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ABSTRACT

Adapting new technologies to the construction industry is slower than in other sectors. Labor productivity has
remained stable relative to other industries over the last two decades. Therefore, due to rapid population
growth, more housing needs is needed. The industry needs to improve its performance against current and
future demands. Building production with digital fabrication techniques has the potential to speed up the
building construction process. In addition, this technique is important in that it allows production with on-site
and sustainable materials. The most used digital production technique in buildings is additive manufacturing
technology. This study aims to examine the advantages and disadvantages of using additive manufacturing
technologies in building construction compared to traditional construction techniques. At the end of the study,
it was concluded that although digital production techniques have great potential in building construction,
problems still need to be solved. The need to develop standards in building construction, especially with digital
production techniques, is seen as the biggest obstacle to its widespread use in building construction.

Keywords: Building construction, Digital fabrication techniques, Digital construction, Additive manufacturing,
Construction technology

Bina insa Siirecinde Yeni insaat Teknolojileri Kullaniminin incelenmesi
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oz

Yeni teknolojilerin insaat sektériine adaptasyonu diger sektérlere gére daha yavastir. is giicii verimliligi ise diger
sektorlere kiyasla son yirmi yilda sabit kalmistir. Bu nedenle hizlh nifus artisindan kaynakli barinma ihtiyaci
karsilanamamaktadir. Sektoriin su anda ve gelecekte olan talepleri karsilayabilmesi igin performansini artirmasi
gerekmektedir. Dijital fabrikasyon teknikleri ile bina tretimi, bina insa surecini hizlandirma konusunda
potansiyele sahiptir. Ayrica yerinde ve strdirilebilir malzemeler ile tGretime imkan vermesi agisindan buylk
6nem tasimaktadir. Bina sektériinde kullanilan dijital fabrikasyon tekniklerinden binalarda en yaygin kullanilan
teknoloji eklemeli imalat teknolojileridir. Bu galismada binalarin daha hizli insa edilmesinde eklemeli imalat
teknolojileri kullaniminin geleneksel insa ydntemlerine gore avantajli ve dezavantajli oldugu durumlarin
incelenmesi amaglanmistir. Calismada, geleneksel insa yontemleri ile eklemeli imalat insa yontemleri;
surdurulebilirlik, statik, maliyet ve tretim esnekligi parametreleri agisindan karsilastirmali olarak incelenmistir.
Galismanin sonunda eklemeli imalat tekniklerinin, bina insasinda bir¢cok potansiyele sahip olsa da heniz
¢oziilmemis sorunlari bulunduguna ulasiimistir. Ozellikle teknigin bina insasi konusunda standartlarinin
gelismemis olmasi, bina ingasinda yayginlasmasinin 6nlindeki en biiylk engel olarak gérilmektedir.

Anahtar Kelimeler: Bina insas, Dijital fabrikasyon teknikleri, Dijital insaat, Eklemeli imalat, insaat teknolojisi
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Giris

Binalarin ilk olusum amaci korunakh bir alan
olusturmaktir. Tarih boyunca teknolojinin gelisimi ile
ihtiyaglar  cesitlenmistir. Bu durum binalarin insa
tekniklerinde, boyutlarinda, kullanim amacinda degisimlere
neden olmustur. Bina insasi dénemlere gore farkli yapi
teknolojileri kullanilarak yapilmistir (Yergiin, 2002). Bina
insasinda kullanilan yapi teknolojileri genel olarak striiktir
sistemi ile ilgilidir. Bu striktir sistemleri cogunlukla
kullanilan malzemenin gesidine, yapisal 6zelligine, yapim ve
Uretim yontemlerine gore siniflandirilmaktadir. Bina insa
yontemleri yapisal 6zelligine gére siniflandirildiginda yigma,
iskelet, plak ve karma tasiyic sistem olarak
siniflandiriimaktadir (Yerglin, 2002, Sumer Haydaraslan,
2023). Bugiin bina insa tekniginde en yaygin kullanilan
sistem iskelet sistemdir. Bu sistemde bina yatay ve dlsey
tasiyicilar ile tasitilmaktadir. Bu sistemde binalarin insa
sahasinda yerinde Uretimi gergeklestirilmektedir. Birgok
farkli is kaleminin bulundugu bu insa yontemi giinimiizde
geleneksel insa ydntemi olarak adlandirmaktadir. insaat
sektoriinde kullanilan geleneksel insaat yontemleri, yuksek
oranda kalip ve isglictine ihtiya¢ duymaktadir (Khoshnevis,
2004). Bu durum binalarin insaat siirelerini uzatmaktadir.
Ozellikle barinma ihtiyacinin karsilanmasinda bu insa
yontemi talebi karsilamakta yavas kalmaktadir.

Birlesmis Milletler tarafindan yapilan calismaya gore
diinya nifusunun 2030 yilinda 8,5 milyara, 2050 yilinda ise
9,7 milyara ulasmasi beklenmektedir (Sekil 1) (UN DESA,
2023). Nifusta beklenen artis, konut ihtiyacinda da ciddi
artis yasanacaginin gostergesidir. Artan konut ihtiyac
talebine cevap verebilmek icin, insaat sektériinde Gretimi
hizlandirma konusunda ¢6ziim arayisina gidilmektedir. Bu
durum mevcut bina insa yobntemlerinde yeni insaat
teknolojilerinin gelistiriimesi ve kullaniminin
yayginlastirilmasi  konusunun 6nemini gostermektedir.
Diger bir yandan geleneksel insa yonteminde bugiin en
yayin kullanilan sistem betonarme iskelet sistemdir.
Betonun insa sahasina tasinmasi ve demir ile birlesimi
sonucu binanin yatay ve disey  tasiyicilari
olusturulmaktadir. Bu sistemde malzemelerin sahaya
tasinmasi, binanin insa edilmesi ve yilkim asamasi gibi
parametreler ingaat sektoriiniin sanayi sektoriinden sonra
en fazla enerji tiketiminin ve CO2 saliniminin kaynagidir.
iklim degisikliginin en biiyiik nedenlerinden biri olarak
gosterilen CO2 saliniminin ingaat sektoriinde azaltilmasi
iklim degisikligi etkilerinin azaltilmasi icin 6nemlidir (Stiimer
Haydaraslan ve Dikmen, 2023; Simer Haydaraslan ve Yasar,
2023). Yeni insa teknolojilerinde surdirdlebilir malzeme
kullanimi, yapim ve yikim asamasinda CO2 saliniminin
azaltilmasi konusunda ¢6ziim 6nerileri bulunmaktadir.

Endustri devrimleri (Endustri 1.0 (1740-1840), EndUstri
2.0 (1840-1950), Endiistri 3.0 (1950-2011) ve Endstri 4.0
(2011-)) insaat sektorinin yani sira bUtin sektorlerin
Uretim yontemlerini yillar icinde degistirmistir. Dlinya su an
Endustri 4.0 ile bilylk bir donisiim icindedir. Bu donem
otomasyon ve yapay zeka ¢agi olarak adlandiriimaktadir.
Dijital fabrikasyonun ve eklemeli imalat teknolojisinin

yayginlasmasi bu doénemin bitin Gretim yéntemlerinin
merkezinde yer almaktadir. icinde otomasyon ve yapay
zeka barindiran endustriyel robotlarin  insaatlarda
kullaniminin yayginlasmasinin Gretim hizinin artmasina
biyilk katki saglayacagi ©6n gorilmektedir. insaat
sektoriiniin de bu teknolojik gelismelerin kullaniimasi
agisindan ciddi potansiyele sahip oldugu belirtilmektedir
(Linner ve ark., 2020; Ghaffar ve ark., 2018; Brischetto ve
ark., 2017).

