3 mm plate thickness, a
cutting speed of 9 mm/s, and a laser
power of 90 W. In contrast, the
maximum kerf width of 1.164 mm
occurred with a 2 mm plate thickness, a
cutting speed of 3 mm/s, and a laser
power of 100 W.

This study demonstrates the importance of
carefully selecting cutting parameters to
achieve optimal surface quality and minimum
kerf width in CO: laser cutting. Increasing
cutting speed, adjusting laser power, and
optimizing plate thickness play critical roles in
achieving high precision and quality surfaces in
industrial applications. The findings of this
study hold significant potential for various
industrial applications. In rapid prototyping and
additive manufacturing, the optimized laser
cutting parameters enable precise and high-
quality processing of 3D-printed PLA
components, reducing post-processing needs. In
biomedical applications, the results facilitate
the accurate fabrication of complex geometries,
critical for implants and custom prosthetics.
Additionally, the packaging industry can use
these findings to enhance the efficiency of eco-
friendly PLA product manufacturing. By
reducing kerf width and surface roughness, the
study’s  optimized parameters improve
manufacturing efficiency, minimize material
waste, and lower production costs, making the
approach applicable across multiple industries
requiring precision and sustainability.
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0z

1990'larin basindan bu yana internet kullaniminin hizla yayginlagsmasi, anlamli analiz ig¢in gelismis
araclar gerektiren biiylik veri kiimelerinin olugmasina yol agmustir. Yapay zeka teknolojilerinin,
Ozellikle erken teshis ve hastalik tespitinde hatalarin azaltilmast i¢in kullanildiklar1 saglik
hizmetlerinde bu konuda etkili oldugu kanitlanmigtir. Bu ¢alisma, yaslh bireyler arasinda yaygin olan
ilerleyici bir norodejeneratif durum olan Alzheimer Hastaliginin (AD) erken teshisi icin yapay zeka
tabanli bir uzman sistem gelistirmeye odaklanmaktadir. Calismda 174 6rnekli DARWIN veri kiimesi
(89'u AD'li ve 85'1 AD'siz) kullanilarak AdaBoost, Gradient Boost, VotingHard, Stack, Decision
Trees, Random Forest, Naive Bayes ve 1D-CNN olmak iizere sekiz makine 6grenimi algoritmasi ile
egitilmistir. Caligmada kullanilan Stack modeli %91,43 dogruluk, %93,75 ozgiillik, %94,44
duyarhilik, %89,47 kesinlik, %91,89 F-6l¢ciimii ve %91,43 AUC degeri ile yiiksek bir tahmin
performansi elde ederek en etkili model olarak ortaya ¢ikmustir. Orta diizeyde performans gdsteren
modeller arasinda AdaBoost %88,57 dogruluk, %88,24 6zgillik, %88,89 duyarlilik, %88,89 kesinlik,
%88,89 F-olciimii ve %88,56 AUC degeri elde etmistir. Buna karsilik, VotingHard modeli %80,00
dogruluk, %77,78 6zgiilliik, %77,78 duyarlilik, %82,35 hassasiyet, %80,00 F-6l¢iimii ve %80,00 AUC
degeri ile en diisiik performansi gostermistir. Bu bulgular, Stack modelinin giivenilir erken evre AD
teshisi potansiyelini vurgulamakta ve algoritma performansa iliskin karsilagtirmali bir bakis agisi
saglamaktadir.

Anahtar Kelimeler: Alzheimer hastalig1 erken Teshisi, Yapay zeka, Uzman sistem.

DEVELOPING A EXPERT SYSTEM FOR EARLY DIAGNOSIS OF
ALZHEIMER'S DISEASE

ABSTRACT
The rapid expansion of Internet use since the early 1990s has led to the generation of massive datasets,
necessitating advanced tools for meaningful analysis. Artificial intelligence (Al) technologies have
proven instrumental in this regard, particularly in healthcare, where they are employed for early
diagnosis and error reduction in disease detection. This study focuses on developing an Al-based
expert system for the early diagnosis of Alzheimer’s Disease (AD), a progressive neurodegenerative
condition prevalent among elderly individuals. Utilizing the DARWIN dataset comprising 174
subjects (89 with AD and 85 without), eight machine learning algorithms were evaluated: AdaBoost,
Gradient Boost, VotingHard, Stack, Decision Trees, Random Forest, Naive Bayes, and 1D-CNN. The
Stack model emerged as the most effective, achieving a high predictive performance with 91.43%
accuracy, 93.75% specificity, 94.44% sensitivity, 89.47% precision, an F-measure of 91.89%, and an
AUC value of 91.43%. Among the models with moderate performance, AdaBoost achieved 88.57%
accuracy, 88.24% specificity, 88.89% sensitivity, 88.89% precision, an F-measure of 88.89%, and an

21


mailto:osamahkms1994@gmail.com
https://orcid.org/0000-0001-6526-4793
https://orcid.org/0000-0003-0875-7078
https://orcid.org/0000-0003-3585-0518
https://orcid.org/0000-0001-7293-883X

Salman vd., /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 9:1 (2025) 21-35

AUC value of 88.56%. Conversely, the VotingHard model demonstrated the lowest performance, with
80.00% accuracy, 77.78% specificity, 77.78% sensitivity, 82.35% precision, an F-measure of 80.00%,
and an AUC value of 80.00%. These findings highlight the Stack model's potential for reliable early-
stage AD diagnosis and provide a comparative perspective on algorithmic performance.

Keywords: Early detection of Alzheimer's disease, Artificial intelligence, Expert system.

1. GIRIS

Alzheimer hastaligi (AH), genellikle orta ve
ileri yaslarda ortaya ¢ikan ve zamanla ilerleyen
bir nérodejeneratif (sinir hiicrelerindeki yapisal
ve islevsel dejenerasyon) hastaliktir. Hastalik,
hafiza kaybi, biligsel bozukluklar ve kisilik
degisiklikleri gibi semptomlarla kendini
gosterir. Alzheimer, beyindeki sinir
hiicrelerinin zamanla hasar gérmesi ve 6lmesi
sonucu ortaya ¢ikar [1]. Bu nedenle, hastaligin
seyri zamanla ilerleyerek bireyin giinliik
yasamini etkiler [2]. Hastaligin tedavisinde
hem farmakolojik hem de farmakolojik
olmayan yontemler kullanilmakta ve bu
tedavilerin etkinlikleri iizerine arastirmalar
siirmektedir. Giliniimiizde, egzersiz
uygulamalar1 farmakolojik olmayan etkili bir
tedavi yontemi olarak on plana ¢ikmaktadir
[3]. Bu baglamda, hastaligin erken tani
Onlemlerinin zamaninda alinmasi agisindan
krittk ~ O6nem  tasimaktadir. Alzheimer
hastaliginin  tespiti i¢in bir dizi uzman
tarafindan klinik degerlendirme ve testler
yapilmaktadir ~ [4].  Ancak,  Alzheimer
hastaliginin kesin teshisi ancak otopsi sonucu
ile konulabilmektedir [5]. Bu durum,
Alzheimer hastaliginin tespiti i¢in ¢aligmalarin
artirllmast ve tani sonuglarmin iyilestirilmesi
gerekliligini gostermektedir.

Giliniimiizde birgok hastalik tespitine yonelik
yeni teknolojik uygulamalar
gergeklestirilmektedir ve caligmalarin
sonuglart tartisilmaktadir. Son donemlerde
yapay zeka ve makine 6grenme algoritmalar
ile yapilan calismalarda artiglar
gozlemlenmektedir [6]. Artislarin en Onemli
sebeplerinden  biri, sonuglar1  agisindan
degerlendirildiginde yiiksek dogruluklari ile
saglik alaninda umut vaat eden bir alan olmaya
baglamasidir. Hosgor (2022), saglikta yapay
zekanm kullanimini 125 adet tez galigmasi ile
ele alarak incelemistir. Hazirlanan makalede
yapay zeka ve makine O0grenme
algoritmalarinin kullanimi, hastalik teshisinde
giivenilir ve basarili sonuglarin elde edildigi
tespit edilmistir [7].
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Li ve ark. Alzheimer hastalar1 ile hafif bilissel
bozukluk (MCI) hastalarinin teshisi ig¢in
yaptiklar1 caligmada dayanikli ya da saglam
olarak ifade edilen Derin Ogrenme teknigini
gelistirmiglerdir. Calismanin deneysel
sonuglar, Onerilen teknigin AH tanisinda gok
etkili oldugunu ve siniflandirma dogrulugunu
klasik derin Ogrenme yoOntemlerine gore
ortalama %5,9 artirdigin1 géstermistir [8].

Benzer sekilde, Hu ve calisma arkadaslari,
Alzheimer hastaligini  tahmin etmek icin
yenilikgi bir yontem gelistirmistir. {1k asamada
90 farkli beyin bdlgesine ait aktiviteleri bir
matrise  doniistiirmiisler ve ardindan bu
bolgeler  arasindaki  islevsel  baglantiy
belirlemek igin korelasyon hesaplamalar
yapmiglardir.  Daha  sonra, olusturulan
korelasyon matrislerini siniflandirmak
amaciyla Otomatik Kodlayici (AE) adi verilen
bir sinir ag1 modeli kullanmiglardir. Deneysel
sonuglar, bu yontemin geleneksel yontemlere
kiyasla daha basarili oldugunu gdstermistir.
Ozellikle destek vektdr makineleri (SVM) ile
karsilastirildiginda,  tahmin  dogrulugunda
yaklasik %25'lik bir iyilesme saglanmistir [9].

Karabay ve Cavas calismalarinda, hastalik
teshisi i¢in AlexNet, MobileNetV2 mimarileri
ve Evrisimsel Sinir Aglann (ESA) modeli
kullanilmistir. Calismada, 6400 adet manyetik
rezonans (MR) goriintiisii kullanilmistir, Her
iki  mimariden elde edilen Gzellikler
birlestirilmis ve bu 0&zelliklerin segiminde
Komsuluk Bilesen Analizi (KBA) algoritmast
kullanilmastir. Ardindan, Ozelliklerin
siniflandirilmast  Destek Vektér Makineleri
(DVM) ile gergeklestirilmis ve modelin %100
dogruluk oranina ulastig1 rapor edilmistir [10].

Ozi¢ vd., OASIS veri tabanindan temin edilen
70 Alzheimer hastasi ve 70 saglikli bireye ait
3B T1 agirhikli manyetik rezonans (MR)
gorlntiilerini  kullanmis ve bu goriintiiler
iizerinde 116 subkortikal bolgenin hacimsel
Olctimlerini gerceklestirebilen atlas tabanli bir
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hacim Ol¢iim ve smiflandirma modeli
gelistirmistir. Olciilen degerler, her bir denekte
gri madde, parankim ve toplam beyin hacmi ile
iligskilendirilerek normalizasyon islemine tabi
tutulmustur. Bu sayede, 140x116 matris
boyutuna sahip dort farkli veri kiimesi elde
edilmistir. Veri kiimeleri, entropi, t-testi, ROC,
Bhattacharyya ve Wilcoxon ozellik
derecelendirme yontemleri kullanilarak en
anlamli 6zellikten en anlamsiz 6zellige dogru
siralanmigtir. Siralanan veriler, her bir dongiide
birlestirilmis ve Destek Vektor Makineleri
(SVM) kullanilarak lineer ve RBF (Radial
Basis Function) ¢ekirdekleri ile 10 kat capraz
dogrulama yontemiyle smiflandirma islemi
gergeklestirilmistir. Tim senaryolar ayrintili
bir sekilde analiz edilerek, en az sayida
ozellikle en iyi sonuglart saglayan &zellik
derecelendirme ve smiflandirma yontemleri
belirlenmistir. Normalizasyon ve 0zellik
derecelendirme yoOntemlerinin  siniflandirma
sonuglart tizerindeki etkisi detayli bir sekilde
incelenmigtir. Deney sonuglarina goére, ROC
tabanli Ozellik derecelendirme yoOntemiyle
lineer SVM kullanildiginda toplam beyin
hacmi normalizasyonuyla %95.71 hassasiyet,
%94.29 ozgiillik, %95.00 dogruluk ve 0.95
egri altinda kalan alan (AUC) degeri elde
edilmistir [11].

Nalgakan (2018) Alzheimer hastalii teshisi
icin, Alzheimer hastalar1 ile normal kontrol
gruplarina ait manyetik rezonans goriintiileri
iceren bir veri kiimesi kullanilmig ve bu veri
kiimesi, li¢ boyutlu evrisimli sinir aglart (3D
CNN) ile egitim ve test wverisi olarak
islenmistir. Bu ¢aligma sonucunda gelistirilen
yapay zeka modeli, test verileri iizerinde
%90.6 dogruluk oranmna ulagarak Alzheimer
hastaliginin teshisinde etkili bir performans
sergilemigtir. [12].

Wang vd., Alzheimer hastaliginin erken teshisi
icin yapay sinir aglar1 kullanarak bir erken
uyart modeli gelistirmigtir. Erken uyari
modelini gelistirmek i¢in Lojistik Regresyon,
k-En Yakin Komsu (kNN) ve Destek Vektor
Makinesi (SVM) modelleriyle
karsilagtirilmigtir. Ug katmanl geri yayilimli
bir yapiya sahip olan modelin performansi,
duyarlilik, o6zgiilliikk, dogruluk, pozitif ve
negatif prognostik deger (PPV ve NPV) ve egri
altindaki alan (AUC) Olciitleriyle
degerlendirilmistir. YSA modeli, %92.13
dogruluk, %87.28 duyarlilik, %94.74 o6zgiilliik
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ve 0.897 AUC degeri ile en iyi sonuclart
saglamistir [13].

Janghel ve Rathore, ADNI veri tabanini
kullanarak Alzheimer hastaliginin teshisi i¢in
derin 6grenmeye dayali bir yontem sunmustur.
Veri setindeki fMRI ve PET goriintiileri,
saglikli bireylerin verileriyle birlikte analiz
edilmistir. Goriintiiler, 6nce 3D’den 2D’ye
doniistiiriilmiis ve ardindan Konvoliisyonel
Sinir Aglari’'min  (CNN) VGG-16 mimarisi
kullanilarak ~ ozellik  ¢ikarimi  yapilmistir.
Smiflandirma islemi SVM, Dogrusal Ayrim,
K-ortalama Kiimeleme ve Karar Agaglar
algoritmalar1 ile gerceklestirilmistir. Deney
sonuglar1, fMRI veri seti i¢in %99.95, PET veri
seti icin ise %73.46 dogruluk orami elde
edildigini gostermistir [14].

Alzheimer DARWIN veri setini analiz etmek
icin Rastgele Orman (RF), Lojistik Regresyon
(LR), K-en Yakin Komgu (KNN), Dogrusal
Diskriminant Analizi (LDA), Gaussian Naive
Bayes (GNB) ve SVM algoritmalarini
kullanmistir. Algoritmalarin dogruluk oranlar
%77.14 ile %91.4 arasinda degismistir
[15].Benzer sekilde, Subha ve arkadaslari
(2022), ayn1 veri setini LR, KNN, SVM, Karar
Agaclari (DT), RF ve AdaBoost
algoritmalariyla egitmis ve %86.79 ile %90.57
arasinda dogruluk oranlar1 elde etmistir[16].
Gattulli ve arkadaglar1 (2022), Alzheimer
DARWIN veri seti iizerinde LR, KNN, SVM,
DT, RF, LDA, GNB, Cok Katmanli Perceptron
(MLP) ve Ogrenme Vektdrii Kantizasyonu
(LVQ) algoritmalarimi1  kullanmis, dogruluk
oranlarmin %71.2 ile %83.5 arasinda oldugunu
rapor etmistir [17]. Onder ve arkadaslar
(2023) ise XGBoost, AdaBoost, Gradient
Boost ve Voting algoritmalari ile %75 ile %85
arasinda degisen dogruluk oranlarina ulagsmistir
[18].

Tablo 1. Literatiirde DARWIN veri seti tizerinde yapilan
calismalar

Calisma Kullanilan Dogruluk
Makine
Ogrenmesi
Algoritmalari
Gregorio vd., RF, LR, KNN, 77,14% -
[15] LDA, G-NV, SVM  91.4%
Subha vd., LR, DT, KNN, 86,79%-
[16] RF, AdaBoost, 90,57%
SVM,
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Gattulli  vd., RF, LR, KNN, 71,2%-
[17] LDA, G-NV, 83,5%
SVM, DT, MLP,
LVQ
Onder vd. XGBoost, 75%-85%
[18] AdaBoost,
GradientBoost,
Voting

1.1 Arastirma sorularvhipotezleri

Hipotez 1: Alzheimer hastaligimin erken
teshisine yonelik kullanilan veri setiyle egitilen
makine Ogrenimi modelleri, %90’ {izerinde
bir dogruluk oran1 saglayabilir mi?

Hipotez 2: Alzheimer teshisinde kullanilan
makine Ogrenimi algoritmalari arasinda en
yiikksek performans hangi algoritma ile elde
edilebilir?

Hipotez 3: El yazis1 verileri, Alzheimer
hastaliginin erken belirtilerini belirlemek icin
uygun maliyetli ve gilivenilir biyobelirtecler
olarak kullanilabilir mi?

2. MATERYAL VE METOT
2.1. Materyal

Calismada  kullanilan  makine  0grenme
algoritmalari1 bu bolimde detayli olarak
verilmistir.

2.1.1. AdaBoost

Adaboost (Adaptive Boosting), smiflandirma
ve regresyon gibi gorevleri gerceklestirmek
icin  kullanilan  bir makine  O0grenme
algoritmasidir. Ismini “adaptive” (uyarlamalr)
ve “boosting” (giliclendirme) terimlerinin
birlesiminden alan Adaboost, zayif
smiflandirma  algoritmalarinin  performansini
artirarak ~ daha  giiclii smiflandiricilar
olusturmak amaciyla kullanilmaktadir [19]. Bu
algoritma, zayif smiflandiricilarin bir arada
caligmasiyla daha giiglii bir siniflandirma
algoritmasit olusturmaktadir [20]. Adaboost
algoritmasinda, ilk olarak tiim verilere ait
agirlik degerleri esit secilir ve veriler egitilir.
Daha sonra zayif olan smiflandirict iizerinde
orneklerin  agirhk  degerleri  artirilmaya
baglanir. Siniflandirici, her dongiide agirhik
degerini giincellemektedir. Béylece hatali olan
orneklerin ~ 6nemi  artmaktadir  [19,20].
Agirliklart artirilmis olan drnekler, bir sonraki
siniflandiricida 6ne ¢ikarak secilme olasiligini
artirmig olur. Bu sekilde olusturulan tiim
siniflandiricilarin bir araya getirilmesiyle daha
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yiiksek dogrulukla bir siniflandirict elde
edilmektedir. Algoritmaya ait sema, Sekil 1’de
gosterilmektedir [19,20].

Model Model Model

1 A2 | A A n
§$ §$ §‘\l’
@ & @
v ¥ ¥ \ 4
agirlik agirlik agirlik agirlik
1 2 || . n

Adaboost topluluk modeli

Sekil 1. Adaboost Algoritmasi [20].

2.1.2. Gradient Boost

Gradient Boost algoritmasi, standart makine
ogrenmesinden farkli olarak tahminleri sirayla
yapan bir topluluk algoritmasidir [21].
Algoritmanin temel amaci, diisiik dogruluk
degerindeki tahminleri yiiksek dogrulukla
tahminlere ¢evirmektir. Algoritmada ilk olarak
tahminleri {retmek igin yip fonksiyonu
olusturulur. Tahminler ve hedef deger
arasindaki farkin hesaplanmasi igin ise bir
“Loss” fonksiyonu olusturulmaktadir. Ilk
iterasyondan sonra yip ve “Loss” fonksiyonlari
birlestirilerek hedef degerle tahmin edilen
deger arasindaki fark yeniden hesaplanir. Bu
islem tekrarlanarak yip fonksiyonuna ait
dogruluk degeri artirllmaya ve hedef degere
olan uzaklik azaltilmaya caligilmaktadir [21].
Loss = MSE = %(y; — y})? (1
Denklemde y; i. hedef deger, yip ise i. tahmin
edilen degeri, “Loss” ise kayip fonksiyonunu
temsil etmektedir. Elde edilen tahminlerin
kaylp fonksiyonlarmi minimum seviyede
tutmak  gerekmektedir. = Gradyan  inisi
kullanilarak her iterasyonda 6grenme oranlari
giincellenir ve kayip fonksiyonunun minimum
degeri bulunur [22].

i—y)?
i R I e @
p_ P CLp
Vi =¥ —a*2xX0i—y;) )
2.1.3. Voting hard
Voting hard siniflandiricisi, tahmin

dogrulugunun artirilabilmesi amaciyla birden
cok siniflandirma algoritmasini birlestiren bir
yontemdir [23]. Tek bir modele tahmin
yaptirmak yerine, kullanilan tiim modellerin
ciktisinin oylama prensibine dayanmaktadir.
Yani, birden ¢ok modelin verdigi cevaba
bakilarak en dogru sonu¢ hedeflenmektedir
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[23,24]. Algoritmaya ait sema, Sekil 2’de
gosterilmektedir.

Model 1
Model 2
Model ...

Model N

©

. —@
@

Sekil 2. VotingHard Modeli[24]

2.1.4. Karar agaclan

Karar agaglar1 modeli, kararlar1 veya muhtemel

sonuglart gostermek amaciyla kullanilan agag

benzeri bir modeldir [25]. Bu model, arastirma
caligmalarinda gerceklestirilen analizlerde bir
sonuca ulasabilmek icin izlenmesi gereken
yolu belirlemekte kullanilmaktadir. Karar
agaclar1 temel olarak, i¢ diglimlerden,
dallardan ve sonu¢ diigimiinden meydana
gelmektedir [25,26]. Algoritmaya ait sema,

Sekil 3’te gosterilmektedir.

1. I¢ Diigiim: I¢ diigiim belirli bir dzelligi
degerlendirir ve test eder.

2. Dallar: I¢ diigiimde yapilan
degerlendirmelerin sonuglarini
gostermektedir.

3. Sonug Diigiimii: Cikt1 olarak alinan karari
gostermektedir.

Hayir Evet

o

Sekil 3. Ornek karar agac1 yapisi [26].

2.1.5. Rastgele Orman

Rastgele Orman(RO) algoritmasi temel olarak
karar agaclarinin birlesiminden olusmaktadir.
Karar agaclarimin genel yapist kok, diigiimler,
dallar ve yapraklardan olusmaktadir. Kok ve
diigiimler kararlarin  6lgiitlerini, yapraklar
verilen Kkararlarin  durumlarimi, dallar ise
olgiitler ile kararlar arasindaki baglantiy1 temsil
etmektedir [27,28]. RO algoritmasi, her bir

diigimde rastgele olarak se¢ilmis olan
degiskenlerin en iyi olanin1 belirleyip
diiglimleri dallara aymrmaktadir. Ana veri

setinde yaptig1 degisikliklerle alt veri setleri
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olusturulmaktadir. Daha sonrasinda rastgele
ozellikler secilerek agaglar olusturulur ve
agaclarda budama yapilmaz. Orijinal egitim
veri setinin yaklasik olarak %70’1 6n yiikleme
orneklerini, %30’u ise hatalan test etmek igin
kullanilir [27].

Rastgele Orman (RO) algoritmasi, her
diiglimde rastgele segilen en iyi degiskeni
belirleyerek dallara ayirir.  Orijinal  veri
setinden kiiciik veri setleri olusturulur ve bu
veri setleriyle agaclar gelistirilir; agaclarda
budama yapilmaz. Algoritma, her digiimde
kullanilan degisken sayisin1 (m) ve toplam
agac sayisimni (V) ayarlayarak caligir. Egitim
verisinin %67’si modeli egitmek, %33'li ise
hatalari test etmek i¢in kullanilir. Algoritmanin
semasi Sekil 4’te sunulmaktadir [28,29].

!
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Sekil 4. RO Algoritmasi [29].

2.1.6. Naive bayes

Bayes teoremi, 1701-1761 yillar1 arasinda
Thomas Bayes tarafindan gelistirilmis bir
teoremdir. Bayes teoremi, bir degisken icin
kosullu olasiliklar ile marjinal olasiliklar
arasindaki bagintry1 gostermektedir. Herhangi
bir olayin meydana gelmesinde birden fazla
bagimsiz neden varsa, bu nedenlerden birinin
olay1 meydana getirme olasiligin1 hesaplamada
kolaylik saglar [30]. Bayes teoremine ait
denklem asagida verilmistir. (Denklem 4).

_ P(B\A)P(4)
P(A\B) = —rE) (4)
e P(A); A igin olasilik veya marjinal
olasilik

e P(A\B); verilen bir B olayinda A
olaynin kosullu olasiligidir. B olay1
var ise A olaymnin gerceklesme
olasiligidir.

e P(B\A); A olay1 ger¢eklesmis ise B
olayinin olma olasiligidir.

e P(B); B olay1 i¢in dnsel olasiliktir.
Naive Bayes siniflandirma modeli, Bayes
teoreminin basitlestirilmis bir halidir. Makine
O0grenmesi uygulamalarinda denetimli
ogrenmenin bir alt smifidir. Naive Bayes
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modelinde, siniflandirilmasi gereken veriler ve
bu wverilerin hangi kiimeye ait oldugu
belirlenmistir. Bu kiimelerden yararlanilarak
daha sonrasinda gelen bir verinin hangi sinifa
ait oldugu belirlenir [30].

2.1.7. Stack

Stack, birgok makine 6grenimi algoritmasinin
tahminlerini birlestirmek i¢in kullanilan bir
topluluk 6grenme teknigidir [31]. 11k olarak,
cesitli temel algoritmalar veri kiimesi {izerinde
egitilir ve tahminler {iretir. Ardindan, bu temel
algoritmalarin tahminleri, genellikle bagka bir
makine 6grenimi modeli olan bir meta-
algoritma tarafindan birlestirilir. Bu birlestirme
stireci, daha iyi tahminler elde etmeyi amagclar
ve farkli modellerin gii¢lii yanlari bir araya
getirerek modelin genel performansini
artirabilir. Stack, karmagik problemlerde daha
iyi sonuglar elde etmek i¢in yaygin olarak
kullanilan bir tekniktir [32,33].

2.1.8. 1D-CNN

Tek boyutlu evrigimli sinir aglar1 (1D-CNN),
derin Ogrenme alaninda Onemli bir yere
sahiptir ve cesitli uygulamalarda etkili sonuglar
elde etmistir [34,35]. Bu aglar, ozellikle
goriintli isleme ve smiflandirma gorevlerinde
yaygin olarak kullanilmaktadir. Tek boyutlu
CNN'lerin temel avantajlarindan biri, 6znitelik
¢ikarimini otomatik olarak gerceklestirmeleri
ve geleneksel yontemlere gore daha genel
¢Oziimler sunmalaridir [34]. Bu ozellikleri,
onlart birgok farkli gorev icin uygun hale
getirmektedir.

Tek boyutlu evrisimli sinir aglari, genellikle
bir dizi ardistk katmandan olusur. Bu
katmanlar, giris verilerinden  &zellikleri
¢ikarmak i¢in filtreler kullanir ve bu filtrelerin

agirliklari, geri yayilim algoritmas: ile
giincellenir  [34,35].  Ozellikle, CNN'ler
gorlintli  siniflandirma, nesne tamima ve

segmentasyon gibi alanlarda yiiksek basari
oranlar1 ile dikkat ¢ekmektedir [36,37].
Ornegin, U-Net mimarisi, tibbi goriintii
segmentasyonunda sik¢a tercih edilmektedir ve
bu alandaki basarilar ile literatiirde 6nemli bir
yer edinmigtir [37].

Ayrica, tek boyutlu CNN'ler, finansal verilerin
tahmin edilmesi gibi farkli alanlarda da
kullanilmaktadir. Ornegin, bir calismada, tek
boyutlu CNN'ler kullanilarak finansal piyasa
hareketlerinin tahmin edilmesi lizerine basaril
sonuglar elde edilmistir [38]. Bu tiir
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uygulamalar, CNN'lerin ¢ok yonlii kullanim
potansiyelini gdstermektedir.

Bu aglar, verinin yerel bagmtilarimi1 6grenme
konusunda makine Ogrenme algoritmalarina
gore istiinliik saglar ve bu sayede karmasik
ozellikleri tespit edebilmektedirler. Bunun
yaninda, basit makine 6grenme algoritmalari,
genellikle daha az veri gerektiren ve daha hizli
caligabilen modeller olarak avantaj saglarlar.
Ancak, 1D-CNN'ler karmasik desenleri ve
iligkileri daha iyi 6grenebilirken, basit makine
o0grenme algoritmalar1 daha az hesaplama giicli
gerektiren ve  yorumlanabilirligi  yiiksek
¢Oziimler sunar. Bu nedenle, problem tiiriine ve
veri yapisina bagh olarak her iki yaklasimin da
kendine 6zgii tistiinliikleri vardir.

Sonug olarak, tek boyutlu evrisimli sinir aglari,
derin Ogrenme alaninda Onemli bir yere
sahiptir ve goriintii isleme, finansal tahminler
gibi  birgok alanda etkili bir sekilde
kullanilmaktadir. Bu aglarin otomatik 6znitelik
¢ikarimi yapabilme yetenekleri ve yiiksek
basar1 oranlari, onlar1 giiniimiizdeki en popiiler
derin O6grenme yoOntemlerinden biri haline
getirmistir [34-38]. 1D-CNN genel yapist Sekil
5’te gosterilmektedir.

Sekil 5. 1D-CNN Yapisi [39].

2.2. Metot

Alzheimer hastaliginin erken teshisine yonelik
geligtirilen makine Ogrenme tabanli uzman
sistemi i¢in agik kaynak erigimli DARWIN
veri seti kullanilmistir [40]. Kullanilan veri
seti, 85 Alzheimer hastast olmayan ve 89
Alzheimer hastasi olan toplam 174 veriden
olugmaktadir. Alinan veri setindeki 450 6zellik
icin her bir kisiye, tibbi tahliller kullanilarak
bazi  Ol¢iimler  yapilmistir.  Caligmada
kullanilan veri seti, AdaBoost, Gradient Boost,
Voting Hard, Stack, Karar Agaclari, , Rastgele
Orman, Naive Bayes ve tek boyutlu evrisimli
sinir aglart olmak {iizere 8 farkli makine
O0grenme algoritmasiyla modellenmistir. Elde
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edilen  modellerin  dogruluk,  6zgiilliik,
duyarhilik, kesinlik, F-6lgiisii, AUC ve ROC
egrisi performans degerlendirme Olgiitlerine
gore degerlendirilmis ve sonuglar
karsilagtirilmistir.  Calismadaki ~ Alzheimer
hastaliginin erken teshisine yonelik gelistirilen
uzman sistemin pseudo kodu asagida
verilmistir.

DARWIN veri seti, 450 ozellige sahip 174
ormmekten olugmakta olup, yiiksek boyutlu
verilerle c¢alisabilen ve karmasik desenleri
algilayabilen saglam modellerin kullanimini
gerektirmektedir. Bu baglamda, stack modeli,
iistlin tahmin performanst sunma kapasitesi,
yliksek hassasiyete ulasma yetenegi ve yanlis
negatifleri en aza indirerek erken teshis
stirecini  destekleme potansiyeli nedeniyle
tercih edilmistir. Gradient Boost ve AdaBoost
gibi yontemlerin yani sira RO ve VotingHard
gibi topluluk yaklagimlari, dogrulugu ve
genellestirilebilirligi artirmak amaciyla yanlis
siniflandirilmis orneklere odaklanma
yetkinlikleri ve giiriiltiiye karsi direngleri ile
dengesiz veri setlerinde saglamlik saglamalar
nedeniyle secilmistir. Ayrica, Karar Agaclari
ve Naive Bayes algoritmalari, veri setindeki
farkli 6zellik tiirlerini isleyebilme kapasiteleri
sayesinde yorumlanabilirlik ve kararlilik
sunarken, ayni zamanda giivenilir tahminler
yapabilmektedir. Tiim bu algoritmalar,
dogrulugu optimize ederek, erken teshis
siireglerinde yiliksek hassasiyet saglayarak ve
Alzheimer hastaliginin teshisine yonelik
makine 6grenimi yaklagimlarinin kapsamli bir
sekilde degerlendirilmesine katkida bulunarak
arastirma hedeflerini desteklemektedir.

Algoritma: Uzman sistemin Pseudo Kodu

Alzheimer hastaligina dair veri seti
toplama ve on igleme: veri setinin
standartlastirilmasi, normallestirmesi,
eksik degerlerin islemesi ve kategorik
degiskenlerin kodlamas:.

Makine Ogrenme Algoritmalar
(Smiflandirma): AdaBoost, Gradient
Boost, VotingHard, Stack, Karar
Agaclari, RO, Naive Bayes ve tek
boyutlu evrisimli sinir aglart.

Veri seti

Se¢me

En iyi modeli, kombinasyonu ve
performanst saklamak igin degiskenler
tanimlanwr

Tammla
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Ayirma Egitim Veri Kiimesini rastgele olarak

egitime ve teste ayirma

Dongii Tiim makine 6grenme algoritmalari
igin:

(1)Model tanimlama

(2)Egitim veri seti ile modeli egitme

(3)Egitilen modelin test edilmesi

(4)Modeli degerlendirme

(5)Degerlendirme sonuclarini

saklama

Sonug En iyi modeli se¢me

3. ARASTIRMA BULGULARI

Caligmada, Alzheimer hastaliginin erken
teshisine yonelik makine 6grenme tabanli bir
uzman sistem gelistirilmigtir. Uzman sistemin
gelistirilmesinde AdaBoost, Gradient Boost,
VotingHard, Stack, Karar Agaglari, Rastgele
Orman, Naive Bayes ve 1D-CNN olmak tizere
farkli makine O0grenme algoritmasi
kullanilmistir. Egitilen modeller, test veri seti
ile test edilerek dogruluk, 6zgiilliikk, duyarlilik,
kesinlik, F-0lglisii, AUC ve ROC egrisi
performans degerlendirme dlgiitlerine gore
degerlendirilmistir.

Sekil 7°de 8 makine 6grenme modeli igin
karmasiklik matrisleri verilmistir.
Matrislerdeki Gergek Pozitifler (TP) dogru bir
sekilde tanimlanmig Alzheimer vakalarini
temsil ederken, Gergek Negatifler (TN), dogru
bir sekilde tanimlanmis Alzheimer olmayan
vakalardir. Yanlhs Pozitifler (FP) Alzheimer
olmayan vakalarin yanlig bir sekilde Alzheimer
olarak siniflandirilmasi durumunda meydana
gelir ve Yanlhs Negatifler (FN) yanls bir
sekilde Alzheimer olmayan olarak tanimlanmis
Alzheimer vakalanidir. Sekil 7 incelediginde,
modellerin 35 adet veri ile test edildigi ve 32
tanesinin dogru bir sekilde siniflandirdig:
gorlilmektedir; (d) Stack algoritmasi en basarilt
modeldir. Ayrica c¢alismada egitilen tim
modellerin ROC egrisi Sekil 8’de verilmistir.
ROC egrileri, her model icin duyarlilik
(Gergek Pozitif Orani) ve ozgilliik (1 - Yanlis
Pozitif Orani) arasindaki dengeyi gosterir. Egri
altindaki alan (AUC), modellerin genel
performansini niceliksel olarak belirler ve 1'e
yakin degerler {istiin siniflandirma yetenegini
gosterir. Bu 0Olcim, modelin duyarliligi ve

Ozgllligi etkili bir sekilde dengeleme
yetenegini vurgular. Tablo 2’de ve Sekil 6’da
egitilen tim modellerin performans
degerlendirme Ol¢iitlerinin sonuglart
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verilmigtir. Tablo 2 incelendiginde, Stack modeli en basarili modeldir.
Tablo 2. Makine 6grenme modellerin performans degerlendirme élgiitlerin sonucglart.

Model Dogruluk Ozgiilliik Duyarlhilik Kesinlik F-ol¢iisii AUC
Stack 91,43 93,75 94,44 89,47 91,89 91,43
Karar Agacglar 88,57 93,33 94,44 85,00 89,47 89,47
Gradient Boost 88,57 93,33 94,44 85,00 89,47 88,40
Rastgele Orman 88,57 93,33 94,44 85,00 89,47 88,40
AdaBoost 88,57 88,24 88,89 88,89 88,89 88,56
1D-CNN 88,57 88,24 88,89 88,89 88,89 88,56
Naive Bayes 80,00 717,78 77,78 82,35 80,00 80,07
VotingHard 80,00 77,18 77,18 82,35 80,00 80,00

m Dogruluk
u Ozgiilliik
® Duyarlilik
MW Kesinlik

mF-Blglisii

mAUC

o & &
Gl &

& x
‘—}@} P 'a‘\? & >
\ad &
& 3°
& &

(};‘\

5 o

&

A

¥ v

1’}%
<

3
&
o
&

o

&

Sekil 6. Makine 6grenme modellerin performans
degerlendirme 6Slgiitlerin sonuglari

4. TARTISMA

Literatiir incelendiginde, bir¢cok c¢alisma, el
yazisinin  kinematik, basing ve zamansal
ozelliklerinin bilissel gerilemeyi tespit etmek
icin potansiyel biyobelirtecler olarak hizmet
edebilecegini gdstermistir. Garré-Olmo  vd.,
(2017) hafif bilissel bozuklugu (MCI),
Alzheimer hastalig1 ve saglikli kontrolleri olan
hastalarda el yazis1 kinematigi ve basincinin
derinlemesine  bir analizini yapmuslardir.
Aragtirmalari, li¢ grup arasinda el yazisi
desenlerinde 6nemli farkliliklar oldugunu
gostermis ve bu O6zelliklerin potansiyel olarak
Alzheimer hastaligi i¢in erken belirtecler
olarak hizmet edebilecegini vurgulamislardir.
Bu durum, el yazis1 analizinin klinik
ortamlarda uygulanabilecek non-invaziv bir
tani aract olarak faydasini
vurgulamaktadir[41]. Ayrica, Alzheimer
hastalig1 teshisi igin el yazisi analizindeki son
gelismeler, yeni veri kiimeleri ve makine
6grenimi modelleri araciligryla elde edilmistir.
Cilia vd., (2022), ozellikle Alzheimer
hastaliginin teshisine yonelik ¢evrimigi el
yazist analizi i¢in yeni bir veri kiimesi
sunmustur [42]. Ocal (2024) iiglii bir topluluk
O0grenme modeli {izerine yaptig1 arastirma,
Alzheimer hastalarinda ince motor becerilere
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ve bunlarin bozulmasina odaklanarak literatiire
daha fazla katkida bulunmaktadir. Bu ¢alisma,
el yazisi analizinde tanisal dogrulugu artirmak
icin ¢esitli makine Ogrenimi algoritmalarini
birlestirmenin ~ Onemini  vurgulamaktadir.
Birden fazla modelin tahminlerini bir araya
getiren  topluluk  yontemlerinin,  yigin
modelinin en yiiksek dogruluk ve hassasiyeti
sagladigi  bu caligmada goriildiigii  gibi,
gelismis performans sundugu
gosterilmistir[43]. Bu c¢alismalar 151ginda, el
yazist analizinin erken AD teshisi igin invazif
olmayan, uygun maliyetli ve erisilebilir bir
yontem olarak onemli bir potansiyel sundugu
aciktir. Makine Ogrenimi modellerinin bu
verilere uygulanmasi, tanisal dogrulugu daha
da artirabilir ve bu da onu gelecekteki
aragtirmalar igin 6nemli bir alan haline getirir.
Mevcut caligmanin da gosterdigi gibi, Stack
modeli diger algoritmalardan daha iyi
performans gostererek Alzheimer hastaligini
tespit etmede yiiksek diizeyde dogruluk elde
etmistir.