Dijital fabrikasyon bilgisayarda tasarimi yapilan bir
Urinin biyltk oranda makine kullanilarak Gretilmesi
surecidir. Yerinde ve surdirilebilir malzemeler ile Gretime
imkan vermesi agisindan biiylik 6nem tagimaktadir. Ayrica
dijital fabrikasyon yontemler, geleneksel insa yontemleri ile
uygulanmasi zor olan bina tasarimlarinin insasini
kolaylasmistir. Her ne kadar ginimuizde binalarin dijital
fabrikasyon teknolojileri Uretimi gesitli zorluklar icerse de
ciddi bir potansiyeli de beraberinde getirmektedir. Yapilan
calismalar bina Uretiminin hizlandiriimasi igin dijital
fabrikasyon tekniklerini iceren eklemeli imalatin ya da 3D
baski yontemlerinin insaat sektoriinde kullanimini
onermektedir (Ma ve Wang, 2018; Weng ve ark., 2020). Bu
kapsamda bu calismada binalarin daha hizli Gretimine
imkan veren eklemeli imalat teknolojileri kullaniminin
geleneksel insa yobntemlerine goére avantajli ya da
dezavantajli oldugu konularin incelenmesi amaglanmistir.
Bir binanin insasinda surdirilebilirlik, statik ve maliyet
konusu insaat yonteminin belirlenmesinde en onemli
konulardir (Ma ve Wang, 2018). Calisma igin geleneksel insa
yontemleri ve eklemeli imalat yontemleri bu parametreler
acisindan karsilastirilmali olarak incelenmistir. Calismada
ayrica eklemeli imalat yontemlerinin esnek tasarim
uygulama kolayligi saglamasindan dolayr bu parametre
agisindan da karsilastirilmigtir. Galisma igin binalarin daha
hizli inga edilmesinde yeni bina insaat tekniklerinin
kullanimi incelenmistir. Daha sonra bina sektoriinde
kullanilan dijital fabrikasyon tekniklerinden binalarda en
yaygin kullanilan eklemeli imalat teknolojileri hakkinda bilgi
verilmistir. Calismada son olarak geleneksel insa yontemleri
ve 3D vyazicilarla bina yapimi avantaj ve dezavantajlari
acisindan incelenmistir.

2. BiNA SEKTORUNDE KULLANILAN iNSA TEKNIKLERI

2.1. Geleneksel insa Teknikleri

Barinma ihtiyaci insanligin var oldugu tarihten bu yana
en temel ihtiyaglardan biri olmustur. Bilinen en eski
barinma birimlerinden olan magaralar insa teknigi olarak
oymanin gelistirildigi ilk birimdir. Daha sonra barinma
ihtiyacinin karsilanmasi icin yaygin olarak toprak malzeme
ile farkli teknikler kullanilarak barinma birimleri
olusturulmustur (Jaquin, 2012). Bu birimler toprak ile
kaplanarak, doldurularak, bloklar olusturularak,
sikistirilarak, dogrudan sekillendirilerek, yigilmis olarak,
kahplanmis olarak ve toprak ile diger yerel malzemeler
karistirilarak farkli insaat teknikleri ile olusturulmustur
(Sekil 2) (Pica, 2017; Dirican ve Akyol, 2019). Binalari insa
etme teknikleri teknolojinin gelismesine bagli olarak
degisim gostermis ve gegmiste kullanilan oyma, kaplama,
vb. yéntemler neredeyse hig¢ kullanilamamaktadir.
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Figure 1. World total population growth forecast
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Resim 2. Bina insa teknikleri gelisimi
Figure 2. Development of building construction techniques

Bir binayi olusturan striktir ve malzemeler ilgili
doénemin o6zelliklerini  yansitmaktadir.  Binanin inga
teknigini kullanilan striktir sistemi belirlemektedir.
Binanin striktir sistemi bina ylkind binanin temeline
daha sonra ise zeminine aktaran sistemdir (Ching, 2001).
insaat yontemlerinde yasanan teknolojik gelismeler ile
binalarda kullanilan sistemler ¢ogunlukla malzemelerin
cinsine, yapisal Ozelligine, yapim teknigine ve Uretim
yontemine goére ayrilmaktadir. Bu sistemler vyapisal
ozelliklerine gore incelendiginde yigma sistem, iskelet
sistem ve karma sistemler olarak ayrildigi gérilmektedir.
Yigma sistem barinma ihtiyacinin karsilanmasi igin
kullanilan en eski sistemlerden biridir. Bu insaat teknigi
taslyicl Ozellige sahip kiiglk boyutlardaki malzemelerin
taslyict  olarak kullanilmasina  dayanmaktadir. Bu
malzemeler tas, tugla ya da kerpig olabilir ve blok halde
kullanilmaktadir. Cogunlukla ise har¢ ile birbirine
yapistiriimaktadir. iskelet sistem ise binaya ait yiiklerin
birbirine baglanan yatay ve disey tasiyicilar ile zemine
aktarildig1 sistemdir (Yergin, 2002). Bu sistem celik,
betonarme ya da ahsap malzeme ile olusturulmaktadir. Bu
sistemlere ek olarak iki sistemin bir arada kullanildig
karma sistem ile de binalar insa edilmektedir (Sekil 3)
(Sumer Haydaraslan, 2023; Yergiin, 2002).

Bina sektoriinde bugilin en yaygin kullanilan teknik
betonarme iskelet sistemi ile binalarin insa edilmesidir.
Sekil 3’te verilen tas yigma yapi orneginde Tirkiye'de
yaygin olarak bulunan kovke, pomza, kifeki vb. olarak
adlandirilan  tas ile yigma binanin olusturuldugu

gorulmektedir. Kerpi¢ yigma teknigi gorselinde bolgelere
gore icerigi degiskenlik gosteren harcin gilineste
kurutularak olusturuldugu tugla formundaki kerpic ile
binanin  olusturuldugu gorilmektedir. Tugla yigma
gorselinde pismis kil esash topraktan olusturulan yigma
yap! gorulmektedir. Ahsap, celik ve betonarme iskelet
sistem gorsellerinde tasiyici iskelet sisteminde malzeme
degisikligi ile striktirin olusturuldugu gorilmektedir.
Farkli bina insa tekniklerinin bir arada kullanildigi karma
sistem ile de binalar insa edilmektedir.