Makine Ogrenimi tabanli uzman sistemler,
Alzheimer hastaliginin erken teshisinde saglik
hizmetlerine 6nemli katkilar sunabilir. Yiiksek

dogruluk ve hassasiyet oranlariyla bu
sistemler, erken tam silireglerini optimize
ederek hastalik ilerlemesini yavaslatacak

miidahalelere olanak tamir. Ozellikle Stack
modeli gibi performans: yiiksek algoritmalar,
yanlis negatifleri en aza indirerek tedavi
planlamasimni daha etkin hale getirir. Bu
yaklagim, bireysel yasam kalitesini artirmanin
yani sira saglik sistemlerinin verimliligini ve
mali siirdiiriilebilirligini destekler.

Caligmada, DARWIN wveri seti kullanilarak
Alzheimer hastaliginin erken teshisi igin
makine O0grenimi algoritmalar1 ile
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modellenmigtir. ~ Kullanmilan  algoritmalarin
performans olgiitleri bakimindan avantajlar ve
sinirlamalar sunmustur.

Gergeklestirilen deneylerde Stack modeli,
%91,43 AUC degeri ile en yiiksek performansi
sergileyerek diger tiim algoritmalar1 geride
birakmistir. Bu  Ustiin - basarisi, topluluk
O0grenmesi yaklagimi sayesinde birden fazla
modelin gii¢lii yonlerini bir araya getirmesine
baglanabilir. Modelin  yiiksek  dogruluk,
ozgiillik ve duyarlilik degerleri, erken evre
Alzheimer teshisinde giivenilir bir arag
olabilecegini gostermektedir. Ancak, modelin
karmasik yapisi ve yiiksek hesaplama maliyeti,
asirt uyum riskini artirarak egitim ve ayarlama
siireglerini zorlagtirmaktadir.

Karar Agaclar1 modeli de, 6zellikle 6zgiilliik
ve duyarlilik metriklerinde yiiksek degerler

elde ederek dikkat c¢ekmistir. Modelin
yorumlanabilir ~ yapisi, tibbi  teshislerde
aciklanabilirligin =~ biiyik  6nem  tasidig:
diistiniildiigiinde onemli bir avantaj
sunmaktadir. Ancak, karar agaglar1 karmagik
veri  yapilarinda asir1  uyum = egilimi

gosterebilmekte ve tibbi verilerde siklikla
goriilen dogrusal olmayan iligkileri tam olarak
yakalayamamaktadir.

Gradient Boosting ve AdaBoost gibi artirma
algoritmalari, zayif Ogrencileri birlestirerek
giicli bir tahminci olusturma prensibine
dayanmaktadir. Bu algoritmalar, Alzheimer
hastalig1 gibi siniflandirma problemlerinde
basarili  sonuclar vermektedir.  Gradient
Boosting, her adimda 6nceki adimdaki hatalari
minimize etmeye ¢alisarak daha iyi bir model
olusturur. AdaBoost ise hatali siniflandirilan
orneklerin agirliklarini artirarak modelin bu
ornekleri daha iyi 6grenmesini saglar. Her iki
algoritma da Alzheimer veri kiimesinde
%88.57 dogruluk oranina ulasarak gii¢lii bir
teshis  yetenegi  sergilemistir.  Ozellikle
Gradient Boosting, yiiksek 0Ozgillik ve
duyarlilik  degerleriyle = dengesiz ~ veri
kiimelerinde etkili bir siiflandirici oldugunu
kanitlamistir. Ancak, asir1 uyum ve yiiksek
hesaplama maliyeti gibi dezavantajlar1 da
bulunmaktadir.

Rastgele Orman algoritmasi, birden fazla karar
agacinin tahminlerinin ortalamasimi alarak
karar veren bir topluluk 6grenme yontemidir.
Bu sayede asirt uyum riskini azaltir ve daha
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genelleyici bir model olusturur. Alzheimer veri
kiimesinde %88.57 dogruluk orantyla Gradient
Boosting ile benzer bir performans
gostermistir. Ancak, tek bir karar agac1 kadar
yorumlanabilir degildir ve biiylik veri kiimeleri
icin hesaplama maliyeti yiiksek olabilir.

1D-CNN, swrali verilerden otomatik olarak
ozellik cikarma yetenegi sayesinde Alzheimer
hastaliginin teshisinde basarili sonuclar elde
etmistir. Bu model, Alzheimer hastaligina 6zgii
karmagik oriintiileri etkili bir sekilde 6grenerek
AdaBoost ile benzer bir performans
gostermistir. Ancak, derin 6grenme modelleri
genellikle biiyiik miktarda veri ve hesaplama
kayna@1 gerektirmektedir. Ozellikle kiiciik veri
kiimelerinde asir1 uyum riski bulunmaktadir.

Naive Bayes, hesaplama agisindan verimli ve
basit yapisiyla bilinir.  Bu  ¢aligmada,
Alzheimer hastaligmin teshisinde %80,00
dogruluk ve %82,35 kesinlik oranlarina
ulasilmistir. Ancak, modelin tiim 6zniteliklerin
birbirinden bagimsiz oldugu varsayimi, gergek
diinyadaki verilerin karmasik iligkilerini tam
olarak yakalamada yetersiz kalmistir.

VotingHard, tiim algoritmalar arasinda en
disiik performansi1 sergileyerek  %80,00
dogruluk oranina ulasmigtir. Gelismis bir
optimizasyon stratejisi kullanilmadan farkli
modellerin ~ tahminlerinin  birlestirilmesi,
modelin genel performansini sinirlamistir.

Alzheimer hastaliginin teshisi i¢in makine
Ogrenmesi algoritmalarinin kullanima,
hastaligin erken teshisinde 6nemli bir adim
olarak degerlendirilmektedir. Ancak, her bir
algoritmanin kendine 0zgli avantajlar1 ve
dezavantajlar1 bulunmaktadir. Bu nedenle,
farkl algoritmalarin performanslarinin
karsilastirilmast ve veri setinin Ozelliklerine
gore en uygun modelin se¢ilmesi 6onemlidir.

5. SONUCLAR

Alzheimer hastaliginin erken teshisine yonelik
uzman sistemlerin gelistirilmesi 6nemli bir
saglik hedefidir. Bu tiir bir uzman sistem,
bireylerin risk faktorlerini, semptomlarmi ve
genetik yatkiliklarmi dikkate alarak erken
teshis ve miidahale igin daha iyi bir yol
sunabilir. Yapay zekd ve derin Ogrenme
teknolojilerinin gelisimi, biiyiik miktarda veri
analizi ve norolojik gostergelerin daha 1iyi
anlasilmasiyla bu hedefe ulasmada 6nemli bir
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rol oynamaktadir. Bu c¢aligmada Alzheimer

hastaliginin erken teshisi i¢in makine 6grenme

tabanli bir uzman sistemi gelistirilmigtir.

Caligmada kullanilan agik erigimli veri seti,

AdaBoost, Gradient Boost, VotingHard, Stack,

Karar Agaglari, Rastgele Orman, Naive Bayes

ve 1D-CNN olmak ftizere 8 farkli makine

O0grenme algoritmasiyla modellenmistir. Elde

edilen  modellerin  dogruluk, 06zgiillik,

duyarlilik, kesinlik, F-6l¢iisii, ROC egrisi ve

ROC egrisinin altindaki alan (Ardea Under

Curve ve AUC) performans degerlendirme

Olciitlerine gore degerlendirilmis ve sonuglar

kargilagtirilmigtir. Elde edilen sonuglar agagida

maddeler halinde verilmistir.

e Tim degerlendirme kriterlerine gore en
basarili model Stack olmustur. Stack’in
degerlendirme sonucunda %91.43
dogruluk, %93.75 ozgillik, %94.44
duyarhilik, %89.47 kesinlik, %91.89 F-
Olgiisii ve %91.43 AUC degeri ile basarili
tahmin gerceklestirdigi belirlenmistir.

e Tim degerlendirme kriterlerine gore en
basarisiz model VotingHard olmustur.
VotingHard’in degerlendirme sonucunda
%80.00  dogruluk, %77.78  ozgiilliik,
%77.78  duyarhlik, %82.35 kesinlik,
%80.00 F-olciisii ve %80.00 AUC degeri
ile  basarili  tahmin  gergeklestirdigi
belirlenmistir.
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Ayrica  aragtirma sorular1 ig¢in Ongdriilen
sonuclar su sekilde ifade edilebilir.

Hipotez 1 Sonucu: Calismadaki veri seti ve
algoritmalar, Alzheimer hastaliginin erken
teshisinde %90"'n {lizerinde dogruluk saglamis;
Stack modeli 9%91.43 dogrulukla en yiiksek
basarty1 gostermistir.

Hipotez 2 Sonucu: Stack modeli, diger
algoritmalardan  daha yiikksek  dogruluk,
Ozgiilliik ve duyarlilik ile Alzheimer teshisinde
en basarili yontem olmustur

Hipotez 3 Sonucu: El yazis1 verileri,
Alzheimer hastaliginin erken belirtilerini tespit
etmek icin diisiik maliyetli, giivenilir bir
biyobelirte¢ olarak umut vaat etmektedir; bu

veriler, hastaliin non-invaziv teshisinde
potansiyel sunmaktadir.
Sonu¢ olarak yapay zeka ile Alzheimer

hastalig1 tespitinde en iyi modelin Stack
oldugu  belirlenmistir.  Ileride  yapilacak
caligmalarda daha biiylik veri setleri ve farkli
yapay zeka yontemleri kullanilarak dogruluk
oraninin  artirilmasinin - miimkiin ~ olacagi
distiniilmektedir.
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Sekil 7. Karmagiklik Matrisleri: (a) AdaBoost (b) Gradient Boost (¢) VotingHard (d) Stack (e) Karar Agaclar1 (f)
Rastgele Orman (g) Naive Bayes (h) 1D-CNN
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Sekil 8. Karmagiklik Matrisleri: (a) AdaBoost (b) Gradient Boost (¢) VotingHard (d) Stack (e) Karar Agaglar1 (f)

Rastgele Orman (g) Naive Bayes (h) 1D-CNN
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TESEKKUR

Calisma 5. Uluslararast Miihendislikte Yapay
Zeka ve Uygulamali Matematik
Konferansi'nda 6zet metin olarak sunulmustur.
Ayrica galigmada DARWIN veri setini agik
kaynak erigime acan kisi/kisilere
tesekkiirlerimizi sunariz
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ABSTRACT

In this study, the compression behavior of the body-centered cubic with exterior and interior vertical struts
(BCCZZ) lattice structure produced with Polylactic Acid (PLA) has been investigated using experimental,
numerical, and machine-learning algorithms. When comparing digital image correlation and the ANSYS
Static Structural numerical module, the measurements of deformation in the -Y direction taken from the
top-right, top-left, middle-right, and middle-left points of the lattice structure are closely matched, with
differences of 3.5%, 0.66%, 22.3%, and 12.69%, respectively. However, measurements from the bottom-
left and bottom-right points show discrepancies of 49.17% and 58.91%, respectively. The lack of agreement
between numerical and digital image correlation (DIC) analyses at the bottom-left and bottom-right points
of the lattice structure is attributed to deformation in the lower section observed in the experimental study.
The numerical study, modeling only elastic deformation, fails to account for broken regions' deformation
adequately. Furthermore, the elastic deformation region has been comparatively investigated using
experimental, numerical, and multilinear regression (MLR) models. Despite the MLR algorithm being
trained with data from the compression test and achieving an R? value of 0.97, numerical modeling is closer
to the experimental results. Thus, for the first time in the literature, the compression behavior of the BCCZZ
lattice structure made from PLA+ has been comparatively investigated using experimental, numerical, and
machine learning methods.

Keywords: Additive Manufacturing, Lattice Structure, Digital Image Correlation, Numerical Modeling,
Machine Learning, Compression Behavior.

1.INTRODUCTION FDM technology has emerged as the foremost
In recent years, the popularity of additive additive manufacturing method for producing
manufacturing methods has increased due to rapid polymeric components, owing to its ease of
prototyping, allowing the production of materials implementation and cost-effectiveness [10]. In
with desired tolerance and complexity [1, 2]. This terms of polymer materials, polylactic acid (PLA)
manufacturing technique was first implemented and acrylonitrile butadiene styrene (ABS) are the
in 1986 through the stereolithography technique, most commonly utilized, facilitating additive
and over years of development, it has continued manufacturing in practical applications [11].
to evolve with techniques such as selective laser These thermoplastics, prized for their lightweight
melting and fused deposition modeling (FDM) [3- nature and affordability, are extensively favored
5]. These methods are utilized in numerous in engineering and medical sectors [12]. PLA has
sectors, including the aerospace, automotive, earned its popularity in various applications due
medical implants, and the defense industry [6-9]. to its exceptional qualities, including
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biocompatibility, biodegradability, mechanical
strength, and processability [13].

In many engineering applications, lattice
structures, which can be manufactured by additive
manufacturing methods such as FDM technology,
have become increasingly important due to their
energy absorption capabilities and lightweight
properties [14, 15]. Lattice structures are
configurations created by connecting struts with
three-dimensional geometry to nodes in a
repeating cell pattern [16]. These structures are
referred to by different names based on their
arrangements, with the most commonly used
being body-centered cubic (BCC) and face-
centered cubic (FCC) structures [17]. These
structures are referred to as BCCZ and FCCZ with
the addition of vertical z-struts. The inclusion of
these z-struts enhances the resistance to yielding
and deformation in both BCC and FCC
configurations [18-21]. Zhou et al. [22] have
numerically and experimentally investigated the
compression behavior of four different lattice
geometries produced with PLA. They found that
BCCZ and FCCZ lattice structures have a higher
load-bearing capacity compared to BCC
structures. In a recent study [23], the novel
BCCZZ structure, featuring extra z-struts situated
at the mid-span of oblique struts, was examined.
It was found that the additional vertical struts in
the BCCZ structures offer greater advantages for
load-bearing applications, as they result in higher
relative density and relative strength compared to
the reference BCCZ structure.

To understand the behavior of lattice structures in
load-bearing applications, experimental,
analytical, and numerical methods are available
[24, 25]. An ideal technique for measuring strain
and revealing the deformation and failure
mechanisms in lattice structures is a non-contact
strain measurement method such as digital image
correlation (DIC) [26, 27]. In addition, further
insights into the deformation behavior and local
strain values of lattice structures can be gained by
the finite element method [28]. Moreover,
machine learning algorithms, such as multiple
linear regression (MLR) algorithm, can predict
the behavior of the material under compression
based on the features obtained from the
compression test data. Once this algorithm
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developed and validated, the model can be
applied to predict the stress-strain data of the
similar materials or structures.

Previous studies investigating compression
behavior in lattice structures have typically relied
on individual approaches like experiments,
numerical simulations, or analytical methods, or a
combination of two of these methods [27, 29-34].
This study uniquely addresses this gap by
comparatively  analyzing the compression
behavior of a novel BCCZZ lattice structure
through using a combined approach of digital
image correlation (DIC), numerical method, and
machine learning algorithm. Overall, the novelty
of the study lies in the integration of multiple
approaches to achieve a comprehensive
understanding of a lattice structure's compressive
behavior and deformation mechanism. It is
believed that this integration enhances prediction
accuracy, aids in design optimization, and
improves the efficiency of engineering analysis
processes.

2.MATERIAL AND METHODS

2.1. Experimental Analysis

The productions were performed with an FDM
3D printer (Ender-3 S1-Pro, Creality) at a nozzle
temperature of 205 °C and a bed temperature of
65 °C. The lattice structure was made from
polylactic acid (PLA+, eSUN) polymer. The
dimensions of the produced lattice specimen were
designed to be 62.5 x 62.5 x 60 mm® with strut
diameters of 2.5 mm using the SolidWorks
program. The drawing of the model is shown in
Figure 1. It was then sliced in the Creality Slicer
CAM program and converted into a G-code file
for printing with a 10% infill density.

Figure 1. a) The model of the BCCZZ lattice
structure and b) A view of the unit BCCZZ cell.

The compression test was conducted using a
Shimadzu AG-S 50 kN universal testing machine
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at a 1 mm/min deformation rate. Three specimens
of the BCCZZ lattice structure have been
produced, and compression tests have been
conducted for each sample. A DIC system
(EduDIC, Dantec) was wused during the
compression test to monitor the strain values in
real-time and allow for later comparison with
numerical analysis. The sample was sprayed with
black speckles in a stochastic pattern. The images
were captured at 100 Hz with the DIC system, and
experimental data was examined through
deformation of 2.5 mm. Figure 2 presents the
compression test setup with DIC system. Datasets
for numerical and machine learning algorithm
analyses were generated from the compression
test data.

Figure 2. Compression Test Setup with DIC.

2.2. Numerical Analysis

In this study, the compression test of the BCCZZ
lattice structure, produced with eSUN: PLA+
material, was numerically modeled. The ANSYS
Static Structural module, which utilizes the finite
element method for computation, has been used
for numerical modeling.

To model the lattice structure produced with
eSUN: PLA+, the material parameters shown in
Table 1, was used.

Table 1. eSUN: PLA+ Ansys Engineering Data
Parameters [35].

Parameters Value
Density 1.23 g/lem®
Thermal Expansion 0.00135 1/°C
Coefficient

Young Modulus 2.3 GPa
Poisson Ratio 0.3
Bulk Modulus 1.91 GPa

Shear Modulus 8.84 GPa

After conducting a mesh dependency study for
element sizes of 0.75, 1, and 1.25 mm, a
tetrahedral mesh structure with an element size
chosen as 1 mm was utilized for the lattice
structure. Figure 3 depicts the details and visual
representation of the mesh structure.

0% 50 50.00(mm)
1

12,50 3750

1,3107.004 mm

Figure 3. a) BCCZZ Mesh structure and b) Detail of
the Mesh.

The compression analysis employed specific
boundary conditions: a fixed support at the
material's base and a displacement in the -Y
direction at the top, set to 2.5 mm. The analysis
involved measuring total deformation, total stress,
force reaction, and directional deformation at six
specific points. These points, depicted in Figure
4, had their directional deformation values
measured across compression levels of 0.5, 1, 1.5,
2, and 2.5 mm.

Middle Left [5) 2] Middle Right

e “L:] Bottom Right

Y

L.

Figure 4. Deformation measurement points at the
front face.
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2.3. Multilinear Regression Algorithm

Multiple linear regression (MLR), a traditional
prediction method, is an algorithm that attempts
to predict a target variable based on one input
variable [36, 37]. The MLR method possesses a
simple, efficient, and data noise-resistant
algorithm for predicting data with a linear
distribution [38]. The MLR algorithm is shown in
Equation (1). "Y " and "x;" represent the response
and predictor variables, respectively, "b;" and "E"
denote the regression and residual coefficients,
respectively, and "a" indicates the intercept [39].

n
Y=a+ Zbixi+ E
i=1

= b1x1+ bzX2+"' (1)
+ bixl- + &

The necessary data for MLR were obtained from
the elastic deformation region of compression test
results. A test size of 0.2 was determined, and the
data were trained. In the MLR method, Scikit-
learn, Pandas, Matplotlib, Seaborn, and NumPy
libraries were used. Analyses were performed
using Python 3.11 programming language, with
Spyder 5.4.3 IDE. The results obtained with MLR
have been comparatively examined with
experimental data.

3.RESULTS AND DISCUSSIONS

In this study, the deformation of the BCCZZ
lattice structure under compressive loading was
investigated using experimental, numerical, and
machine learning methods. The DIC results
obtained from the experimental analysis were
compared with numerical analyses. Furthermore,
a machine learning algorithm was trained using
the results obtained from the experimental data,
and the experimental, numerical, and machine
learning results were comparatively analyzed.

Figure 5 displays the total deformation contour
images obtained from numerical and DIC analysis
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results. These images depict various deformation
values ranging from 0.5 to 2.5 mm, with intervals
of 0.5 mm. Table 2 presents the deformation
values in the (-Y) direction at the relevant points
(indicated in Figure 4) obtained from numerical
test and experimental DIC analysis, as well as
their relative differences. Throughout all
deformation steps in numerical analyses, the base
is experienced minimum deformation, due to the
fixed deformation. However, in all deformation
steps analyzed using DIC, deformation was
observed on the ground. This discrepancy arises
because, in the numerical analysis, defining the
part as fixed to the ground prevents any
deformation on the surface of the part or the
ground. In contrast, experimental analyses
conducted with DIC have shown deformation on
the ground. At 0.5 and 1 mm, neither numerical
nor DIC analyses show significant bending in
struts. In addition, the BCCZZ lattice structure
undergoes transverse expansion and longitudinal
shortening while absorbing the force.

In the numerical analyses (Figure 5(e)), the
maximum deformation is observed in the bent
struts labeled as 1 and 3. Conversely, in the DIC
tests (Figure 5(f)), maximum deformation
primarily concentrates at the upper regions of the
lattice structure, with heightened deformation
observed at points where strut bending
commences. Similar deformation patterns are
noted in the struts within designated regions under
deformation points of 1.5, 2, and 2.5 mm, as
observed in both numerical and DIC analyses.
Furthermore, it is seen that there is no significant
shape change in the struts in the central region of
the lattice structure in both analyses. This occurs
because the presence of neighboring struts in the
central region allows the load to be distributed
more evenly to the struts at the center point. Thus,
it has been observed that contour graphs are
highly consistent throughout all deformation
steps.



Aktrk et. al., /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 9:1 (2025) 36-44

] g ﬁ & ﬂ‘! Table 2. Deformation and ARD (%) values for Ansys
) n g,. d Static Structural and DIC
9 la . .E Ansys Absolute
- | ~ #ﬂ: 4.;_;;, A . é Measured Static DIC Relative
§ ﬂ PP | ‘H 4 é . E Point Struc Difference
f é ‘ é tural (%)
: Top Right ~ 0.485  0.492 1.42
¢ e £ Middle Right 0337 0.471 28.45
c ‘ E  BotomRight 0.172 0439 60.82
o : & TopLeft 0485 0489 08I
vl s ?z:fz}fz K| Middle Left ~ 0.335  0.458 26.85
p ! Bottom Left 0.172 = 0.428 59.81
- | A ] Top Right  0.951  0.989 3.84
” v ! Middle Right = 0.657 @ 0.838 21.59
] g’::zz:f‘);’. E Bottom Right = 0.324  0.660 50.90
| Sl @ —  Top Left 0.982  0.976 0.61
””A EaleSal Middle Left  0.684 0.815  16.07
Figure 5. Contour i 1rnages of the total deformation Bottom Left 0344 0.650 47.07
values from Ansys Static Structural (on the left) and Top Right 1.417 1471 3.67
DIC results (on the right). 5 Middle Right = 1.006 = 1.228 18.07
£ Bottom Right = 0.403  0.890 54.71
Table 2 presents the deformation measurements at ) Top Left 1.532 ' 1510 1.45
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values at the bottom right and bottom left points, & 0P Left = > :
. o o . . Middle Left 2.001 2.260 11.46
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can be attributed to the fact that in numerical
analyses, the ground is fixed with fixed support,
meaning the lattice structure does not undergo any
movement on the surface, while in DIC analyses,
the deformation caused by the force applied by
the compression device also results in significant
deformation of the ground. Additionally, due to
fractures occurring in the struts during DIC
analysis, the mesh structure that the analysis can
track (randomly painted surface) is disrupted,
resulting in the inability to capture the
deformation at the bottom left, as seen in Figure

5().
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Table 3. Average relative difference (ARD) for
deformation measurement points.

Measured Average Max Min

Point ARD (%) ARD ARD
(%) (%)

Top Right 3.5 4.67 1.42

Top Left 0.66 1.45 0.61

Middle 22.3 28.45 18.07

Right

Middle 12.69 26.85 1.81

Left

Bottom 5891 66.16 50.90

Right

Bottom 49.17 59.81 42.17

Left
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The force-displacement curve for experimental
and numerical analyses was obtained from the
compression test, as shown in Figure 6. After
examining the three experimental studies, it was
observed that yielding began around a force of
5750 N and a deformation of 1.4 mm. Numerical
simulations exclusively simulated the elastic
region, demonstrating elastic deformation up to
2.5 mm. Upon comparing the elastic portions, it is
evident that the elastic curves have similar slopes,
yet the limits of the elastic region are different.
The yielding observed at around 1.4 mm
deformation in the experimental studies is likely
due to the disadvantages associated with FDM
printers [40-42]. In the FDM process, porosity
occurs in the material due to the inability to
control thermal variation and humidity content
[43, 44]. Among these disadvantages, the most
significant reason is the decrease in the material's
density and consequently its strength due to
porosity [45].

10000

Numerical
—— Exp-1
— Exp-2
8000 {——Exp-3

6000 4

Force (N)

4000

2000

0 T T T T
0 1 2 3 4 5

Displacement (mm)
Figure 6. Experimental and numerical force-
displacement curves for the BCCZZ lattice structure.

In the final step of the study, the results of
experimental, numerical, and machine learning
algorithms were comparatively analyzed in the
elastic deformation region. Thus, it was
determined which approach, the machine
learning-based algorithm or the numerical model,
aligns more closely with the experimental data.
The MLR algorithm was trained using data
obtained from compression test analyses
conducted in Experiment 1 (Exp-1). Figure 7(a)
presents a comparative analysis of the force
values up to 1.5 mm deformation from
experimental, numerical analyses and the MLR
algorithm. In the MLR algorithm, the values of
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R?%, RMSE (Root Mean Square Error), MAE
(Mean Absolute Error), and MAPE (Mean
Absolute Percentage Error) are 0.97, 185.63,
158.25, and 4.38, respectively. Upon examining
Figure 7(a), it was observed that the experimental
and numerical data coincide regarding elastic
deformation, while the MLR algorithm exhibited
poorer performance compared to the numerical
data. When analyzing the force-deformation
graph, the experimental and numerical data
almost align up to 0.6 mm, whereas the MLR
algorithm has made a more distant prediction. The
MLR algorithm, which constructs a linear
regression line based on the training data, failed
to accurately identify these points. Beyond 1.4
mm, as yielding began in the experimental data,
neither the numerical analysis nor the MLR
algorithm could predict the plastic deformation.
This is because experimental data exhibit
logarithmic variations, which the MLR algorithm
inherently fails to capture due to its linear nature.
To address this limitation, advanced algorithms
such as polynomial regression, decision trees, or
gradient boosting methods could be employed for
better accuracy in modeling logarithmic changes.

The prediction error distribution of the MLR
algorithm, depicted in Figure 7(b), reveals that the
majority of errors cluster between -100 and 200,
implying that most predictions closely
approximate the actual values. However, due to
the peaks in the 100-200 range, the errors deviate
from a Gaussian normal distribution, indicating
predictions further from the actual wvalues.
Therefore, the MLR algorithm has been less
successful in the elastic region than the numerical
method.

Distribution of Prediction Errors

;;;;;;

::::::

\W;;Ymnl b)
Figure 7. a) Comparison of experimental, numerical,
and MLR results in the elastic deformation region, b)

Error distribution graph of the MLR algorithm.
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4.CONCLUSIONS

In this study, the compression behavior of the
BCCZZ lattice structure produced with eSUN
PLA+ has been investigated through
experimental, numerical, and MLR algorithms.
The experimental analysis was compared with
DIC analysis and numerical results. Additionally,
the numerical results were compared with a
machine learning algorithm developed using data
obtained from the experimental study. The
findings from the study are presented as follows:

e The error rates for the direction-dependent (-Y)
deformation values measured at the top-right, top-
left, middle-right, and middle-left points of the
BCCZZ lattice structure subjected to the
compression test were calculated to be 3.5%,
0.66%, 22.3%, and 12.69%, respectively. The
measurements performed at these points have
similar values when comparing DIC and
numerical results.

e The error rates obtained at the bottom-right and
bottom-left points were calculated as 58.91% and
49.17%, respectively. This is due to the specimen
undergoing plastic deformation and failure at the
bottom-right and bottom-left points under the
applied force during the experiment measured
with DIC. Since only elastic deformation is
numerically modeled, high error rates have been
observed at the lower points located on the base.

e The compression test results for elastic region
deformation have been compared using
experimental, numerical, and MLR algorithm
analyses. Despite the MLR algorithm's R* value
of 0.97, the numerical results correspond more
closely with the experimental data in the elastic
region deformation.

e Although the experimental findings align with
the numerical and machine learning algorithms in
the elastic region, this agreement does not extend
to the plastic region. The early onset of plastic
deformation in the experimental study compared
to the numerical analysis is attributed to section
narrowing and the tendency for easy separation
between layers, which are drawbacks associated
with FDM technology.
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ABSTRACT

Today, lattice bone scaffolds are highly regarded due to their controllable mechanical properties and
biological performance. However, lattice structures often exhibit anisotropy because of the non-uniform
distribution of the constitutive material in the tessellated unit cells, leading to variations in mechanical
response based on loading direction. Loads applied to a lattice bone scaffold may not align with the
main axes of the arranged unit cells. Therefore, optimizing the unit cell orientation angle seems
necessary for achieving superior mechanical performance. This study investigates the mechanical
properties of Gyroid-based lattice structures with varying unit cell orientations. Numerical analyses were
conducted on five Gyroid-based lattice models with different cell orientations, and their compressive
Young’s moduli were determined. These findings were validated through mechanical compression
experiments on corresponding 3D printed samples. The results indicate that the compressive Young’s
modulus in the least stiff direction is 18.99% lower than that along the stiffest direction. This is an
advantage for the development of Gyroid-based bone regeneration scaffolds, particularly in scenarios
where loading directions are not known in advance.

Keywords: Gyroid Lattice Structure, Unit Cell Orientation, Lattice Bone Scaffolds.

1. INTRODUCTION structures can be found in biomedical
Architected lattice structures are two or three- engineering fields, especially in developing
dimensional arrangements of repetitive units orthopedic implants and bone scaffolds, where
called unit cells. Generally, the properties of both mechanical and biological requirements
such structures are predominantly influenced by should be considered. Luckily, architected
their microstructural geometry, in addition to lattice structures can make it possible to adjust
the material they are made from [1]. In other mechanical  properties and  biological
words, changing the geometrical parameters of performance simultaneously. These structures
the microstructure will change the properties can reduce the stiffness of a metal bone scaffold
and behavior of the macrostructure. Therefore, to that of the host bone tissue, hence the risk
by assigning appropriate values to each of the reduction of stress shielding phenomenon. They
geometrical parameters, the behavior of the can also provide an environment where bone
structure can be controlled in a way that the ingrowth happens. It has been suggested that a
requirements will be met. Recent advancements fully interconnected porous scaffold with a
in additive manufacturing (AM) have facilitated porosity of more than 50% and pore size of 100
the precise creation of such complicated um to 700 pm, results in an ideal
structures with fine features. Controllable osseointegration [2]. However, increasing the
properties and ease of manufacturing have porosity to reduce the stiffness and enhance the
caused an increasing interest in using such osseointegration, causes a decrease in
structures in various fields of engineering. mechanical strength [3] and fatigue life [4]. By
However, the more advanced use of such keeping these in mind, the design parameters of
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a lattice (i.e., geometric parameters of the
constituent unit-cells as well as the arrangement
of the cells in the structure) should be chosen
intellectually to satisfy all the requirements.

Lattices derived from triply periodic minimal
surfaces (TPMS) are promising candidates for
developing orthopedic implants, given their
favourable characteristics, which include a high
surface-to-volume ratio, appropriate stiffness,
and high manufacturability [5]. Among the
different types of TPMS structures, Gyroid
structure has been of great interest and so far,
many studies have been conducted to
investigate its properties [6-10] or to compare
them with the properties of other TPMS lattices
[11-13]. Moreover, many bone implants and
scaffolds have been designed based on this unit
cell type as can be mentioned in [14-16].

When evaluating the mechanical properties of
lattice structures, it’s worth knowing that such
structures often exhibit anisotropy because of
the non-uniform distribution of the constitutive
material in the tessellated unit cells, leading to
different mechanical properties based on
loading direction. Furthermore, in the case of
lattice scaffolds, applied loads are not
necessarily aligned with the main axes of the
tessellated unit cells. Since a scaffold must be
able to withstand complex loading conditions,
achieving anisotropic properties of its structure
is of great importance, which can also be used
later in the optimal design process. In this
regard, Barber et al. [17] studied the effect of
cell orientation on the compressive mechanical
properties of three different lattice structures,

including sheet-based Gyroid, sheet-based
Schwartz-D, and  strut-based  Diamond
structures. The difference in the peak

compressive strength between the strongest and
weakest orientations in truss-based Diamond,
sheet-based Schwartz-D and sheet-based
Gyroid structures was 49%, 21%, and 18%,
respectively, which showed that the sheet-based
TPMS structures are less anisotropic than the
truss-based one. In a study conducted by
Caiazzo et al. [18] it was shown that until
geometrical expansion is not applied along the
sheet-based Gyroid axes, the mechanical
response of the structure is not significantly
affected by the orientation of unit cells.
However, according to [19], in a sheet-based
Gyroid structure, the maximum and minimum
values of elastic modulus are obtained in
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diagonal and axial cell orientation, respectively.
In the case of truss-based Diamond lattices,
Cutolo et al. [20] showed that mechanical
properties, except for energy absorption,
increase by changing the loading direction from
[001]. It was shown that the increased stiffness
in [011] direction makes the resulting structure
one with a high strength-to-weight ratio,
applicable in orthopedic devices.

This study aims to investigate the compressive
Young’s modulus of a Gyroid-based lattice
structure under different loading directions. The
methodology of the present work is discussed in
the next section. In that section, the process of
design, manufacturing, and evaluation is
presented. In the third section, the obtained
results will be presented and discussed. Finally,
in the fourth section, a conclusion is drawn
regarding the use of Gyroid structures as bone
regeneration scaffolds. Suggestions for further
research will be given as well.

2. MATERIAL AND METHOD
The complicated topology of a sheet-based
Gyroid unit cell is shown in Figure 1. Like other
TPMS cells, this one is also described using a
trigonometric equation as follows:

cosxsiny +cosysinz +
coszsinx =P (D)
Where P is the offset parameter that controls the
wall thickness.

P '

X

(a) (b)

Figure 1. Computer-aided design model of a
sheet-based Gyroid unit cell from (a) side view
and (b) isometric view. The model is obtained

through nToplogy design software.

As previously mentioned, the study aims to
investigate the compressive Young’s modulus
of a Gyroid structure under different loading
directions. Since it requires changes in the test
setup to apply load in different directions, it was
decided to keep the applied load direction
constant and change the orientation angle of the
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tessellated unit cells instead. Here, five
orientation angles in the x-z plane were
considered. These orientation angles are 0,
arctan(0.5), 45, arctan(2), and 90 degrees. For
convenience, these orientations are also
represented by [001], [102], [101], [201], and
[100], respectively. [001] is considered as the
principal orientation. Therefore, if it is assumed
that there is a large lattice box containing unit
cells along this principal direction, the other
oriented lattices will be obtained by extracting
samples along any of the above-mentioned
angles from that box. Figure 2 shows the
extracted oriented models.

[102}‘_ (001]
CPNE W
B &% »r 55
2 z
[201] / %’x‘\’ { ... u.. 3
L el
e “f. "'.‘
A5 X e
oo e | X -
11001855 0
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Figure 2. Rotation plane (shown in blue) in
which the desired cell orientations are defined.

In the following, numerical and experimental
evaluations will be conducted to see how
different cell orientations affect the Young’s
modulus of a Gyroid structure.

2.1. Preparing Gyroid structures

Five cylindrical Gyroid-based lattice models
were designed wusing nTopology design
software. Each model corresponded to one
specific cell orientation. The orientations were
along the [001], [102], [101], [201], and [100]

directions (as previously shown in Figure 2).
These orientations were selected to find out how
the stiffness will change when cell orientation
deviates from the main initial orientation, i.e.
[001]. All the cylindrical models were 15 mm in
diameter and 20 mm in height. Cell size and
wall thickness were set at 5 mm and 0.45 mm,
respectively. These geometrical characteristics
create lattices with a nominal porosity of almost
76.4%, which is suitable for a bone scaffold in
order to provide good osseointegration. The
designed models are shown in Figure 3. As
evident from the figure, a change in cell
orientation angle, changes the topology of the
lateral surface of the structure.

All the samples were additively manufactured
using liquid crystal display (LCD) 3D printing
technology with an ANYCUBIC Photon Mono
X (4k) printer with a layer thickness of 50
microns. The constitutive material was
ANYCUBIC Colored UV Resin, which was a
commercial material made up of polyurethane
acrylate, acrylate monomer, and photoinitiator.
Immediately after manufacturing, each sample
was exposed to high-intensity visible light for
an hour. Here, to check the repeatability of the
experimental results, three samples were made
for each designed model. Besides the lattice
samples, three fully solid samples were also
made for two reasons: First, to measure the
density of the constitutive material which will
be used later in measuring the porosity of each
manufactured lattice sample. Second, to
determine the Young’s modulus of the

constitutive material, which might be changed
depending on the manufacturing and post-
curing parameters. This quantity will be used in
determining the effective Young’s moduli of the
lattices in the numerical solution. Figure 4
displays the manufactured samples.

Figure 3. Designed lattice models with cell orientations along (a) [001], (b) [102], (c) [101], (d) [201], and (e)
[100] directions.
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(2) (b)

(©)

(d) (e)

Figure 4. Manufactured lattice samples with cell orientations along (a) [001], (b) [102], (¢) [101], (d) [201],
and (e) [100] directions.