Dijital Fabrikasyon insa Teknikleri

Bina insa etme yoOntemleri, yasam sartlarinin
degismesi ve teknolojinin gelismesi ile gegmisten
glinimuze blyiik degisim gostermistir. Binalarda yasanan
kokla degisimler; yerlesik hayata gegilmesi (Tarim
Devrimi) ve beton ve geligin binalarda kullanimi (Endustri
1.0) ile olmustur. Diger beklenen kokli degisim ise
bugiinlerde siklikla glindeme gelen Endistri 4.0 ile
binalarin dijital fabrikasyon ile insa edilme potansiyelidir.
Yapilan ¢alismalar otomasyon alaninda gerceklesen hizli
ilerleme ile on yil igcinde insa etme yontemlerinde biyiik
degisimler yasanacagini 6n goérmektedir. Ayrica yeni
teknolojiler ile bina insaatinda kullanilan yapi
bilesenlerinin ve insaat siireglerinin olumlu anlamda
gelisecegi 6n gorulmektedir (Dong ve Yu, 2021; Zhu ve
ark., 2021; Gebhard ve ark., 2021).
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Dijital fabrikasyon en basit tanimi ile bilgisayar ortaminda
tasarlanan bir nesnenin bir makine kullanilarak Uretilmesi
temeline dayanmaktadir. Bu lretim yénteminin binalarda en
yaygin kullanimi eklemeli imalat ile Gretimdir. Eklemeli imalat
yontemleri ASTM International Committee F42 ‘Standard
Terminology for Additive Manufacturing Technologies’ e
gore yedi kategoriye ayrilmistir. Bu kategoriler; malzeme
ekstrlizyon, malzeme piskirtme, baglayicr puskirtme,
levhali sac, fotopolimerizasyon, direkt yatakli eritme, direkt
enerji depolama ’dir (ASTM, 2023). Yontemlerin ¢alisma
prensipleri semasi Sekil 4’te verilmistir (Tofail ve ark., 2018;
Gibson ve ark., 2010; Cesaretti ve ark., 2014; Will ve ark.,
2008; Griffin ve ark., 1995; Wolf ve ark., 2022; Li ve ark.,
2022).

Malzeme ekstriizyon teknigi, eklemeli imalatta
ekstrlizyon, erimis bir pargcanin katman katman yeniden
dokilmesi ile olusturulan islemdir (Tofail ve ark., 2018;
Gibson ve ark., 2010). Bu teknikte hammadde s ile
sivilastiriimakta ve sira halinde dékilmektedir (Crump, 1992).
Bugiin en yaygin kullanilan 3D baski yontemlerinden biridir.
Bu yontemin maliyeti diger yontemlere kiyasla azdir (Wolf ve
ark., 2022). Malzeme pskiirtme teknigi ise, sivi ya da erimis
malzemenin puskirtilerek imalat yapilmasi esasina dayanan
bir yontemdir. Diger bir eklemeli imalat teknigi baglayici
puskirtme teknigidir. Bu teknikte toz bilesenler 1si ya da
baglayici ile birlestiriimektedir. Baski alaninda toz katmana
baglayicilar uygulanarak nesne ortaya cikartilir (Cesaretti ve
ark., 2014; Will ve ark., 2008). Levhali sa¢ teknigi ise, eklemeli
ve cikarmali imalat tekniginin ara kesitindedir. ince levha
formundaki farkli malzeme 6zelligi gosteren folyolarin
islenmesi teknigine dayanmaktadir (Griffin ve ark., 1995).
Fotopolimerizasyon tekniginde, polimerize olabilen regine
ozellikli malzemenin farkh 6zellikteki 1sik kaynaginin etkisi ile
Uretim yapilmaktadir (Hull, 1986). Yontemin Olgegi buylk
olan ¢oziimlerde yavas kalmasi insaat sektériinde kullanimini
kisitlamaktadir (Wolf ve ark., 2022). Diger bir teknik olan
direkt vyatakli eritme tekniginde, toz formdaki ¢esitli
malzemeler (seramik, metal vb.) lazer, elektron isinini gibi
baglayici kullanilarak katman katman kaynastiriimaktadir
(Deckard, 1989). Son teknik olan direkt enerji depolama
teknigi ise, kullanilan malzemenin puskirtilmesi ve eneriji
kaynagi ile eritilerek tretim yapilmasi esasina dayanir (Li ve
ark., 2022).

Eklemeli imalat endistriyel imalatin yapildigi tim
sektorlerde kullaniimaktadir (Chua ve Leong, 2014; Mohsen,
2020). Endistride  kullanilan  imalat  teknikleri ile
kiyaslandiginda eklemeli imalat tekniginde bir Grinln
Uretiminde atik miktari azdir (Jiang ve ark., 2018). Ayrica
eklemeli imalat bir Griinin vyerinde Uretimine imkan
vermesinden dolayi Gretim icin tasimaciligl azaltmaktadir. Bu
sayede tasimacilik kaynakli CO2 saliniminin azalmasi da 6n
gorilmektedir (Jiang ve ark., 2017). Eklemeli imalat EndUstri
4.0 olarak adlandirilan ¢agin temelini olusturmaktadir. Bu
imalat  teknigi  tim  sektorlerin  lretim  hattini
degistirmektedir. insaat sektdriinde de eklemeli imalat
tekniginin  kullanildigi  bircok ¢alisma ve uygulama
yapilmaktadir (Cesaretti ve ark., 2014). Barinma ihtiyacinin
en temel ihtiya¢c olmasi, insaat sirelerinin uzun ve ¢ok
asamali olmasindan dolay! bir¢ok tlke bu konuda calismalar
yapmaktadir (Khajavi ve ark., 2021). Yapilan ¢alismalar insaat
sektoriniin yeni teknoloji ve tekniklerin kullaniminda biytik
bir potansiyele sahip oldugunu gostermektedir. Ozellikle 25
4

yildan daha uzun siredir eklemeli imalat konusunda yapilan
calismalar havacilik, otomobil gibi sektorlerde oldugu gibi
yeni teknoloji girdileri ile blylimeye devam etmektedir (Chua
ve Leong, 2014; Mohsen, 2020; Khoshnevis, 2004). Eklemeli
imalatin daha gevreci ve diisiik maliyetli olmasi konusundaki
¢alismalar ingaat sektori icin dGnemlidir.