In order to evaluate the manufacturing quality,
the overall porosities of the manufactured lattice
samples were measured and compared with
those of the designed ones. The porosity of each
manufactured sample can be measured as
follows:

pe1-(5) 8

Where P is the porosity of the manufactured
lattice, V* and V are the volume of the lattice
and the volume of its surrounding box,
respectively. V' can be easily obtained by
measuring the dimensions of the manufactured
sample with a calliper, while I/* is obtained as
follows:

*

m
p

V=

3)

Where m* is the mass of the manufactured
lattice which can be measured using an
analytical balance, and p is the density of the
constitutive material, which can be measured by
dividing the mass of the fully solid sample by
its volume.

2.2. Numerical Solution

Numerical analysis of the structures was done
in the Abaqus finite element software. After
importing each model to the Abaqus, two rigid
planes were added at the top and at the bottom
of the cylindrical structure to imitate the
compression plates in a compression testing
machine. The rigid plane at the bottom was
fixed in all directions while the one at the top
was allowed to translate along the Z-axis by
—0.3 mm. Tetrahedron elements were used to
mesh the structure. The derived force-
displacement data was converted to a stress-
strain curve by dividing the force and the
displacement by the cross-sectional area and the
initial height of the cylindrical lattice,
respectively. The compressive  Young's
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modulus of the lattice structure is determined by
the slope of the linear segment of the curve.

2.3. Experimental Evaluation

Experiments were undertaken to characterize
the effective Young’s moduli of the lattice
structures, thereby validating the numerical
solution results. Samples were tested in a
universal testing machine (Gotech, GT-TCS-
2000) with 1000 kgf maximum load capacity
(Figure 5). The test speed was set at 1 mm/min.
Force-displacement curves were recorded and
converted later to stress-strain curves. The
linear segment of the stress-strain curve
corresponds to the elastic region, where the
slope of this segment indicates the Young's
modulus.

Figure 5. Demonstration of the Gotech universal
testing machine utilized for conducting the
simple compression tests.

3. RESULTS AND DISCUSSION

In the current section, the effect of cell
orientation on the Young’s modulus of a
Gyroid-based lattice structure is presented and
discussed regarding the numerical and
experimental findings. As mentioned in section
2.1, to measure the porosity of the manufactured
samples, it is essential to determine the density
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of the constituent resin material. The density
was determined by dividing the mass of the
fully solid samples, measured with an analytical
balance with a precision of 0.0001 g readability,
by their volume, which was obtained using a
calliper. This calculation resulted in an average
density of 1.260 g/cm3. The porosity of the
manufactured samples was then determined
using Equations (2) and (3) and represented in
Table 1. The porosity of the manufactured
lattice samples is on average 5.66% lower than

that of the designed models. This amount of
difference between the porosities is not
abnormal. Such a difference has also been
reported in other similar works [2]. Because the
designed models have complicated geometric
details with fine features, the 3D printer is not
capable of perfectly creating them. For
example, the dimensions of the manufactured
features do not completely match with those of
the CAD models. This, in turn, can be enough
to explain this discrepancy.

Table 1. Porosity and Young’s modulus of the designed and manufactured Gyroid lattices.

Cell Porosity (%) Young’s modulus (MPa)
orientation Designed Manufactured error (%) Simulation Experiment error (%)
[001] 76.3 72.1+0.99 5.50 50.62 43.36+£2.92 16.74
[102] 76.3 71.5+0.70 6.29 53.73 49.46+3.15 8.63
[101] 76.5 72.5+1.35 5.23 57.28 53.5245.40 7.02
[201] 76.4 72.14£0.57 5.63 54.82 47.53+4.29 15.34
[100] 76.3 72.0£1.65 5.64 50.60 44.62+3.93 13.40

As mentioned before, the compressive Young’s
modulus of the constitutive resin material
should be obtained from the solid samples
through the compression tests. Figure 6
illustrates the stress-strain curves for the solid
samples.
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Figure 6. Stress-Strain curves of three solid
samples obtained from compression tests.

The Young's modulus of the solid samples was
obtained to be 617.45 MPa on average. This
represents the elastic modulus of the resin
material. The compressive Young’s modulus of
the lattices was then obtained through numerical
and experimental methods. As it can be seen in
Table 1, the results of both methods are in good
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agreement. As it turns out, by changing the
orientation angle of the cells from [001] to [100]
in the lattice structure, the value of the
compressive Young's modulus increases at first
and then decreases again. It can be clearly
observed that the maximum value of the
compressive Young’s modulus belongs to the
structure with the cell orientation along [101],
while the minimum value occurs along [001]
and [100]. In the two latter orientations, Gyroid
samples become completely the same and that’s
why their results match with each other. This
agrees with the findings of Khaleghi et al. [19]
and Chen et al. [21]. Here, the value of the
compressive Young’s modulus along the least
stiff direction is 18.99% lower than that along
the stiffest direction. However, this difference is
for the considered lattice with a porosity of
about 72.0%. By decreasing the porosity, the
distribution of the material increases in the
structure. Therefore, the lattice becomes more
homogenous. So, it is expected that the
difference between the compressive Young’s
moduli along the stiffest and least stiff
directions becomes less. The von Mises stress
distribution for all the oriented Gyroid lattices
is depicted in Figure 7.



(2)

(b)

(c)

(d)

(e)

Figure 7. The von Mises stress distribution in the Gyroid designed models oriented along (a) [001], (b) [102],
(c) [101], (d) [201], and (e) [100] directions.

In order to have a better visualization of the
above findings, a bar graph is presented in
Figure 8.

70 Numerical Young’s
modulus

Young's Modulus (MPa)

Experimental Young’s
modulus

%

[001]

[102]

[201] [100]

Cell Orientaion

Figure 8. Compressive Young’s modulus obtained through numerical analysis and experimental tests.

The approximate porosity of 72.0% in the
considered Gyroid structure reduces the
compressive Young's modulus along [001] and
[101] directions to 7.02% and 8.67% of that of
the fully solid sample, respectively.
Furthermore, the compressive Young’s moduli
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obtained through experiments have lower
values than the numerical results. The most
important reason through which this can be
explained is the mismatch between the designed
models and the corresponding manufactured
samples. Similar  discrepancies between
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numerical and experimental findings have also
been observed in other studies within the field
of lattice structures, as referenced in [22, 23].
There are some structural defects in the printed
samples due to the limitations of the
manufacturing process. For example, some
features have not been printed well or even not
been printed at all. Figure 9 presents two of the
lattice samples with structural defects. As
shown in the figure, cracks have formed in areas
where the wall thickness is notably thin. This in
turn can lead to a lower compressive Young’s
modulus for the manufactured samples
compared to the designed ones.

Figure 9. Structural defects (cracks) in the
additively manufactured lattice samples due to
the low thickness of the geometric features.

4. CONCLUSION

In this research, the effect of five different cell
orientations on the compressive Young’s
modulus of a Gyroid-based lattice structure was
investigated through both numerical and
experimental methods. Among the cell
orientations considered in this study, [101]
causes the maximum compressive Young’s
modulus. As the orientation angle moves away
from that, the value of the Young's modulus
decreases and finally reaches its minimum value
along [001] and [100]. These results can be
correctly interpreted as the results of
investigating the effect of loading direction on
the Young’s modulus of the considered Gyroid-
based lattice structure. Due to the relatively
small differences in Young's modulus among
different orientations, there will be no more
concern about the cell orientation angle or the
loading direction in sheet-based Gyroid
structures. This makes this type of lattice
suitable for use in a bone regeneration scaffold
which might be subjected to unknown loadings.
Designing such regeneration scaffold is a
subject that can be addressed in our future
works.
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ABSTRACT

Aluminum manufactured with the Selective Laser Melting (SLM) method has been the subject of many
research due to the benefits it provides, especially when used in the automotive and aviation industries.
Therefore, it is important to examine and improve the mechanical properties of Al parts produced by the
SLM method. Many experiments are needed to examine and improve the mechanical properties of SLM
Al materials. This situation causes losses in terms of both time and cost. In this study, aims to estimate
the hardness values of SLM AlSi10Mg materials that have been aged. For this purpose, aging processes
were applied to SLM AlISi10Mg materials at different times and temperatures, and different machine
learning methods were used to predict the hardness values using the hardness values obtained because
of the process. Random Forest Regression (RFR) algorithm and Artificial Neural Network (ANN) were
used in the study. As a result of the study, it was determined that the hardness values estimated by the
ANN (R? 0.9276) method were close to the real hardness values. This is proof that it is possible to predict
hardness values using the machine learning method.

Keywords: SLM, AISi10Mg, Aging, Artificial Neural Networks, Machine Learning, Regression

1. INTRODUCTION many outstanding properties such as excellent
Additive Manufacturing (AM), unlike other corrosion resistance, thermal conductivity,
manufacturing methods, is used to create impressive  strength-to-weight ratio..Having
machine parts by adding materials step by step these properties, this alloy is preferred in areas
and covers all 3D manufacturing methods [1]. where high performance and lightness are
3D manufacturing technology has developed important. In addition, AISilOMg alloys are
considerably in recent years due to the increased preferred in complex designs due to their
need for personalized production, lightweight surface quality and superior stability properties.
structure design and smart production [2-5]. In In addition to all these features, it is compatible
addition, the 3D manufacturing method offers with metal 3D printing methods and selective
design freedom and low-cost opportunities due laser melting (SLM) method. For this reason, it
to low material loss [6]. Selective Laser Melting has become the preferred material in 3D
(SLM) method, one of the 3D manufacturing manufacturing [13,14]. The mechanical
methods, attracts attention due to its production properties of AlSil0Mg parts produced by the
accuracy and high designability [7-9]. Due to SLM method are significantly improved
these features, the SLM method is used in compared to the parts produced by the high-
industrial applications that require advanced pressure casting and die casting methods [15-
technology such as automotive, aviation and 17]. The mechanical properties of SLM parts
shipbuilding [10-12]. Steel, nickel, titanium and were improved by heat treatment [18-21]. Li
aluminum alloys are preferred as materials in and his colleagues determined that elongation
the SLM method. AlSilOMg materials have and the tensile strength can be improved by
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controlling the morphology of Si by applying a techniques in their studies to better understand
special heat treatment to the parts manufactured input relationships and identify factors in
by the AM method [22]. Thermal processes obtaining an optimized prediction model [26].
applied to Al-Si-Mg alloys are solution, Many researchers have successfully employed
quenching, natural or artificial aging. operations ANN, a machine learning technique noted for
[23]. If the solution process is applied to these its excellent reliability and prediction capability
alloys, spheroidization and structure become [17-29]. For this purpose in this study, aging
homogeneous in the Si phase [24]. In their processes were applied to SLM AlSil0Mg
study, Zhuo et al. determined that there was an materials at different times and temperatures,
increase in the elongation and a decrease in the and different machine learning methods were
strength of SLM samples subjected to stress used to predict the hardness values using the
relief annealing at 300 °C [8]. In their study, hardness values obtained because of the
Maamoun et al. concluded that high process.

temperature  solid solution heat-treatment

worsened the hardness values of the samples The rest of the paper is organized as follows; the
applied [25]. When literature is examined, it is materials and methods utilized in the study are
seen that controlling the process temperature described in Section 2. The application and
and waiting time is important during heat assessment of machine learning techniques on
treatment of the samples manufactured by the the experimental study data are described in
SLM method. Considering this situation, the Section 3. The last part concludes the study.
importance of optimizing the aging process

temperature, time and cooling environment to 2. MATERIAL AND METHOD

improve the mechanical properties of 2.1. Experimental Procedure

AlSilOMg parts manufactured by the SLM In this study, 20-70mm spherical AlSil0Mg
method emerges. Many experiments are needed powder was used. The chemical properties of
for optimization. For this reason, many the powder used in the study are given in Table
researchers have used various machine learning 1.

Table 1. Chemical Composition of AlSil0Mg
Element(%w) Al Si Fe Cu Mn Mg Zn Ti Ni Sn
Therest 9-11 <0.55 <0.05 <045 0,2-045 <0.1 <0.5 <0.05 <0.05

In this study, samples of AlSil0OMg material In this study, it was aimed to determine the
were manufactured by the SLM method. SLM effect of the aging process on the hardness of
samples were produced in a samples produced by the SLM method. For this
250mmx250mmx325mm  production room purpose, the aging processes applied to the
using Yb-fiber laser on the EOS M 290 samples are given in Table 2.

system.400W laser power, 7m/s scan speed,
100pum focus diameter and 100psi compressed
air application were selected as process
parameters in sample production. A prismatic
sample with dimensions of 10*10*5 mm was
used in the study.
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Table 2. Heat treatment parameters applied to the samples

Process

Parameter

Solution Heat Treatment

415°C 2 h solution HT + that water-cooled
415°C 2 h solution HT + air cooling

515°C 1.5 solution HT after that water cooling
540°C 1 h solution HT after that water cooling

Solution Heat Treatment + aging
treatment

515°C 1 h water cooling + 160°C 10h air cooling
515°C 1 h water cooling + 160°C 14h air cooling
515°C 1 h water cooling + 160°C 18h air cooling
515°C 1 h water cooling + 160°C 10h indoor cooling
515°C 1 h water cooling + 160°C 14h indoor cooling
515°C 1 h water cooling + 160°C 18h indoor cooling
540°C 1 h water cooling + 180°C 8h air cooling
540°C 1 h water cooling + 180°C 12h air cooling
540°C 1 h water cooling + 180°C 16h air cooling
540°C 1 h water cooling + 180°C 8h indoor cooling
540°C 1 h water cooling + 180°C 12h indoor cooling
540°C 1 h water cooling + 180°C 16h indoor cooling

The workflow of the study and aging process
applied for the study is given in Figure 1.

tempgrature (b)

A .
solution
heat treatment

aging treatment

{>time

Figure 1. (a) Workflow of the study (b) Heat
treatment procedure applied to Al1Si10Mg samples

In the experimental work, Protherm HLF100
type heat treatment furnace was used for the
aging process. In order to determine the change
in the hardness of the samples after the aging
process, the hardness values of the samples
were measured using the TTS Matsuzawa
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HWMMT-X3 micro hardness device with an
applied load of 10 g for 10 s.5 measurements
were made on each sample and the arithmetic
average was taken. Microstructural
examinations were carried out on samples with
and without the aging process. Before
microstructural examinations, the samples were
polished and then etched using Keller reagent
[30]. FEI QUANTA FEG 250 Scanning
electron Microscope (SEM) was used for
surface investigations.

2.2. Machine Learning Methods

In this study, aging processes were applied to
SLM AlSil10Mg materials at different times and
temperatures were used to predict the hardness
values. For this purpose, Artificial Neural
Network (ANN) and Random Forest Regressor
(RFR) methods, popular machine learning
methods, were used. Inspired by the human
brain, artificial neural networks (ANNSs) are
computer models that can identify patterns and
make decisions in a manner akin to that of
biological neurons [31]. They can learn from
data and generalize effectively to new cases,
which makes them useful in domains like
multivariable regression analyzes [32] and
image recognition [33]. The input layer, hidden
layers, and output layer are the three types of
ANNs (Figure 2). First, data is received at the
input layer and is processed using activation
functions through hidden layers. The outcome
of the classification or prediction is generated
by the output layer. Complex computations are
carried out via input layers, where each neuron
applies a non-linear activation function after a
linear translation. The model's prediction is
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produced by the final output layer, which is
typically a single neuron with linear activation
for regression tasks [34] or a softmax layer for
classification tasks [35]. Another popular
algorithm for regression problems is an
ensemble learning technique called the Random
Forest Regressor (RFR)(Figure 3). During
training, RFR entails creating many decision
trees and combining their predictions to
increase the robustness and performance of the
model [36]. This method improves the model's
capacity for generalization while lowering
overfitting. Bootstrap sampling, random feature
selection, and aggregate prediction are the main
elements of a random forest. A random portion
of the training data is used to train each tree, and
the total of all the trees' predictions is the final
forecast [35]. The performance of the model is
affected by the number of trees, the maximum
depth of the trees, and the minimum number of
samples required to split a node.

Figure 2. ANN structure of the study

B
1§, 59,98 4':3...*(4‘.4{ }.

AVERAGING
PREDICTED OUTPUT

Figure 3. RFR structure of the study

ANN s are efficient in learning detailed patterns
and interactions between features, making them
useful in complex, non-linear data contexts like
speech and image recognition [37]. On the other
hand, RFRs work better with structured data
that has distinct feature importance and
relationships, and they are more efficient with
simpler, piecewise linear data  [38].
Additionally, they can manage missing values
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without requiring a lot of preprocessing and are
resistant to overfitting. ANNs, however, are
computationally demanding and need a large
amount of memory and processing power with
numerous layers and parameters [39].
(Distributed computers and GPUs can speed up
ANN training, however RFRs are easier to train
and can be parallelized effectively [40]. ANNs
or RFRs are chosen based on the particular task
requirements, data type, and resource
availability.

2.3. Evaluation Metrics

Regression model performance in machine
learning is assessed using a number of metrics,
such as Root Mean Squared Error (RMSE),
Mean Absolute Error (MAE), and R-squared
(R?). These measures shed light on the accuracy
and error distribution of the model. The
percentage of the dependent variable's variation
that can be predicted from the independent
variables is shown by R?, sometimes referred to
as the coefficient of determination [41]. Higher
values of the ratio, which goes from 0 to 1,
denote greater match. The average size of errors
in a set of predictions, without considering their
direction, is measured by the MAE. It offers an
intuitive sense of the model's prediction
accuracy in the same units as the target variable,
making it simple to comprehend and apply [42].
The magnitude of the data, however, can have
an impact on MAE, which does not penalize
greater errors more than smaller ones. The
average magnitude of the error is measured by
the quadratic scoring procedure known as
RMSE. The square root of the average of the
squared discrepancies between the actual
observation and the prediction is what it is.
Because each term is squared before being
averaged and the square root is taken, RMSE
emphasizes greater errors more than smaller
ones [43]. Because it is sensitive to outliers and
penalizes greater errors more severely, it is
often utilized in situations where large errors are
especially undesirable.

When selecting amongst R-squared, MAE, and
RMSE to assess the effectiveness of a
regression model, it is crucial to take the
particular context and data type into account. R?
is helpful in determining the percentage of
variance that the model explains, but as it
doesn't take into consideration the size of the
mistakes, it should be used in conjunction with
other metrics [44]. In actual use, reporting a
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variety of metrics is frequently advantageous in
order to have a thorough grasp of the model's
performance. One can determine whether the
model's mistakes are consistently minimal or if
there are major outliers by combining the
analysis of MAE and RMSE. To sum up, R?,
MAE, and RMSE are useful metrics for
assessing regression model performance in
machine learning.

3. RESULTS AND EVALUATION

3.1. Experimental Results

The aim of this study was to estimate the change
in hardness during the aging process at different
temperatures, durations and cooling
environments. In addition, different solution
temperatures were selected. For this purpose,
AlSil10Mg samples manufactured by the SLM
method were subjected to the aging process.
While determining the solution temperatures for
the study, the Al-Si binary phase diagram in the
work of Silvia et al. was used and the binary
phase diagram is given in Figure 4. [45]. These
temperatures were chosen as 415, 515 and 540
°C below the eutectic point and agree with the
literature [46].

—— Equilibrium
1600 T, CALPHAD

T, approximated

x 1400 f
;: 200 é
s i
F 5004 800

Y
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400 : . : 200
0 10 20 30 40 50 60 70 80 80 100

Wi% Si
Figure 4. Phase diagram for Al-Si alloys [45]

The hardness values of the samples without
aging were determined as 65HV. The solution
temperature was 415°C, and the hardness values
for the samples selected for both air cooling and
water cooling were determined as 52 HRB
(95HV). 53HV was obtained for the samples
whose solution temperature was 540°C and the
cooling environment in water was selected. The
highest hardness value was measured as 57
HRB (102 HV) in the samples where the
solution temperature was 515°C and the cooling
medium was selected in water. After the
solution process, Si particles and coarsening of
the grain structure occurred. Additionally,
during the solution process, the amount of
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dissolved Si in Al decreased, which agrees with
the literature [47-48]. The coarsening in the
microstructure and the decrease in the amount
of Si caused a decrease in the hardness of the
AlSilOMg alloy manufactured by the SLM
method after the solution process. The decrease
in Si content in Al and the coarsened
microstructure will lead to a decrease in the
hardness of the SLM AIlSil10Mg alloy after
solution processing. In addition, the samples
were taken into solution for 1 hour at 515 °C
and 540 °C, and then aged at 160 °C for 10h,
14h and 18h. After the aging process, air and
indoor were chosen as the cooling medium.
When the samples in which water was used as
the cooling medium were examined, it was
determined that the highest hardness value was
86 HV in the samples with 14h aging process.
These samples were followed by samples aged
18 h with a hardness value of 78 HRB (150 HV)
and 10 h with a hardness value of 74 HRB (139
HV). When the hardness values were examined,
the decrease in the hardness value with
increasing processing time was determined to
be a result of excessive aging. Additionally,
with the quenching process, Si particles become
spherical [49]. The quenching process causes
rapid cooling and precipitation is stopped. The
precipitates resulting from the solution process
are thus stopped. During the aging process,
these precipitates grow in the Al matrix and are
evenly distributed in the matrix [14]. This
allows us to adjust the mechanical properties of
the AlSi10Mg alloy produced by SLM [50,51].
When the samples in which the cooling medium
was selected as a indoor were examined, it was
determined that the highest hardness value was
73 HRB (137 HV) in the samples with 10h
aging process. These samples were followed by
samples that were aged for 18h with a hardness
value of 68 HRB (122 HV) and 14h with a
hardness value of 64 HRB (112 HV). If the
cooling medium was selected as a indoor, the
hardness values obtained were lower than when
cooled in air. Uncontrolled cooling process
causes the formation of undesirable precipitate
phases. These precipitations will cause a
decrease in hardness. Additionally, this can be
explained because of over aging. A correct
cooling process should be as slow as possible
and as fast as necessary [50]. When the hardness
values of the samples, where the solution
temperature was selected as 540°C and air
cooling was applied after aging at 160°C for 8h,
12h and 16h, were examined, the hardness
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values were obtained as 67 HRB (120 HV), 62 °C. When the hardness values of the samples
HRB (110 HV) and 57 HRB (100 HV) at 12h, whose solution temperature was selected as
16h and 8h processing times, respectively. has 540°C and which were cooled in the indoor after
been made. This situation is similar to the aging at 160°C for 8h, 12h and 16h were

samples that were subjected to solution at 515

)

Figure 5. SEM images of the samples subjected to at different solution treatment, aging temperature
and time (a) 515°C 1 h water cooling + 160°C 18h indoor cooling (b) 515°C 1 h water cooling + 160°C
14h indoor cooling (c) 540°C 1 h water cooling + 180°C 16h air cooling (d) 415°C 2 h water cooling
(e) 515°C 1 h water cooling + 160°C 14h air cooling (f) 540°C 1 h water cooling + 180°C 12h air

cooling
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examined, it was determined that the highest
hardness value was obtained in the samples with
16h aging (59 HRB (105 HV)).The slow
cooling rate in the indoor cooling process
increased precipitation formation and caused a
decrease  in  hardness. = Microstructure
examinations of AlSilOMg samples, which
were manufactured by the SLM method and
then aged by solution at different temperatures
and times, were examined. SEM images of the
samples subjected to at different solution
treatment, aging temperature and time are
shown in Figure 5 is given. With the solution
taking process, coarsening occurred in the Si
grain structure. Si particles have a fish-scale and
column-shaped structure. However, it was
determined that this Si structure was disrupted
after the solution process. Additionally, as the
processing time increased, the hardness
increased. However, as the processing time
increased further, the grains became coarser and
the equilibrium solubility decreased, resulting
in a decrease in hardness.

3.2. Dataset

In this paper, it is aimed to estimate the hardness
values of SLM AISi10Mg materials that have
aged with different temperatures and time. The
experimental measurement data consists of
solution heat treatment temperature (I1),
solutution treatment process time (12), aging
treatment temperature (13), aging process time
(I4) and environment (I5) are used as inputs,
while hardness value (O) is used as an output.
For SLM AISil0Mg examples, 12 distinct
measurement data are available. Different
training-test percentages was analyzed and then
best results was founded as 80% of this data for
training and the rest of the data for test.

3.3. Implementation Details

The suggested machine learning techniques in
the study's application section  were
implemented using Python. GridSearchCV [63]
was used to run algorithms and tune parameters
on a computer system equipped with an Intel
Core 17 13650HX Turbo Boost 4.9 GHz CPU
and 16 GB RAM. The hidden layer of the ANN
algorithm contains 1024 units. Batch size is 50,
learning rate is 0.01, epoch is 100, and
activation function is linear. The settings of the
RFR method are as follows: random_state = 20,
max_depth = 5, squared_error = criteria, and
n_estimators = 100.
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3.4. Testing and Evaluation

To use machine learning techniques, it is
essential to correctly identify the features in the
dataset. Consequently, the developed model can
predict the properties of various combinations
of aluminum materials that have not yet been
developed, speeding up the search for workable
materials with hardness values. Given this, the
study proposed that machine learning models
can be used to generate high-performing
materials. Furthermore, ML techniques' ability
to estimate data is significantly influenced by
the quantity and caliber of the input dataset.
Furthermore, the variety and breadth of input
features can fully describe the underlying
mechanisms. Using ML models to determine
the hardness value, the algorithms' performance
was evaluated in terms of R, RMSE, and MAE
values (Table 3). R? 0.9276, RMSE 0.0804, and
MAE 0.0626 were the best outcomes for the
ANN algorithm (Figure 6).

Hardness Comparison of Actual and ML Prediction Values

Hardness

]

—iicrual  e—RTR Predicrion ANN Predictio

Figure 6. Comparison of actual and predicted values

Table 3. Estimation performances ML algorithms
for hardness value estimation of different aluminum
materials

Evaluation Metrics ANN RFR
R? 0.9276  0.8930
RMSE 0.0804  0.0978
MAE 0.0626  0.090

The results show that in order to obtain the
aluminum material with the highest hardness
value, the ML algorithms produce results that
significantly not different from the actual test
data. The potential costs and waste of
experiment time are decreased when machine
learning algorithms are used for prediction
tasks.

4. RESULTS

Aluminum metals are frequently used in many
areas. Experiments are being carried out to
obtain a durable and hard aluminum, and
conducting many experiments creates a burden
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in terms of time and cost. For this reason, trying
to obtain experimental results using machine
learning methods from a certain number of
experimental data without further experiments
is a frequently used method. In this paper, the
hardness values of aluminum materials that
were aged for different periods of time in
different environments were tried to be
estimated by using ANN and RFR methods,
which are well-known machine learning
methods. When the experimental results were
examined, a 26% increase in hardness was
obtained in the samples subjected to 515
solution soaking and 160 14-hour aging
processes. The results obtained were evaluated
with performance measurement metrics such as
R?, RMSE and MAE, and it was shown that the
ANN algorithm gave the best results and
machine learning methods can be used
successfully in satisfying the hardness values of
aluminum materials. Therefore, it has been
determined that being able to estimate
aluminum materials without trying each time is
advantageous in terms of time and cost.
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ABSTRACT

Porous structures are of great interest in biomedical and engineering applications due to their light
weight, high mechanical strength, and biological compatibility. In this study, based on the widespread
use of gyroid structures in bone scaffolds and their potential to adapt to the heterogeneous mechanical
properties of bone tissue, the effect of geometric arrangements on mechanical strength was investigated.
Using the tri-periodic minimal surface trigonometric function, the reference model G(0) with 80%
porosity was taken as a basis, and three different geometries were created by reducing the unit cell of
the gyroid on the y-axis by 25% (G(-25)), keeping it constant (G(0)), and enlarging it by 25% (G(+25)).
Using the biomaterial PLA, these non-isotropic structures were fabricated through Fused Deposition
Modeling (FDM) and 3D printed in the longitudinal and lateral axes, then subjected to compression
tests. The compression test results showed that the printing direction and loading direction play a
decisive role in mechanical strength. Especially when the printing and loading directions were the same,
an increase in strength was observed, with the G(-25) model exhibiting 37.8% higher strength than G(0)
in the PLt-CLt (Printed Lateral — Compression Lateral) configuration. Conversely, increasing the pore
size resulted in a 14.7% reduction in strength for G(-25) compared to G(0). Furthermore, when the
printing and loading directions were aligned, the lateral axis exhibited 38.4% higher strength than the
longitudinal axis in the G(-25) model. It was found that the arrangement of the pores parallel to the load
direction minimized strength loss, and the increase in porosity did not significantly affect mechanical
strength. In addition, the structure of the compression layers before and after the test was examined in
detail by SEM analysis. The findings show that the geometrical arrangements of the gyroid structures
have a significant effect on mechanical strength and that these structures can be optimized and used in
biomedical applications.

Keywords: FDM, PLA, Gyroid Structure, Porosity, Bone Scaffold, Anisotropic Structure.

1. INTRODUCTION interconnected porous structure, and offer a
Porous structures are of great interest in favorable environment for bone regeneration by
biomedical and engineering applications due to promoting cell adhesion and proliferation [3-4].
their properties such as light weight, high Gyroid structures represent an important
mechanical strength and biocompatibility. In subgroup of TPMS and are widely used in tissue
particular, Triply Periodic Minimal Surface engineering, implant design and other
(TPMS) have become an important focus for biomedical applications. Their interconnected
scaffold design in biomedical applications. The porous network facilitates essential biological
unique geometric properties of TPMS structures processes such as cell infiltration,
allow them to mimic the mechanical behavior vascularization, and nutrient transport, which
of natural bone, making them promising are critical for the regeneration of both bone and
candidates for bone tissue engineering [1-2]. soft tissues. These properties enhance
These surfaces are characterized by zero mean osteointegration by promoting osteoblast
curvature, high surface-to-volume ratio, and adhesion and  proliferation, ultimately
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improving implant stability [5-6]. Furthermore,
studies indicate that gyroid scaffolds provide a
more uniform stress distribution compared to
conventional strut-based lattice structures,
leading to enhanced mechanical performance
and reduced stress concentrations [7-8]. Gyroid
structures offer an ideal option for load-bearing
implants due to their unique mechanical
performance and  biocompatibility.  For
example, Eltlhawy et al. [9] demonstrated that
gyroid cellular titanium is compatible with the
mechanical properties of human bone and
exhibits a 70% stiffness reduction, increasing
the potential for successful integration in
orthopedic applications. Pore size and porosity
also significantly affect the performance of
these structures. In the same study, a pore size
of 500 um and a porosity of approximately 77%
were reported to promote bone growth and
increase bone-implant fixation stability. The
advantages of gyroid structures in terms of
stress distribution are noted for their lower
stress concentrations compared to conventional
support-based lattice structures. Hayashi et al.
[8] showed that stress distribution in gyroid
scaffolds is more homogeneous and that these
structures outperform conventional scaffolds in
terms of both strength and bone regeneration
capabilities. In Ali's study [10], it was shown
that the anisotropic properties of gyroid
structures adapt to the mechanical and
biological behavior of the bone structure. In the
study, elastic modulus and permeability
analyses were performed on gyroid scaffolds
designed using different geometric variations
and it was determined that these structures
exhibit bone-like properties. The energy
absorption capacity of gyroid structures is also
superior to other porous structures. Hayashi et
al. [8] determined that gyroid structures exhibit
three times more specific energy absorption
under pressure compared to other lattice
structures.

The role of porosity and pore size in the design
of gyroid and similar scaffolds is critical. Pore
sizes have direct effects on cell infiltration,
nutrient transport and mechanical strength [11-
12]. Naghavi et al. [13] showed that gyroid
structures with porosity between 52% and 66%
exhibited hardness (4-5.8 GPa) and yield
strength (120-225 MPa) similar to cortical bone.
This was confirmed by Musthafa's study[14],
which showed that structures with pore sizes
smaller than 800 p can offer mechanical
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properties in the range of cortical bone. When
the effect of pore size on mechanical strength
was examined, Wu et al. [15] reported that
smaller pore sizes increase compressive
strength and there is an inverse relationship
between pore size and mechanical strength.
Caiazzo et al. [16] showed that the mechanical
properties of Gyroid structures can be tuned by
varying unit cell sizes and porosity ratios, thus
optimizing the elastic modulus and compressive
strength.

The mechanical properties of additively
manufactured lattice structures show significant
changes depending on parameters such as unit
cell size and loading direction. For example,
when the unit cell size is increased from 2 mm
to 8 mm in 316L stainless steel gyroid lattice
structures, the yield strength and elastic
modulus decrease by 63.43% and 63.74%,
respectively [17]. Similarly, the compressive
modulus and compressive strength decrease by
10.33% and 29.45%, respectively [18].
Significant differences were also observed
depending on the loading direction, and the
elastic modulus of gyroid trusses produced in
perpendicular direction was found to be 22.95%
higher than those produced in parallel direction
[17]. These data show that unit cell size and
loading direction play a critical role in the
design process of lattice structures and the
mechanical properties should be optimized
according to the targeted application.

Cellular structures are essential in engineering
and biomedical applications due to their high
specific strength, energy absorption capacity,
and material efficiency [19]. TPMS structures
ensure homogeneous stress distribution and
superior mechanical performance, offering
advantages over traditional lattices [18-19].
Conventional manufacturing methods are
inadequate for producing such complex
geometries, whereas additive manufacturing
(AM) optimizes material usage, reduces
production time, and minimizes waste. Among
AM techniques, Selective Laser Melting (SLM)
and Fused Deposition Modeling (FDM) excel in
fabricating intricate cellular architectures with
precise control over porosity and mechanical
properties [18]. These advancements expand
applications in aerospace, biomedical, and
automotive industries.



Karaca et al., /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 9:1 (2025) 63-72

In this study, the reference model G(0) was
designed with a constant porosity of 80%, and
three different geometries were obtained by
reducing the unit cell of the gyroid structure on
one axis by 25% (G(-25)), keeping it constant
(G(0)) and enlarging it by 25% (G(+25)). The
structures were 3D printed in two different
directions in the longitudinal and lateral axes
using the biomaterial Polylactic acid (PLA) and
subjected to compression tests. The effect of
printing direction, loading direction and
porosity orientation on the mechanical
properties of the obtained models were
investigated. In addition, Scanning Electron
Microscopy (SEM) images of the samples were
taken after the mechanical tests and the
adhesion and delamination between the printing
layers were examined.

2. MATERIALS AND METHODS

2.1. Modeling and Geometric Structure

The basic surfaces of the skeletons were
designed using the program K3Dsurf
(k3dsurf.sourceforge.net). This design is based
on the trigonometric function cos(x) sin(oy) +

cos(ay)sin(z) + cos(z)sin(x) = 0. For each
model, the unit cells were repeated four times
on three axes (X, y and z) to obtain a cube
structure with a total of 64-unit cells.
Information about the model unit cells and
geometric parameters are given in Figure 1 and
Table 1. The unit cell length was obtained in x,
vy, z on the boundary [-m, 7]. For the models
with scaling coefficients defined as -25%, 0%
and 25%, a values were set as 0.75, 1 and 1.25,
respectively. These models are named G(-25),
G(0) and G(+25) according to the scaling
percentage. SolidWorks software was used to
thicken the surfaces and create solid models.
The thickness of the scaffold walls was
determined as 400 um, and these structures
were fabricated using Fused Deposition
Modeling (FDM), a widely used additive
manufacturing technique. FDM was chosen due
to its capability to produce complex porous
structures with high accuracy using PLA
material. These structures can be easily
manufactured with additive manufacturing
technologies [20].

(d
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Figure 1. Unit cells of the designed gyroid structures: (a) G(-25), (b) G(0), (c) G(+25); full models: (d) G(-25),
(e) G(0), (f) G(+25).

Table 1. Dimensions of the unit cell and the
corresponding scaffold model (mm).

Model
Dimensions G(-25) G(0) G(+25)
dx and dz 6,20 6,20 6,20
dy 4,58 6,20 7,72
Lx and Lz 25,54 25,55 25,33
Ly 19,09 25,32 31,54

2.2. Production of Samples

In this study, PLA filament was chosen for
sample production due to its biocompatibility,
biodegradability, and non-toxic degradation
products. Widely used in scaffolds, drug
delivery, and tissue engineering, PLA supports
cell adhesion and reduces inflammation, as
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shown in both in vitro and in vivo studies [21-
23]. The properties of the Flashforge PLA Pro
filament are listed in Table 2.

Table 2. Mechanical and physical properties of
PLA Pro filament used [24].

Property 1 units T\Xglil(l::l
Density 1181(8)3 g/cm? 1.25~1.26
C R
glrc:;ﬁation at 252(77 % 14.5~16.5
E/{:itllify of 1552? MPa  950~1050
Iszt?;in;lfact 1128 KI/m>  9.5~10.5

The samples were produced using the Flash
Forge Creator 3 Pro printer in accordance with
the parameters specified in Table 3.

Table 3. Printing Parameters.
Flash Forge - Creator 3

Parameters

Pro
Material PLA
Nozzle Diameter 0,4 mm
Printing Precision 0,1 mm
TeEIr)l(lt)religzre 210°C
Bed Temperature 60 °C
Infill Density % 100
Layer Thickness 0,18 mm
Print Speed 60 mm/s
Infill Pattern Lines
Number of Wall
Lines 3

In order to evaluate the effect of printing
direction on mechanical properties, the
specimens were printed in two different axes.
As shown in Figure 2, the designed specimens
were first printed in the longitudinal axis, then
rotated 90° around the y-axis and printed in the
lateral axis.
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Figure 2. Gyroid structures produced in the longitudinal compression direction: (a) G(-25), (b) G(0) and (c)
G(+25). Gyroid structures produced in the lateral compression direction: (d) G(-25), (¢) G(0) and (f) G(+25).
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2.3. Experimental Studies

Compression tests were performed on the
successfully manufactured specimens. The
sample specimens produced in the lateral
direction are shown in Figure 3(a). The
compression tests were conducted using a
Zwick Z600 (Figure 3(b)) testing machine, with
the test speed set to 2 mm/min in accordance
with the ISO 604 standard. During the test, a
deformation of 5 mm was applied to the
specimens. Before and after the compression
test, the structure of the specimens was
examined by SEM. During the examinations,
low levels of filamentation and porosity
formation were observed in some areas, but it
was observed that these formations were not
significant and were not at a density that would
adversely affect the mechanical performance. In
addition, there was no visible delamination
between the printing layers as a result of
printing or detectable by SEM (Figure 3(c) and
Figure 3(d)).

Analysis of the post-compression images
revealed that the observed fracture behavior was

Figure 3. (2) 3D printed G(-25), G(0) and G(+25) sa

The compression test result graphs are given in
Figure 4. The graphs compare the engineering
stress-strain behavior (Figures 4a-4d), ultimate

/

predominantly planar, with failure occurring
along planes parallel to the compression
direction. The narrowing effect observed under
loading, as indicated in Figure 3(b), suggests
localized stress concentrations that led to
structural failure along these planes. The
schematic representation within the figure
further illustrates the deformation mechanism,
showing that structural collapse primarily
followed the interconnected porous architecture
of the gyroid structure. No significant
orthogonal fractures were detected, as no cracks
propagating perpendicularly to the compression
axis were observed.

The stringing behavior can be affected by
printing parameters such as nozzle temperature,
print speed and retraction settings. To solve this
problem, strategies such as decreasing the
nozzle temperature, increasing the printing
speed and optimizing the retraction settings
have been proposed [25-27].

mples, (b) Compression test of tile gyroid scaffold samples
before and after loading, (¢) 200 um scale SEM image, (d) 1 mm scale SEM image.
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compressive  strength  (Figure 4e) and
deformation at maximum force (Figure 4f) of
gyroid specimens of three different structures
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(G(-25), G(0), G(+25)) under compression

(PLo: Printed Longitudinal, PLt: Printed
Lateral) and loading (CLo: Compression
Longitudinal, CLt: Compression Lateral)

conditions in different directions.

In Figures 4a and 4c, G(+25) specimens
exhibited higher yield strength and ultimate
compressive strength under PLo-CLo and PLa-
CLt conditions, followed by G(0) and G(-25),
respectively. Figure 4b and Figure 4d show that
G(-25) specimens exhibited higher yield
strength and ultimate compressive strength,
followed by G(0) and G(+25), respectively.
According to Figure 4e, the highest ultimate
compressive strength was observed in the PLt-

CLt G(-25) sample. This result was followed by
PLo-CLo G(+25) and PLo-CLo G(0) samples,
respectively. These findings reveal that when
the printing direction and the test direction are
the same, the material shows higher strength
compared to other conditions. Similar results
have been reported in the literature. Studies
show that mechanical properties such as tensile,
compressive and flexural strength increase
significantly when the loading occurs in the
same direction as the compression direction[28-
311
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Figure 4. Engineering stress-strain curves and mechanical properties of compression tests at different
compression and loading directions: (a) PLo-CLo, (b) PLo-CLa, (¢) PLa-CLo, (d) stress-strain curves for PLa-
CLa cases, (e) Ultimate compressive strength and (f) Deformation values at maximum force.
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When PLt-CLt and PLo-CLt specimens are
examined in Figures 4(b) and 4(d), the highest
strength was observed at G(-25), followed by
G(0) and G(+25), respectively. This is in line
with the literature and can be explained by the
effect of porosity on mechanical strength. The
decrease in porosity improved the mechanical
properties [32-33]. However, this result was
reversed in PLo-CLo and PLt-CLo specimens.
The probable reason for this is that the parallel
arrangement of the pores to the load direction
minimizes the strength loss and the increase in
pores does not significantly affect the
mechanical strength since the load carrying
paths are not completely broken. Figure 5 shows
the porosity distribution and dimensions of the
specimens in the longitudinal and lateral
directions. In the longitudinal direction, the
width of the pores remained constant while the
size of the pores changed. In the lateral
direction, the heights of the pores are constant
and the widths change. When these changes
were analyzed, it was observed that the porosity
widths in the longitudinal direction remained
constant and were 1.16 mm. However, there
were differences in the height values; the height

was measured as 0.78 mm for the G(-25) model,
1.16 mm for the G(0) model and 1.56 mm for
the G(+25) model. In the lateral direction, the
height values remained constant and were
determined as 1.16 units. On the other hand, the
width values changed and were measured as
0.78 mm for the G(-25) model, 1.16 mm for the
G(0) model and 1.56 mm for the G(+25) model.
Similar studies have shown that the mechanical
strength of the material is higher when the pores
are arranged parallel to the load direction. This
is because the pores do not completely break the
load carrying paths and minimize the strength
loss[34-36]. In this case, the increase in porosity
does not significantly affect the mechanical
strength. On the other hand, in alignments
perpendicular to the load direction, the pores
interfere with load transfer and cause a decrease
in strength. These findings indicate that pore
orientation and loading direction play an
important role in the mechanical properties of
the material. In general, structure orientation
and compression direction in scaffolds lead to
significant differences in mechanical strength
and deformation behavior.

Longitidunal

Figure 5. Pore shape and size of the specimens (mm): Longitudinal direction (a) G(-25), (b) G(0) and (c)
G(+25); Lateral direction (d) G(-25), (¢) G(0) and (f) G(+25).

69



Karaca et al., /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 9:1 (2025) 63-72

3. CONCLUSIONS

In this study, the effect of geometric variations
and compression-loading directions on the
mechanical strength of gyroid structures is
investigated in detail. Taking the G(0) model
with constant 80% porosity as a reference, three
different geometries with 25% reduction (G(-
25)) and 25% enlargement (G(+25)) of the unit
cell on the y-axis were evaluated. The findings
are summarized as follows:

e Strength  increased  when  the
compression direction and loading
direction were the same: Overlapping
the loading direction with the
compression direction improved the
load carrying capacity by increasing the
interlayer  integrity. The  G(-25)
geometry showed the highest strength
in the longitudinal direction.

e The strength differed in the longitudinal
and lateral axes: Specimens produced
in the longitudinal direction exhibited
higher strength than those produced in
the lateral direction due to the
alignment of the filaments in the load
direction.

e The reduction in pore size increased the
mechanical strength: Smaller pore sizes
improved the strength by making
deformation of the scaffold structure
more difficult. The G(-25) geometry
therefore provided the best
performance.

e The alignment of the pores parallel to
the load direction improved the
strength: Alignment of the pores
parallel to the load direction minimized
the strength loss, while alignment
perpendicular to the load direction
resulted in a decrease in mechanical
strength.

In conclusion, this study revealed that
geometrical optimization of gyroid structures,
compression-loading  directions and pore
distribution significantly affect the mechanical
strength. The usability of these structures in
biomedical applications such as bone tissue
engineering can be enhanced by accurately
optimizing the geometric parameters. The
results of this study further emphasize that
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gyroid and similar architectural scaffolds are
good alternatives for non-isometric bone.
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ABSTRACT

With advancements in technology, three-dimensional (3D) medical imaging has become vital in modern
medicine, contributing to more accurate diagnosis, treatment planning, and personalized medicine.
However, segmenting abdominal organs remains a challenging task due to anatomical variations, limited
labeled data, and image noise. This study investigates the impact of deep learning-based architectures
and preprocessing techniques on 3D organ segmentation using the publicly available Multi-Atlas
Labeling Beyond the Cranial Vault (BTCV) dataset. To achieve this, 3D U-Net, UNETR, and
SwinUNETR models were employed, and the effects of various preprocessing techniques and loss
functions, including Dice Loss, Focal Loss, and Cross-Entropy Loss, were systematically analyzed. The
findings reveal that combining Dice Loss with Cross-Entropy Loss significantly enhances segmentation
performance. Additionally, preprocessing techniques improved segmentation accuracy by 1.19%,
further optimizing model performance. Among the evaluated models, 3D U-Net achieved the highest
overall segmentation performance, with an average Dice score of 0.8397, outperforming SwinUNETR
and UNETR. These findings underscore the importance of selecting appropriate preprocessing methods
and loss functions in 3D medical image segmentation. The results contribute to more precise and
efficient medical image analysis, with potential applications in clinical decision support systems. Future
research should focus on optimizing hybrid architectures, integrating advanced augmentation strategies,
and expanding evaluation across multiple datasets to improve the robustness and real-world applicability
of automated segmentation methods.

Keywords: Deep Learning, Image Processing, 3D Image Segmentation, Medical Image Analysis, 3D
U-Net, UNETR, SwinUNETR.

1. INTRODUCTION Advancements in artificial intelligence,
Medical imaging systems and medical images particularly in deep learning, have led to
have long been a fundamental part of medicine. significant progress in automatic image
Developments in medical imaging systems have analysis[3]. Unlike traditional image processing
enabled the development of new approaches in and machine learning methods, deep learning
early diagnosis of diseases, treatment planning, techniques automatically extract distinctive
and monitoring of the treatment process[1]. features from images, making them highly
However, medical image analysis, effective in segmentation, classification,
interpretation, and reporting are usually time- detection, and registration tasks[4]. Thanks to
consuming and require expertise. In particular, this advanced feature, deep learning models
manual segmentation applications in medical exhibit superior performance in challenging
images are labor-intensive, prone to inter- tasks such as segmentation, classification,
observer  variability, and subject to detection, and registration of images. The
inconsistencies[2]. For this reason, studies on success of deep learning in medical image
automatic analysis of medical images have analysis has led to an increasing number of
continued to be popular for years. studies applying these methods for automatic

segmentation[3,5-6].  According to the
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literature, segmentation studies have a small
proportion compared to other tasks in the field
of medical image analysis. Compared to tasks
like classification and detection, medical image
segmentation remains a less explored area due
to challenges such as limited annotated
datasets[7], high computational costs[6], the
complexity of medical image features[3],
evaluation difficulties[8], and the integration of
automated methods into clinical workflows[9].

Segmentation is a process used to separate
targeted anatomical structures (organs, lesions,
etc.) from other structures in medical
images[10]. This process is the most critical
step in many clinical applications, such as
disease diagnosis, treatment planning, surgical
interventions, and monitoring of the disease
process, providing quantitative and objective
information[11]. Accurate  segmentation
facilitates better treatment decisions and
enables more efficient monitoring of disease
progression. While manual segmentation can be
time-consuming and subjective, automatic
segmentation methods reduce the workload and
provide more consistent results[12]. Deep
learning models, particularly Convolutional
Neural Networks (CNNs) and their derivatives,
have demonstrated superior performance over
conventional segmentation
approaches[13].Accurate and reliable organ
segmentation in medical images is important in
clinical applications in disease diagnosis,
treatment  planning, treatment  process
monitoring, surgical planning, and navigation
systems [14]. Despite their success, medical
image segmentation models still face
challenges, such as variations in organ shapes,
poor image contrast, and noise-related artifacts.
In organ segmentation, it is possible to analyze
medical images in 2D and 3D. Literature studies
show that 2D image analysis is more widely
preferred than 3D. Possible reasons for this
situation can be listed as follows [3,7,10,11,15];

» 2D images can be easily obtained, and
therefore, data sets can be easily
created,

» 2D image analysis has lower
computational costs than 3D images,

» 3D images need more preprocessing,

» Ease of comparison due to testing old
methods on 2D images,

» Ease of visualization and interpretation
of 2D images
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In addition, there are some advantages of
segmenting medical images in 3D instead of 2D
segmentation that provide more successful
segmentation. For example[14,16,17];

» 3D segmentation methods provide
more  consistent and  accurate
segmentation by preserving volumetric
information and spatial relationships
between neighboring slices and using
contextual information.

» Preserving contextual information
between neighboring pixels increases
segmentation performance in noisy or
low-contrast regions .

» When 3D medical images are analyzed
in 2D, errors caused by shifts between
slices are not considered. More accurate
results can be obtained by reducing
projection effects with 3D
segmentation  methods.  This is
especially important in surgical
planning or navigation systems .

Since 2D segmentation methods work
independently for each slice, they need to be
repeated on the 3D volume. This increases
computational cost and is an inefficient process.
3D segmentation methods work directly on the
3D volume using efficient architectures such as
3D convolutional neural networks and
significantly reduce computational time [18].

However, these advantages of 3D images bring
some difficulties. Handling 3D data in parallel
necessitates the use of high computation
hardware. Moreover, 3D organ segmentation is
challenging due to the large data size, variations
in the shape and appearance of organs, and
image noise and artifacts[10]. From another
perspective, deep learning-based approaches
have the potential to automatically learn
meaningful features from 3D medical images
and increase segmentation accuracy[9].

The primary purpose of this study is to perform
high-performance 3D  abdominal organ
segmentation using deep learning methods. As
mentioned, abdominal organ segmentation is an
essential problem in medical image analysis.
Still, it is a challenging task due to the complex
anatomy of organs, image quality issues, and
high variability between organs [14]. Existing
2D segmentation methods show limited
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performance in 2D organ segmentation since
they cannot fully capture 3D volumetric
information. Therefore, 3D segmentation
methods that take into account 3D contextual
information and volumetric morphology of
organs contribute to the development of
existing automatic segmentation systems. In the
scope of the study, the performances of 3D U-
Net [16], UNETR [19], and SwinUNETR [20]
models, which are deep learning-based 3D
segmentation architectures that have been
widely used in recent years, were comparatively
evaluated. These models aim to perform organ
segmentation by extracting meaningful
volumetric features from 3D medical images
using 3D convolutional neural networks (CNN)
and transformer-based approaches. In addition
to deep learning-based 3D segmentation
architectures, the effects of morphological
image preprocessing and different loss
functions on segmentation performance were
also investigated in the study. In addition, the
impact of data augmentation techniques on 3D
organ segmentation was also analyzed in the
scope of the study. Data augmentation methods
can increase the generalization ability of deep
learning models, especially in cases with
limited training examples. Therefore, the aim is
to make the models robust against different
variations by applying different data
augmentation methods.

The rest of this paper is structured as follows:
Section 2 presents the related work,
summarizing previous research on 3D medical
image segmentation and highlighting key
advancements in  deep learning-based
approaches. Section 3 describes the materials
and methods used in this study, detailing the
dataset, preprocessing techniques, and model
configurations.  Section 4 presents the
experimental results, comparing different
segmentation approaches and analyzing their
effectiveness. Finally, Section 5 concludes the
paper by summarizing key findings and
discussing potential future research directions.

2. RELATED WORKS

In recent years, deep learning-based
approaches, especially convolutional neural
networks (CNN) and transformer architectures,
have shown impressive results in medical image
segmentation|[3, 5].

U-Net[13] and V-Net[21] are considered the
leading CNN architectures in medical image
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segmentation. Cigek et al. [16] introduced 3D
U-Net, an extension of the U-Net model,
designed for volumetric medical image
segmentation. The study aimed to improve
segmentation performance in 3D medical
imaging, particularly in cases with sparse
annotations where manual labeling is limited.
The proposed model replaces 2D convolutions
with 3D convolutional layers, enabling better
feature extraction for volumetric data. The
model was evaluated on electron microscopy
(EM) data for neuron segmentation and
magnetic resonance imaging (MRI) data for
brain tumor segmentation. Experimental results
demonstrated that 3D U-Net significantly
outperformed traditional 2D approaches,
particularly in segmenting small and complex
structures. The model achieved a Jaccard score
(IoU) of 0.853 in neuron segmentation and a
Dice Similarity Coefficient (DSC) of 0.897 in
brain tumor segmentation. These results
highlight the effectiveness of 3D U-Net in
handling volumetric medical images, even
when trained on limited labeled data, making it
a valuable tool for automated medical image
analysis.

Milletari et al. [21] introduced V-Net, a fully
convolutional neural network (FCN) designed
for volumetric medical image segmentation,
particularly prostate segmentation in MRI
scans. The study aimed to overcome the
limitations of 2D CNNs by utilizing 3D
convolutional layers, allowing the model to
learn spatial context across entire volumetric
images. A key innovation of V-Net is the
introduction of a Dice loss function, which is
optimized directly during training. This loss
function effectively addresses the class
imbalance issue, which is common in medical
image segmentation, by prioritizing foreground
voxels without requiring manual weighting. The
model was trained and evaluated on the
PROMISE12[22] prostate MRI dataset,
consisting of 50 training and 30 test volumes.
The experimental results demonstrated that V-
Net achieved a Dice similarity coefficient
(DSC) of 0.869, outperforming standard CNN-
based approaches. The study also highlighted
that V-Net significantly reduced segmentation
time, achieving inference in just 1 second per
MRI volume, making it suitable for real-time
clinical applications.

Recently, Transformer architectures have
shown remarkable performance in medical
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image segmentation. Hatamizadeh et al. [19]
proposed UNETR, a transformer-based model
for 3D medical image segmentation, addressing
the limitations of CNNs in capturing long-range
dependencies. Unlike traditional methods,
UNETR employs a Vision Transformer (ViT)
encoder, processing 3D volumes as sequential
patches, which enhances global context
understanding. The model connects the
transformer encoder to a CNN-based decoder
via skip connections for precise segmentation.
Evaluated on BTCV and MSD datasets,
UNETR achieved 0.856 Dice in BTCV multi-

organ  segmentation, 0.964 in  spleen
segmentation, and 0.711 in brain tumor
segmentation, outperforming state-of-the-art

CNN and hybrid models. These results
highlight UNETR’s superior performance in
volumetric medical image segmentation,
establishing it as a strong candidate for future
transformer-based segmentation models.

Chen et al. [23] introduced TransUNet, a hybrid
model combining CNNs and Transformers for
medical image segmentation. The study aimed
to overcome CNNs’ limitations in capturing
long-range dependencies while maintaining
precise localization through U-Net-like skip
connections. Evaluated on the Synapse multi-
organ CT dataset, TransUNet achieved 77.48%
Dice score, outperforming CNN-based and
transformer-only methods. Similarly, on the
ACDC cardiac segmentation dataset, it
achieved 89.71% Dice score, surpassing
competing models. These results highlight
TransUNet’s effectiveness in balancing global
context understanding with fine-grained spatial
details, making it a strong alternative to
traditional FCN-based segmentation models.

Cao et al. [20] introduced SwinUNETR, a U-
Net-like architecture incorporating Swin
Transformer blocks to enhance medical image
segmentation. The study aimed to overcome the
locality limitations of CNNs while reducing the
high computational cost of standard
Transformers. Unlike conventional U-Net
models, SwinUNETR leverages hierarchical
shifted window attention to capture both local
and global dependencies efficiently. The model
was evaluated on Synapse multi-organ
segmentation (CT) and ACDC cardiac
segmentation (MRI) datasets. SwinUNETR
achieved a Dice similarity coefficient (DSC) of
79.13% on Synapse and 90% on ACDC,
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outperforming CNN-based U-Net variants and
Transformer-based architectures. These results
highlight SwinUNETR’s effectiveness in
balancing spatial precision and computational
efficiency, making it a promising alternative for
high-accuracy medical image segmentation.

Isensee et al. [18] introduced nnU-Net, a self-
configuring deep learning framework for
biomedical image segmentation, addressing the
challenge of manually optimizing deep learning
models for diverse datasets.  Unlike
conventional approaches, nnU-Net
automatically adapts its preprocessing, network
architecture, training strategies, and post-
processing to any given segmentation task. It
systematically categorizes parameters into
fixed, rule-based, and empirical decisions,
reducing the need for expert intervention. nnU-
Net was extensively tested on 23 public datasets
across 53 segmentation tasks, achieving state-
of-the-art performance in most cases. Notably,
it outperformed highly specialized models in
numerous international biomedical
segmentation  challenges. = This  study
demonstrates nnU-Net’s effectiveness as an out-
of-the-box solution, making high-quality
segmentation accessible without requiring
expert knowledge or extensive computational
resources.

Recently, models such as U-Mamba [24] and
SegMamba [25], called the Mamba family, have
also attracted considerable attention in
segmentation studies. Ma et al. [24] introduced
U-Mamba, a hybrid CNN-State Space Model
(SSM) architecture for biomedical image
segmentation, aiming to enhance long-range
dependency modeling while maintaining
computational efficiency. Unlike CNNs, which
struggle with global context, and Transformers,
which are computationally expensive, U-
Mamba integrates Mamba blocks (a variant of
SSMs) to efficiently capture both local and
global features. The model employs a self-
configuring mechanism, similar to nnU-Net,
allowing it to automatically adapt to various
datasets without manual tuning. Evaluated on
four  diverse  segmentation  tasks—3D
abdominal CT and MRI segmentation,
endoscopy instrument segmentation, and
microscopy cell segmentation—U-Mamba
consistently  outperformed  state-of-the-art
CNN-based (nnU-Net, SegResNet) and
Transformer-based (UNETR, SwinUNETR)
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models. Notably, in 3D abdominal CT
segmentation, U-Mamba achieved a Dice score
of 0.8683, surpassing nnU-Net (0.8615), and in
3D MRI segmentation, it achieved 0.8501,
outperforming SwinUNETR and UNETR.
These results demonstrate U-Mamba’s ability to
balance computational efficiency with high
segmentation accuracy, positioning it as a
promising alternative to existing deep learning
architectures in biomedical imaging.

Xing et al. [25] introduced SegMamba, a novel
3D medical image segmentation model that
integrates Mamba-based State Space Models
(SSMs) to enhance long-range dependency
modeling while maintaining computational
efficiency. Unlike CNN-based methods, which
struggle with global context, and Transformer-
based models, which suffer from high
computational costs, SegMamba employs Tri-
orientated Spatial Mamba (ToM) blocks to
effectively capture global information in
volumetric medical images. The model also
incorporates a Gated Spatial Convolution
(GSC) module for improved spatial feature
representation and a Feature-level Uncertainty
Estimation (FUE) module to refine multi-scale
feature integration. Evaluated on BraTS 2023
(brain tumor segmentation), AIIB 2023 (airway
segmentation), and CRC-500 (colorectal cancer
segmentation) datasets, SegMamba achieved
Dice scores of 91.32% on BraTS 2023, 88.59%
on AIIB 2023, and 48.02% on CRC-500,
outperforming  state-of-the-art CNN and
Transformer models. These results demonstrate
SegMamba’s ability to efficiently model long-
range dependencies while maintaining high
segmentation accuracy, positioning it as a
strong alternative to existing deep learning
architectures in medical imaging.

Automatic preprocessing and data
augmentation techniques also play an important
role in 3D medical image segmentation. Zhao et
al. [26] proposed a learning-based data
augmentation method to address the challenge
of one-shot medical image segmentation, where
only a single labeled scan is available. Unlike
traditional augmentation techniques that rely on
random transformations, this method learns
spatial and intensity transformations from
unlabeled medical images and applies them to
generate realistic synthetic training examples.
The model captures anatomical and imaging
variations by learning spatial deformation fields
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and intensity mappings, enabling robust
augmentation beyond simple rotations or flips.
Evaluated on MRI brain segmentation, the
proposed method significantly outperformed
state-of-the-art one-shot segmentation
approaches, including single-atlas segmentation
and traditional augmentation-based supervised
segmentation. The study demonstrated that
using learned transformations improved Dice
scores by up to 0.056, bringing performance
closer to fully supervised models while
requiring only minimal labeled data. These
results highlight the potential of learning-based
augmentation to enhance segmentation
accuracy in low-data medical imaging
scenarios.

Despite significant advancements, 3D medical
image segmentation continues to face
challenges, particularly in achieving high
accuracy for small and complex anatomical
structures. CNN-based models excel at
capturing local spatial details but struggle with
modeling long-range dependencies. On the
other hand, Transformer-based architectures
address this limitation effectively; however,
they often demand substantial computational
resources and large amounts of labeled data.
Hybrid approaches, such as U-Mamba and
SegMamba, propose alternative mechanisms to
balance  these  limitations, yet their
generalizability across diverse datasets remains
uncertain.

In light of these challenges, this study aims to
bridge existing gaps by developing a
segmentation framework that balances local and
global feature extraction while optimizing
computational efficiency. Specifically, this
research focuses on improving 3D abdominal
organ segmentation performance by leveraging
advanced deep learning models and tailored
preprocessing techniques. Considering the
inherent difficulties of medical image
segmentation, such as anatomical variability,
image noise, and limited training datasets, this
study contributes to the field by systematically
evaluating the effectiveness of different
segmentation methodologies. By addressing
key limitations in current approaches, this work
provides valuable insights for optimizing deep
learning architectures for medical imaging
applications.

3. MATERIAL AND METHOD
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This study comparatively evaluates the
performances of three widely used deep
learning architectures for 3D medical image
segmentation: 3D U-Net [16], UNETR [19],
and SwinUNETR [20]. The impact of image
preprocessing, post-processing, and loss

Determining

the input size

functions on the performance of these models is
systematically examined. The objective is to
identify the optimal configuration that
maximizes segmentation accuracy. The overall
study workflow is illustrated in Figure 1.

Figure 1. Flowchart of the Study

3.1. Dataset Used

The study utilizes the BTCV (Beyond the
Cranial Vault) dataset [27], which was
specifically designed for abdominal organ
segmentation. The dataset was created for the
"Multi-Atlas Labeling Beyond the Cranial
Vault" competition held at the MICCAI 2015
conference. The images consist of 30 contrast-
enhanced abdominal and pelvic CT scans. Each
scan consists of 85 to 198 slices. The slice
thickness is 2.5 mm, and the slice interval is 2.5
mm. The image size is 512 x 512 pixels. All
scans were taken in the portal venous contrast
phase. HU (Hounsfield Unit) values are in the

CT image

range of [-1024, 3071]. It is in NIFTI (.nii.gz)
file format. Each CT scan in the dataset contains
reference images manually segmented by expert
radiologists. There are 13 segmented organs:
spleen, right kidney, left kidney, gallbladder,
esophagus, liver, stomach, aorta, inferior vena
cava, portal vein and splenic vein, pancreas,
retinitis adrenal gland, left adrenal gland. In the
study, 24 of these 30 CT images were used for
training, while six were used for validation and
testing. Figure 2 shows a sample image from the
dataset and the corresponding labeled image.

Figure 2. Dataset Sample Image and Ground Truth Image.

3.2. Applied Deep Learning Models

The study trained and compared three different
deep-learning architectures with the dataset.
First, the 3D U-Net architecture proposed by
Cicek et al. [16] was used. 3D U-Net was
explicitly designed for volumetric medical
image segmentation by extending the traditional
U-Net architecture with three-dimensional
convolutions. This architecture comprises an
encoder with consecutive 3D convolutional
layers, ReLU activations, and max pooling
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operations, and a decoder with upsampling
layers followed by 3D convolutions and ReLU
activations. At each downsampling step, the
number of feature channels is doubled. Skip
connections from encoder to decoder enable
low-level and high-level features to be
effectively combined. This structure can
produce detailed segmentation maps even in
cases where there is limited training data. A
standard 3D U-Net architecture is given in
Figure 3. [16].
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Figure 3. Standard 3D U-Net architecture

Secondly, the UNETR (UNet-Transformers)
architecture developed by Hata-mizadeh et al.
[19] is implemented. UNETR is a hybrid
architecture that uses a transformer-based
encoder and a CNN-based decoder. The encoder
section first divides the 3D image into small
volumetric patches with regular intervals and
passes these patches through a linear projection
layer. Then, position codings are added to these
projections, and the resulting sequences are
passed through a series of transformer blocks.
Each transformer block has a multi-head self-
attention mechanism and a feed-forward neural

network layer. This structure can effectively
capture long-range spatial dependencies. The
decoder section uses a CNN structure that
combines features from different encoder layers
and gradually amplifies them. This hybrid
structure of UNETR combines the global
context capturing ability of transformers with
the local feature extraction power of CNNs,
achieving successful results, especially for the
segmentation of complex anatomical structures.
Figure 4 shows a model showing the working
flow of UNETR.

Segmentation
Output

Transformer Encoder

H>xW »xDxC

Linear Projection of Flattened Patches
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Figure 4. UNETR sample workflow [28]
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Finally, the SwinUNETR architecture proposed
by Cao et al.[20] is implemented. SwWinUNETR
is a model that uses Swin Transformer blocks in
a U-Net-like architecture. The distinctive
feature of the Swin Transformer is the shifted
window approach. In this approach, self-
attention calculations are first performed in
small, non-overlapping windows, which are
then shifted to establish connections between
windows. This method effectively capture sure
features at different scally while reducing
computational complexity. The encoder section

Input

Hx Wx Dxas

of SwinUNETR consists of successive Swin
Transformer blocks, and the number of channels
increases while the feature resolution decreases
in each block. The decoder section is a structure
that gradually amplifies and combines the
features coming from the encoder. This
architecture is expected to perform highly,
especially in abdominal organ segmentation,
where extensive contextual information is
important. Figure 5 shows the workflow of
SwinUNETR.
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Figure 5. SwinUNETR sample study flow

3.3. Evaluated Loss Functions

The study further examined the effect of
different loss functions on the model
performance. The loss functions used include
Dice Loss, Cross-Entropy Loss, Focal Loss,
Dice+Cross-Entropy Loss, and Dice+Focal
Loss.

Dice Loss was proposed by Milletari et al.[21].
Dice Loss is a loss function used primarily in
medical image segmentation. It tries to
maximize the overlap ratio between the
estimated segmentation mask and the ground
truth. Thus, it aims to increase the segmentation
accuracy [29]. It is a popular choice, especially
for imbalanced datasets, because it prevents the
model from ignoring minority classes and can
focus on the overlapping regions between the
estimated and ground truth masks. The formula
of Dice loss (Equation (1)) is;

c-1 2 Zg:l thys
C=0 yN_ (t5+¥5)

Lgice = 1_%2 )

Cross-entropy loss[30] is a common loss
function that optimizes the correct classification
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of each pixel. It measures the difference
between two probability distributions for a
random variable. It is used in segmentation
tasks to measure how well the model's
predictions match the target labels[29]. Cross-
entropy loss is particularly effective in
improving pixel-wise accuracy. The formula for
Cross-Entropy loss (Equation (2)) is as follows;
LCE(y,t) = _z‘ﬁ:l log(ty- ¥n) ()
Focal loss, proposed by Lin et al. [31], is an
improved version of the cross-entropy loss
function that assigns different weights to easy
and complex examples. Complex examples are
those that are misclassified with a high
probability, while easy examples are those that
are correctly classified with a high probability.
This helps balance the effect of easy and
complex examples on the overall loss [29]. The
formula for Focal loss (Equation (3)) is:

Lfocal(y,t,y) = _Z¥=1(1 - tn-yn)y log(tn-yn) 3)

Here, y is a non-adjustable positive
hyperparameter. A flat cross-entropy loss is
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obtained when y is set to 0 for all samples. Focal
loss is especially effective in cases where the
imbalance between the background and the
organ of interest is high. Dice + Focal loss,
Focal+Cross-Entropy loss, and Dice + Cross-
Entropy loss combinations were also used in the
study. These hybrid loss functions aim to
optimize both the overall shape similarity and
pixel-based accuracy by combining the
advantages of different loss functions. The
formulas of these loss functions (Equations (4)-
(5)) are as follows;

Lpicece = w_ce * Leg(p,y) + w_dice * (1 —

LDice (p' y)) (4)
Lpicerocat = Lrocar(®@y) + 4 * (1 —
LDice(p'y)) (5)

The choice of loss functions directly impacts
segmentation performance, particularly for
imbalanced datasets. Dice Loss is preferred for
its ability to mitigate class imbalance by
maximizing region overlap, while Cross-
Entropy Loss focuses on pixel-wise
classification accuracy. Focal Loss enhances
this by assigning higher weights to hard-to-
classify samples, making it particularly
effective for datasets where small anatomical
structures are underrepresented. The study also
evaluates hybrid loss functions (Dice+CE,
Focal+CE, Dicet+Focal) to balance spatial
consistency and pixel-level accuracy

3.4. Applied Image Preprocessing Methods
The study investigated the effect of
preprocessing applied to images in the dataset
on the performance of trained models.

The intensity rescaling process linearly scales
image intensities to a specific range. This
process facilitates model training by
normalizing the intensity differences between
images from different scanners. Images
obtained from a CT scanner have intensity
values in Hounsfield Units (HU). Scale
Intensity Ranged scales image intensity values
to a specific range and thus reduces the intensity
differences between different images.

The crop foreground process automatically
determines the region containing the organ of
interest by detecting non-zero voxels in the
image and discards unnecessary background
information. This increases computational
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efficiency and allows the model to focus on the
regions of interest.

The reorientation process is a preprocessing
step used to align the orientation of the image
and label data according to a standard
coordinate system. Image orientations may
differ in medical imaging due to different
imaging devices or protocols. These differences
can cause image processing errors and
negatively impact the performance of deep
learning models. This process standardizes the
orientation of image and label data according to
the "RAS" (Right-Anterior-Superior)
coordinate system.

Spatial Resampling is a preprocessing step used
to standardize an image's pixel dimensions
(spacing) and label data to a certain value. In
medical imaging, pixel dimensions may vary
due to different imaging devices or protocols.
This method reduces pixel size differences
between different images by standardizing the
spatial resolution of images.

Random Cropping Based on Positive and
Negative Label Sampling is a data
augmentation step that randomly cuts 3D
patches from image and label data. The method
helps alleviate the class imbalance problem by
cutting equal numbers of patches from both
positive (containing the target anatomical
structure) and negative (not containing the
target anatomical structure) regions. It was also
used in the study to adjust the input dimensions.

Based on the conducted experiments, these
methods have demonstrated successful
outcomes and were deemed necessary at all
stages of training, leading to their
implementation  throughout the  entire
process.The methods whose effects on
performance are evaluated are as follows;

» Random Axis Flip is a data augmentation
step that randomly flips images and labels
data along specified axes. The primary
purpose of this step is to expand the dataset
and make the model more robust against
rotational changes. Random 90-degree
Rotation is a data augmentation step that
randomly rotates the image and labels data
by 90, 180, or 270 degrees.

» Random Intensity Shift is a data
augmentation technique in which the



Barin et al., /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 9:1 (2025) 73-91

intensity of the image 1is randomly
increased or decreased. It helps the model
to be robust to different lighting
conditions.

» Local Brightness Adjustment is a method
that adjusts the brightness in some regions
of an image. It is usually used to increase
local details or to eliminate unbalanced
lighting.

» Gaussian Noise Addition is a technique
that adds random pixel changes to the
image according to a Gaussian distribution.
It increases the model's robustness to noisy
data.

» Random Contrast Adjustment is a
technique in which the difference between
the bright and dark areas of the image is
randomly adjusted. It increases the model's
robustness to different lighting conditions.

» Gaussian Smoothing is a filter that blurs
the image by averaging pixel values with
their neighbors. It is used to reduce high-
frequency noise.

» Gaussian Sharpening is a technique that
highlights the edges and fine details in the
image. It highlights essential features by
increasing the pixel contrast at the edges.

» Random Cropping by Label Classes
focuses on the areas of the image labeled
with certain classes and performs random
cropping in these parts. It has been tried as
an alternative to the Random Cropping by
Positive and Negative Labels method.

4. RESULTS AND DISCUSSION
The loss functions and preprocessing methods
used in the study were tested on 3D U-Net due
to the low computational cost, and the
successful results obtained were applied to
SwinUNETR and UNETR models.

First, the loss functions were evaluated. In
determining the loss functions, eight pieces of
48x48x48 images were created from each image
for training the model. The Random Cropping
Based on Positive and Negative Label Sampling
algorithm was used for this. Table 1 shows the
performance values obtained from 3D U-Net in
different loss functions. When the table is
examined, it is seen that the use of loss functions
together has a positive effect on the model
performance. When the performance values are
examined, it is seen that the Cross-Entropy and
Dice loss functions generally give the most
successful results. The Cross-Entropy +
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Dice(Dice+CE) loss function was used in the
following steps of the study.

In the continuation of the study, the effect of
input size on performance was investigated
using the DiceCE loss function. For this
purpose, the model was trained with different-
sized image patches from each image, including
eight images of 48x48x48, eight images of
96x96x96, and four images of 96x96x96. The
performance values obtained from the 3D-UNet
model for different input sizes are presented in
Table 2. When analyzing the obtained values, it
is observed that the results are quite close to
each other. However, overall, the model trained
with four images of 96x96x96 achieved the best
performance. Experiments conducted with
larger input sizes (e.g., 128x128x128) resulted
in excessive memory consumption, particularly
with SwinUNETR. To address this issue,
alternative input sizes were explored, and it was
determined that 96x96x96 provides the optimal
balance between contextual information and
computational efficiency. Similar strategies
have been employed in previous studies. For
instance, LoGoNet[32] adopts a patch-based
segmentation approach, avoiding large input
sizes to reduce computational overhead. These
findings are consistent with the observations in
this study, demonstrating that smaller patches
improve memory efficiency while maintaining
segmentation accuracy.Since achieving
maximum performance is the priority in this
study, all subsequent image preprocessing
methods were applied using the most optimal
input size of 96x96x96.

In the continuation of the study, the effects of
image preprocessing methods on model
performance were examined. First, data
augmentation methods were applied. For this,
random and 90-degree rotation operations were
applied to the images on the axes. As a result of
the positive effect of this operation on
performance, this operation was added to all
subsequent preprocesses. The following
operations differed in each training, and their
effects on performance were examined. Table 3
shows the applied methods and their effects on
segmentation studies. The numbers given to the
applied preprocesses are as follows;

1. Data Augmentation(to increase
training  diversity and  prevent
overfitting)
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eRandom Flip (to introduce
rotational invariance and improve
robustness to anatomical
variations)
¢ 90-degree Rotation (to simulate
different scanning orientations and
improve generalization)
2. Local Brightness Adjustment (to
compensate  for  scanner-specific
intensity variations)
3. Gaussian Noise Addition(to make the
model more robust to imaging noise
and artifacts)
4. Random Contrast Adjustment (to
enhance organ boundaries and improve
segmentation clarity)
5. Gaussian Smoothing(to reduce high-
frequency noise and improve stability
in predictions)
6. Gaussian Sharpening(to enhance
edge clarity and refine organ contours)
7. Random Cropping by Label
Classes(to  focus  learning  on
underrepresented  structures and
balance class distributions)

Table 3 confirms that data augmentation
techniques significantly enhance segmentation
accuracy by improving  generalization.
Additionally, Gaussian Sharpening and
Random Contrast Adjustment contributed to
performance gains by enhancing edge clarity
and improving organ boundary delineation.
However, Random Cropping by Label Classes
produced inconsistent results, suggesting that
targeted cropping does not always benefit
segmentation performance. According to these
findings, the most effective preprocessing
methods were selected and applied to
SwinUNETR and UNETR. The final
preprocessing pipeline consisted of:

e Random Flip (to introduce rotational
invariance)

e Random Intensity Shift (to improve
robustness against intensity variations)

e Gaussian Sharpening (to enhance
boundary clarity)
While preprocessing techniques generally

improved segmentation performance, some
models showed a slight decline in Dice scores
of some classes after applying certain
transformations. This effect was more
prominent in Transformer-based architectures
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such as SwinUNETR and UNETR, which are
highly sensitive to intensity and contrast
variations. Unlike CNN-based models, which
primarily rely on local spatial details,
Transformers incorporate long-range
dependencies, making them more vulnerable to
alterations in intensity distribution caused by

preprocessing  steps. Additionally, some
augmentations, such as Gaussian Sharpening
and Contrast Adjustment, may have
unintentionally altered the natural organ

boundaries, leading to minor segmentation
inconsistencies in certain cases. These findings
indicate that preprocessing strategies should be
carefully tailored for different model
architectures to ensure optimal performance.