Eklemeliimalat teknigi, binalarin yapiminda 1997 yilindan
bu yana kullanilmaktadir (Pegna, 1997). Eklemeli imalatin
binalarda kullanimi ile ilgili bir¢ok ¢alisma yapilmistir.
Eklemeli imalat konusunda yapilan bir calismada ingaatta bu
teknigin kullanim potansiyelini incelenmistir. Calisma ile
teknigin cevresel strdurilebilirlik agisindan  sagladig
yararlara ulagmiglardir. Ayrica agik kodlu tiretim tekniklerinin
mimari tasarimlarda o6zgir yaklasima katki saglayacagi
belirtilmistir (Ghaffar ve ark., 2018). Yapilan baska bir
calismada eklemeli imalatta ekstriizyon teknigine dayanan
3D basim teknigi ile bina yapiminda kullanilan harg ile ilgili
¢ahsmiglardir. Calismanin sonunda statik dayanimi yuksek bir
harg elde etmislerdir. Calismada geleneksel insaat yontemleri
ile 3D basim tekniginin bir arada kullaniminin mimkan
oldugunu belirtmislerdir (Panda ve ark., 2017). Eklemeli
imalatta ekstriizyon teknigine dayanan 3D basim teknigi en
yaygin kullanilan tekniklerden biridir. Bu teknikte malzeme
olarak insaatta en yaygin kullanilan beton malzeme tercih
edilmektedir. Ekstriizyon tekniginde kullanilan harglarin
teknik ozelliklerini ve uygulanma sekillerini inceleyen bir
calisma yapilmistir. Calismada harglarin ¢ekme, gerilim,
viskozite vb. oOzelliklerinin baskiya etkileri incelenmistir
(Saruhan ve ark., 2022). Ekstrlizyon teknigi ile ilgili yapilan
baska bir ¢calismada degisken kalinliktaki insaat bilesenlerin
Uretimi icin sabit genislikte filaman kullanilmamasi konusu
Uzerinde cahsilmistir. Calismada ekstriizyonun kontrolli
kullanimini 6neren bir yontem gelistirilmistir (Yuan ve ark.,
2022). Ekstriizyon basim teknigi ile ilgili yapilan baska bir
calismada bu teknigin avantaj ve dezavantaj incelemistir.
Ayrica teknigin potansiyelleri anlatilmistir (Kazemian ve
Khoshnevis, 2021). Eklemeli imalat 3D basim tekniginde diger
kullanilan yontemlerden biri puskiirtme teknigidir. Bu
teknikte baglayicc madde piskirtilerek basim yapilir. Bu
konuda yapilan ¢alismada kullanilan malzemenin oranlarinda
degisim vyapilarak basing dayaniminin artirilmasi igin
calisiimistir. Calismanin sonunda basilan Griinlin basing
dayanimi artmis ve binalar icin kullanim olasihgi artinlmistir
(Park ve ark., 2021). Baglayici kullanilarak yapilan baska bir
¢alismada beton esasli malzemenin yaygin kullaniminin
artinlmasi amaglanmistir. Calisma ile malzemenin basing
dayanimi ve 3D baski ile basilabilirligi artinlmistir (Xia ve
Sanjayan, 2016). Literatiir incelendiginde fotopolimerizasyon
ve levha laminasyon alanindaki galismalarin insaat sektori
disinda kaldigina ulasilmistir. Bu alanda yapilan ¢alismalarin
insaatin olgceginin blylk olmasi nedeni ile bu tekniklerin
kullanilmadigi belirtilmistir (Camacho ve ark., 2018). Bir diger
eklemeli imalat teknigi olan toz yatakl flizyonun ise insaatta
kullanildig1 goériilmektedir. Yapilan ¢alismalar incelendiginde
bu teknigin c¢elik striktirde kullanildigi gorilmektedir
(Rosenfield, 2023; Galjaard ve ark., 2014; Joosten, 2015).
Direkt enerji depolama yonteminin insaatta kullanimi
incelendiginde ise toz yatakl flizyonda oldugu gibi ¢elik parca
Uretimde kullanildig1 géralmektedir (Sekil 5) (Jayathilakage ve
ark.,2020; Kruger ve ark., 2020; XtreeE, 2023; Ye ve ark.,
2021; Feucht ve ark., 2022).
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Karma sistem

Resim 3. Bina insa teknikleri
Figure 3. Building construction techniques

Fotopolimerizasyon Direkt yatakl eritme Direkt enerji depoléma

Resim 4. Eklemeli imalat yontemleri
Figure 4. Additive manufacturing methods
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Resim 5. Ekstriizyon teknigine ve Toz yatakli flizyon teknigine dayanan 3D basim érnekleri
Figure 5. 3D printing examples based on extrusion technique and powder bed fusion technique

(a)

(b)

Resim 6. Ekstriizyon teknigi ile bina 3D basim 6érnekleri
Figure 6. Creating 3D printing samples with extrusion technique

Ekstriizyon teknigine ve Toz yatakl flizyon teknigine
dayanan 3D basim ornekleri incelendiginde binalarda

kullanimi konusunda  birgcok  ¢alisma  yapildig
goriulmektedir.  Ekstriizyon tekniginde vyapilan 3D
basimlarda ¢ogunlukla ¢imento esash malzemeler

kullanilmistir. Calismalarda basilan trinlerin statik, isil ve
dayanim ozellikleri incelenmistir. Toz vyatakli flzyon
teknigine ait c¢alismalarin  son yillarda hizlandig
6

gorilmektedir. Ekstriizyon teknigine gore daha kapsamh
olan bu teknikte binalarin ara eleman pargalari, celik
kopriiler ve tasiyici 6zelligi olan elemanlar uretildigi
goriilmektedir.
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Geleneksel ve Dijital Fabrikasyon Teknigiyle Bina
insasinin Karsilastiriimali Olarak incelenmesi

Binalarin insasinda bugiin en yaygin kullanilan teknik
geleneksel insa tekniklerinden betonarme iskelet sistemdir.
Dijital fabrikasyon teknikleri ile bina insasi incelendiginde
ise en yaygin teknik, ekstriizyon yontemi ile 3D baski
yapilmasidir. 3D baski ile evlerin basilmasi siireci 1997
yilinda gelistirilmistir (Khoshnevis ve Dutton, 1998). Daha
sonra 2007 yilinda gelistirilen yontem ile 2014 yilinda 200
m2 taban alanina sahip bir ev basiimistir (Sekil 6 (a)) (Kira,
2023). Bu basimi gergeklestiren firma 1100 m2 taban
alanina sahip 5 kath bir apartmanin 3D yazici ile basimini
gerceklestirmistir (Sekil 6 (b)) (Kira, 2023). 2015 yilinda
tasarlanan buytk oOlgekli bir 3D yazici ile kale basimi
gerceklestirilmistir  (Rudenko, 2023). insaat alaninda
kullaniminin ciddi potansiyeller tasidiginin belgelenmesi bu
alandaki ¢alismalar hizlandirmistir (Ma ve Wang, 2018).
insaat sektoriiniin diger sektérlere kiyasla nihai Griiniini
ortaya cikarmasi daha yavas kalmaktadir. Bu nedenle
mevcut yontemlerle binalarin insa edilme hizi barinma
ihtiyacinin  karsilanmasi igin vyeterli degildir. 3D Baski
teknolojisi ile binalarin daha hizl insa edilmesinin miimkiin
olmasi bu teknolojiye olan talebi artirmistir (Zhang ve ark.,
2019). Yapilan ¢alismalar geleneksel insaat yontemine gére
dortte biri kadar zamanda bu teknoloji ile bina Uretiminin
gerceklesebilecegini ortaya koymustur (Ma ve Wang, 2018;
Batikha ve ark., 2022). insaat sektériinde 3D baski
konusunda ¢alismalarin  hizlanmasinin ~ en  dnemli
nedenlerinden birinin  hizli insaat slregleri oldugu
belirtiimektedir (Zhang ve ark., 2019). Ayrica geleneksel
insa yontemlerine gore daha hizli Uretime izin vermesi,
afetlerden etkilenenlerin kisa slirede barinma birimlerinin
kullanmasina olanak saglayabilmektedir (Robayo-Salazar ve
ark., 2023). 3D baski teknolojisi ile bir bina bittndyle insa
edilmese bile prefabrik modillerin insasi da zaman
acisindan kazang saglamaktadir. Calismada binalarin
geleneksel insa teknikleri ve dijital fabrikasyon teknikleri ile
Uretimi siirdaralebilirlik, statik, maliyet ve Gretim esnekligi
acisindan incelenmistir.