The results indicate that 3D U-Net achieved the
best trade-off between segmentation accuracy
and computational efficiency. Although
SwinUNETR produced comparable results to
3D U-Net, its training time was significantly
longer (7298 sec vs. 3555 sec). Similarly,
UNETR required 5564 sec for training but
yielded slightly lower Dice scores. These
findings suggest that CNN-based models like
3D U-Net are more computationally efficient
than Transformer-based architectures
(SwinUNETR and UNETR) for this
segmentation task.

The comparative training times for each model
were as follows:

e SwinUNETR: 7298.58 sec

e UNETR: 5564.40 sec

e 3D U-Net: 3555.69 sec
These results reinforce that while transformer-
based models can capture long-range
dependencies, they require significantly higher
computational resources compared to CNN-
based models.

Table 5 compares the segmentation
performance of several methods, including 3D
U-Net, Swin-UNETR, and UNETR tested in
this study, against reference methods reported in
the literature for 13 abdominal organs. The
metrics are Dice scores, which indicate
segmentation accuracy, and the last column
presents the average performance across all
organs.
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The performance variability across organ types
suggests that no single architecture universally
outperforms  others. Instead, combining
specialized architectures, loss functions, and
preprocessing techniques tailored to specific
organs may yield optimal results.The findings
reinforce the need to develop more robust
methods for handling small organ segmentation,
which is critical for applications requiring
detailed anatomical analysis. This detailed
comparison highlights the strengths and
limitations of various deep learning models for
3D abdominal organ segmentation. The results
show that CNN-based models such as 3D U-Net
are computationally efficient and achieve
competitive accuracy, while Transformer-based
models such as UNETR are superior in
capturing complex anatomical structures.
However, the critical difference between the
dice values of the UNETR model trained and
tested on the same dataset by different
researchers shows that the model has some
problems with stabilization.

Also, the proposed 3D U-Net model
demonstrates superior performance in pancreas
segmentation, achieving a Dice score of 0.823,
the highest reported value among all compared
methods. This result highlights the effectiveness
of the applied preprocessing techniques and
model architecture in handling small and low-
contrast structures. Given that pancreas
segmentation remains a challenging task due to
its anatomical variability and low contrast with
surrounding tissues, this improvement is
particularly significant.
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In conclusion, the presented comparison table
shows that all methods exhibit difficulties in
segmentation of small organs and underlines the
need for future research focusing on region-
specific ~ improvements and  advanced
magnification techniques.

Figure 6 presents sample segmentation results
from the trained models. A detailed qualitative
analysis was performed to evaluate
segmentation accuracy, organ boundary
preservation, and common misclassification
patterns.

3D U-Net and SwinUNETR produced visually
similar segmentation results, while UNETR
showed slightly lower segmentation accuracy,
particularly for small anatomical structures. All
models  generated false-positive  organ
segmentations in regions where no ground truth
annotations exist. This issue was more
pronounced in UNETR, suggesting that
transformer-based architectures may introduce
excessive spatial dependencies, leading to
misclassifications in low-contrast areas.

3D U-Net exhibited the most stable
segmentation boundaries across different
organs, whereas SwinUNETR tended to capture
more detailed structures at the cost of minor
over-segmentation artifacts. Small organs such
as the adrenal glands and gallbladder remained
the most difficult to segment accurately across
all models. The reduced contrast in these
structures, along with their small size, likely
contributed to the under-segmentation observed
in multiple cases.
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Table 1. The Effect of Loss Functions on Model Performance (a:loU, b: Recall, c:Precision, d: Dice)
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Table 2. The Effect of Input Size on Model Performance (a:IoU, b: Recall, c:Precision, d: Dice)
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< 09928 0.8527 0.8695 0.8677 0.4635 0.5069 0.9206 0.6828 0.7967 0.6844  0.5276  0.6204  0.4125 0.4028  0.6858
= 09968 0.9483 0.9389 0.9367 0.7448 0.7035 0.9648 0.8189 0.9048 0.8406 0.7201  0.7963 0.664 0.6392  0.8298
06x96x96x4 © 09956 0.9635 0.9337 0.9329 0.7352 0.8765 0.9662 0.9297 0.9189 0.8733 0.771 0.8561 0.7304 0.7755  0.8756
0.9981 0.934 0.9452 0.9408 0.6695 0.5969 0.9636 0.7588 0.8927 0.8149 0.6795 0.7512  0.6115 0.5517  0.7934
< 09936 0.9018 0.8851 0.8813 0.5078 0.5449 0.9321 0.711 0.8264 0.726 0.5645  0.6632  0.4976 0.4749  0.7222
Table 3. The Effect of Image Preprocessing on Model Performance

§ £ = - > < S0 5 ) -2 e 4 - = = &

2 g 2 = 2 3 2 & = e & 2 720 2
Unprocessed 0.9968 0.9483  0.9389 0.9367 0.7448 0.7035 0.9648 0.8189 0.9048 0.8406 0.7201  0.7963 0.664 0.6392  0.8298
1 0.9969 09538 0.9355 0.937 0.7731 0.7528 0.964 0.8423 09036 0.8584 0.719 0.7769  0.6674 0.6304  0.8365
17 0.9966 0954 0.9328 0936 0.7478 0.7539 09613 0.8193 0.8945 0.8153 0.6988 0.7443 0.6495 0.6124  0.8226
13 0.9967 09312 0.9222 09289 0.7228 0.7435  0.957 0.8298 0.9008 0.8397 0.6678 0.7709 0.6773 0.6741  0.8259
12 0.9967 0947 09361 09347 0.7118 0.74 0.9602 0.8138 0.8876 0.8529 0.7183 0.7928 0.6655 0.6155 0.8266
14 0.9969 0.9521 0.9384 0.9349 0.7402 0.7436 09622 0.8372 0.8904 0.8542 0.7119 0.8056 0.6491 0.6276  0.8317
15 0.9966  0.903 0.8746  0.8921 0.5182 0.6599 0.9539 0.8022 0.8973 0.8488 0.7221 0.7824 0.6642 0.6143 0.795
145 0.9967 0.9492 0.9343 0.9374 0.6315 0.7318 09581 0.8024 0.9006 0.8434 0.7254 0.816 0.6451 0.5896 0.8187
1.6 09968 09483 0.9389 0.9367 0.7448 0.7035 0.9648 0.8189 0.9048 0.8406 0.7201 0.7963 0.664 0.6392  0.8298
146 0.9969 09538 0.9355 0.937 0.7731 0.7528 0.964 0.8423 09036 0.8584 0.719 0.7769  0.6674 0.6304  0.8365
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Table 4. Comparison of Model Dice Performance
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> A & - O = I b7 < E5; £855, £ <0 30 <
3D UN Unprocessed 0.9968 0.9483 0.9389 0.9367 0.7448 0.7035 0.9648 0.8189 0.9048 0.8406 0.7201 0.7963 0.664 0.6392 0.8298
-Net
Pre-Processed 0.997 0.9595 0.9434 0.9422 0.7225 0.7419 0.9664 0.7942 0.894 0.8456 0.7604 0.8232 0.7126 0.6522 0.8397
SwinUNETR Unprocessed 0.9968 0.9447 0.9396 0.9373 0.6359 0.7043 0.9632 0.8009 0.8919 0.8462 0.7325 0.7958 0.6401 0.591 0.8157
win
Pre-Processed 0.9969 0.9508 0.9379 0.9356 0.6812 0.7154 0.9657 0.8247 0.8872 0.8493 0.7306 0.8182 0.6891 0.6305 0.8295
UNETR Unprocessed 0.9966 0903 0.8746 0.8921 0.5182 0.6599 0.9539 0.8022 0.8973 0.8488 0.7221 0.7824 0.6642 0.6143 0.791
Pre-Processed 0.9961 0.8326 0.9279 0.9161 0.6653 0.7332 0.9487 0.7942 0.8655 0.8147 0.6932 0.7489 0.6668 0.6057 0.8006
Table 5. Quantitative comparisons of the performance of segmentation studies with basic models on the BTCV dataset in the literature
. = =
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SETR+PUP [33] 0,929 0,893 0,892 0,649 0,764 0,954 0,822 0,869 0,742 0,715 0,714 0,618 0,797
nnUNet [18] 0,942 0,894 0,910 0,704 0,723 0,948 0,824 0,877 0,782 0,720 0,680 0,616 0,802
ASPP [34] 0,935 0,892 0,914 0,689 0,760 0,953 0,812 0,918 0,807 0,695 0,720 0,629 0,811
TransUNet  [23] 0,952 0,927 0,929 0,662 0,757 0,969 0,889 0,920 0,833 0,791 0,775 0,637 0,838
UNETR [19] 0,968 0,924 0,941 0,750 0,766 0,971 0,913 0,890 0,847 0,788 0,767 0,741 0,856
UNETR [32] 0,912 0,940 0,938 0,693 0,690 0,954 0,754 0,891 0,830 0,703 0,734 0,660 0,577 0,790
SwinUNETR [32] 0,952 0,947 0,945 0,790 0,770 0,963 0,755 0,901 0,850 0,771 0,760 0,702 0,659 0,828
nnUNet [32] 0,859 0,944 0,924 0,796 0,755 0,960 0,781 0,894 0,849 0,756 0,776 0,675 0,663 0,818
3D-Unet Ours 0,960 0,943 0,942 0,723 0,742 0,966 0,794 0,894 0,846 0,760 0,823 0,713 0,652 0,840
SwinUNETR Ours 0,951 0,938 0,936 0,681 0,715 0,966 0,825 0,887 0,849 0,731 0,818 0,689 0,631 0,830
UNETR Ours 0,833 0,928 0,916 0,665 0,733 0,949 0,794 0,866 0,815 0,693 0,749 0,667 0,606 0,801
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Figure 6. Segmentation results of the model
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5. CONCLUSION AND FUTURE WORKS
Advancements in 3D medical imaging
technology have significantly improved
diagnosis, treatment planning, and patient
monitoring. However, these advancements also
introduce challenges in processing and
analyzing large-scale medical data. Artificial
intelligence, particularly deep learning-based
approaches, has emerged as a transformative
tool in medical imaging, demonstrating the
ability to automate and enhance segmentation
tasks, thereby reducing manual effort and
improving diagnostic precision.

This study evaluated three deep learning
architectures—CNN-based 3D U-Net, hybrid
SwinUNETR, and Transformer-based
UNETR—using the BTCV dataset for the
segmentation of 13 different abdominal organs.
Additionally, the impact of various
preprocessing techniques and loss functions on
model performance was analyzed. The findings
highlight the importance of model architecture
selection, preprocessing strategies, and loss
function optimization in achieving high
segmentation accuracy.

Among the models tested, 3D U-Net
outperformed SwinUNETR and UNETR in
both segmentation accuracy and efficiency. The
highest Dice score was achieved with the
96x96x96 input size, balancing spatial context
and memory constraints effectively. This result
aligns with previous literature, reinforcing that
moderate  patch  sizes maintain  both
computational  feasibility and sufficient
anatomical context. Preprocessing techniques
such as Random Flip, Intensity Shift, and
Gaussian Sharpening improved segmentation
performance, enhancing robustness to
variations in image acquisition. Despite these
optimizations, the segmentation of small,
mobile organs such as the adrenal glands and
gallbladder remained a challenge, primarily due
to their low contrast, anatomical variability, and
limited training samples.

This study makes a significant contribution to
the field of 3D medical image segmentation by
systematically evaluating different architectures
and preprocessing techniques, offering insights

into their comparative advantages. This
research provides a thorough evaluation of
multiple architectures, preprocessing
techniques, and input size optimization,
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offering a detailed analysis of their combined
effects on segmentation performance. By
systematically assessing these factors, this
study highlights key elements that contribute to
improved  segmentation accuracy  and
computational efficiency. Additionally, it
bridges the gap between CNN-based and
Transformer-based models, highlighting their
respective strengths and limitations.

Although this study achieved promising results,
several areas require further investigation.
Small organ segmentation continues to be
difficult due to factors such as low contrast,
shape variability, and data imbalance. Future
research should explore specialized refinement
techniques tailored to small organs, such as
region-aware loss functions or attention
mechanisms, to improve segmentation
accuracy. Additionally, incorporating multi-
scale feature extraction approaches could
provide finer detail representation, enhancing
performance across different organ sizes.

Further research could explore several
enhancements to mitigate false positives and
improve the segmentation of small organs.
Developing specialized segmentation
refinements for challenging organs, such as the
adrenal glands and gallbladder, may enhance
model precision in these regions. Implementing
anatomical and structural constraints in the
segmentation process could improve the
delineation of organ boundaries and reduce
false positives. Additionally, region-aware data
augmentation techniques could enhance model
robustness for small anatomical structures by
simulating realistic variations in medical
imaging. Exploring more effective training
paradigms, such as curriculum learning or self-
supervised learning, could improve
segmentation performance, particularly in
underrepresented organ classes.

Expanding the dataset with more diverse
imaging modalities, including MRI and PET
scans, could improve model generalizability
across  different  clinical  applications.
Integrating domain adaptation techniques or
contrastive learning methods may further
improve segmentation performance in cross-
domain applications. The development of self-
supervised learning frameworks could reduce
reliance on extensive annotated datasets while
maintaining model robustness.
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By addressing these challenges, future
advancements in deep learning-based 3D
segmentation will help bridge the gap between
automated medical image analysis and real-
world clinical implementation. This study
contributes to the growing body of literature by
demonstrating the effectiveness of deep
learning models in multi-organ segmentation
while outlining key areas for further
development, ultimately supporting improved

patient outcomes and assisting medical
professionals in  their  decision-making
processes.
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ABSTRACT

The aim of the paper is to perform a bibliometric study on blockchain which is an emerging technology
presenting several advantages reinforcing security, privacy and immutability on a Peer-To-Peer
network, inhibiting a central authority like a server. The studied articles are collected from the Clarivate
Analytics Web of Science Core Collection database (data updated on 29 June 2023). A total of 11,190
blockchain documents were searched out in the SCI-EXPANDED from 1991 to 2022. The articles are
analysed using characteristics of document types. The most used type is articles and reviews, relevant
review articles, average numbers of citations per publication by year. The most cited publications are
those published in 1991. The most cited Web of Science categories are “information systems computer
science” and “electrical and electronic engineering”. The top most productive journals are IEEE journals
and the top productive countries are China, USA and India. The top productive institutions are Beijing
University of Posts and Telecommunications, Chinese Academy of Sciences, Xidian University. The top ten
most frequently cited blockchain articles and the twenty most frequently used author keywords are
exhibited to deduce trends of research in blockchain field. The contribution to the literature is reinforced
by the given summary about the blockchain technology since 1991 and its developments, its actual shape
and its trends toward the future.

Keywords: Blockchain, Bibliometrics, Blockchain articles, Bibliometric indicators, Blockchain trends.

1. INTRODUCTION

Blockchain is a peer-to-peer model that can pharmacy products and agri-food. It is very

speed up processes resulting in robust tracking efficient in e-voting and its credibility.

and reducing costs of transactions. It is essential

for business professionals to understand the The addition of blocks of transactions to the

significance of the implications of this far- chain is done by the miners which are nodes of

reaching technology on business activities [1]. blockchain network in competition to create and

The transactions could be financial via validate the block using an algorithm of hashage

cryptocurrency or another content like called consensus protocol. There are several

information. Blockchain technology permits to consensuses more or less energy consuming,

distribute, encrypt, and secure the records of due to the used hardware and algorithm.

digital transactions [2]. The blockchain is used

in micro-credential to assess the student’s A transaction is initiated when one agent sends

knowledge, skill, especially in the pandemic era a cryptocurrency or a digital certificates to

[3]. another agent. The transaction is controlled by
the nodes on the network using a consensus

It is used in accountability to speak today about mechanism like “proof Of Work”, solving a

decentralized accountability and an immutable complex mathematical problem to validate the

audit. The blockchain reinforces the medical new block representing the transaction (Figure

traceability of patients and the perishability of D).
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A transaction is
requested

A block that represents
the transaction s created

Nodes recieve a
reward for the
proof of work

A blodk is added,
to the existing
Blockhain

Nodes validate
the transaction

The transaction
is complete

Figure 1. How a blockchain works? [75]

The blocks form a chronological chain, where
each block in the chain contains a copy of the
previous block's hash, ensuring that the data in
the blocks cannot be altered. To organize the
transactions between stakeholders, the smart
contracts are used to self-executing contracts
with the terms of the agreement are automated,
limiting conflicts.

The blockchain is a decentralized and
distributed system, making it more resistant to
tampering and hacking, in addition to
cryptography ensures that transactions are
secure and the consensus mechanism ensures
that the ledger is accurate and up-to-date.

The blockchain could enhance sustainability
and contribute to the circular economy by
optimizing consensus mechanisms.

Deep learning and blockchain technology have
now become crucial, as it provides distinct and
secure approaches to IoT (Internet of Things)
network security [4].

The objective of this article is to perform a
bibliometric study of blockchain in general not
in a specific field, to help researchers to
discover the actual state of the art and the future
trends of blockchain.

The article is structured as follows: Section 2
explains methodology followed in the research
to collect studied papers, their origin and some
criteria applied to their selection. Section 3
presents results and discussion containing
several aspects of the study ad comparisons.
The article is finished by a conclusion.

2. METHODOLOGY

The data reported in this study were retrieved
from the online version of the Science Citation
Index EXPANDED (SCI-EXPANDED), the
Clarivate Analytics Web of Science Core
Collection database (data updated on 29 June
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2023). In 2022, Journal Citation Reports (JCR)
indexed 9,510 journals with citation references
across 178 Web of Science categories in SCI-
EXPANDED. The 2022 journal’s impact factor
(IF2022) was reported in the Journal Citation
Reports (JCR) on 28 June 2023. According to
the definition of the journal’s impact factor,
Chiu and Ho (2021) [5] recommended to search
documents published in 2022 from SCI-
EXPANDED after IF2022 was presented.
Quotation marks (“ ) and Boolean operator
“or” were used which ensured the appearance of
at least one search keyword in the terms of
TOPIC (title, abstract, author keywords, and
Keywords Plus). The search was conducted
using a targeted keyword, including
“blockchain”. To ensure the analysis results are
as accurate as possible, uncommon terms such
as “blockchains”, “block chain”, and “block
chains” were also included. This approach was
taken to ensure that the search is comprehensive
and covers a wide range of documents related to
the field of blockchain research.

A total of 11,190 blockchain documents were
searched out in the SCI-EXPANDED from
1991 to 2022. The SCI-EXPANDED was
mainly designed for researchers to find
published literature, but not for bibliometric
studies [6]. Thus, it is necessary to use an
appropriate method when using the database for
bibliometric studies. After checking, 10,840
documents (97% of 11,190 documents) from
the SCI-EXPANDED were found from 1991 to
2022.

It was pointed that since Keywords Plus
contains keywords that are selected based on the
title of the articles mentioned in the references
and footnotes [7], searching through it includes
documents that not related directly to the topic
[8], which may be suitable as readable sources
but not for bibliometric analyzes [9].

The “front page” as a filter, including article
title, abstract, and author keywords has been
proposed by Ho’s research group in 2011
[10,11]. It should be noted that using the “front
page” compared to the ‘Topic’ directly in the
database has a significant difference in the
results [12]. By using “front page” as a filter,
10,248 documents (95% of the 10,840
documents) were defined as blockchain
research publications.
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The full record in SCI-EXPANDED and the
number of citations in each year for each
document were downloaded into Excel
Microsoft 365, and additional coding was
manually performed [13,14]. The functions in
the Excel Microsoft 365, for example, Counta,
Concatenate, Filter, Match, Vlookup, Proper,
Rank, Replace, Freeze Panes, Sort, Sum, and
Len were applied [14]. The journal’s impact
factors (IF2022) were taken from the Journal
Citation Reports (JCR) published in 2022.

In the SCI-EXPANDED database, the
corresponding author is labelled as reprint
author, but in this study, the term corresponding
author is used [15]. Single authors in articles
with unspecified authorship were both the first
as well as corresponding authors [16]. The
single institution in articles with unspecified
corresponding institutions was both the first as
well as corresponding-author institutions [16].
Similarly, in a single-country article, the
country is classified as the first as well as the

corresponding-author  country. In  multi-
corresponding author articles, all the
corresponding  authors, institutions, and

countries were considered [14]. Articles with
corresponding authors in SCI-EXPANDED,
that had only address but not affiliation names
were checked out and the addresses were
changed to be affiliation names [14].

Affiliations in England, Scotland, North Ireland
(Northern Ireland), and Wales were reclassified
as being from the United Kingdom (UK) [17].
Affiliations in Turkiye were reclassified as
being from Turkey. Affiliations from French
Guiana were reclassified as being from France
[18]. Affiliations in Faroe Islands were
reclassified as being from Denmark [19].

3. CITATION INDICATORS

Publications were assessed using following
citation indicators:

Cyear: the number of citations from Web of
Science Core Collection in a year (e.g. C2022
describes citation count in 2022) [20].

TCyear: the total number of citations from Web
of Science Core Collection received since
publication year till the end of the most recent
year (2022 in this study, 7C2022) [21].
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CPPyear: average number of citations per
publication (CPP2022 = TC2022/TP), TP: total
number of publications [22].

Countries and institutions indicators Six
publication indicators were applied to evaluate
publication performance of countries and
institutions [23]:

TP: total number of articles

IP: number of single-country articles (/PC) or
number of single-institution articles (/P1)

CP: number of internationally collaborative
articles (CPC) or number of inter-institutionally
collaborative articles (CPI)

FP: number of first-author articles

RP: number of corresponding-author articles
SP: number of single-author articles

Six citation indicators (CPP2022) related to the
six publication indicators were also applied to
evaluate the publication impact on countries and
institutions [24].

4. RESULTS AND DISCUSSION

4.1. Characteristics of document types

In recent years, Ho’s group identify the
characteristics of document type based on their
average number of citations per publication
(CPPyear) and the average number of authors per
publication (4PP) as basic information of
document type in a research topic [25]. Using
TCy021 and CPPyp; is advantageous owing to
their invariability and ensured repeatability as
compared to the number of citations from the
Web of Science Core Collection directly [26].
A total of 10,248 documents published in the
SCI-EXPANDED from 1991 to 2022 were
found among 13 document types which are
detailed in Table 1. This publication count
includes 9,107 articles (89% of 10,248
documents) with an APP of 4.2 and CPP of 18,
which considerably high and related to the
novelty of blockchain technology. The
document type of reviews with 756 documents
had the greatest CPP»2, value of 33 which was
found to be 1.8 times of articles. Three of the
top ten cited documents were reviews by [27,
28, 29] with a TCy» of 971, 788, and 767
respectively.
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Table 1. Citations and authors according to the document type

Document type TP % P* AU APP 7C2022 CPP2022
Article 9,107 89 9,107 38,612 4.2 161,756 18
Review 756 7.4 756 3,341 4.4 24,768 33
Editorial material 244 24 240 688 2.9 3,632 15
Proceedings paper 96 0.94 96 396 4.1 2,529 26
Meeting abstract 58 0.57 58 182 3.1 7 0.12
Book chapter 43 0.42 43 91 2.1 502 12
Letter 25 0.24 25 75 3.0 162 6.5
Correction 23 0.22 23 103 4.5 9 0.39
News item 19 0.19 16 17 1.1 588 31
Retraction 10 0.10 10 31 3.1 0 0
Retracted publication 8 0.078 8 33 4.1 137 17
Book review 6 0.059 6 6 1.0 1 0.17
Data paper 2 0.020 2 10 5.0 12 6.0

TP: number of publications; 7P*: number of publications with author information in the SCI-EXPANDED; AU:
number of authors; APP: average number of authors per publication; 7Cx: the total number of citations from
Web of Science Core Collection since publication year to the end of 2022; CPP»»: average number of citations

per publication (7C>022/TP).

4.2. Relevant review articles

In [27], 1oT (Internet of Things) are more
vulnerable to attacks than other endpoint
devices. Blockchain also provides a trustworthy

decentralized management, governance, and
tracking at every point in the supply chain and
lifecycle of an IoT device (Figure 2).
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Figure 2. IoT device 1ifeéycle security management [27]

According to [28], Figure 3 represents the
challenges of blockchain as the lack of control
in bitcoin address creation which is solved by
certified wusers addresses from trusted
authorities. The private key protection is solved
by authentication by sharing private key
between wallet and another device. Figure 1
gives a holistic analysis of the literature
concerning challenges and their found
solutions.

Authors of [29] show that most projects of
blockchain in energy systems are in an early
development phase, and research is still
ongoing on key improvement areas that would
allow desired scalability, decentralisation and
technologies can be disruptive for energy
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companies and face a large variety of challenges
to achieve market penetration, including legal,
regulatory and competition barriers (Figure 4).
Distributed ledger technologies and smart
contracts can allow a generating unit to directly
trade with a consumer or an energy retail
supplier via autonomous trading agents cutting
out the middle-man. The agent would search for
the best deal in the marketplace that satisfies a
consumer’s forecast demand for a given period.
The agreement would be safely recorded in the
blockchain and automatically executed at the
specified time of delivery. Payments would
occur automatically at time of delivery as
specified in agreed contract.
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The supply chain can include multiple players
such as factory, vendor, supplier, distributor,
shipper, installer, owner, repairer, reinstaller,
etc. As shown in Figure 2, keypairs can be
changed and re-issued at multiple points during
the lifecycle of an IoT device. Issuance of
keypairs can be done initially by the
manufacturer, then by the owner, periodically
after deployment.

A total of 756 reviews were published in 227
journals mainly in the /EEE Access with an
1F2022 of 3.9 (77 reviews; 10% of 756 reviews
and the Sustainability with an IF2022 of 3.9
(59; 7.8%). It was point out that documents
could be categorized in two document types in
Web of Science Core Collection, for example,
96 proceedings papers, 41 book chapters, seven
retracted publication, and one data paper were
also classified in document type of articles.
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Therefore, cumulative percentages exceed

100% in Table 1 [30].

Contributions of various document types are
different. Generally, articles contain
introduction, methods, results, discussion, and
conclusion, were chosen for further analyses
[24].

A total of 9,107 articles were presented in four
different languages. The most used language
was English with 9,095 articles (99.9% of 9,107
articles) followed distantly by Chinese (7
articles), Japanese (3), and German (2).

4.3. Characteristics of publication outputs

Ho (2013) [22] proposed a correlation between
annual number of articles (7P) and their average
number of citations (CPPye) by year to
understand the development trends and impacts
of publications in a research topic. Figure 4
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demonstrates the distribution of the annual
number of articles (7P) and their CPPyy, by
year. There were less than 20 annual articles
from 1991 to 2015. An extremely increasing of
trend was appeared since 2017 to reach 3,596
articles in 2022.

In Figure 5, we can see the scientific production
increasing since 1991 (2 papers) to achieve
3596 in 2022. It is expected that it will increase
in the future. The main average of citations per
publication is 242, returns to the year 1991 and
two articles about chemicals and polymers [31],
[32]. The blockchain they speak about are
written «block chain» and it means blocks of
polymers and not the blockchain technology as
defined in this work. All papers between 1991
and 2008 talk about the block chains of

polymers. The first paper talking about
blockchain technology is [33], where a new
mutual authentication and privacy scheme for
WLAN is proposed to address these security
issues. The proposed scheme improves the
security mechanisms of IEEE 802.11 and
802.1X by providing a mandatory mutual
authentication mechanism between mobile
station and access point (AP) based on public
key infrastructure (PKI), offering data integrity
check and improving data confidentiality with
symmetric  cipher block chain (CBC)
encryption. The effective scientific production
in blockchain technology began in 2016 and it
is the most cited year with high average of
citations (190) after 1991. After that the
citations are decreasing until 2022.
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Figure 5. Number of blockchain articles and average number of citations per publication by year.

The mean value of TChgz was 18 with 1,799 as
the maximal value for an article by [34]. In 1991,
two articles had the greatest CPPsy, of 242
which can be attributed to the article “Ordered
structure in mixtures of a block copolymer and
homopolymers.

Solubilization of low-molecular-weight
homopolymers” [35] by Tanaka, Hasegawa, and
Hashimoto from the Kyoto University in Japan,
with a TCa2, 0 402. In 2016 with 13 articles had
second high CPP>g2, of 304. The most frequently
cited article [34] and top five cited article [36]
were published in 2016.

4.4. Web of Science Category and Journal
In 2022, Journal Citation Reports (JCR) indexed
9,510 journals with citation references across
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178 Web of Science categories in SCI-
EXPANDED. Identify the characteristics of the
Web of Science category based on their average
number of citations per publication (CPPye,r) and
the average number of authors per publication
(APP) as basic information of the Web of
Science category in a research topic were
presented in 2021 [37, 24].

Total of 843 journals published articles related to
blockchain in 125 Web of Science categories in
SCI-EXPANDED. A total of 5,356 articles (59%
0f' 9,107 articles) were published in the top three
categories: information systems computer
science (3,959 articles; 43% of 9,107 articles),
electrical and electronic engineering (3,301;
36%), and telecommunications (3,128; 34%). It
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is comprehensible because the blockchain
technology uses techniques related to all these
categories.

Table 2. The top 10 most productive Web of

Science categories.
‘Web of Science category No. TP

APP  CPPy»

Jour (%)
nals
Information systems computer 242 3959 4.3 17
science (43)
Electrical and electronic 275 3301 45 18
engineering (36)
Telecommunications 88 3128 4.4 18
(34
Theory and methods computer 111 834 4.2 17
science 9.2)
Software engineering 108 737 4.1 16
computer science 8.1)

Hardware and architecture 54 720 44 17
computer science (7.9)
Interdisciplinary applications 110 551 4.2 27
computer science 6.1)

Industrial engineering 50 436 43 41
4.8)

Applied physics 159 424 44 8
(4.7)

Environmental sciences 274 401 3.9 14
(4.4)

TP: total number of articles; %: percentage in all
articles; APP: average number of authors per paper;
CPPy» average number of citations per paper
(TCr022/TP).

Comparing the top ten categories in Table 2,
articles published in the category of industrial
engineering had the greatest CPPay of 41.
Articles published in category of electrical and
electronic engineering had the highest APP of
4.5. Recently, Ho proposed the characteristics of
the journals based on their average number of
citations per publication (CPPyer) and the
average number of authors per publication
(APP) as basic information of the journals in a
research topic [38].

Table 3 shows the top 10 most productive
journals with journal’s impact factors, CPP»g22,
and APP. The IEEE Access (IFxn2 = 3.9)
published the most 952 articles which represent
4.3% of 9,107 articles. The Security and
Communication Networks (IF>n1 = 1,968) and
the Wireless Communications & Mobile
Computing (IF>021 = 2.146) were not classified in
JCR in 2022. Comparing the top 10 productive
journals in Table 3, articles published in the
IEEE Transactions on Industrial Informatics
(IF2022 = 5.0) had the greatest CPP>y, of 45
while articles in the Wireless Communications &
Mobile Computing had only 3.2. The APP
ranged from 5.1 in the IEEE Internet of Things
Journal to 3.8 in the Sustainability. The journal
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with the greatest /022 of 100.3 was the Nature
Reviews Immunology ranked the top in 161
journals classified in the Web of Science
category of immunology with one article
followed by the Nature (IF202 = 64.8) ranked the
top in 73 journals classified in the category of
multidisciplinary sciences with two articles, and
the Nature Energy (IF2022 = 56.7) ranked the top
in 115 journals classified in the category of
energy and fuels with one article. The journals
Sustainability and Nature energy are present in
the list of top ten most productive journals
because of the problem of consumption of
energy by the mining process of the blockchain
and the effect on environment.

Table 3. The top 10 most productive journals.

Journal TP IF202; APP CPP>22
(%)

IEEE Access 952 3.9 43 22
(10)

IEEE Internet of 367 10.6 5.1 29

Things Journal 4.0

Sensors 331 3.9 4.6 12
(3.6)

Sustainability 265 39 3.8 11
(2.9)

Security and 229 *1.968 4.6 4.6

Communication 2.5)

Networks

Applied Sciences- 204 2.7 43 6.9

Basel 2.2)

Electronics 177 29 4.2 8.2
(1.9)

Wireless 172 *2.146 4.1 32

Communications & (1.9)

Mobile Computing

IEEE Transactions 158

on Industrial (1.7)

Informatics

Future Generation 136 7.5 4.5 44

Computer Systems- (1.5)

The International

Journal of Escience
TP: total number of articles; %: percentage of articles;
IF>0,: journal’s impact factor in 2022; *: journal’s
impact factor in 2021 (IF>021); APP: average number
of authors per article; CPP»y,: average number of

citations per paper (TCx2/TP).

12.3 5.0 45

4.5. Publication performances: countries and
institutions

There were 12 articles (0.13% of 9,107 articles)
without affiliations in SCI-EXPANDED. A total
of 9,095 articles were published by authors
affiliated from 113 countries including 5,444
single-country articles (60% of 9,095 articles)
published by authors from 79 countries with a
CPPyy; of 15 and 3,651 internationally
collaborative articles (40%) published by
authors from 110 countries with a CPP>g; of 22.
The results demonstrated that internationally
collaborative raised citations in the research of
blockchain. It is widely recognized that two
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authors: first and the corresponding authors are
considered as the most contributed authors in a
research article [39]. At the institutional level,
the determined institution of the corresponding
author might be a home base of the study or
origin of the paper [20]. Six publication
indicators [23] and the six related citation
indicators (CPP2) [24] were applied to
compare the top 20 productive countries (Table
4). China dominated in all the six publication

indicators with a TP of 4,079 articles (45% of
9,095 articles), an IPc of 2,422 articles (44% of
5,444 single-country articles), a CPc of 1,657
articles (45% of 3,651 internationally
collaborative articles), an FP of 3,739 articles
(41% of 9,095 first-author articles), an RP of
3,632 articles (40% of 9,083 corresponding-
author articles), and an SP of 165 articles (35%
of 466 single-author articles).

Table 4. Top 10 productive countries.

Country TP TP 1Pc CPc FP RP SP
R CPPx22 R CPPx22 R CPPx22 R CPPx22 R CPPx»2 R (%) CPPxn
(%) (%) (%) (%) (%)

China 4,079 1 17 1 11 1 26 1 16 1 15 1(35) 4.7
(45) 44) 43) @) (40)

USA 1,352 2 29 4 36 2 27 3 32 4 31 2(13) 21
(15) 6.5) (27) (5.9) (6.9)

India 1,000 3 15 2 7.8 3 19 2 12 2 12 6 12
(11) (7.4) (16) 9.0) (7.6) (3.6)

South 734 4 16 3 14 8 19 4 16 3 16 3 11

Korea (8.0) (7.4) 9.1) (5.5) (7.0) (5.8)

UK 681 5 23 9 24 4 23 6 26 5 23 9 7.2
(7.5) 2.1 (16) (2.5) (3.3) (2.6)

Australia 575 6 24 7 21 6 25 5 27 6 26 7 14
6.3) (2.3) (12) (2.5) (3.2) (3.4)

Saudi 573 7 15 14 4.2 5 16 13 9.4 10 12 4 3.8

Arabia 6.3) (1.2) (14) (1.7) (2.4) (5.2)

Canada 472 8 26 11 18 7 28 11 18 11 26 16 12
(5.2) (1.5) (11) (1.8) (2.2) (0.86)

Taiwan 375 9 19 10 11 10 22 12 11 7 15 10 17
4.1) (2.0) (7.3) (1.7) 2.7) 2.4)

Japan 346 10 23 5 20 11 27 9 22 8 20 5 10
(3.8) (3.2) 4.7 2.4) (2.6) 4.5)

TP: number of total articles; 7P R (%): total number of articles and the percentage of total articles; /Pc R (%): rank
and percentage of single-country articles in all single-country articles; CPc R (%): rank and percentage of
internationally collaborative articles in all internationally collaborative articles; FP R (%): rank and the percentage
of first-author articles in all first-author articles; RP R (%): rank and the percentage of corresponding-author articles
in all corresponding-author articles; SP R (%): rank and the percentage of first-author articles in all first-author
articles; CPPyx: average number of citations per publication (7C22/TP); N/A: not available.

Development trends in the publication of the top
seven productive countries in the last decade are
presented in Figure 6. The China ranked at the
top in the last 10 years with a sharply increased
since 2018 to reach 1,723 articles in 2022. India
and Saudi Arabia also had sharply increased in
recent years to reach 531 articles (ranked 2nd)
and 290 articles (ranked 4th) in 2022
respectively. However, China had lower
citations with a TP-CPP2022 of 17, an IPC-
CPP2022 of 11, an FP-CPP2022 of 16, an RP-
CPP2022 of 15, and an SP-CPP2022 of 4.7.
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Similarly, India Saudi Arabia also had lower
CPP2022 for the six types of publications.

The UK was always exceeding production of
China and all countries, but in 2022, China had
1723 articles, almost half of its 7P. According
to (Scimago, 2023) [40] ranking, the most
productive and cited countries in all domains
are USA, China then the UK. We see that Saudi
Arabia is another country in perpetual scientific
revolution. The blockchain domain is more
supported by these countries, and this is the
trend of all novelties in the world.
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Figure 6. Development trends of the top seven productive countries.

Concerning institutions, 2,831 articles (31% of
9,095 articles) originated from single
institutions with a CPPyp; of 15 while 6,264
articles  (69%) were inter-institutional
collaborations with a CPP»g»; of 19.

The results show that international
collaborations had higher citations than
nationally collaborations. The top 10 productive
institutions and their characteristics are
presented in Table 5. Seven of the 10
institutions were in China and one in each of
Saudi  Arabia, Singapore, and Taiwan
respectively. The Beijing University of Posts
and Telecommunications (BUPT) in China
dominated in five of the five publication
indicators with a TP of 218 articles (2.4% of
9,095 articles), an /Py of 48 articles (1.7% of
2,831 single-institution articles), an FP of 160
articles (1.8% of 9,095 first-author articles), and
an RP of 159 articles (1.8% of 9,083
corresponding-author articles).

BUPT is a comprehensive university with
information and telecommunication technology
as its main feature, engineering and science as
its main focus and a combination of
engineering, management, humanities and
sciences as its main pursuit, which becomes an
important base for fostering high-tech talents.
BUPT has 11 schools, three research institutes.
The three research institutes are Institute of
Network Technology, Institute of Optical
Communication and Photoelectron and Institute
of Sensing Technology and Business [41]. They
helped in promoting research. The university is
chosen by 99% of Chinese students, it receives
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the most competent students, it explains the
richness of its research.