Siirdiirtilebilirlik

insaat sektorii toplamda tiiketilen enerjinin %40'ini
tiiketmektedir. Avrupa genelinde yapilan ¢alismalara gore
ise insaat sektoriinde tlketilen enerji oraninin %60 oldugu
ve bu oranin %50’sinin binalarin 1sitma ve sogutmasi igin
kullanildigina ulasilmistir (IEA, 2023). Ayrica atmosfere
salinan CO2 miktarinin %38'i ingaat sektori kaynakhdir (De
Schutter ve ark., 2018). 3D baskiya uygun gelistirilen
malzemeler ve dijital fabrikasyon yontemleri geleneksel
insaat tekniklerine gore enerji tiketimi daha az ve
surdirulebilir olabilmektedir. Yapilan bir ¢alismada ciruf,
silikat bazli aktivator ve ince kumdan olusan bir malzeme
gelistirilmistir. Calismada bu malzemenin bina yapimina
uygun surdurilebilir bir malzeme olduguna ulasiimistir (Xia
ve Sanjayan, 2016). 3D baskiya uygun gelistirilen harglar,
binalarin enerji tiiketimini azaltacak karisimlar ile 1si
transferi azaltilip geleneksel insa yonteminde kullanilan is
yahtimi gibi davranis sergileyebilmektedir (Pessoa ve ark.,

2021). Yapilan baska bir galismada bir banyo biriminin
prefabrik olarak insa edilmesi ve 3D baski ile basilmasinin
etkileri karsilastiriimistir. 3D ile basim yapildiginda maliyetin
%34.1 daha disiuk olduguna, CO2 saliniminin prefabrik
insaya gore %85.9 daha az olduguna ve enerji tiiketiminin
de %87.1 daha az olduguna ulasiimistir (Weng ve ark.,
2020). insaat kati atik tiretiminde de 6nde olan sektérlerden
biridir (Marzouk ve Azab; 2014). Cevreye verilen zararin
azaltlmasi sektor agisindan oOnemlidir. Artan nifus,
kentlesme orani ve sanayinin blyimesi ile kati atik ciddi bir
sorun haline gelmistir (Hoornweg ve Bhada-Tata, 2012).
Yapilan galismalar atik miktari konusunda 6énlem alinmazsa
bu atik miktarinin 2050 yilina kadar %70 oraninda artis
gbsterecegini tahmin etmektedir (World Bank, 2018). 3D
yazicllar ile bina Uretiminde yaygin olarak harcin direkt
basilmasi  teknigine dayanmasi, daha az atik
olusturmaktadir. Ayrica Gmriini tamamlayan binalarin yapi
sokim siireclerine iliskin atik miktarlari incelendiginde 3D
yazici ile basillan binalarin Agenda 2030'a gore
Surdirulebilir  Kalkinma Hedeflerine uygun oldugu
belirtilmistir (UN, 2023).

Statik

Binalarin 3D yazici ile Gretiminde uyumlu malzeme
karisimlarinin olusturulmasi basim ve statik dayanim igin
en 6nemli parametrelerden biridir. Baskida kullanilacak
malzemelerin igerik 0Ozelliklerinin optimize edilmesi
gerekir. Ozellikle biyiik 6lcekli binalar icin 3D basima
uygun malzeme igeriginin hazirlanmasi karmasik bir
strectir (Ma ve Wang, 2018). 3D baski igin farkli 6zellikteki
bircok malzeme ve bu malzemelerin bir araya getirilmesi
ile ilgili bircok calisma yapilmistir (Nerella ve ark., 2016;
Lim ve ark., 2012; Feng ve ark., 2015; Gosselin ve ark.,
2016). Ancak 3D baskida malzeme seg¢imi, tasarimi ve
bilesenleri acgisindan evrensel bir standart
bulunmamaktadir. Standardin bulunmamasi harg igerigi
belirlenmesinde ve dokim sonucu statik sorunlarin
olusmasina neden olmaktadir (Yuan ve ark., 2022). Binada
kullanilan kolonlarin iskelet sistem ve 3D baski ile
Uretiminin karsilastinildigi bir ¢calisma yapilmistir (Sekil 7)
(Alabbasi ve ark., 2023). Calismanin sonunda 3D basim
teknolojisi ile daha az malzeme kullanilarak vyapisal
saglamhgl daha gigcli olan kolonlarin dretilebilecegine
ulasilmistir (Alabbasi ve ark., 2023). Ancak 3D basim
teknolojisi ile daha fazla ¢alismanin yapilmasi ve testlerin
gelistirilmesi vurgusu yapilmistir.

Maliyet

Bina insaatinda buglin en yaygin kullanilan malzeme
betondur. Beton maliyeti yiksek bir malzemedir. Bina
insaatinda kullanilan malzeme miktari konusunda yapilan
cahismalar geleneksel yontem ve 3D baskida kullanilan
malzeme miktarlarini incelemislerdir (Weng ve ark., 2020;
Alabbasi ve ark., 2023). 3D yazci ile basilan duvarin
maliyet agisindan %78 daha avantaji olduguna
ulasilmistir. Ayrica bir konut maliyetinin %20 oraninda
disulmesinin mimkiin olabilecegine ulasiimistir (Ma ve
Wang, 2018). insaat sektériine 3D yazicilarin kullaniminin
girmesi ile insa sahasina ekipmanin tasinmasi konusu
glindeme gelmistir. Lojistik 3D yazicilarin kullaniminda en
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zayif noktalardan biri olarak gosterilmektedir. insaat
sektoriinde lojistik maliyetlerinin analizi igin farkh bilesen
kombinasyonlari bulunmaktadir (Munir ve Karki, 2021;
Said ve El-Rayes, 2011; Engblom ve ark., 2012). Calismalar
¢ogunlukla lojistik slireg similasyonlari (Vidalakis ve
Tookey, 2006), lojistik maliyetini olusturan parametreler
(Amornsawadwatana, 2005) ve tedarik zincirinin lojistigi
(EI Moussaoui ve ark., 2021) konularini incelemistir.
Yapilan ¢alismalar sonucunda insaatta kullanilan malzeme
maliyetinin  %14,7'sinin  lojistik maliyeti olduguna
ulasilmistir (Besklubova ve ark., 2023). Bu galismalarda
bina insasinda kullanilacak malzemelerin ingaat alanina
tasinmasi konusunda calisilmistir. Konu ile ilgili yapilan
¢alismalar incelendiginde c¢alismalarda yerinde baski
yapilan 3D yazicilarin boyutlarinin kiglilmesi ve insasi
yapilan binanin da kiigilmesinin nedeninin 3D yazicilarin

lojistigi oldugu belirtilmistir (Chen, 2016; El-Sayegh ve
ark., 2020). Diger bir yandan geleneksel insa tekniklerinde
atik girdilerinin lojistigi dikkate alindiginda 3D baski
teknolojilerinin bu konuda o6ne g¢iktigi goérilmektedir.
Yapilan bir ¢alismada ayni uzakliktaki hammadde ile bir
binanin insa slireci geleneksel insaat yontemleri, 3D yazici
ile binanin yerinde insasi ve 3D yazici ile elemanlarin
disarida Uretimi maliyet agisindan incelemesi yapilmigtir
(Sekil 8) (Besklubova ve ark., 2023). Calisma sonucunda
tek kath bina Uretimi i¢in 3D yazici ile yerinde Uretimin
daha avantajli olduguna ulasiimistir (Besklubova ve ark.,
2023). Bu alanda yapilan ¢alismalar 3D vyazicilarinin
lojistiginin iyilesme potansiyelinin ylksek oldugunu ve
gelistiriimesi gerektigini gostermektedir (Craveiroa ve
ark., 2019; Despeisse ve ark., 2017; Kietzmann ve ark.,
2015).
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Resim 7. . iskelet sistem ile kolon insasi (a) ve 3D yazici basimi (b) ile kolon tiretimi
Figure 7. Column construction with skeletal system (a) and column production with 3D printing(b)
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Resim 8. . Geleneksel ingaat yontemleri, 3D yazici ile binanin yerinde insasi ve 3D yazici ile elemanlarin disarida
Uretimi semasi
Figure 8. Scheme of traditional construction methods, on-site construction of the building with 3D printer and
outdoor production of elements with 3D printer

Uretim Esnekligi

3D ile basilan binalarda geleneksel insa teknigine gore
daha az nitelikli is glictine ihtiya¢ duyulmaktadir (Zhang ve
ark., 2019). Bu durum insan kaynagina olan ihtiyaci
azaltmasinin yani sira is kazalarinin 6niine de gegmektedir
(Sekil 9). Boylelikle geleneksel insaat tekniklerine gore
daha glvenli bir Uretim yontemi olarak gorilmektedir
(Graser ve ark., 2023). Ancak 3D basimin uygulanmasinda
kullanilacak yazicinin nozul boyutlari, ekstriizyon basinci,

8

basimin hizi gibi parametrelerin bir standardinin olmamasi
her ne kadar geleneksel insaat yontemlerine gore is glici
acisindan kolaylik potansiyeli de olsa da daha fazla
deneysel c¢alismanin  yapilmasi gerekliligini ortaya
koymaktadir. Geleneksel insa yonteminde kaliba ve is
glicine ihtiyag duyulmaktadir (Sekil 9 (a)) (Liv d., 2022). Bu
durum insaatta Uretimin zorlasmasina, is giici ve kalip
ihtiyaci kaynakli maliyet artisina neden olmaktadir.
Kalibin secgimi, tasarim, statik ve istenilen gorsel tasarim
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acisindan &nemlidir. Ozellikle kompleks tasarima sahip
geometrilerde halihazirda kullanilan kalip sistemlerinden
sonug alma siireci zor ve uzun olmaktadir. Mevcut kalip
sistemlerinin esnek tasarima uyumlulugu azdir. Bu konuda
yapilan bir calismada dijital fabrikasyon tekniklerinin kalip
imalati konusunda oldukga yararli olduguna ulagilmistir.
Ozellikle kompleks geometrilerde zaman, is giicii ve
maliyet agisindan dijital fabrikasyon teknikleri ©ne
cikmaktadir (Sekil 9 (b)) (Liv d., 2022). Ornegin Sekil 10’'da
kompleks tasarima sahip bir ¢ati formu igin ahsap kalip
olusturulmasi ile ¢ati formu insa edilmekte iken (Bosiger,
2011) dijital fabrikasyon teknigi ile genlestirilmis polistiren
sert kopuk (eps) oyularak (Dombernowsky ve
Sandergaard, 2012) kalip olusturmasi gérilmektedir. Sekil

10 (a)’ da beton kompleks c¢ati formunun betona
aktarilabilmesi icin olusturulan ahsap kalibi ve cati
Gzerinde en az 3 kisinin ¢alistig1 gorilmektedir. Sekil 10
(b)’de ise dijital fabrikasyon teknikleri ile eps’in oyularak
Uzerine beton dokiimi i¢cin hazirlandigl ve insan gici
olmadig goriilmektedir (Dombernowsky ve Sandergaard,
2012). Oyulan kopik kaliba harg dokimi yapilip nihai
form elde edilebilmektedir. Daha sonra insa alanina
tasinmasi ve montaji yapiimaktadir. Bu durum dijital
fabrikasyon tekniginin Uretim esneklig§i konusunda

avantajini ortaya koymaktadir.

Resim 9. (a) Geleneksel betonarme sistem bina insasi ve (b) 3D Baski ile bina tGretimi
Figure 9. (a) Traditional reinforced concrete system building construction and (b) building production with 3D
Printing

(b)

Resim 10. (a) Komplex ¢ati formu ahsap kalip olusturulmasi, (b) EPS képliglin oyularak kalip olusturulmasi
Figure 10. (a) Creating a complex roof form wooden mold, (b) Creating a mold by carving EPS foam

Arastirma Bulgulari

Bu c¢alismada binalarin  insasinda  yeni insaat
teknolojilerinin ~ kullanimi  incelenmistir. Bu  kapsamda
geleneksel insa teknikleri ve dijital fabrikasyon insa

tekniklerinin avantaj ve dezavantajlan sirdirdlebilirlik, statik,
maliyet ve Uretim esnekligi agisindan ele alinmistir (Tablo 1).
Surdirulebilirlik; CO2 salinimi, 1s1 yalitimi, kati atik ve yapi
sokim olarak degerlendirilmistir. Dijital fabrikasyon teknikleri

strdirilebilir malzeme kullanimina olanak saglamasi ve
yerinde Uretim teknigi ile daha az atik ¢cikarmasindan dolayi
CO2 salimmi  agisindan  avantajlidir.  Geleneksel insa
tekniklerinde yaygin olarak betonarme sistem ile binalarin insa
edilmesi ve 1sI bolgelerine gore lizerine 1s1 yalitim uygulanmasi
yapilmaktadir. Dijital fabrikasyon tekniginde ise harcin 1si
yalitim 6zelligi artinilarak ayrica bir yalitim uygulamasina gerek
kalmadan uygulama yapilabilmektedir (Pessoa ve ark., 2021).
Dijital fabrikasyon tekniklerinde bina yapiminda kullanilan en
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yaygin teknik olan 3D basim teknigi ile binalarin yerinde Giretimi
yapilmaktadir. Bu yontemde malzemenin tamami
kullanilmakta ve atik miktari minimum olmaktadir. Ayrica
stirdiirtlebilir malzeme kullanimi yapi sokiim yapildiginda geri
donugiime olanak vermektedir. Ancak geleneksel insaat
yonteminde standartlarin  gelismis olmasi, bu ydntem
stirdiirtlebilirlik agisindan dezavantajli olsa bile uygulama
kolayligi ile 6ne ¢ikmaktadir.

Geleneksel inga teknikleri statik agidan incelendiginde
dijital fabrikasyon teknigine gore avantajlidir. Betonarme
iskelet sistem cok kath binalarin depreme dayanimi yiksek
olarak insa edilmesine imkan vermektedir. 3D basim
tekniginde ise  yaygin  olarak tek kat insasi
gerceklestiriimektedir. Ancak betonarme sistemde kalip
kullanimi gerekliligi malzeme ve is glicli ihtiyacini artirmaktadir.
Diger bir yandan geleneksel insa yontemi icin statik agisindan
da standartlarin gelistirilmis olmasi uygulayici agisindan tercih

sebebi olmaktadir. Geleneksel insa yontemlerinin ekipman
ihtiyaci fazladir. Ayrica kalip kullanimi maliyeti artirmaktadir.
Diger bir yandan nitelikli insan gticline olan ihtiya¢ geleneksel
insa tekniklerinde maliyeti artirmaktadir. Ancak geleneksel
insaat yontemleri uzun yillardir kullaniliyor olmasindan dolayi
az gelismis ekipmanlar kullanilarak da bina insasi
yapilabilmektedir. Dijital fabrikasyon teknikleri ise yiiksek ar-ge
kapsamindadir. Dijital fabrikasyonda ar-ge’nin tamamlanmasi
ile islerin maliyeti azalip uygulama kolayligi artiyor olsa da ilk
yatirim maliyeti yuksektir. Geleneksel insa tekniklerinde
rasyonel formlarin disinda kalan formlarin Gretimi gesitli
zorluklar barindirmaktadir. Bu zorluklarin basinda esnek kalip
olusturulmasinin  zor olmasi gelmektedir. Esnek kalip
olusturulmasi tasarimcilarin bina inga agamasini planlamalarini
kolaylastirmaktadir. Ayrica dijital fabrikasyon teknikleri kaliba
ihtiyac duyulmadan da 3D basim ile binalarin dretilmesi
avantaj saglamaktadir.