The Chinese Academy of Sciences (CAS) in
China ranked the top with a CP; of 198 articles
(3.2% of 6,264 inter-institutionally
collaborative articles). Compared to the top 10
productive institutions in Table 5, the Nanyang
Technological University (NTU) in Singapore
with a TP of 94 articles, a CP; of 91 articles, a
FP of 35 articles, and an RP of 26 articles had
the greatest of TP-CPP»y, of 42, CP1-CPPy»»
of 44, FP-CPP;p; of 69, and RP-CPPjy; of 53
respectively. The Hong Kong Polytechnic
University (Poly U) with an /P; of eight articles
had the greatest of IP-CPPyy, of 49.
Furthermore, the Asia University with an /P; of
three articles (ranked 176™) and a FP of nine
articles (ranked 167") had much lower IPi-
CPPyy»2 of 0 and FP-CPPy»n of 1.9
respectively. Furthermore, Neeraj Kumar,
affiliated with Thapar Institute of Engineering
and Technology in India, utilized multiple
affiliations for all articles, primarily with
Thapar Institute of Engineering and Technology
(TIET), Asia University in Taiwan, and King
Abdul Aziz University in Saudi Arabia, to
publish a substantial number of articles (56 out
of 92) in Asia University. Kumar’s role as an
“academic mercenary,” of Asia University by
turning it into a gift institution.
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Table 5. Top 10 productive institutions.

Institution TP TP 1P CP: FP RP
R (%) CPPy:2 R (%) CPPy2 R (%) CPPy2 R (%) CPPx22 R (%) CPP»22

BUPT, China 218 1(24) 30 1(1.7) 13 2(2.7) 35 1(1.8) 29 1(1.8) 24
CAS, China 202 222 22 117 (0.14) 2.0 132 23 4(0.88) 23 2(1.2) 20
Xidian U, China 167 3(1.8) 21 7 (0.6) 20 424) 21 3(1.1) 19 3(L.1) 23
KSU, Saudi Arabia 162 4(1.8) 24 48 (0.28) 10 3(2.5) 25 77 (0.18) 22 7(0.73) 25
UESTC, China 153 5(.7) 35 3(0.85) 14 52.1) 39 2(1.1) 34 3(1.1) 27
BIT, China 113 6(1.2) 27 7 (0.6) 8.8 7(1.5) 31 4(0.88) 33 5(0.9) 33
Poly U, China 107 7(.2) 33 48 (0.28) 49 6(1.6) 32 21(0.42) 53 27(0.36) 39
WHU, China 99 8(1.1) 18 31(0.35) 8.9 9(1.4) 19 7 (0.66) 20 6 (0.74) 17
NTU, Singapore 97 9(1.1) 42 69 (0.21) 10 8(1.5) 44 26 (0.38) 69 46 (0.29) 53
Asia U, Taiwan 92 10(H 21 176 (0.11) 0 9(14) 22 167 (0.1) 1.9 38(0.32) 17

TP: total number of articles; TP R (%): total number of articles and percentage of total articles; /P; R (%): rank and
percentage of single-institute articles in all single-institute articles; CP; R (%): rank and percentage of inter-institutionally
collaborative articles in all inter-institutionally collaborative articles; F'P R (%): rank and percentage of first-author articles
in all first-author articles; RP R (%): rank and percentage of corresponding-author articles in all corresponding-author
articles; CPP»p»: average number of citations per publication (7C»022/TP); N/A: not available.

Institutions

BUPT: Beijing University of Posts and Telecommunications, CAS: Chinese Academy of Sciences, Xidian U: Xidian
University, KSU: King Saud University, UESTC: University of Electronic Science and Technology of China, BIT:
Beijing Institute of Technology, Poly U: Hong Kong Polytechnic University, WHU: Wuhan University, NTU: Nanyang

Technological University, Asia U: Asia University.

Currently, Thapar Institute of Engineering and
Technology in India is ranked 127" in the world
and 20™ in engineering [42], in 2023, and has 6
centers of excellence.

Centre for Business Analytics and Excellence
focuses on the development of analytical thinking
with large, ambiguous and complex data from
diversified sources.

Centre for Learning Resource Development is
being established with the mission of enriching
management education.

Centre for Indian Management Critically
evaluating and concretizing the Indian
management thought and practice; developing
conceptual frameworks, models and tools, thus
helping practitioners to operationalize it.

The Centre for Governance undertakes action-
oriented research which would be implemented by
AF in collaboration with State Governments.

The centre for Academic and Corporate Leadership
aimed to augment a collaborative academia-
business interface.

Centre for Strategy, Sustainability & Society is
envisioned to emerge as a catalyst for encouraging
business strategy driven sustainability initiatives.

King Abdulaziz university is implementing a
precise plan to improve the number and quality of
scientific papers and is also keen to increase the
rate of publication and citation among faculty
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members to achieve its goal of being among the top
100 universities to achieve the Kingdom’s vision
2030. It also has an infrastructure of Specialized
scientific and research entities represented by
specialized  entities, including  supporting
deanships, specialized research centers and
laboratories, and research excellence chairs. The
University is also interested in protecting,
recording, marketing, and transforming promising
ideas and inventions into commercial or industrial
products [43].

4.6. Citation histories of the ten most
frequently cited articles

Total citations are updated from time to time on the
Web of Science Core Collection. To improve
bibliometric study, the total number of citations
from the Web of Science Core Collection since
publication year to the end of the most recent year
of 2021 (TC»22) was applied to improve the bias
using data from the database directly [21]. A total
of 6,561 articles (72% of 9,107 articles), 8,857
articles (98% of 9,052 articles with abstract in SCI-
EXPANDED), and 6,747 articles (87% of 7,757
articles with author keywords in SCI-
EXPANDED) contain search keywords in their
title, abstract, and author keywords respectively.
Seven, eight, and ten of the top ten most frequently
cited articles contain search keywords in their title,
abstract, and author keywords respectively.

Table 6 shows the top 10 most frequently cited
articles with two citation indicators [20].

The USA published four of the top ten articles,
followed by China (3 articles), Germany (2),



Ho and Aitouche /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 9:1 (2025) 92-113

Norway (2) and one for each of Spain, Canada and
United Arab Emirates respectively. Three
institutions including the Guangdong University of
Technology in China, the Simula Research
Laboratory in Norway, and the University of Oslo
in Norway had two of the ten most frequently cited
articles. Two of the top 10 articles published in the
IEEE Transactions on Industrial Informatics and
Future  Generation  Computer  Systems-the
International Journal of Escience. Citations of a
highly cited article is not always high [44]. It is
recommended to understand citation history of a
highly cited article. The citation histories of the top
ten articles contain search keywords in their title or
author keywords are shown in Figure 7.

The fundamental pattern observed was a steady rise
in citations over a period of approximately three
years, followed by a subsequent decline. Article
entitled “Blockchains and smart contracts for the
Internet of Things” [34] had the greatest impactful
in blockchain research. However, a letter published
article entitled “Blockchain technology and its
relationships to sustainable supply chain
management” [45] was the most impactful in the
most recent year of 2022 with a Co2, of 379.

All of the top ten most cited articles has three
phases of citations; a weak beginning of citations,
crucial phase of citations and then a weak end of
citations (Figure 7). The shape of the citation
history curves is similar for almost of the articles.

Table 6. Top 10 most frequently cited blockchain articles

Rank Rank Title Country Reference
(TCa022) (Ca022)
1(1,799) 3(284) Blockchains and smart contracts for the Internet of Things USA Christidis and
Devetsikiotis (2016)
[34]
2 (1,185) 2 (331) Industry 4.0: State of the art and future trends USA Xu et al. (2018) [46]
3(1,139) 4 (281) Blockchain challenges and opportunities: A survey China Zheng et al. (2018) [47]
4(959) 1(379) Blockchain technology and its relationships to sustainable supply chain USA Saberi et al. (2019) [45]
management
5(734) 31(110)  Bitcoin and beyond: A technical survey on decentralized digital currencies Germany Tschorsch and
Scheuermann (2016)
[36]
6(713) 8 (168) Designing microgrid energy markets. A case study: The Brooklyn Germany, Mengelkamp et al.
Microgrid USA (2018) [48]
7 (652) 9 (166) On blockchain and its integration with IoT. Challenges and opportunities Spain Reyna et al. (2018) [49]
8 (611) 20 (127) Security and privacy in decentralized energy trading through multi- U Arab Aitzhan and Svetinovic
signatures, blockchain and anonymous messaging streams Emirates (2018) [50]
9 (604) 13 (149) Consortium blockchain for secure energy trading in industrial Internet of China, Lietal. (2018) [51]
Things Norway
10 (590) 19 (128)  Enabling localized peer-to-peer electricity trading among plug-in hybrid China, Kang et al. (2017) [52]
electric vehicles using consortium blockchains Norway,
Canada

TCop22: the total number of citations from Web of Science Core Collection since publication year to the end of 2022;

Cap22: number of citations of an article in 2022 only.
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Figure 7. The citation histories of the top ten most frequently cited articles.
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Table 7. Findings and contributions of Top 10 most frequently cited blockchain articles

Title

Findings and contributions

Blockchains and smart
contracts for the
Internet of Things [34]

blockchain-IoT combination facilitates the sharing of services and resources leading to the creation of a
marketplace of services between devices and allows to automate in a cryptographically veriable manner
several existing, time-consuming workflows.

Industry 4.0: State of
the art and future
trends [46]

Blockchain is an industry 4.0 technology, World Economic Forum predicts that by 2027, 10% of global
GDP will be stored on blockchain technology. Some companies have started integrating blockchain
concept into manufacturing practices.

Blockchain challenges
and opportunities: A
survey [47]

The article contains a comparison between consensuses which represent a vital part concerning the energy
consumption and its minimization. It compares PoW, PoS, PBFT, DPOS, Ripple and Tendermint. They
found that Pos and DPoS are the less cosuming energy.

Blockchain technology
and its relationships to
sustainable supply
chain management
[45]

Four blockchain technology adoption barriers categories are introduced: interorganisational barriers (lack
of customers’ awareness, lack of collaboration, challenge of sustainability practices and cultural
differences), intraorganisational barriers (financial constraints, lack of managers’ support), technical
barriers (security challenge, blockchain not mature, immutability challenge) and external barriers (lack
of governmental policy, market competition, lack of stakeholders involvement).

Bitcoin and beyond: A
technical survey on
decentralized digital
currencies [36]

A comparison between bank model and bitcoin model: The bank Model is centralized, survives by
interests of loans, value of money depends on rate exchange, and the tranfer is mediated and not free,
long delay of transaction with high fees).The Bitcoin Model is decentralized, survives by mining
operations, value of money depends on demand and supply, and the tranfer is direct and not reversible,
short delay of transaction with low fees).

Designing microgrid
energy markets. A case
study: The Brooklyn
Microgrid [48]

The article shows that private blockchains are suitable information systems that can facilitate localized
energy markets. The BMG is the first project that actually facilitated a blockchain-based electricity
transaction. The projects’ findings need to be further investigated to evaluate the economic and socio-
economic impact of microgrid energy markets on their participants and the entire energy supply system.

On blockchain and its
integration with [oT.
Challenges and
opportunities [49]

Consensus can include IoT as part of the mining processes and distributing even more blockchains.
Beyond the scalability and storage capacity which affect both technologies, research should ensure the
security and privacy of critical technologies that the IoT and blockchain can become. One of the main
concerns about blockchain, and especially cryptocurrencies, resides in its volatility which has also been
exploited by people to take unfair advantage of this situation. The integration of the IoT and blockchain
will increase the use of blockchain, to establish cryptocurrencies on the same level as current money.

Security and privacy in
decentralized energy
trading through multi-
signatures, blockchain
and anonymous
messaging streams
[50]

Authors implemented a proof-of-concept for decentralized energy trading system using blockchain
technology, multi-signatures, and anonymous encrypted messaging streams, enabling peers to
anonymously negotiate energy prices and securely perform trading transactions. On the case studies, they
found that the appropriate combination of blockchain technology, multi-signatures and anonymous
encrypted message propagation streams presents a feasible and reliable direction towards decentralized
energy trading with higher privacy and security compared to the traditional centralized trading solutions.

Consortium blockchain
for secure energy
trading in industrial
Internet of Things [51]

In this paper, a unified energy blockchain based on consortium blockchain for secure energy trading in
various typical scenarios of IIoT (Industrial IOT), such as microgrids, energy harvesting networks, and
vehicle-to-grids. Authors designed a credit-based payment scheme to overcome the transaction limitation
caused by transaction confirmation delays, which supports fast and frequent energy trading by credit-
based payment among energy nodes. They propose an optimal pricing strategy using Stackelberg game
for energy-coin loans to maximize economic benefits of credit banks.

Enabling localized
peer-to-peer electricity
trading among plug-in
hybrid electric vehicles
using consortium
blockchains [52]

A localized P2P Electricity Trading system with Consortium blockchaiN (PETCON) method is proposed
to illustrate detailed operations of localized P2P electricity trading. Moreover, the electricity pricing and
the amount of traded electricity are solved by an iterative double auction mechanism to maximize social
welfare in this electricity trading. Security analysis shows that the proposed PETCON improves
transaction security and privacy protection. Numerical results based on a real map of Texas indicate that
the double auction mechanism can achieve social welfare maximization while protecting privacy of the
PHEVs.

Table 7 summarizes the content of the top ten most
cited articles. Most of them are reviews of the
different aspects of blockchain.

4.7. Research foci

The study conducted by [53] utilized the
distribution of words in article titles, abstracts,
author keywords, and Keywords Plus as a word
bank to identify the research’s main focuses and
their development trends. However, when it comes
to new research topics or fields, analysing different
periods may not be appropriate. The articles were
arranged in ascending order based on their
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publication years and were subsequently divided
into three distinct “periods”. Each period contains
one-third of the total articles. In the first period,
spanning from 1991 to 2020, amounting to 3,011
articles (33% of the overall 9,107 articles), were
accounted for. This initial period represented a
smaller proportion of articles each year, suggesting
the emergence of a new research topic or field. It
took 20 years to publish
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Table 8. The 20 most frequently used author keywords

Author keywords TP 1991-2022 1991-2020 2021 2022
Rank (%) Rank (%) Rank (%) Rank (%)

Blockchain 5930 1 (76) 1 (76) 1 (86) 1 (70)
Security 1,076 1(14) 1(9.1) 1(16) 1(16)
Internet of things 824 2(11) 1(9.1) 2(11) 2(12)
Smart contract 777 3(10) 3(8.8) 3 (10) 3(11)
Smart contracts 745 4 (10) 4(8.2) 4(10) 4(11)
Privacy 617 5(8.0) 6(6.2) 5(9.3) 5(8.5)
Bitcoin 425 6 (5.5) 5(6.7) 7(5.2) 8 (4.7)
Cloud computing 352 7 (4.5) 8(4.3) 12 (4.6) 8 (4.7)
IoT 352 7 (4.5) 7 (4.8) 9(4.9) 114.1)
Blockchain technology 335 9(4.3) 11 (3.5) 12 (4.6) 7 (4.8)
Edge computing 335 9(4.3) 10 (3.6) 6 (5.8) 12 (3.9)
Ethereum 331 11 (4.3) 9(4.3) 7(5.2) 14 (3.6)
Authentication 329 12 (4.2) 15(2.9) 9(4.9) 6(4.9)
Peer-to-peer computing 280 13 (3.6) 14 (3.0) 14 (4.1) 13 (3.8)
Servers 278 14 (3.6) 23 (1.8) 11(4.9) 10 (4.2)
Internet of Things (IoT) 276 15 (3.6) 12 (3.4) 15 (3.8) 15(3.5)
Access control 255 16 (3.3) 16 (2.8) 16 (3.8) 16 (3.3)
Machine learning 214 17 (2.8) 18 (2.3) 20 (3.1) 17 (3.0)
Distributed ledger 212 18 (2.7) 19 (2.2) 18 (3.2) 18 (2.8)
Cryptography 205 19 (2.6) 17 (2.6) 17 (3.4) 29 (2.2)
Scalability 191 20 (2.5) 34 (1.5) 19 (3.1) 19 (2.8)

TP: number of articles contain the keywords; %: percentage in each period.

one-third of the total articles. Moving on to the
second period, which encompassed the year
2021, totalling 2,500 articles (27% of the 9,107
total articles). During this period, researchers
displayed increased interest, leading to a higher
volume of published studies. It took only on year
to publish one-third of the total articles. Finally,
period three covered 2022, with 3,596 articles
(39% of the 9,107 total articles). Again, it only
took one year to publish one-third of the total
articles. The analysis involved examining the
distribution of words in the article titles and
abstracts, as well as author keywords, across
these three article segments. The analysis of
words in article titles and abstracts provides
insights limited to individual words. In Table 8,
the 20 most frequently used author keywords
(excluding search terms) were highlighted.

The results of keyword analyses provide
information about the main and possible
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research foci as each word cluster comprised
several supporting words.

The frequensy of the keyword «blockchainy»
(5930) is added to the frequency of «blockchain
technology» (335) to obtain 6265, and because
they are synonyms and the most frequent; it is
obvious by the nature of the bibliometrics
research looking for blockchain articles.

The security is the second most frequent
keyword (1,076) to understand that the appeal to
the blockchain technology is for its encouraging
security aspect. The keywords privacy (617),
authentication (329), access control (255) and
cryptography (205) belong to the security
family. Figure 8 illustrates that the security of the
blockchain should be insured at all the levels or
layers. The third most frequent keyword is
«Internet of Things» (824), added to the
keyword IOT (352) and added to Internet of
Things (IoT) (276) to obtain 1492 appearances
of the keywords having the same meaning. The
next trend of blockchain is the acceleration of
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integration of blockchain and IOT, because IOT
are subject of attacks and the blockchain may
reinforce their security.

Blockchain
Security Levels

Governance
Is decision-making
well defined and
representative of
the stakeholders?
Is the risk of a 51%

attack well mitigated?
Distributed

Organizations

Are sound operational

practices at the base of the

impl ion?
Programming mplementation

Are contracts performing with
@ intended accuracy?
Are user accounts secure?
Transactions
Are transactions validated with certainty?

Figure 8. Blockchain security levels [54]

© 2016 William Mougayar

The fourth more used keyword is smart contract
(777) added to smart contracts (745) to have
1522. The smart contract is an automated
contract reflecting the real contract or the
traditional contract. It works on blockchain
without reminders or negotiations. All is done in
advance when designing the blockchain. The
fifth most used cryptocurrency or digital money
is Bitcoin (425) and followed by Ethereum
(331).

The first one appeared in 2008 and was
announced by a group under the pseudonyme
Satoshi Nakamoto (unknown until now) by
publishing their white paper « Bitcoin: A Peer-
to-Peer Electronic Cash System » [55]. In 2012,
the bitcoin achieves 1 billion dollars. In 2013,
[56] launched the Ethereum. While both the
Bitcoin and Ethereum networks are powered by
the principle of distributed ledgers and
cryptography, the two differ technically in many
ways. For example, transactions on the
Ethereum network may contain executable code,
while data affixed to Bitcoin network
transactions is only used to record transaction
information. Other differences include block
time (an ETH transaction is confirmed in
seconds, compared with minutes for BTC), and
their consensus algorithms are different: Bitcoin
uses SHA-256, while Ethereum uses LMDGhost
[57]. The particularity is that each enterprise can
create its own cryptocurrency convertible to
other  cryptocurrencies and  traditional
currencies. That is why, there are thousands of
cryptocurrencies.

The sixth trend is the computing infrastructure
supporting the blockchain represented by the
keywords: cloud computing (352), edge
computing (335) and peer-to-peer computing
(280) to have in final (967) appearances.

The cloud computing is commonly described as
the usage of computing resources provided as
services over network [58].

(Zhou et al. 2017) [59] proposed a Cleanroom
Security Service Protocol (CSSP), which is
actually a bilateral agreement based on a
consortium blockchain framework, shown in
Figure 9. CSSP was mainly designed for the
SaaS (Software as a Service) computing
environment [60]. The usage of blockchain with
cloud computing is to be more trustful.

Figure 10 shows the asked researches on Google
about cloud computing since 2004. It is
increasing these last years [61].

The increasing usage of the Internet of Things
over the time has caused problems to the
centralized resources on Cloud Computing like
low throughput, high latency, bandwidth
bottlenecks, data  privacy, centralized
vulnerabilities, and additional costs.

R

ANT=
Arbitrator § ‘0

smart
contracts

Services

Manager

/
Figure 9. Main process in CSSP [60].
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Figure 10. The trends of research on Google about
Cloud computing [61].

To attenuate these problems, the Edge
Computing is appeared, simply to delegate the
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hard computations to the peripherals and
terminals to gain some decentralization [62].
Figure 11 illustrates the increasing trends of
researches on Edge Computing over the time

\
T—

Figure 11. The trends of research on Google about
Cloud computing [61].

The seventh trend is Peer-To-Peer (P2P)
computing (280) added to distributed ledger
(212) to have 492. P2P is a computing network
without a central server, it is the more adequate
to the decentralized architecture of blockchain
technology. Figure 12 [63] is the architecture of
the P2P network.

Figure 12. A simulation of a peer-to-peer network
[63]

Figure 13 [61] illustrates the stabilisation of
researches on Google over 12 years, there is
probably an increasing use of it with the
increasing of use of blockchain in the future.

WMM«.W/\IW

Figure 13. The trends of research on Google about
P2P Network [61].
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4.8. The studied Consensuses

A consensus algorithm is a compliance of each
actor in the blockchain network in order to agree
on the creation and sequence of each block, it is
a tedious verification process ensuring that the
blockchain transaction history is correct and
tamperproof. All players or nodes of the network
must agree to validate an entry in the blockchain
register, this is called a consensus algorithm
[64].

Table 9 shows the most 12 used consensuses in
the studied articles expressed in author
keywords. The first keyword is consensus
equivalent to algorithm, protocol or mechanism
with 480 appearance. It does not specify the used
consensus.

We will describe the top 4 used consuses. The
most specified used consensus is «Byzantine
fault tolerance» (BFT) with a frequency of 111.
BFT proposes series of fault-tolerant consensus
algorithms that enable the system to reach
consensus even in the presence of a certain
number of malicious nodes of the blockchain
network [65]. While Proof of Work (PoW) with
101 appearances, was the first used in consensus
in blockchain, it requires the consent of all nodes
in the network without exception for the addition
of a block, which makes the process long (10
minutes), energy consuming and above all the
most secure. PoW has been improved by several
versions to mitigate its disadvantages.

The third consensus if Proof of Knowledge
(PoK) (68), a better version of PoK is Zero-
knowledge Proof (ZKP) [66]. In this method,
one party (Prover) can prove that a specific
statement is true to the other party (verifier)
without disclosing any additional information.
Zero Knowledge Encryption makes sure that no
one, except you (not even the service provider or
blockchain app development agency) can access
your secured data.

The fifth most used consensus is Proof of Stake
(PoS) (46). Due to the limitations of PoW as
energy inefficiency, delay, and vulnerable to
security threats, PoS has been developed
enabling to achieve the consensus via proving
the stake ownership. This mechanism is
expected to become a cutting-edge technology
for future blockchain networks [67].
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Table 9. The most frequently used consensuses

Author keywords TP
Consensus or Algorithm or Protocol or
Mechanism 480
Byzantine fault tolerance 111
Proof of Work 101
proof of Knowledge 68
Proof of Stake 46
Proof of Authority 26
Proof of Delivery 3
Proof of Location 3
Proof of Learning 3
Proof of Contribution 2
Algorand 2

4.9. Sustainable and green blockchain
Blockchains are often stigmatized for their
burden on the environment. While it is true that
Bitcoin itself and similar proof-of-work (PoW)
chains have a considerable ecological impact,
proof-of-stake (PoS) chains are vastly more
energy efficient. For example, the Ethereum
network recently upgraded to PoS, which saw
Ethereum’s energy usage drop by 99.9% [68].

Table 10. The most used consensuses

Author keywords TP
Smart aspects 519
Energy aspects 180
Sustainability 156
Electric aspects 146
Ecosystem 72
Green aspects 55
Circular economy 54
Carbon aspects 25
Environment aspects 22
Climate 12

There are multiplied efforts to make blockchain
sustainable technology, table 10 shows the used
keywords to encourage this environmental
challenge. The keywords were summed
manually by similar aspects, using our
experience in the domain. Smart aspects (519)
represents most keywords, like smart
blockchain, smart home, smart grid, smart
device, smart logistics, smart society...etc. All
these smart aspects try to make all our society or
environment smarter by giving them hard or soft
tools to reason and make decisions
autonomously to avoid harm the environment.
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Smart blockchain is a new generation of
blockchain network that allows one or more than
a smart contract. The decentralized system of
smart contracts collects the data accurately and
flawlessly. The decentralized nature of smart
blockchain ensures that there is no single point
of control or failure, making it resistant to
tampering, hacking, and other malicious
activities. Simultaneously this decentralization
method helps store and register the data in new
blocks. The complete process of a transaction is
automatic, without any human interaction [69].

Energy aspects appear with great frequency
(180), they include energy as a service, energy
cost, energy blockchain, energy efficiency,
energy financing, energy optimisation, energy
saving, energy storage, energy trading etc. The
blockchain is a big consumer of energy because
of its mining process, the focus is more and more
on reduce this consumption by the blockchain by
proposing green consensuses like Proof of Stake.

The third most frequent aspect is sustainability
(156), it means we have to use resources
especially natural ones operational and not waste
them to safeguard the health of the terrestrial
globe now and to think to the sustainability of
these resources for the next generations. This
behaviour should take in consideration culture or
society, economic efficiency and the
environment. The sustainable blockchain is
consuming less energy and tries to develop a
reusable mining chip which is a hard waste not
recyclable.

The electric aspects (146) encourage the
consumption of electricity of pollutants as fuel
and organic power.

An ecosystem (72) is a geographic area where
plants, animals, and other organisms, as well as
weather and landscapes, work together to form
life [70]. It is integrated in the studied articles
because of the nuisance of blockchain to this
ecosystem to have to be respected by all the
technologies.

Green aspects (55) are focused on greening all
the processes in industries to be respectful to the
environment and biodegradation of products in
the nature.

Circular economy (54) ai all what is related to
profitably recycling products.


https://carbon-ratings.com/#:%7E:text=The%20Merge%20%E2%80%93%20Implications%20on%20the%20Environmental%20Sustainability%20of%20Ethereum
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Carbon aspects (25) have to measure the
footprint of all technologies and processes and
reduce it to lead it to the allowed worldwide
standards.

Environment aspects (22) and the climate
aspects (12) are encouraging to be environment-
friendly intra-entreprise or extra-enterprise and
at all the stages of life cycle of the product or
process.

4.10. Medical blockchain

The medical aspects were strongly present in the
collection of studied articles, we found 418
keywords related to medical aspects among
15386 keywords. It is suitable to draw attention
that the medical area benefits to all offered
technologies as blockchain. Before treating
keywords, we will look on titles of articles, we
found that the word health appears 497 times,
medical appears 230 times, hospital appears 15
times and patient appears 60 times. These
numbers give an idea about the emergence of
blockchain in medical or healthcare in general.

Table 11 illustrates the most used author
keywords. The electronic health record and data
appears 200 times to demonstrate the importance
of the data of patient and their privacy and
confidentiality. The blockchain represents a
good technology to guarantee the secure access.
The question is «Who can access to these
records»?, the medical staff or the patient? The
rules differ from a medical system to another.
Medical services (105), e-health aspects (105)
and healthcare aspects (89) are related to the
electronic healthcare systems encouraging the
telemedicine and offer a remote support of
patients who are spared from moving to the
hospital. Intenet of medical things (72) are the
sensors used on the body of a patient to measure
certain characteristics like temperature, pressure,
glycemia,...etc, to inform servers or medical
staff to intervene or to autoregulate these
measures injecting the appropriate drugs in the
body by devices on the body of the patient.
Pandemic aspects (71) are also treated because
of the harmful after-effects of Covid-19 last
years and its enhancement of the use of eHealth
systems securely with the blockchain
technology.
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Table 11. The most used health keywords

Author keywords TP
Electronic health record aspects or data 200
Medical services 142
e-Health aspects 105
Healthcare aspects 89
Internet of medical things 72
Epidemic or pandemic or disease 71
Medical blockchain 55
Biological aspects 50
Medical image 48
Hospital aspects 37
Forensic aspects 35
Pharmaceuticals and medical devices 29
Medical security and insurance 28
Patient centric 20
Medical logistic 12
Emergency aspects 10
Green healthcare 6

Medical blockchain (55) pours directly in the
importance of the blockchain technology in
healthcare. The most cited article is [71]. The
authors proposed a Healthcare Data Gateway
(HGD) architecture based on blockchain to
enable patient to own, control and share his or
her own data easily and securely without
violating privacy, which provides a new
potential way to improve the intelligence of
healthcare systems while keeping patient data
private.

The remaining keywords are treating the
limitroph aspects around the success of the
blockchain technology in healthcare in general.
There are several barriers to the use of
blockchain like forensic aspects and the
governance in multipartite of the blockchain.

4.11. Blockchain and cybersecurity

The blockchain is also used in to sensible sectors
like banks, it can be applied in audit operations
practically for unanticipated events which can
emerge in cyberspace to mitigate inherent risk to
residual levels. However, there is ample room to
adapt this technology for cybersecurity
management and audit practices from the point
of view of the labour force, regulations and
environmental issues [76].
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Staff of companies using blockchain should be
trained to intrusion detection and prevention
policy for cybercrime [77].

5. CONCLUSION

This work is a bibliometric study of the emerging
blockchain technology between 1992 and 2022.
This choice is not arbitrary, it is due to the lack
of such studies in the existing literature, in one
hand, and, in the other hand, the importance of
this technology for the huge gaining in
transparency, security, privacy and
immutability. This latter is the most important
characteristic, because the blocks of information
are added after validation by a consensus and
could not be modified or removed. These
characteristics are harmful to certain
organisations which are not to this transparency
in their business. 9107 articles were collected
from the online version of the Science Citation
Index Expanded (SCI-EXPANDED), the
Clarivate Analytics Web of Science Core
Collection database (data updated on 29 June
2023), using a combination of query keywords
and Boolean operators containing variants of
blockchain. This number is obtained after
filtering the search removing no significant
results. Several analyses are performed using
bibliometrics indicators of productivity and
citations or impact of production. Some
manipulations were necessary to identify and
adjust the affiliations of authors, to avoid
scientific inflations.

The most used types of documents are articles
because they contain basic and experiment
studies and original ideas then and reviews
because the importance of this type in paving the
way for the novice researchers. The content of
most three relevant reviews is resumed.

The scientific production and the citations are
increasing over years, giving more attention and
usability of the blockchain.

The productive Web of Science productive
categories are: (1) information systems computer
science, (2) electrical and electronic engineering,
(3) telecommunications and (4) theory and
methods computer science. The nature of the
blockchain does so it is taken in account by
information and communication fields.

The productive journals in blockchain are: (1)
IEEE Access, (2) IEEE Internet of Things
Journal, (3) Sensors and (4) Sustainability. 1t is
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comprehensible when the Internet of Things are
more and more combined to the blockchain to
make basical information more reliable coming
from connected devices. The sustainability is
strongly introduced because of the energy
consuming of blockchain and the researchers
look for green consensuses of mining to
minimize this consumption.

The countries having the higher production are
China, USA, India, South Korea and the UK, via
their institutions representing of centers of
excellence in the domain.

The Chinese institutions are the pioneers in the
domain of blockchain (BUPT university,
Chinese Academy of Sciences), then comes the
Indian Thapar Institute of Engineering and
Technology and the Saoudian King Abdulaziz
university.

Resumed contents of the top 10 cited articles are
presented to enrich the bibliometric study by a
breach of contents adding value and
comprehension. The citations approximatively
follow three different periods, a weak beginning
period, a strong period and then a final weak
period.

According to the author keywords, The trends
are about (1) the security of the blockchain face
the malicious intrusions especially in health
records of patients and the diversion of
cryptocurrencies’ transactions, (2) the Internet of
Things as physical connected devices measuring
situations and in certain cases regulating the
flaws if they are smart ones, (3) the use of smart
contracts especially in the non monatery
applications as blockchain education to save
credentials and certificates, (4) the most used
cryptocurrency is still the bitcoin.

As important component of blockchain, special
attention is given to consensuses used for tne
process of mining or validating a block of
transactions before adding it to a blockchain, the
most used is Byzantine fault tolerance resisting
in malicious situations, Proof Of Work
consuming time and energy, proof of Knowledge
minimizing thz number of provers and Proof Of
Stake minimizing time and energy.

Another aspect is studied, how much the
blockchain is aligning with the green
philosopy ?. Because of its great consumption of



Ho and Aitouche /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 9:1 (2025) 92-113

energy, blockchain is integrated in the use
renewable energies and circular economy trying
to find a susbstitution to its non-recyclable ship
used in mining.

As an example of fields using the blockchain is
the medical one, using body sensors helping in
tele-diagnosis and auto regulation by injecting
substances in the body.

This study is useful to scientific community in
need to know statistical indexes concerning
blockchain technology since its birth, its
possibilities of use in the majority of domains
and certain barriers to its use like its high cost,
absence of skilled staff to manage it, absence of
law regulating its use and the governance of the
blockchain in interoperable context between
partners of blockchain.

Among the limitations of the study, self-citations
are not distinguished from the remaining
citations which could braise even by a small
percentage the real impact of an article. The
research query is performed on all fields of the
articles (titles, abstracts and the body of the
article), which affects somewhat the relevancy of
some articles related to a blockchain notion
existing in chemical field concerning the
structure of polymers.

Future research would be (1) on consensuses less
consuming energy, using the renewable
energies, in a philosophy of greening the
blockchain, (2) disclosing the usability of
blockchain in all domains, (3) design of a battery
of laws to help governments to adopt this
technology with the slightest risk, (4)
guaranteeing the privacy and determining the
new roles and responsibilities of the users of
blockchain.
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ABSTRACT

This study presents the finite element analysis and prototype development of a self-balancing robot
designed for applications in the advertising sector. The structural behavior and dynamic properties of
the robot were analyzed using static, modal, and rigid body simulations in ANSYS software. Static
analysis confirmed the mechanical durability of the robot by evaluating the forces acting on the motors
and body, while modal analysis identified potential resonance conditions. Notably, in the third vibration
mode, a deformation of 330.24 mm at 52.169 Hz was observed, indicating a critical resonance issue. To
enhance structural efficiency, topology optimization was applied to the outer casing, resulting in a 14%
reduction in mass (from 0.45392 kg to 0.39069 kg) while maintaining structural integrity. During the
experimental phase, the prototype successfully demonstrated autonomous movement using integrated
distance sensors. However, initial tests revealed a wobbling motion due to insufficient motor power,
which will be addressed in future iterations by incorporating higher-torque motors. The proposed robot
has the potential to serve as an interactive advertising tool, capable of attracting attention through
dynamic motion and engaging promotional content display. Future work will focus on enhancing
stability and refining control algorithms to improve performance in real-world advertising
environments.

Keywords: Self-Balancing Robot, Finite Element Analysis, Topology Optimization, Advertising.

1. INTRODUCTION algorithms like PID controllers to ensure
Balance robots stand out as a significant stability [2,3].
advancement in the field of robotics. These
robots have the ability to balance on two wheels Spherical self-balancing robots, which operate
and typically maintain stability and movement on a single sphere, provide exceptional
using PID control algorithms. These algorithms maneuverability and  dynamic  balance
regulate the speed and direction of the motors to adjustments. These robots are classified not
ensure the robot remains in equilibrium [1]. only by their physical structure but also by their
control strategies, incorporating advanced
Self-balancing robots, a subset of mobile techniques such as fuzzy logic and
robots, are designed to maintain dynamic reinforcement learning [4]. Beyond mobility
balance using control theory principles, often and service applications, their autonomous
modeled as an inverted pendulum. Their ability navigation and balancing capabilities open new
to remain upright while navigating various possibilities in the advertising industry,
terrains makes them ideal for applications enabling dynamic and interactive promotional
requiring both balance and mobility, such as strategies. [5].
personal transporters and service robots.
Among the different configurations, two- Robotic applications in advertising are
wheeled models are the most common, utilizing expanding, particularly with the integration of
horizontally positioned wheels and control service robots into marketing strategies. A

notable example is the deployment of multiple
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robots for distributed questionnaire services at
tourist sites and exhibitions, enhancing visitor
engagement while simultaneously collecting
valuable consumer data to optimize marketing
strategies [6].

Moreover, the development of marketing
systems that integrate robots with smartphones
has been explored, highlighting the synergy
between mobile technology and robotics in
creating interactive advertising experiences.
These systems enable real-time customer
engagement and feedback, further enhancing
the effectiveness of marketing campaigns [7].
This technological integration allows for a more
personalized advertising approach, tailored to
individual consumer preferences and behaviors.

In the hospitality sector, consumer acceptance
of service robots is influenced by factors such
as innovativeness and personal norms,
underscoring the importance of marketing
strategies that address psychological and social
dynamics. Likewise, the adoption of service
robots in advertising aligns with broader
robotics trends, particularly the rise of
collaborative robots ("cobots"), which enhance
efficiency by working alongside humans in
marketing operations [8,9].

Recent studies indicate that social robots in
public spaces, such as shopping malls, function
as effective advertising tools by engaging users

and distributing promotional materials.
Research  suggests that adapting their
communication  styles  enhances  their

effectiveness, making them more engaging and
impactful than traditional advertising methods
[10,11]. Self-balancing robots are expanding
beyond conventional roles, evolving from
interactive kiosks into dynamic promotional
tools in marketing and retail. Their ability to
enhance customer engagement, personalize
experiences, and simulate  human-like
interactions makes them increasingly valuable
in advertising applications [12].

Additionally, their autonomous navigation
enables direct product delivery, optimizing the
shopping experience and efficiency [13]. The
marketing potential of self-balancing robots
goes beyond mobility, offering creative
branding opportunities. They can be customized
with brand colors and logos, transforming into
mobile advertisements that attract consumer
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attention [14]. Their interactive capabilities,
such as voice and visual engagement, enhance
brand recall and create memorable experiences.
Utilizing these robots in promotional events and
experiential ~ marketing campaigns can
significantly boost consumer engagement and
drive sales [15].

Self-balancing robots, traditionally used for
mobility and personal transportation, are now
emerging as dynamic tools in advertising. Their
ability to navigate autonomously, engage users
interactively, and serve as mobile promotional
platforms offers a significant advantage over
static advertising methods. By integrating
robotics with marketing strategies, these robots
enhance  consumer engagement, brand
visibility, and personalized advertising
experiences. This study highlights the potential
of self-balancing robots to transform
conventional advertising approaches, making
them a valuable asset in modern marketing.

2. MATERIAL AND METHODS

This study presents the design and fabrication
of a two-wheeled self-balancing robot
optimized for advertising applications. Stability
and durability were ensured through a 3D
model, followed by static, modal, and rigid
body dynamics analyses in ANSYS. Static
analysis assessed mechanical strength, modal
analysis identified natural frequencies to
prevent vibrations, and rigid body dynamics
simulated real-world motion for smooth indoor
operation. Topology optimization reduced the
robot’s mass by 14%, enhancing mobility while
preserving structural strength. Polylactic Acid
(PLA) was chosen for its lightweight, cost-
effectiveness, and aesthetic appeal, as well as its
biodegradable nature, supporting sustainable
marketing solutions. Designed as an interactive
advertising platform, the robot features
dynamic mobility and customizable content
display. Manufacturing utilized FDM 3D
printing for high-quality, rapid production.
Optimized printing parameters included a 0.4
mm nozzle diameter, 0.2 mm layer height, and
30% infill density. A print speed of up to 600
mm/sec significantly reduced production time,
while an extrusion temperature of 200°C and a
print bed temperature of 60°C ensured
dimensional stability and minimized errors.
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2.1. Design

The mechanical design of the robot was
modeled using Autodesk Inventor software.
The main body was carefully designed with a
balanced structure, ensuring that the center of
gravity remains between the wheels to enhance
stability and maneuverability during movement.
To ensure robustness, studs and mounting
elements were meticulously selected to keep all
components securely in place.

PLA was specifically selected for this
application as it offers sufficient mechanical
strength while remaining lightweight, thereby
reducing the load on the motors and improving
energy efficiency. Additionally, its smooth
surface finish enhances the aesthetic appeal,
making it particularly suitable for advertising
applications. Since the robot is intended for
indoor use, PLA’s moderate thermal resistance
and biodegradability further support its
suitability for this project. The image of the
designed model is presented in Figure 1 with
enhanced resolution for improved clarity.

Figure 1. Designed model of the self-balancing
robot

2.2. Static Analysis

The forces applied to the motors and the body
in the motion joint of the robot and the forces
that may occur during the movement are
discussed in detail within the scope of static
analysis. Stress, strain and deformation results
were carefully calculated in line with the effects
of these forces. This study is a basic reference
for ensuring the mechanical durability of the
snake robot and optimizing the design. In line
with the calculations performed using PLA
material during the analysis process, the
physical prototype will also be built using PLA
material during the production phase of the
design. Table 1 presents the main properties of
PLA material.

Table 1. The properties of PLA [16].

Properties Units Values
Density g/em’ 1.24
Tensile Strength MPa 45-65
Elongation at Break % 5-10
Young’s Modulus GPa 2.7-16
Coefticient of Thermal

Expansion pm/m K 68-72

The boundary conditions applied to the robot
model are given in Figure 2.

2
ﬁ’i@ z
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Figure 2. Boundary conditions defining constraints
and external forces on the robot model

After applying these boundary conditions, total
deformation, strain and stress results were
obtained. These results are presented in Figures
3,4 and 5, respectively.

..

Figure 3. Total deformation results of the robot
model
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Figure 4. Strain distribution in the robot model
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Figure 5. Stress distribution in the robot model
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The total deformation, stress and strain values
obtained as the output of the analysis results are
presented in Table 2.

Table 2. Results of static analysis

Results Units Values
Total Deformation mm 1.2251
Elastic Strain Mm 0.0015
Stress MPa 1.8923

2.3. Modal Analysis

A modal analysis was performed to evaluate the
dynamic vibration characteristics and structural
integrity of the robot. This analysis aims to
examine the possible vibration effects on the
structure by determining the natural vibration
modes and frequencies of each component. The
forces due to the motors and other forces that
may occur during motion were evaluated. In this
way, an important guide is provided to secure
and optimize the mechanical stability of the
robot. The analysis results obtained provide a
better understanding of the flexibility and
dynamic behavior of the robot and provide a
basic reference for improvements to be made in
the design process. The total deformation result
for the first mode value are presented in Figure
6.

Figure 6. First mode shape and corresponding
natural frequency of the robot model

As a result, a total of 6 mode values were
obtained. Each mode has different frequency
values and different deformation values
depending on these frequencies. The results are
presented in Table 3.

Table 3. Modal analysis results with natural
frequencies and deformations.

Mode  Frequency(Hz) Deformation(mm)
1 0,03 23,701
2 26,626 44,535
3 52,169 330,24
4 98,793 514,93
5 101,39 145,98
6 118,09 271,92
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2.4. Rigid Analysis

A rigid analysis was performed to predict the
motion of the robot. This analysis was
performed to simulate the joint motion of the
robot under certain moment values, to
understand how the robot will react under real-
world conditions and to determine the necessary
measures to stabilize the motion. Furthermore,
this analysis, performed before prototype

production, helps to identify potential errors and
opportunities for performance improvement
that may arise during the design process. The
result of a 600 mm movement on a flat surface
is shown in Figure 7.

|gemr

Figure 7. Rigid body analysis simulation of the
robot model

2.5. Topology Optimization

Topology optimization (TO) is a computational
design technique that seeks to optimize the
material layout within a given design space,
subject to specified loads and boundary
conditions. This method allows for significant
flexibility in structural design, enabling both
topological and geometrical changes to achieve
high-performance  structures [17]. The
foundational concept of TO was introduced by
Bendsee and Kikuchi in 1988, and since then, it
has evolved into a robust field of study with
numerous  applications  across  various
engineering disciplines [18,19].

In the outer mold of the robot, topology
optimization was performed for mass and
volume reduction. In the optimization process,
PLA (Polylactic Acid) was selected as the
material used and these material properties were
assigned to the part to be optimized. In this
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study, the initial part mass of 0.45392 kg was
reduced to 0.39069 kg at the end of the
optimization process. This optimization, which
was achieved after 27 iterations in total, resulted
in a mass reduction of approximately 14%.

Topology optimization is based on the principle
of using only the necessary material and
reducing unnecessary masses by improving the
part geometry. In this process, the mechanical
properties and strength of the part are preserved,
increasing productivity, especially in the
production process, and improving the overall
performance of the robot. The results obtained
show that a lighter and more optimized structure
can also contribute to a reduction in production
costs and energy savings. The appearance of the
part before the topology optimisation is
presented in Figure 8 and the final version after
the optimisation process is presented in Figure
9. These two figures provide an opportunity to
visually compare the mass reduction and
structural improvements in the part as a result of
the optimisation process.

> p2i)

Figure 8. Robot model before topology
optimization

]

Figure 9. Robot model after topology optimization

The total deformation, stress and strain values
obtained as a result of the optimisation are
compared in a table for the pre- and post-
optimisation cases. This table was created in
order to analyse in detail the mechanical effects
of structural changes on the part. The
differences between the deformation, stress and
strain values show the contribution of the
optimisation to the performance and the
improvements in part strength. These results are
given in Table 4.
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Table 4 (A: Elastic Strain (mm), B: Stress
(MPa), C: Total Deformation (mm), D: Weight
(Kg) shows the comparison table of the model
before and after optimization.

Table 4. Comparison Table

Target

Variable A B C D
Before 0,0007 1,064 0,007 0.45
Optimization
After 00014 2299 0,021 039
Optimization

The total deformation image of the model
obtained as a result of topology optimisation is
presented in Figure 10, stress distribution image
in Figure 11 and strain distribution image in
Figure 12. These images clearly show the
effects of the optimisation process on the
mechanical performance of the model and
provide the opportunity to visually analyse how
critical parameters such as deformation, stress
and strain are distributed on the part.

Figure 10. Total deformation results after topology
optimization

Figure 11. Stress distribution after topology
optimization

.
P

Figure 12. Strain distribution after topology
optimization
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3. EXPERIMENTAL FINDINGS

3.1. Mechanical Design

Various robotic configurations, such as four-
wheeled and spherical robots, are widely used
in different applications. However, a two-
wheeled self-balancing design was chosen for
its compact structure, high maneuverability, and
dynamic interaction potential. While four-
wheeled robots offer stability but require larger
turning  radii, spherical robots allow
omnidirectional movement but face stability
and control challenges. In contrast, the two-
wheeled configuration enables agile and
engaging movement, making it ideal for
promotional settings.

The prototype was fabricated using 3D-printed
PLA material and designed for advertising
applications. It includes pen holders on the
sides, a brochure pocket at the back, and a front-
mounted screen for promotional displays. A
sensor slot allows obstacle detection during
autonomous movement, while rubber strips on
the wheels enhance traction. These features
collectively enhance the robot’s effectiveness as
an  interactive and  attention-grabbing
promotional tool.The front view of the
prototype is shown in Figure 13 and the rear
view is shown in Figure 14.

‘ Figure 13. Front view of the manufactured
prototype
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Figure 14. Rear view of the manufactured
prototype

3.2. Electronic Design

Two motors, a Bluetooth module, a motor
driver board, distance sensors, an Arduino and
MPUG67 integration were used in the electronics
of the prototype. The motors are used to provide
the mobility of the robot and the two motors
control the movement direction and speed of the
robot. The Bluetooth module is used to provide
wireless communication between the robot and
external devices so that the user can remotely
control the robot or perform data transfer. The
motor driver board regulates the current and
voltage required for the control of the motors,
ensuring the correct operation of the motors.
Distance sensors are used to prevent collisions
during autonomous movement by detecting
obstacles around the robot, and the sensors
provide data to guide the robot's movement. The
Arduino acts as the robot's control unit,
integrating all components and controlling the
movement of the motors by processing data
from the sensors. The MPU67 is used to track
the robot's position and movement, and this
integration supports the robot's balance and
guidance systems, increasing its autonomous
movement capabilities. These components are
integrated to enhance the robot's autonomous
movement capabilities and to enable it to detect
environmental obstacles and steer effectively.
The electronic connections of the robot are
given in Figure 15.
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Figure 15. Electronic assembly

4. RESULTS

This study presents the finite element analysis
and prototype fabrication of a two-wheeled self-
balancing robot for advertising applications.
Structural evaluations using static, modal, and
rigid body analyses confirmed mechanical
integrity, though modal analysis identified a
resonance deformation of 330.24 mm at 52.169
Hz, highlighting the need for improved
stability. Topology optimization reduced mass
by 14% without compromising strength,
enhancing material efficiency.

Experimental tests revealed significant yawing
motion due to insufficient motor torque and
suboptimal PID control parameters. Future
improvements will focus on optimizing PID
gains, integrating higher-torque motors, and
exploring adaptive control strategies for
enhanced stability. While the prototype
demonstrated autonomous functionality, further
studies are needed to assess performance in
real-world environments, such as outdoor or

crowded spaces, and to improve sensor
integration for better maneuverability.
Unlike conventional self-balancing robots

designed for mobility or industrial use, this
study introduces a mnovel application in
advertising. The robot features a digital display,
brochure compartments, and interactive
elements, making it a dynamic promotional
tool. Additionally, topology optimization has
improved energy efficiency. Future
advancements, including Al-driven balance
algorithms and adaptive control, will further
enhance functionality and commercial viability,
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contributing to both engineering analysis and
practical applications.
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ABSTRACT

The efficiency and magnetic saturation performances of the 3D printed magnetic composite cores are
currently a bit far from competing with silicon steel in traditional motor topologies and transformer
applications. However, the flexibility provided in 3D design and the rapid advancement in the
production technologies are rapidly reducing the gap between these performances. Linear V-1
characteristics can be obtained in the 3D printing magnetic cores using the filaments produced by mixing
magnetic powders such as Iron, Nickel, Cobalt with polymer in different ratios. This makes them
suitable for the Rogowski Coil (RC) applications. RCs are required to have linear V-I characteristics in
order to measure low and high currents with the same sensitivity in the defined current measurement
range. In this paper, nickel-filled filaments produced by mixing nickel and polymer in different ratios
were used for the production of flexible RC cores. The V-I characteristics of RCs produced using 40%
and 60% nickel-filled filaments and air-core RC have been modeled using the linear regression analysis.
The success of the mathematical models has also been tested with four different error analyses. The
proven mathematical models of the RCs will provide new inspiration to the researchers for magnetic
applications. Optimal RC designs can be investigated using the mathematical models in the Finite
Element Analysis (FEA) package programs.

Keywords: Nickel-Filled Filament, Flexible Magnetic Core, Rogowski Coil.

1. INTRODUCTION of SMC provides designers with flexibility for
In many electric motors and transformers used the development of new core models. Iron-
today, since magnetic fluxes move in two axes, cobalt (FeCo), iron-nickel (FeNi) and iron-
oriented or non-oriented silicon steels are used silicon (FeSi) alloys are generally used in SMCs
as core material. In addition, soft magnetic produced by additive manufacturing [4]. The
composite (SMC) cores are also used in costs and  production  methods of
complex geometry or innovative -electrical electromagnetic materials produced by additive
machine designs due to their 3D magnetic flux manufacturing used in the electrical machines
paths [1-3]. The eddy current losses of the SMC are explained comparatively in [5].

cores are lower than the cores formed by

packing silicon steels due to particulate The magnetic saturation points of 3D printed
structure of SMCs. The stator or rotor core of SMC cores are lower than silicon steels.
any motor can be obtained after the silicon Experimental results of two 10W axial flux PM
steels is cut with a mold or laser, aligned machines produced from grain-oriented (GO)
appropriately, pressed, riveted, welded, etc. On steel and 3D printed SMC cores are compared
the other hand, an SMC core produced by in [6]. Accordingly, the SMC core model
additive manufacturing can be produced in a produced less torque at the same electrical
single process. On the other hand, an SMC core loading, and also hysteresis losses should be
produced by additive manufacturing can be taken into account. According to the
produced in a single process. In addition, the use experimental results presented in [7], the
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efficiency of the laser additively manufactured
core induction motor is 2/3 of the efficiency of
the reference conventional induction motor.
The thermal dissipation performance of SMC is
also lower than that of the laminated electrical
steels [8]. These results show that 3D printed
SMCs are not yet ready for use in the
conventional motor and transformer
applications, but rapid progress is being made.

The transformer cores were printed with
Rustable Magnetic Iron filament consisting of a
polymer matrix and a particulate phase of 40
wt% iron in [9]. Transformer cores were
produced with 3D printing in different patterns
and filling ratios and all of them have a linear
V-I characteristic. According to these results,
the magnetic filaments are useful for the RC
applications where linear magnetic
characteristics are required.

RCs are long-known current measuring devices
that do not use high permeability magnetic
cores, unlike current transformers. Their areas
of use have become widespread with advanced
signal processing techniques in recent years
[10]. The secondary windings are wound on a
hollow silicone rubber case in traditional RCs
[11]. Since conventional RCs do not have
saturation problems, they can measure both
nominal current and currents well above
nominal current with the same accuracy. Unlike
current transformers, they have a linear V-I
characteristic with their air-core structure [12].
They are low cost. They can operate in wide
bands from a few Hz to a few MHz. Therefore,
they are frequently used in the measurement of
high currents and transient pulses [13-16].

Like traditional RCs, Printed Circuit Board
(PCB) RC:s are also air-core. PCB RCs are used
not only for high currents [17] but also for
monitoring switching states [18]. The
secondary output signals are small in the
measurement of small currents, since the
magnetic permeability in air-core RCs is very
low. In order to process low amplitude signals,
their amplitudes need to be increased [19]. For
this, the RC output signal can be connected to
an active integrator circuit [20]. The integrator
circuit can be an inverting or non-inverting
integrator [21]. Apart for these, the hybrid
integrator can be also used to reduce the
measurement noises [22]. However, since error
signals can also be amplified at the outputs of
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the amplifiers, it is important for measurement
accuracy that the main signal is high. In order to
eliminate this drawback, the use of three
different superparamagnetic magnetite cores
has been proposed in [23]. The use of magnetic
powders and production technologies affect
production costs to a certain extent. However,
progress in the additive manufacturing
technology is exciting and costs are expected to
decrease as application areas become more
widespread. Three different rigid RCs have
been obtained by placing 50-100 nm Fes;Oq4
commercial magnetite powder, 5 pm Fe;O4
commercial magnetite powder and synthetic
magnetite (Fe;O4) in the inner cavity of the RC
case produced from polymer with a 3D printer.
The researchers concluded that synthetic
magnetite Nano powder is the best solution
because it maintains its linearity up to high
current values. However, the lack of flexibility
of the RCs tested in this paper was ignored. A
flexible RC has been developed by developing
a composite magnetic core with manganese-
zinc ferrite + permalloy + silicone rubber in
[24]. However, no information was presented
about the V-I characteristics of the flexible core
RC.

In this paper, the V-I characteristics of flexible
core RCs produced by directly use of nickel-
filled filaments have been investigated. Taking
into account measurement errors, the regression
analysis has been performed for each produced
RCs, and the mathematical models of the RCs
have been derived. The error analyses and
comparative results of the mathematical models
based on linear regression have been shared.

2. PRODUCTION OF THE MAGNETIC

CORE RCs
A combination of Polylactic Acid (PLA) or
polymer derivatives with ferromagnetic

powders can be used to produce flexible
magnetic cores. For example, the filaments
produced using PLA+Iron are often
encountered in applications such as magnetic
and biomedical devices [25]. In this paper,
magnetic core RCs with flexibility like
traditional RCs have been used. The magnetic
properties of the filaments produced by adding
iron, nickel or cobalt to the polymer can be
increased. According to [26], the average
particle size of the magnetic nanoparticles
affects the magnetic properties of the filaments.
In this paper, the magnetic filaments obtained
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using polymer with different alloy ratios and
nickel filler with particle sizes up to 44 um have
been used to obtain the flexible magnetic cores.
A single screw extrusion machine with a 2 mm
nozzle has been used to product of nickel alloy
filaments. Extra care should be taken to ensure
homogeneous production in the extrusion
process of filaments with metal particles. Thus,
a uniform magnetic flux density can be
achieved in the magnetic filament. In addition,
the use of metal particles with high thermal
conductivity may cause uneven cooling of the
filament coming out of the nozzle [27]. So, a
homogeneous filament production is important
for thermal and magnetic performance.

For this reason, the filament production
temperature has been kept in the range of 210-
220 °C. Magnetic filaments with a diameter of
1.75 mm have been obtained with constant
tension at the nozzle exit. Before the
production, a drying process was carried out at
80 °C for 6 hours to remove moisture from both
the nickel fillings and the polymer material. A
part of the produced nickel alloy filament is
seen in Figure la. These filaments have been
placed inside 1.2 mm thick the plastic sheath of
the RC without any further processing. Then, a
secondary winding of 825 turns has been
formed on the flexible magnetic RC core using
0.4 mm diameter H type enameled copper wire
(Figure 1b). After the aluminum shielding has
been applied on the windings, an insulating strip
has been drawn for physical protection. The
final RCs obtained are shown in Figure 1c. The
outer diameter of the developed RCs is 140 mm
and the inner diameter is around 114 mm.

Using the magnetic filaments produced with
40% and 60% nickel filling, two flexible core
RCs and one air-core RC with the same physical
properties have been produced. Thus, the effect
of nickel filler ratio on the secondary voltage
produced by flexible core RCs and error
analysis could be comparatively investigated.

3. TEST METHODS

MATHEMATICAL MODELS
Regression analysis is used to present a
meaningful mathematical model between the
inputs and the output of a system. When a
system can be expressed mathematically, the
resulting equation is also an estimation equation
for intermediate and extreme values that cannot
be measured experimentally. The analysis

OF THE
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begins by examining the positioning of the
numerical data on the analytical plane. This
positioning gives an idea of the type of curve to
be fitted. Linear regression, polynomial
regression, exponential regression, etc. can be
preferred depending on the distribution of
experimental data. The V-I change of the
experimental data of the RCs is expected to be
linear [28-30]. Linear data distributions can also
be defined with Sum of Sines, Fourier, and
Gaussian. However, the mathematical equation
to be obtained will be complex, and the equation
performance will decrease since it will contain
high-order components. Therefore, linear
regression has been preferred in this paper.
Linear regression analysis is shown in Eq. (1).
Here, a represents the fixed effect of linear
regression, b represents the effect depending on
the variable, and they are calculated by Eq. (2)
and Eq. (3), respectively.

r‘

(b)
Figure 1. The manufacturing processes of the
flexible magnetic core RC: (a) Nickel alloy filament
manufacturing, (b) Secondary winding of RC, (c)
Final view of RC (%60 nickel filling)

(c)

Ve =a+ bx; )
Y1 (=D =)
b === 2
Tto1(xe—x)? @)
a=y—bx 3)
Error tests such as R? (Coefficient of

Determination), Adj. R* (Adjusted Coefficient
of Determination), RMSE (Root Mean Square
Error) and MAPE (Mean Absolute Percentage
Error Value) are used to test the accuracy of the
regression analysis.
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3.1. R? Test

The R? test measures the difference between the
available data and the average of the data
produced from the mathematical model. The
coefficient of determination is a value between
zero and one and essentially measures the
proximity to one. The closer the result is to 1,
the higher the success of the study is considered.
Equality (4) defines the R? test. Here, n
represents the number of samples, y; represents
the measurement data, and y; represents the
mathematical model outputs.

S (vi—y)?

2
¢ _2_(21“:1 vi)
i=1Yi n

RZ=1- (4)

3.2. Adj. R? Test

The increase in the number of data to be tested
causes a natural increase in the R” value. As the
number of data in the system increases, even if
the difference between the measurement data
and the mathematical model outputs increases,
there is no significant decrease in R In most
cases, each variable added to the system will
cause the value of R? to increase and approach
to one. For this reason, in order to test the
accuracy of the analyses with a large amount of
data, the Adj. R? test, which supports the
accuracy of the test, is also applied together
with R? (5). Here, k represents the number of
predictors.

S (vi-y)?

2
t _2_(21“:1 vi)
i=1Yi n

n-1
n-k-1

Adj.R*=1-—

)

3.3. RMSE

RMSE is one of the error tests that measure the
similarity between the measurement data and
the mathematical model outputs in a system that
is desired to be verified. When applying the
RMSE error test, the standard deviation
between the data is taken into account. RMSE
focuses on the distribution in error values (6).
The approach of the RMSE wvalue to zero
indicates the closeness between the
measurement results and the mathematical
model outputs. The closer the result is to zero,
the more successful the test result is.

n . —:)2
RMSE — /Zm(s;l yi)

(6)
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3.4. MAPE

MAPE is a test that calculates the percentage
error in proportion. When applying the test, if
there is a "zero" value among the measurement
data, this data is not taken into account, as it will
make the calculation undefined. If the MAPE
error test result is below 10%, it indicates that
the accuracy of the study is high. The smaller
the MAPE error value, the higher the accuracy
of the study. The MAPE calculation equation is
given in Eq. (7).

ware - (2031 )

(7
4. EXPERIMENTAL FINDINGS AND
REGRESSION ANALYSIS OF THE RCs
Epstein frame or single sheet test method is used
to determine B-H curves of magnetic materials
such as laminated steel [31]. However, these
methods are not suitable for magnetic cores that
can carry 3D flux. In this paper, toroid method
[32] is considered to determine magnetic
properties of flexible core RCs. The test setup
created is shown in Figure 2. The current
passing through the primary, a regulated AC
power supply and a 50/1 ratio transformer have
been used to change the primary current in the
range of 5-400 A. The tests have been repeated
separately for each RC developed.

2 ,f y
Adj. AC supply "’}.;i &
i Bl v

Calibrated
clamp meter

Figure 2. Test bench of the developed RCs [33].

Setup input current

According to the test results, the secondary
voltages of air-core, 40% nickel-filled and 60%
nickel-filled flexible magnetic core RCs
increase linearly depending on the primary
current, as seen in Figure 3. However, due to
possible measurement errors due to the wide
measurement ranges inherent in experimental
studies, the graphs do not form a complete line.
For this reason, linear regression has been used
to find the mathematical model to be created
with the measurement results. According to the
regression analyses, the mathematical models
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obtained for the primary current versus
secondary voltage (Vs-Ip) characteristics of the
flexible core RCs produced using conventional
air-core RC, 40% and 60% nickel-filled
filaments are given in equations (8) to (10),
respectively.

40

..... ot
.

30 |

Vs (mV)
]

0 100 200 300 400
Ip (A)

(@)
a0 | B

Vs (mV)

0 100 200 300 400

Vs (mV)

L L L
0 100 200 300 400

Ip (A)
(c)
Figure 3. Secondary voltages of the developed RCs
measured in the range of 5-400A: (a) Air-core, (b)
40% nickel-filled, (c) 60% nickel-filled.

Vair—core = 0,6863 + 0,09542 * [ (8)
Vosao ni = 0,2752 + 0,121 % I (9)
Vigsoni = 0,7674 + 0,1268 * I (10)

The closeness of the mathematical models
expressing the characteristics of the developed
RCs (Vs-Ip) to the experimental results is shown
in Figure 4. At high primary currents, the
difference between the results of the
mathematical model produced and the
experimental results seems relatively greater.
On the other hand, at low primary currents, the
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mathematical model and the measurement
results are quite close. For the success of the
mathematical models, the test methods
examined in Section 2 were used and the results
are presented in Table 1. A comparison of
experimental results with air core, 40% nickel-
filled and 60% nickel-filled RCs is given in
Table 1. In the table, R? converges to one for all
RCs. This shows that the experimental results
and the mathematical model results are quite
close to each other. The closeness of the R’
value to one indicates that the mathematical
model has high performance.

40

"
. Vsvsp

Regression curve

Vs (mV)

10

L L L
0 100 200 300 400

Ip (A)

(@)

L Vswp

Regression curve

Vs (mV)

L L L
0 100 200 300 400

Ip (A)

(b)

0 | L Vs lp

Regression curve

Vs (mV)

L L L
0 100 200 300 400

(c)
Figure 4. Experimental results and generated
mathematical models: (a) Air-core, (b) 40% nickel-
filled, (c) 60% nickel-filled.

Table 1. Comparison of the error tests

Air-core %40 %60
RC Nickel- Nickel-
filled RC  filled RC
R? 0.997916  0.998656  0.997929
Adj. R? 0.997862  0.998621 0.997875
RMSE 0.504114 0.5130061 0.667632
MAPE(%) 3.913323 2.840462  3.97555
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5. CONCLUSIONS

The V-I characteristics of the air-core RC and
the flexible core RCs developed using nickel-
filled filaments have been subjected to the
regression analysis in this paper. Four different
tests have been applied to the mathematical
models of the RCs obtained by linear regression
analysis, and high accuracy has been observed
in all of them. Thus, for intermediate and
extreme values that could not be realized
experimentally, the secondary voltages of the
examined RCs can be calculated using the
mathematical models obtained by linear
regression  analysis. With a  realistic
mathematical model, it is possible to investigate
new RC designs and optimal PLA+magnetic
powder composite in the future studies. Using
the mathematical models in numerical analyses
such as FEA enables novel research topics such
as magnetic performance and shielding design
of the flexible RCs to be developed.

The slope of the mathematical model of the 40%
nickel-filled flexible magnetic core RC is
26.80% higher than the slope of the linear
model of the air-core RC. This ratio increased
to 32.89% in the RC produced with 60% nickel-
filled filament. It is seen that as the nickel filling
ratio of the produced filaments increases, they
contribute positively to the V-I characteristics
without compromising the linearity properties
in the flexible magnetic core RCs they are used
in.
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0z

Son yillarda yaganan dogal afetler, arama ve kurtarma operasyonlarinin hizini ve etkinligini artiracak
teknolojik ¢oziimlere duyulan ihtiyacit ortaya koymustur. Bu calismada, dogal afetler sirasinda
kullanilmak iizere robotik kol entegreli mobil bir arama ve kurtarma robotu tasarimi ve
gergeklestirilmesi ele alinmaktadir. Robot, dar alanlarda manevra yapabilme ve enkaz altindaki hayatta
kalanlara temel ihtiya¢ malzemelerini ulagtirabilme kapasitesine sahiptir. Robotun termal kameralar, ses
sensorleri gibi ileri teknolojilerle donatilmasi ve insan kurtarma ekipleri ile etkili bir sekilde iletigim
kurabilmesi, kurtarma operasyonlarmin verimliligini artirmaktadir. Robotun kabiliyetleri, zamanin
kritik oldugu acil durumlarda hizli miidahale imkani sunarak hayatta kalanlarin bulunmasini ve
kurtarilmasini hizlandirmaktadir. Ayrica, robotun riskli bolgelere insanlarin girmesine gerek kalmadan
miidahale edebilme yetenegi, kurtarma ekiplerinin giivenligini artirmaktadir. Robotun tasarimi ve
gergeklestirilmesi siirecinde kullanilan ileri teknolojiler ve miihendislik ¢6ziimleri, bu tiir robotlarin
gelecekteki arama ve kurtarma operasyonlarinda yaygin olarak kullanilmasini saglayabilir. Bu ¢aligsma,
tilkenin afetlerle basa ¢ikma yetenegini artirmak igin teknolojik yenilik ve istihdam firsatlar
sunmaktadir.

Anahtar Kelimeler: Mobil Robot, Robotik, Robotik Kol, Arama ve Kurtarma Teknolojileri.

DESIGN AND IMPLEMENTATION OF MOBILE SEARCH AND
RESCUE ROBOT INTEGRATED WITH A ROBOTIC ARM

ABSTRACT

Recent natural disasters have highlighted the need for technological solutions that enhance the speed
and efficiency of search and rescue operations. This study focuses on the design and implementation of
a mobile search and rescue robot integrated with a robotic arm, intended for use during natural disasters.
The robot is capable of maneuvering in confined spaces and delivering essential supplies to survivors
trapped under debris. Equipped with advanced technologies such as thermal cameras and sound sensors,
the robot can effectively communicate with human rescue teams, thereby improving the efficiency of
rescue operations. The robot's capabilities allow for rapid response in critical emergency situations,
expediting the location and rescue of survivors. Furthermore, the robot's ability to operate in hazardous
areas without requiring human entry enhances the safety of rescue teams. The advanced technologies
and engineering solutions employed in the design and implementation of this robot could facilitate its
widespread use in future search and rescue operations. This study offers technological innovation and
employment opportunities to enhance the country's disaster response capabilities.

Keywords: Mobile Robot, Robotics, Robotic Arm, Search and Rescue Technologies.

129


mailto:cemalbeik@gmail.com
https://orcid.org/0009-0000-7011-3770
https://orcid.org/0000-0002-3501-6497

Beik ve Ozkahraman /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 9:1 (2025) 129-141

1. GIRIS

Afetlerde artan Oliimlerin baslica nedenleri
arasinda zamaninda ilk yardimin yapilamamasi,
duruma hemen miidahale edilememesi veya afet
magdurunun  yerinin  tespit edilememesi
bulunmaktadir. Ne yazik ki, afet magdurunun
hayatta kalma sans1 dakikalarla Slgiilmektedir.
Tiirkiye, Kuzey Anadolu Fay Hatt1 olarak
bilinen diinyanin en aktif fay hatlarindan birinin
iizerinde yer almaktadir. Ayrica, Tiirkiye sismik
aktivite bakimindan diinyada {iglincii siradadir.
Her giin yaklagik 2.0 biiyiikliigiinde 10 deprem
kaydedilmektedir. Kuzey Anadolu Fay Hatti,
1939'dan bu yana 7 biiylik deprem iiretmistir.
Uzmanlara gore, Istanbul’da éniimiizdeki 20-25
yil i¢inde 7.0 biiyiikliigiinde yikic1 bir deprem
beklenmektedir [1-3]. Niteliksiz yapilarin
fazlalig1 ve arama-kurtarma galigmalarindaki
yetersizlikler, afetten etkilenen insan sayisini
artirmaktadir. Gegmis yillarda, arama-kurtarma

operasyonlar1 insan ve hayvan giiciiyle
gerceklestirildiginden ~ dramatik  sonuglar
dogurmustur. Gilinlimiizde bu tiir

operasyonlarda modern yaklasimlar, karmagik
makineler ve 0Ozel kurtarma ekipmanlarinin
kullanimin1  Onermektedir. Ancak, bu tir
gelismis cihazlar bile magdurlarin yerini tespit
edemeyebilir; bu durum kurtarma
caligmalarinin yavaslamasina ve dramatik
sonuglara yol agabilir. Bunun baglica nedenleri
arasinda, magdurun enkaz altindaki yerinin
tespit  edilmesindeki  zorluklar,  ingaat
ekipmanlarinin  yavas hareket kapasitesi,
kurtarma ekipmanlarinin sinirlar1 ve egitimli
personel ihtiyaci bulunmaktadir [4,6].

Son yillarda, farkli boyutlarda ve kapasitelerde

arama kurtarma amac¢li mobil robotlar
tasarlanmis ve uygulanmigtir. Bu sayede
afetzedelerin tespit edilmeleri ve arama

kurtarma personeli i¢in potansiyel tehlikelerin
belirlenmesi miimkiin olmustur [7]. Arama ve
kurtarma i¢in kullanilan mobil robotlarin genel
amaci, acil durumlar ve afetler gibi riskli veya
tehlikeli kosullarda insan hayatini kurtarmak ve
yardimc1 olmaktir. Bu robotlar genellikle
yanginlar, depremler, patlamalar veya dogal
afetler gibi durumlarla iligkilendirilen yikici
olaylara miidahale etmek icin kullanilmaktadir
[10]. Bu ¢alisma, acil durum kosullarinda daha
etkin arama-kurtarma operasyonlari
gerceklestirmek amaciyla "Kurtarma
operasyonlarinda kullanilmak {izere robotik kol
entegreli mobil arama robotu gelistirilmesi"
konseptine odaklanmistir. Gelistirilen model,
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giincel teknolojik gerekliliklerden faydalanarak
hareket kabiliyetini ve esnekligi en {ist diizeye
¢ikarmay1 hedeflemektedir. Robot tasariminda
kullanilan robotik kol, dar ve zorlu alanlarda
manevra yapabilme yetenegine sahip olup,
kurtarma operasyonlarin1 daha etkili hale
getirmesi amaglanmistir. Ayrica, mobil robotun
haberlesme sistemi, enkaz altinda mahsur kalan
kisileri tespit etme ve yerlerini dogru bir sekilde
belirleme  konusunda  fayda  saglamasi
beklenmektedir. Bu sayede, gelecekteki acil
durum senaryolarinda daha hizli ve giivenilir

midahalelerin  gerceklestirilmesine  katkida
bulunulmasi hedeflenmektedir.

2. LITERATUR INCELEMESI

Afet durumlarinda, mobil robotlar insan

kurtarma ekiplerine kritik destek saglayarak, bu
tiir zorlu gorevlerde 6nemli araglar olarak 6ne
c¢ikmaktadir. Literatiirde, mobil robotlarin
bagimsiz bir sekilde c¢alisarak kurtarma
ekiplerine islevsel ve hayati bilgiler sagladigi
vurgulanmaktadir.  Ancak, bu  verilerin
dogrulugunu degerlendirmek ve operasyonel
sonuglar1 glivence altina almak icin insan
gbzetiminin gerekliligi siklikla ifade edilmistir.
Ozellikle kii¢iik boyutlu ve yiiksek hareket
kabiliyetine sahip mobil robotlarin, literatiirde
kurtarma  operasyonlari  i¢in  sagladig:
avantajlara dikkat ¢ekilmektedir. Bu robotlarin,
ekipmanlarin ~ ve  arama  k&peklerinin
erisemedigi dar alanlara ve enkaz yigilarindaki
yasam licgenlerine ulagabilme yetenegi,
kurtarma  siireglerinde 6nemli bir fark
yaratmaktadir. Ayrica, ¢Okmiis binalarin
dengesiz ve dinamik yapilar sergiledigi, artg1
sarsintilarla tetiklenebilecek ek c¢okiislerin
kurtarma ekipleri i¢in ciddi bir tehlike
olusturdugu vurgulanmaktadir. Mobil robotlar,
bu tir tehlikeli bolgelerde giivenli bir
mesafeden veri toplanmasini saglayarak, ekip
iiyelerinin giivenligini artirmaktadir.

Bu calismada, 6zellikle deprem operasyonlari
icin tasarlanan mobil kurtarma robotlarmin
gelistirilmesi lizerine odaklanilmistir. Literatiir,
afet sonrasi insanlara yardim etme amaciyla
gelistirilen kurtarma robotlarinin - mekanik
tasariminda, hareket kabiliyeti ve giivenlik
unsurlarinin  kritik 6neme sahip oldugunu
gostermektedir. Bu dogrultuda, acil durum

miidahale  ekiplerinin  hayat  kurtarma
misyonlarimi  desteklemek iizere robotik
cOziimlerin tasarlanmasi ve uygulanmasi
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gerektigi literatiir
getirilmektedir.

kapsaminda sikca dile

2.1. Arama ve Kurtarma Mobil Robotunun
Temel Hedefleri

Insan Hayatin1 Kurtarmak: Arama ve kurtarma
robotlari, acil durum boélgelerine hizli bir
sekilde ulasabilir ve mahsur kalmig veya
tehlikede olan insanlar1 tespit edebilir. Bu
robotlar, insanlar1 kurtarmak i¢in gereken hizli
ve etkili miidahaleyi saglayabilir [12].

Bilgi Toplamak: Robotlar, afet bolgelerindeki
durumu izlemek, hasar tespiti yapmak ve
verileri toplamak i¢in kullanilabilir. Bu veriler,
kurtarma ekiplerine yardimci olmak ve afet
sonrasi ¢aligmalari planlamak i¢in kullanilabilir

[11].

Cevre Tespiti ve Analizi: Arama ve kurtarma
robotlari, tehlikeli kimyasallarin sizintilarimi

veya zararli gazlart tespit etmek icin
kullanilabilir. ~ Ayrica, hasarli  yapilarin
stabilitesini  degerlendirebilir ve kurtarma

ekiplerine giivenli bolgeler hakkinda bilgi
saglayabilir [14, 15].

Iletisim Saglamak: Afet bolgelerinde iletisim
altyapisinin hasar gérmesi durumunda, arama
ve kurtarma robotlar1 iletisim kanallarini
kurabilir veya saglamlagtirabilir. Bu sayede,
mahsur kalmis insanlarla iletisim kurulabilir ve
acil yardim talepleri yonlendirilebilir [16,18].

Lojistik ve Malzeme Tasima: Arama ve
kurtarma robotlari, enkaz altinda mahsur
kalanlara acil tibbi malzemeler, su, yiyecek ve
diger onemli kaynaklari tasiyarak kurtarma
ekiplerinin igini kolaylastirabilir [19, 20].