Tablo 1. Geleneksel ve dijital fabrikasyon teknigi ile bina insa yontemlerinin karsilastiriimasi
Table 1. Comparison of construction method with traditional and digital manufacturing techniques

Geleneksel insaat Teknikleri Dijital Fabrikasyon insa Teknikleri
Sardurulebilirlik | CO, e Yenilenemez malzeme, e Surdurilebilir malzeme kullanim imkani,
Salinim e Daha fazla eneriji tiketimi, e Daha az enerji tiketimi,
Atik miktarinin fazla olmasi. e Atik miktarinin az olmasi.
Ist Yalitimi Ek 1s1 yalitim képugl uygulanmasi, e Malzeme iginde Isi yalitim karisimi ve bosluklu
Standart Grtnlerin gelistirilmis olmasi, yapi ile ek yalitima ihtiyag olmamasi,
Uriinlere ulasimin kolay olmasi. e Daha fazla deneysel ¢alisma ihtiyaci,
e Standart Urlin olmamasi.
Kati Atik Atik miktari fazla, e Malzemenin tamami kullaniliyor daha az
Dogal cevreye daha fazla zarar vermesi. atik miktari,
e Dogal cevreye zarari daha az olmasi.
Yapi Geri donlisiim orani az, e Geri donusturilebilir malzeme kullanim
Sokim Dogal gevreye zarari fazla. imkani fazla,
e Dogal cevreye zarari daha az olmasi.
Statik Dayanim Harg karisimi standardi var, e Harg karisimi standardi yok,
Statik dayanimi fazla. e Statik dayanimi fazla,
e Daha fazla deneysel ¢alisma ihtiyaci.
Ekipman Ekipmana ulagmak kolay, e Ekipmana ulagsmak zor,
Ekipman ihtiyaci fazla. e Ekipman ihtiyaci az.
Kalip Kalip ihtiyaci fazla, e Kalip gerekli degil,
Esnek tasarima uygun kalip yok, e Esnek tasarima uygun kalip yapilabilir,
Nitelikli insan ihtiyaci fazla. o Nitelikli insan ihtiyaci az.
Kat sayisi Cok katli bina insasina uygun. e Enfazla 5 kata kadar bina insa edilebilir,
Standartlarin gelismis olmasi. e Daha fazla deneysel galisma ihtiyaci,
Standart Standart var. e Standart yok.
Maliyet Ekipman Cok fazla ekipman ihtiyaci. e Az sayida ekipman ihtiyaci,
ArGe ihtiyaci az. o Yiksek ArGe ihtiyaci fazla.
Kalip Kalip maliyeti fazla. o Kalip gerekli degil.
Lojistik Lojistik maliyeti fazla. o Lojistik maliyeti fazla.
is glicti Nitelikli insan glicl ihtiyaci fazla. o Nitelikli insan glicu ihtiyaci az.
Malzeme Malzeme kullanimi fazla. e Malzeme kullanimi az.
Sonug yenilenemez kaynaklarin kullanimi bu konudaki ¢alismalari

Dinya niifusunun artisi barinma ihtiyacinin artmasina
neden olmaktadir. Bu ihtiyacin karsilanmasinda insaat
sektoru yetersiz kalmaktadir. Geleneksel insa yontemleri ile
bina insasinda binalarin insa sireleri uzundur. Diger bir
yandan tiiketilen toplam enerjinin yiiksek oranda binalarda
kullanihyor olmasi ve enerji kaynagl olarak cogunlukla
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zorunlu kilmaktadir. Binalarin yeni insa teknikleri ile insasi
surdurilebilirlik, zaman ve maliyet agisindan olumlu
gelismeler sunmaktadir. Bu calismada binalarin daha hizh
insa edilmesinde eklemeli imalat teknolojileri kullaniminin
geleneksel insa yontemlerine gore avantajli ve dezavantajli
oldugu durumlarin incelenmesi amaglanmistir. Binalarin
insasinda yeni insa tekniklerinin kullanimi incelenmistir.
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Calismadan elde edilen sonuclar asagida 6zetlenmistir.

e Geleneksel insa yontemleri son vyiizyilda vyaygin
kullanimda olmasindan dolayi bazi avantajlara sahiptir.
Bu avantajlar bu yontemin uzun dénem kullanimindan
kaynakli Gzerine calisiimis ve yontemin gelistirilmis
olmasidir.

e  Dijital fabrikasyon teknikleri, binalarin geleneksel insaat
yontemlerine gore daha diisiik maliyetli olmasi, daha az
is glict ihtiyaci, is kazalarini azaltmasi, sirdirdlebilirlige
katki  saglamasi, kompleks formlardaki mimari
tasarimlarin uygulanmasina olanak saglamasi agisindan
insaat sektorl agisindan umut vericidir.

e Dijital fabrikasyon teknikleri insaat sektoriinde
ekonomik ve sdrdirdlebilirlik  agisindan  avantaj
saglamaktadir.

e Dijital fabrikasyon teknikleri ile bina insasinda birgok
potansiyele sahip olsa da heniiz ¢6zilmemis sorunlari
bulunmaktadir. Basimda kullanilacak malzemelerin bir

standardinin olmamasi tercih edilebilirligini
zorlastirmaktadir.  Kullanilacak malzemenin icerigi,
dayanimi, erisilebilirligi  gibi  konularin  teknigin

yayginlasmasi icin daha fazla akademik ve endustriyel
Olgekte arastiriimasi gerekmektedir.

Sonug olarak dijital fabrikasyon ile bina ingaat
tekniklerinde  malzeme, ekipman ve standartlarin
gelistirilmesi ¢alismalari devam etmektedir. Bu calismalarin
farkl disiplinlerin ortak calismasi ile gelisime ihtiyaci vardir.
Yontem gelisiminin olumlu yonde ilerlemesi ile kullaniminin
yayginlagsmasi  konut ihtiyacinin  azaltiimasinda umut
vadedicidir. Calisma yeni insaat teknolojilerinin gelisimi ve
kullanim potansiyelinin ortaya koyulmasi agisindan yol
gosterici olmustur.
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ABSTRACT

Greenhouse gases caused by fossil fuel consumption lead to global warming, which adversely affects life on
earth. In order to first slow down and then prevent global warming, it is aimed to reduce fossil fuel consumption
worldwide. For this reason, the importance of energy production from renewable energy sources and the share
of the energy produced in the total amount of energy is increasing day by day. In this context, studies and
investments in the field of solar energy, which is one of the leading renewable energy sources, continue to
increase in Turkey. In this study, the rooftop application of solar energy systems was simulated using PV*SOL
software program. In the simulation, a solar power plant (SPP) with a total power of 108,29 kWp was designed
using 238 modules of 455 Wp. The SPP design was made for both south facade and north facade and the payback
period of the designed systems was calculated as 2,9 years for the south facade and 3,1 years for the north
facade.
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0z