2.2. Mevcut Arama Kurtarma Robotlar:

Gliniimiizde standart bir arama ve kurtarma
ekibi yaklasik on kisiden olugmaktadir. Her
ekipte kopekler, bir saglik gorevlisi, bir
miihendis ve gesitli uzmanlar bulunmakta olup,
magdurlar1 bulmak ve kurtarmak icin 0zel
ekipmanlar kullanmaktadirlar. Mevcut
ekipmanlar arasinda kameralar ve cesitli
dinleme cihazlar1 yer almaktadir. Genellikle
video kameralar, magdurlarin izlerini aramak
icin cihazlarin {izerine monte edilen ve
bosluklara ve deliklere yerlestirilebilen arama
kameralar1 olarak kullanilmaktadir. Diger
tarafta bos bir alanin varlig1 siiphesi varsa,
genellikle engelleyici duvarlara delik agilir.
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Hareket eden veya kurtaricilara tepki vermeye
calisan bir kisiyi dinlemek i¢in olduk¢a hassas
mikrofonlar ve dinleme cihazlar1 da kullanilir.
Bir binay1 aramak i¢in yapilan toplam arama
faaliyetleri saatler siirebilir. Eger bir kisi
bulunursa, tiim kurtarma operasyonlar1 daha da
uzun siirebilir. Kurtarma operasyonlarindaki ilk
ve en donemli gorevler, durumu degerlendirmek,
magdurlarin  koordinatlarin1  belirlemek ve
onlarla ilk temasi kurmaktir. Bunu yapmak,
insan kurtaricilar i¢in hem ¢ok zor hem de ¢ok
risklidir. Cokmiis yapilar direngsizdir, delikler
ve bosluklar insan gegisi i¢in ¢ok dar olabilir,
enkazda yon bulmak zordur ve yangin ile
duman goriisii  engelleyebilir.  Kurtarma
ekiplerinin gorevlerini yerine getirdigi tehlikeli
ortamlardan  dolayi,  ikincil  afetlerden
yaralanmalar yasayabilirler. Bu nedenle, afetin
tehlikeli ortaminda insan hayatim1 kurtaran
kurtarma  makineleri veya  robotlarinin
gelistirilmesi  ve itfaiye istasyonlari, polis
karakollari, tren istasyonlar1 ve belediye
binalar1  gibi  yerlere temin  edilmesi
gerekmektedir [22, 23].

Ozellikle kurtarma robot tiirleri, RoboCup
Kurtarma  yarigmalarinda  goriilmektedir.
Yaklagik yarisi tekerlekli araglar, diger yarisi
ise paletli araglar olmustur [28, 29]. Bir dizi
sensOr kullanilmistir, O6rnegin sonar, video
kameralar, mesafe Olgerler, tamponlar ve
mikrofonlar. Boyutlar 100 mm kareden 500 mm
kareye kadar degismektedir. Bu robotlarin ¢ogu
kablosuz  baglantilar  lizerinden uzaktan
kumanda edilmektedir, yani ¢ok az otonomileri
vardir. Tanim geregi, bir afet durumundaki
kosullar tam olarak tahmin edilemez veya
kontrol edilemez. Kurtarma robotlarinin
tasariminda ¢esitli modeller ve uygulamalar test
edilmistir. Bu robotlarin performansini ve
etkinligini artirmak i¢in aragtirmacilar dogadan
ilham  almiglardir.  Kurtarma  robotlart
kategorize edildiginde, robotlarin hareket
sistemi genellikle ya paletli araglar ya da yilan
tipi robotlar olarak goriilmektedir. Sekillerini
degistirebilirlerse, dar alanlarda tirmanma ve
manevra yapmalarina yardimecir olacagr da
Onerilmistir. Tekerlekli bir robotun kurtarma
operasyonlarinda kolayca kullanilamamasinin
nedeni, bir tekerlegin capindan daha biiytlik bir
engelin iizerinden gegememesi nedeniyle
engelleri agma kabiliyetinin daha az olmasidir.
Yilan tipi robotun mekanik tasarim avantaji,
genislik ve yikseklik agisindan kiigiik
olabilmesi, bu da robotun paletli bir araca
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kiyasla enkazin i¢ine daha kolay niifuz etmesini
saglamaktadir. Ancak; yilan tipi robotlar daha
zor kontrol edilir ve yiikk tagima kapasitesi
paletli bir robota gore daha diisiiktiir [25, 26].

2.2.1. Tekerlekli robotlar

Robotlarin, normal ofis ortamlarinda ihtiyag
duyulan 6zelliklerin Gtesine gegebilen, saglam
bir yapiya ve yeterli hareket kabiliyetine sahip
olacak sekilde tasarlanmas1 gerekmektedir.
Ayrica, bu robotlarin alandaki ¢6ziilmemis

bilimsel sorularin incelenmesine olanak
taniyacak bir esneklige sahip olmalar
onemlidir. Japonya'nin Fukuoka sehrinde
diizenlenen 2002  RoboCup  Kurtarma

yarismasina katilan prototip robotlarla elde
edilen deneyimler temel alinarak yeni bir robot
tiri  gelistirilmigtir. Bu robot, mekanik
sistemlerden sensorlere ve aktiiatorlere kadar
tamamen i¢ tasarim  odakl olarak
olusturulmustur. Bdyle bir tasarim, kurtarma
operasyonlarina 0zgii gorevlerin optimize
edilmesine olanak saglamistir. Gelistirilen
robotlar, CubeSystem temelinde
yapilandirilmis olup, ultrasonik sonar, aktif
kizil6tesi sensorler, USB kameralar, motor
kontrol birimleri, hareket kontrol
mekanizmalar1 ve odometri gibi zengin bir
donanim ve yazilim modiilleri setine sahiptir
[27]. Robotlarin yar1 otonom bir yapiya sahip
oldugu ve teleoperasyona izin vermekle birlikte
oldukca  bagimsiz  islevsellik  sundugu
belirlenmistir. Gelistirilen bu sistem, insan
tarafindan okunabilir haritalar olusturabilme
ozelligiyle dikkat c¢ekmistir. Bu haritalar,
dogrudan  kurtarma  ekiplerine iletilerek
magdurlarin hizli bir sekilde tespit edilmesine
katkida bulunmustur. Robot, bu o&zelligiyle
kurtarma operasyonlari i¢in benzersiz bir
¢Oziim sunmaktadir. Bu kapsamda, AMBOT
firmasinin  gelistirdigi [P tekerlekli robot
sistemi, Ozellikle hareket kabiliyeti ve
esnekligiyle dikkat cekmektedir (Sekil 1).
AMBOT"un gelistirdigi bu sistem, robotlarin
dar alanlarda manevra yapmasini ve karmasik
yiizeylerde etkin bir sekilde hareket etmesini
miimkiin kilarak, kurtarma operasyonlarinda
kullanilabilecek etkili bir ¢6ziim sunmaktadir
[28].
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Sekil 1. Teerlekli mobil robot [28].

2.2.2. Paletli Robotlar

Paletli robotlarin, tekerlekli robotlar ile bdcek
veya ayak tipi robotlara kiyasla daha iistiin arazi
performansi sundugu bilinmektedir. Diizensiz
arazilerdeki hareket kabiliyetini artirmak
amaciyla ¢esitli paletli robot tasarimlari
gelistirilmigtir. Genel bir miihendislik bakis
acisiyla, bir robotun sahip oldugu mekanik
parcalarin ve serbestlik derecelerinin azalmasi,
mekanik arizalarin meydana gelme olasiligini
da azaltmaktadir. Bu nedenle, mekanik
tasarimlarin  miimkiin oldugunca basit ve
islevsel bir yapida olmasi hedeflenmektedir
[29]. Robot, 6nde, ortada ve arkada olmak iizere
lic ana govdeden olugmakta ve bu gdvdeler,
merkez goOvdenin pitch ve yaw eksenleri
etrafinda simetrik olarak hareket eden 6zel bir
iki  boyutlu eklem mekanizmas1 ile
baglanmaktadir. Bu mekanizma, robotun
esnekligini artirirken, ayni zamanda mekanik
karmagikligi sinirlamaktadir. Robotun palet
sistemi, alt1 segmentin tamamimn tek bir elektrik
motoru  ile  hareket ettirecek  sekilde
tasarlanmustir. Boylelikle, toplamda yalnizca ii¢
serbestlik derecesi kullanilarak hem hareket

kabiliyeti saglanmis hem de sistemin
gilivenilirligi artirllmistir. Bu tasarim, basit ama
etkili bir yapt sunarak, c¢esitli felaket

sahnelerinde kurtarma operasyonlari i¢in uygun
bir ¢6ziim haline gelmistir. Ayrica, robotun 6n
kismina yerlestirilen CCD kamera ve mikrofon,
enkaz altinda kalan kurbanlarin tespit
edilmesine olanak tanimaktadir. Bu
ozellikleriyle, robot, kurtarma operasyonlarinda
hem giivenli hem de verimli bir ara¢ olarak
kullanilmaya  uygun  hale  getirilmistir.
Literatiirde, bu tiir robotlarin felaket
senaryolarinda hizli ve giivenilir veri toplama
kabiliyeti sayesinde, kurtarma ekiplerinin ig
yikiinii azaltti§i ve operasyon giivenligini
artirdigi belirtilmektedir [11].
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Paletli robotlar genellikle tekerlekli
robotlardan, bocek veya ayak tipi robotlardan
daha iyi off-road yetenegine sahiptir. Diizensiz
arazide performansi artirmak igin birgok paletli
arag tasarlanmistir. Genel bir makine
mithendisligi bakis agisindan, bir robotun sahip
oldugu mekanik parcalar ve serbestlik
dereceleri ne kadar az ise, mekanik arizalarin
olasiliklart o kadar azdir. Yilan benzeri
robotlarin mekanik tasarimini optimize etmek
icin paletli bir tiir eklemlenmis govdeli hareketli
bir ara¢ gelistirildi. Siirhi sayida serbestlik
derecesi ile tasarlanmig olmasina ragmen, yine
de yilan robotlara 6zgii iyi hareket kabiliyeti
Ozellikleri sunmaktadir. Bu robot, 6nde, ortada
ve arkada olmak tizere {i¢ gévdeden olusur; bu
govdeler, merkez gdvdenin pitch ve yaw ekseni
etrafinda simetrik olarak 6n ve arka govdelerin
durugunu degistiren 6zel 2 boyutlu eklem
mekanizmalariyla birbirine baglidir. Ayrica,
tiim 6 palet segmenti tek bir elektrik motoru ile
hareket ettirilir, boylece robotun tamami igin
sadece 3 serbestlik derecesi toplamda bulunur.
Bu robot, en 6nde bir CCD kameras1 ve bir
mikrofon igerir ve bir felaket sahnesinin enkazi
altinda gomiili kurbanlart bulmak i¢in
uygundur [11]. Jeong ve arkadaglar1 (2008),
degisken tek paletli bir robotun engel agma
sirasinda siiriis modu karar mekanizmasini
detayli bir sekilde incelemislerdir. Bu
caligmada, robotun hareket kabiliyeti, arazi
kosullarma adaptasyonu ve engel asma
performanst  gorsellestirilmis ve optimize

edilmistir. Sekil 2’de tasarlanmig olan paletli
robot kol gorselleri yer almaktadir.

'\‘_ '\‘I
S \ ‘."_

Sekil 2. Paletli mobil robot.[38]
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2.2.3. Yilan Benzeri Robotlar

Yilan benzeri robotlarin tasarimi, sahip
olduklar1 yiiksek serbestlik derecesi ve
karmasgik hareket planlamasi nedeniyle oldukca
zorlu bir siiregtir. Literatiirde, bu tiir robotlarin
¢esitli yenilikei tlirlerinin gelistirilmis oldugu
belirtilmektedir. Ancak, elde edilen basarili
performansa ragmen, bu robotlar i¢in enerji
kaynagi hala biiyiikk bir endise konusudur.
Arama ve kurtarma robotlarinin saatlerce, hatta
giinlerce kesintisiz calisabilmesi
gerekmektedir. Robotlarin  sadece enerji
ihtiyacini karsilamak i¢in operasyon alanini terk
etmesi kabul edilemez bir durumdur. Bu tiir bir
senaryoda, robotun geri donecegi varsayiminda
bulunmak da gercekei bir yaklasim olarak
goriilmemektedir [30, 31]. Kentsel arama ve
kurtarma, tehlikeli ortamlarda endiistriyel
denetimler ve askeri istihbarat gibi cesitli
alanlarda, ¢cokmiis bina enkaz1 lizerinde hareket
edebilen, dar alanlardan gegebilen ve diisman
siginaklarina girerek istihbarat toplayabilen

kiiciik boyutlu mobil robotlara ihtiyag
duyulmaktadir. Bu tiir yiiksek hareket
kabiliyetine sahip robotlarin  baslica
orneklerinden biri yilan robotlaridir. Yilan
robotlari, eklemlerinin  dalga  benzeri
hareketlerinden itis giicii elde eden ¢ok

segmentli mekanizmalardir ve bu 6zellikleriyle
tekerlek, bacak veya palet kullanmaksizin
hareket edebilirler [32]. Yilan robotlar,
karmagik bir yapiya sahip olmalarina ragmen,
ince ve uzun tasarimlari sayesinde dar alanlara
erisebilir ve kii¢iik ¢atlaklarda etkili bir sekilde
hareket edebilirler. Bu tiir robotlar, hareket
sirasinda gdvdelerini bacak gibi
kullanabilirken, gecis yaparken kollar gibi islev
gorebilir. Ancak, enerji kaynagi, hiz ve
elektronik bilesenler igin yeterli alan saglama
gibi dezavantajlari bulunmaktadir. Batarya
kapasitesinin  yiksek  olmasi,  mekanik
baglamalarin calistirilmast igin kritik 6neme
sahiptir; ancak bu durum, robotun toplam
agirliginda artisa neden olabilir . Genellikle {i¢
veya daha fazla sert segmentten olusan yilan
benzeri robotlar, 2 veya 3 serbestlik derecesine
sahip eklemlerle birbirine baglanmaktadir.
Segmentler, giiclendirilmis tekerlekler, paletler
veya bacaklarla itig saglarken, eklemler hareket
kabiliyeti icin giiclendirilmis olabilir. Ornegin,
OmniTread tasariminda (Sekil 3), her biri dort
tarafinda iki uzunlamasina palet bulunan dort
segment yer almaktadir ve bu sayede toplam
sekiz palet kullanilmaktadir. Segmentler
arasindaki iki serbestlik derecesine sahip
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hareket

silindirlerle

eklemler, pnomatik
ettirilmektedir.

Sekil 3. OmniTread serpentine robot. t37]

Yilan benzeri robotlarin farkli bir tasarim
yaklagimi, "Spirochete" adli burulma hareketi
yapan mikroorganizmanin hareketini temel alan
bir 3D aktif kordon mekanizmasidir. Bu
tasarim, amfibik robotlarin su ve karada etkili
bir sekilde hareket edebilmesini saglamaktadir.
Boyle bir tasarim, ozellikle kiyr alanlarinda
gerceklestirilen arama ve kurtarma
operasyonlart i¢in son derece faydali olma
potansiyeline sahiptir.

Mekanik yilanlarin tasarimi zordur ¢iinkii ¢ok
sayida  serbestlik  derecesi ve hareket
planlamasindaki karmasikliklar vardir. Buna
ragmen, yazarlar benzersiz Ozelliklere sahip
birgok yeni tiir yilan benzeri robotlar
gelistirmistir.  Ancak, mobil robotlarimiz
tarafindan elde edilen iyi performansa ragmen,
hala biiylik bir endise konusu bulunmaktadir:
enerji kaynagi. Arama ve kurtarma robotlari,
saatlerce, hatta giinlerce kesintisiz ¢alismalidir
ve bir robotun sadece sarj etmek veya pilleri
degistirmek icin yiizeye donmesine tahammiil
edilemez. Gergek¢i olmak gerekirse, robotun
geri donmeyi bagaracagini beklemek miimkiin
degildir.

Kentsel arama ve kurtarma, tehlikeli ortamlarda
endiistriyel denetimler ve askeri istihbaratin
ortak bir ihtiyacit vardir: ¢okmiis bir binanin
enkazi lizerinde hareket edebilen, dar siiriinme
alanlarindan gecebilen ve istihbarat toplamak
icin dlisman siginaklarina girebilen kiigiik
boyutlu mobil robotlar. Bu tiir yiiksek hareket
kabiliyetini  saglayabilecek mobil  robot
tiirlerinden biri, yilan robotu veya yilan benzeri
robottur. Bir "yilan robotu" veya yilan benzeri
robot, dalgalanmalardan (sadece eklemlerin
dalga benzeri hareketi) itis giicii elde eden ¢ok
segmentli bir mekanizmadir, yani iti§ ig¢in
tekerlekler, bacaklar veya paletler kullanmaz.
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Yilan robotlar ileri hareket yeteneklerine
sahiptir. Hareket ederken viicutlarini bacak
olarak veya ge¢is yaparken kol olarak
kullanabilirler. Uzun ve ince yapilari sayesinde
dar yerlere girebilir ve kiiciik catlaklarin iginde
hareket edebilirler. Yilanlarin karmasik bir
tasarima sahip olmasi gerekir c¢ilinkii bir¢ok
serbestlik derecesine ihtiya¢ duyarlar. Bu tiir
robotlarin diger dezavantajlar1 enerji kaynagi,
hiz ve elektronik bilesenler, sensorler ve
devreler igin yeterli alanin olmamasidir.
Bataryanin  kapasitesi  yiiksek  olmalist
caligabilme kolaylig1 sunarken robotun toplam
agirhginin azalmasma neden olmaktadir. Ug
veya daha fazla sert segmentten olusan yilan
benzeri robotlar genellikle 2 veya 3 serbestlik
derecesine sahip eklemlerle birbirine baglanir.
Segmentler genellikle giiclendirilmig
tekerlekler, paletler veya bacaklarla ileri dogru
itis saglar, eklemler ise giiclendirilmis veya
giiclendirilmis olabilir [32, 33]. Robot News
platformunda sunulmus olan yilan benzeri
mobil robot gorseli Sekil 4’te sunulmaktadir
[34]. Bu robotun tasarimi, hareket kabiliyeti ve
dar alanlarda c¢aligma kapasitesi ile ozellikle
arama ve kurtarma operasyonlarinda etkili bir
¢0ziim sunmaktadir.

Sekil 4. Yilan benzetimli mobil robot [34].

2.3. Robotlarin Sinirlamalar

Mobil robotlarin tasariminda gorev siiresi,
kablosuz ¢alisma mesafesi, zorlu arazi
kosullarina uyum ve diisme dayanikliligi gibi
temel  smirlamalarim  dikkate  alinmast
gerekmektedir. Enkaza miidahale eden bir
robotun, kurtarma  operasyonlarinda ek
kisitlamalart kargilamasi beklenmektedir. Bu
baglamda, mobil robotlarin enkaz alanindaki
dengesiz nesnelere zarar vermeyecek kadar
kiiciik ve hafif bir yapiya sahip olmasi
gerekmektedir. Bunun yani sira, zorlu arazi
kosullarinda etkin bir sekilde hareket edebilen
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mobil bir tabanin tasarlanmasi, kurtarma robotu
gelistirilmesinde  karsilasilan en  6nemli
zorluklardan biridir. Literatiirde, Diinya Ticaret
Merkezi’nde kullanilan mobil robotlarin
cogunlukla askeri uygulamalar i¢in tasarlandig,
bu nedenle deprem bolgeleri gibi afet
alanlarindaki kurtarma operasyonlarinda sinirl
bir etkililik sergiledigi belirtilmistir [11]. Bu
robotlarin gdézetim amacl kullaniminda basari
saglanmis olsa da, kurtarma operasyonlar1 igin
gereken 6zel gereksinimlere uygun olmadiklari

ifade edilmektedir. Onceki ¢alismalarda,
kurtarma  alanlarinda  mobil  robotlarin
kargilagtigi  sorunlara deginilmis olmasina

ragmen, robot tasarim siiregleri detayli bir
sekilde ele alinmamistir. Bu durum, kurtarma
robotlarinin tasariminda yenilik¢i yaklagimlarin
gerekliligini ve zorlu arazi sartlarina uygun
hareket mekanizmalarinin  gelistirilmesinin
Onemini ortaya koymaktadir.

3. MATERYAL VE METOT

Bu calismada gelistirilen robotik kol entegreli
mobil arama-kurtarma robotunun tasarim ve
uygulama siireci, sistematik bir yaklasim
benimsenerek  gerceklestirilmistir.  Tasarim
siireci; mekanik yapi, elektrik-elektronik
tasarim, montaj, kontrol ve programlama
asamalarimi kapsamaktadir. Sekil 5'de, projenin
adim adim gerceklestirilme siireci ile bu
asamalar arasindaki iligkiler gorsellestirilmistir.
Tiim tasarim agamalari, robotun islevselligini
en list diizeyde saglayacak sekilde planlanmig
ve uygulanmistir.

Robotun Mekanik
Tasariminin
Uygulanmasi

Robot Yapisi, Hareket
Sistemi ve Robotik
Kol Tasarimi

l

Elektrik ve Elektronik

Montaj Asamasi Tasarim

4

.

Robot Deneyimi ve
Performansinin
Degerlendirilmesi

Kontrol ve
Programlama

|

.I

Sekil 5. Arama kurtarma robotu liretim siireci ve
yontemlerinin ayrintili blok diyagrami.

Bu calismada gelistirilen robotik kol entegreli
mobil arama-kurtarma robotunun tasarimi ve
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uygulamasi, mevcut teknolojik ¢oziimlerden
yararlanilarak  gerceklestirilmistir. Robotun
tasariminda How to Mechatronics web sitesinde
yer alan agik kaynak kodlu bir robotik
platformun temelleri kullanilmistir. Bu agik
kaynak tasarim, c¢alismanin ihtiyaglarina gore
gilincellenmis ve Ozellestirilmistir. Robotun
orijjinal hali etik kurallar  gdzetilerek
degistirilmis  olup, robotun islevselligi
artirilmistir. Bu kapsamda orijinal platformun
sahip oldugu mekanik ve elektronik sistemler
yeniden gdzden gecirilmis ve arama-kurtarma
operasyonlari i¢in optimize edilmistir.

3.1. Mekanik Tasarim

Robotun ¢esitli pargalarinin iiretiminde 3
boyutlu baski teknolojisi kullanildi, ardindan
basilan 3 boyutlu model incelendi, kalitesi ve
dogrulugu gozden gegirildi. Basili modelden
alman geri bildirimlere dayali olarak orijinal
tasarimda iyilestirmeler ve degisiklikler yapildi.
Robotun kolu i¢in dayamikliligi ve hafifligi
nedeniyle ABS plastik tercih edilmistir. 3
boyutlu baski ile iiretilen bu pargalar, daha
sonra birlestirilerek robotun kolu
olusturulmustur. Tahtadan robot kutusu yapild:.
Tahta kutu ise, robotun elektronik bilesenlerini
korumak ic¢in se¢ilmistir. Tahta, hafif, kolay
islenebilir ve ¢evre dostu bir malzemedir. Robot
kolu ve ug¢ islevcisi icin ise, esneklik ve
dayaniklilik gerektiginden, 3 boyutlu baski ile
iiretilen esnek bir filament tercih edilmistir. Bu
sayede robot, hem gii¢lii hem de hizli hareket
edebilme 06zelligine sahip olmustur. Mobil
robot uzunlugu 34 cm, genisligi 28 cm,
yiiksekligi 52 cm olarak tasarlanmustir. Prototip
agirligr 5560 gr olarak bulunmustur. Pil émrii
olarak 3 saatlik bir c¢aligma siiresi
hedeflenmektedir. Bu c¢aligma siiresi robotun
kullanim tiirtine ve hareket sikligina gore
degismektedir.

Robotun  mekanik  yapisi, g¢esitli  afet
senaryolarinda kullanilabilecek sekilde
tasarlanmistir. Robot, dar alanlarda manevra
yapabilmesi ve engebeli arazilerde etkili bir
sekilde hareket edebilmesi igin Mecanum

tekerlek sistemi ile donatilmistir. Robot
kolunun tasarimi, enkaz altindaki objelere
ulagma ve onlarn  manipiille edebilme

kapasitesini artirmak i¢in optimize edilmistir.
Kol sistemi, dar alanlarda hassas hareket
yetenegi sunmak iizere 6 serbestlik derecesine
(6-DOF) sahiptir ve bu sayede karmasik
manipiilasyonlar gergeklestirebilir.
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Sekil 6. Mobil robot simiilasyon benzetimi.

Mobil robotun iizerinde konulandirilmis olan
robotic kol; Temel (base), omuz, dirsek ve bilek
olmak tlizere dort doner eklemden olusur.
Temel, kolu z-ekseni etrafinda dondiiriirken,
diger ii¢ eklem x-ckseni etrafinda doner. Y-
ekseni etrafinda doniis yoktur, bu da hareketleri
sinirlasa  da  kinematik  hesaplamalar1
kolaylastirir. Her eklemde, bilek, dirsek ve
omuz i¢in ileri ve geri, temel igin ise saga ve
sola doniis sinirlamalari vardir. Kolun tutacagi,
doner dislilerle acilip kapanir ancak pronglari
paralel kalir. Bu nedenle tutma hareketi bir
eklem olarak kabul edilmez. Sonug olarak:

. Robot tutacagi katlanabilir.

. Kolun bilegi 180° donebilir.

. Kolun aparati 180° hareket edebilir.

. Kolun zemin kismi 180° donebilir.

" Zemin eklemi aparati1, 180° ileri ve geri
hareket edebilir.

3.2. Elektronik Tasarim

Robotun elektronik kisminda Arduino Mega
mikrodenetleyicisi kullanilmis ve robotun
motorlari, sensorleri ve iletisim sistemi bu
platform iizerinden kontrol edilmistir. letisim,
Bluetooth 5.0 modiilii kullanilarak uzaktan
kumanda edilmistir. Bu sayede operator, robotu
giivenli bir mesafeden yonetebilme olanagina
sahip olmustur. Arduino MEGA kullanilarak,
tekerlekler i¢in 4 adet Step Motor ve 4
DRV8825 siiriicli, kol hareketi i¢in 3 adet
standart Servo motor ve ug islevsellik i¢in 3 adet
Mini Servo motor tercih edilmistir. Kablosuz
iletisim i¢in NRF24L01 modiilli ve anten
kullanilmistir. Gii¢ kaynagi olarak ise Li-Po
12V pil tercih edilmistir. Bu bilesenlerin tiimii,
Sekil 7'de mobil robotun elektronik yapisinin
sematik gdsterimiyle detaylandirilmistir.
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NRF24L01

Micro Servo
Motor

)
Wrist Pitch

Micro Servo
Motor

Gripper

Micro Servo

Motor

Wrist Roll
Sekil 7. Mobil robot elektronigi sematik gosterimi.

5V.

LiPo (Lithium Polymer) piller sarj edilebilir bir
batarya tiirii olup, kiiciik boyutlarina ragmen
yiiksek enerji saglayabilme kapasitesi sayesinde
robotik  uygulamalarda kullanilabilir. Bu
projede, robotu verimli bir sekilde ¢aligtirmak
icin 2800mAh kapasiteye ve 11.1V gerilime
sahip bir LiPo pil kullanilmigtir. Bu pil ile
robotun yaklasik 3 saat boyunca c¢alismasi
hedeflenmektedir.

Mobil robot {izerinde kullanilan HC-05
Bluetooth modiilii Bluetooth 5.0 teknolojisini
desteklemektedir. Yiiksek hiz, diisik gl
tiiketimi ve uzun menzil gibi avantajlara sahip
olup, 2.4 GHz frekansinda haberlesme
saglamaktadir. Baglant1 stabilitesi testleri,
modiiliin 10 metreye kadar ¢aligma mesafesinde
sorunsuz bir sekilde veri iletimi sagladigini
gostermektedir. Calisma gerilimi 1.7 ile 3.6V
arasinda olup, Arduino iizerinden 3.3V ¢ikisiyla
beslenmelidir. Ayrica, modiiliin senkron hizi
2MBps, asenkron hizi ise SMBps’dir ve
iizerinde kimlik dogrulama ve sifreleme
yazilimi bulunmaktadir.

3.3. Programlama ve Kontrol Sistemi

Robotun kontrol algoritmalari, Arduino IDE
platformu kullanilarak kodlanmis ve robotun
cesitli gorevleri yerine getirmesi i¢in gerekli
yazilim altyapisi olusturulmustur. Robotun
hareketleri ve kol operasyonlari, uzaktan
komutlarla yonlendirilmis olup, sistemin genel
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performans1 optimize edilmistir. Sekil 8’de
mobil robotun kontrol akis semas1 verilmistir.
Sekil 10’da ise robotun mobil uygulamadan
kontroliinii saglayacak arayiiz tasariminin
gorseli goriilmektedir.

| Basla ‘

—T—

Motorlaria lletisimi Kur: Servo ve step
motorlaria iletigim kuruimasini saglar.

|

Servo ve Step Motorlar igin Pin
Modlanni Yapilandir: Her bir motor turd
icin gerekli pin konfigurasyonlari yapilir.

|

Kullanici Girdisini Oku

/ Kol Kontrol |
| Tekerlek motorlar icin |

| Sirlg

Modu Modu | /
Kol hareketleri icin
{ j«—— GaligmaModu Se¢ -— 3/ 2 /
| kullanici girdi verilerini al / Gals P | kullanici girdi verilerini al/

Servo motorlari kontrol et. Siep motorian kontrol etf.

Bel Hareketi, Omuz Hareketi, Dirsek

Hareketi, Bilek Dondiirme, Bilek Agisi
Ayariama, Kavrama Aktivasyonu
Durma Komutunu
Kontrol Et

L

Tum Servo ve Step Motorlan Devre Digi
Birak

|

Bitir

Ileri/Geri hareket ve Saga/Sola donis.

Sekil 8. Mobil robot kontrol akig semasi.

Sekil 8’de verilmis olan akis semasi, bir mobil
robot ve robot kol mekanizmasini kontrol etmek
icin kullanilan bir sistemin kontrol mantigini
gostermektedir. Ilk adimda islem baslar ve
sistem, servo ve step motorlarla iletisim kurar.
Bu adim, motorlarin ¢aligmasini miimkiin
kilacak iletisim altyapisini olusturur. Ardindan,
her motor tirii igin gerekli pin modlar
yapilandirilarak  motorlarin  ¢aligmast  igin
gereken teknik altyapt saglanir. Bu siireg,
motorlarin dogru bir sekilde ¢aligabilmesi i¢in
kritik 6neme sahiptir. Sistemin bir diger 6nemli
asamasi, kullanici girdisinin  alinmasidir.
Kullanicidan alinan bilgilerle c¢alisma modu
belirlenir.  1ki temel c¢alisma  modu
sunulmaktadir: siiris modu ve kol kontrol
modu. Siiris modu, robotun hareketlerinin
servo motorlar araciligryla kontrol edilmesini
saglar. Bu modda servo motorlar ileri, geri, saga
ve sola hareketleri gerceklestirir. Diger taraftan,
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kol kontrol modu step motorlarin kullanimim
icerirr Bu mod, robot kolunun farkl
hareketlerini saglar. Temel, omuz, dirsek, bilek
ve kavrama gibi hareketlerin her biri, kullanici
tarafindan  belirlenen =~ komutlara  gdre
gerceklestirilir.

Sistem, calisma sirasinda durma komutunu
kontrol etmek icin siirekli bir izleme
mekanizmast kullanir. Eger durma komutu
algilanirsa, tiim servo ve step motorlar devre
dis1 birakilir. Bu, sistemin giivenli ve kontrollii
bir sekilde sonlandirilmasini saglar. Islem,
durma komutunun ardindan sonlandirilarak
tamamlanir.

Sayisal veri iletisiminde baglanti hizi (baud
rate) ve pin kullanimi, sistemin performansi ve
dogru calismast agisindan kritik unsurlar
arasinda yer alir. HC-05 Bluetooth modiilleri,
varsayilan olarak 9600 baud hizinda ¢aligir. Bu
hiz, sistemin veri aktarim hizini belirler ve cogu
standart uygulama icin yeterli bir deger sunar.
Ancak, kullanict AT komutlarini kullanarak bu
hiz1 degistirebilir. Maksimum hiz, Software
Serial baglantilar i¢cin 38400 baud ile sinirhidir.
Sistemin tasariminda, kullanic1 dostu 6zellikleri
ve gerekli islevselligi bir araya getiren Remote
XY programi tercih edilmistir. Remote XY
programi, web tabanli bir platformda basit ve
anlagilir bir arayiiz sunar. Bu arayiizde, robotun
tekerlek ve kol hareketlerini kontrol etmek i¢in
uygun diigmeler ve komutlar eklenmistir.
Kullanici, Bluetooth modiiliiniin tipini seger ve
projede kullanilan Arduino modelini belirler.
Ardindan, Bluetooth modiiliiniin Arduino'ya
nasil baglanacagina dair bir diyagram ve uygun
kodlarin nasil indirilecegi hakkinda bilgi
saglanir. Baglant1 kurulduktan sonra, sistem test
edilir ve robot, Remote XY araciligiyla

sorunsuz bir sekilde kontrol edilebilir hale
gelmektedir. Sekil 9°da Remote XY uygulama
araylizii verilmistir.

. SZkil 9. Remote XY Uygulama Arayiizii.
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~

RUN @D
. Grip .
@ wristpitch @
() WristRoll O
() Ebow ()
() shoulder ()
@ waist @

ROBOT DIRECTIONS SPEED

Sekil 10. Mobil robot kontrol arayiiz gorseli.

4. UYGULAMA BULGULARI

Bu caligmada gelistirilen robotik kol entegreli
mobil arama ve kurtarma robotu, tasarim ve
uygulama siire¢lerinde test edilmis ve asagidaki
onemli bulgular elde edilmistir:

e Hareket Kabiliyeti: Robot, mecanum tekerlek
sistemi sayesinde dar alanlarda manevra
yapabilme ve engebeli arazilerde etkili bir
sekilde  hareket edebilme  yetenegini
gostermistir. Bu 6zellik, karmasik ve dengesiz
enkaz  ortamlarinda hizh  ve  giivenli
miidahaleler i¢in biiyiik avantaj saglamaktadir.

o Algilama ve Tespit Performansi: Robot,
termal kameralar ve ses sensorleri gibi ileri
teknoloji ile donatilabilme potansiyeline olup,
enkaz altinda mahsur kalan magdurlar1 yiiksek
hassasiyetle tespit edebilecegi
distiiniilmektedir. Bu sistemler, arama ve
kurtarma ekiplerinin kritik bilgilere zamaninda
ulagmasini saglayacaktir.

e Robotik Kolun Islevselligi: 6 serbestlik
derecesine sahip robotik kol, dar alanlarda
hassas manipiilasyon gorevlerini  yerine
getirebilmektedir. Sekil 11°de gdsterildigi gibi,
robot kolun pargalari {i¢ boyutlu yazicl
kullanilarak {iretilmis, bu tasarim hem maliyeti
diisirmiis hem de Ozellestirme imkani
sunmustur. Sekil 12'de ise robotun nihai hali
gosterilmekte, bu kolun operasyonel ortamda
islevselligi basariyla sergilenmektedir.

e Uzaktan Kontrol ve Iletisim: Bluetooth 5.0
modiilii sayesinde, robot operatdrler tarafindan
giivenli bir mesafeden kontrol edilebilmistir. Bu
ozellik, kurtarma ekiplerinin  giivenligini
artirirken operasyonlarin koordinasyonunu da
kolaylastirmasi beklenmektedir.
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Bu bulgular, robotun sahada uygulanabilirligini
ve basarisin1 gdstermis, gelecek arama ve
kurtarma operasyonlarinda kullanim
potansiyelini ortaya koymustur.

00 90 I}

#e0s 1.ﬁ

Sekil 12. Robotik kol entegreli mobil arama ve
kurtarma robotunun nihai hali.

5. SONUC

Bu ¢aligma, dogal afetler ve acil durumlar igin
robotik kol entegreli mobil bir arama ve
kurtarma robotu tasarimini ve uygulamasini
kapsamaktadir. Robotun test sonuglari, tasarim
hedeflerinin ~ basariyla  gergeklestirildigini
ortaya koymustur. Robotun hareket kabiliyeti,
algilama sistemleri, manipiilasyon becerisi ve
uzaktan kontrol yetenekleri, mevcut arama ve

kurtarma teknolojilerinin  Gtesine  gececek
nitelikte sonuglar vermistir. Bu baglamda
calismanin  sundugu katkilar su sekilde
Ozetlenebilir:
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. Insan  Giivenligine Katki: Robot,
tehlikeli bolgelerde insanlarin yerine gecerek
kurtarma ekiplerinin giivenligini saglamustir.
Bu ozellik, afet bolgelerinde riskleri 6nemli
Olciide azaltmigtir.

J Operasyonel  Verimlilik: ~ Robotun
teknolojik kabiliyetleri, arama ve kurtarma
operasyonlarinin daha hizli ve verimli bir
sekilde gerceklestirilmesine olanak tanimis, bu

da hayatta kalanlarin kurtarilma sansini
artirmistir.
. Afet Miidahalesine Yeni Yaklagimlar:

Bu ¢aligsma, robotik teknolojilerin afet yonetimi
sireclerinde ne denli kritik bir rol
oynayabilecegini gdstermistir.

Gelecege yonelik olarak, bu tir arama ve
kurtarma robotlarinin, otonom karar verme
yeteneklerinin gelistirilmesi, yapay zeka tabanli
tespit algoritmalar1 ile donatilmasi ve daha
dayanikl malzemelerle iretilmesi
hedeflenmelidir. Ayrica, bu robotlarin yalnizca
afet yonetiminde degil, endiistriyel kazalar,
yangin miidahaleleri ve hatta savag alanlarinda
kullanilabilirligi artirilabilir. Gelismis batarya

teknolojileri, robotlarin daha uzun siireli
operasyonlar gerceklestirmesine olanak
tantyabilir.

Bu tiir robotlarin yayginlagmasi hem insani hem

de ekonomik anlamda olumlu etkiler
yaratacaktir. Gelistirilen teknolojilerin,
uluslararast is birlikleri ve standartlagsma

siirecleri ile diinya genelinde uygulanabilir hale
gelmesi, afet miidahale kapasitesinin daha da
artirllmasini saglayabilir.

Bu calismanin sundugu sonuglar, gelecekteki
robotik arama ve kurtarma teknolojileri i¢in bir
temel olusturmaktadir. Gelecek projelerde, bu
sistemlerin otonomi seviyelerinin artirilmasi ve
daha karmasik senaryolarda test edilmesi biiyiik
Onem tagimaktadir.
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