Fosil yakit tiiketiminin sebep oldugu sera gazlari kiiresel isinmaya yol agmakta olup, bu durum diinya tGzerindeki
canli yasamini olumsuz etkilemektedir. Kiresel isinmanin o6ncelikle yavaslatilabilmesi devaminda ise
onlenebilmesi amaciyla diinya genelinde fosil yakit tiketiminin azaltiimasi hedeflenmektedir. Bu sebeple
yenilenebilir enerji kaynaklarindan enerji Giretiminin 6nemive lretilen enerjinin toplam enerji miktariigerisindeki
pay! her gecen guin artmaktadir. Bu kapsamda yenilenebilir enerji kaynaklarinin basinda gelen glines enerjisi
alaninda Turkiye’de de galismalar ve yatirimlar artarak devam etmektedir. Bu galismada, giines enerjisi
sistemlerinden ¢ati tipi uygulamasinin, PV*SOL yazihm programi kullanilarak simulasyonu yapilmistir.
Simulasyonda, 238 adet 455 Wp gtictinde modul kullanilarak toplamda 108,29 kWp gliciinde glines enerjisi
santrali (GES) tasarlanmistir. GES tasarimi hem gliney cephe hem de kuzey cephe igin yapilmis olup tasarlanan
sistemlerin geri 6deme siiresi gliney cephe igin 2,9 yil kuzey cephe igin 3,1 yil olarak hesaplanmistir.
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Giris

Dinya’da oldugu gibi Tirkiye’de de yenilenebilir enerji
kaynaklarina verilen ©nem artmakta, bireysel yatinmlarin
yaninda devlet tesvik ve destekleri ile bu temiz eneriji
kaynaklarindan enerji Uretimi yayginlasmaktadir. Tirkiye'de
yenilenebilir enerji kaynaklari arasinda glines enerjisi dGnemli bir
paya sahiptir. Tirkiye, cografik konumu nedeniyle gilines
enerjisinden yararlanma potansiyeli ylksek bir Glkedir. Enerji
ihtiyacini karsilama hususunda ithal kaynaklara bagiml olan
Tirkiye'nin bu potansiyeli degerlendirmesi ekonomik agidan
onemlidir. Glines enerjisinden elektrik enerjisi tGiretimi ve termal
enerji Uretimi amaciyla yararlanilmakta olup ozellikle elektrik
enerijisi liretimine her gegen glin ilgi artmaktadir.

Glines enerjisinden elektrik enerjisi Uretimi projeleri
maliyeti, geri ddeme sireleri ve Uretilecek enerji miktarinin
onceden belirlenebilmesi amaciyla bazi paket programlar
kullanilmaktadir. Yaygin olarak kullanilan programlardan biride
PV*SOL programidir. Literatiirde, PV*SOL programi kullanilarak
Turkiye'nin  farkh bolgelerinde giines enerjisi  santralleri
tasarlanmis, bu santrallerde uretilecek enerji miktarlari, geri
o0deme sureleri o6nlenen CO2 emisyonu gibi hususlarin
hesaplandigi calismalar mevcuttur.

Gilindogdu R. Bursa Gemlik bélgesinde alisveris merkezi ile
ayni araziyi kullanan bir binanin catisina, enerji ihtiyac
oldugunda sebekeden ihtiyaci karsilayan, Uretim fazlasi
oldugunda ise sebekeyi besleyen cati tipi glines enerjili elektrikli
sarj istasyonu sistemi tasarlamistir. Tasarlanan sistemin
simllasyonu  PV*SOL  programinda  gergeklestirilmistir.
Fotovoltaik (PV) modiil enerjisi 219,6 kWh, yillik 6zgul kazang
1.132,95 kWh/kWp olarak, o6nlenen karbondioksit (CO,)
emisyonu ise 116.934 kg/yil olarak hesaplanmistir. Elde edilen
sonuglara gore toplam tiketimin %67,9 kadarinin glines
panellerinden saglandigi gérilmistir (Glindogdu R.2022).

Cati tipi glines santrali ile beslenen elektrikli sarj istasyonu
tasarimi yapilan tez ¢alismasinda ise glines sistemini tek eksenli
takip eden motorlu ve motorsuz olmak tzere iki farkli sistemde
inceleme vyapilmistir. Tezin tasariminda PVsyst, PV*SOL,
AutoCAD, ETAP, SAP2000, Probina ve Excel programlari
kullanilmistir. Aylik Gretimlerine goére sabit sistem 33.893,90
kWh/yil, ayarlanabilir sistem 36.898,82 kWh/yil, takip sistemi ise
40.710,61 kWh/yil enerji Uretecegi hesaplanmistir (Boytekin
T.2020).

Yapilan baska bir calismada, bir endustriyel binada ¢ati Usti
glines enerjisi lretim sisteminin uygulanabilirligini PV*SOL
yaziimi kullanilarak analiz edilmistir. Similasyon calismasinda
375 Wp giclinde 1.530 adet fotovoltaik panel segilmistir.
Binanin catisina 573,75 kWp giines enerjisi sistemi kurulmasi
planlanmistir. Sistemin yillk 874.183 kWh enerji Uretmesi
hesaplanmis olup yillik elektrik maliyetinin %22,34 oraninda
azalmasinin beklenildigi ifade edilmistir. Amortisman siresi 3,4
yil olacagi sonucuna varilmistir (Srticli B. ve ark 2022).

Bagriacik ve arkadaslari tarafindan Mugla'da bir evin gatisina
kurulmasi planlanan giines enerjisi sisteminin similasyonu
PV*SOL programinda gergeklestirilmistir. Bu similasyonda
Monokristal, polikristal ve yarim kesilmis monokristal hiicreler
kullanilmig ve bunlarin enerji Uretimi karsilagtiriimistir. Evin
glinliik enerji ihtiyaci 6,4 kWp olarak hesaplanmis olup bu
panellerden Mono-c'nin Uretimi; 10.639 kWh, Poly -¢’ tretimi;

10.607 kWh ve Half-cut'in Uretimi ise: 10.932 kWh olarak
bulunmustur. Bu PV’lerin enerji iretiminden olusan Onlenen
CO, emisyonlari ise sirastyla CO,: 5.000 kg/yil, CO,: 4.964 kg/yil
ve CO,: 5.138 kg/yil olarak hesaplanmistir (Bagriagik N. ve ark
2024).

Giresun Universitesi Miihendislik Fakiiltesi'nin catisina
PV*SOL programi kullanilarak glines enerijisi santrali tasarlanan
calismada, PV sisteminin yilda 138.054 kWh enerji Uretecegi ve
onlenen CO, emisyonun vyilllk 65.105 kg olacag sonucuna
varilmistir. Bu sistemin geri 6deme siiresi yaklasik 7,1 yil olarak
bulunmustur (Altinkok S. Ve ark 2022).

PV*SOL programi kullanilan baska bir ¢alismada ise sebeke
baglantisi olan ve olmayan giines panelleri kullanilarak bir evin
ortalama enerji tilketimi incelenmistir. Aylik bazda ortalama 594
kW elektrik Uretimi gerceklestirilecegi ve maliyetin 67.449,79 TL
olacagi sonucuna varilmistir (Cakmak E. ve ark.2023) .

Bursa’da bulunan hayvan barinaginin dort farkli yonde
fotovoltaik paneller yerlestiriimesiyle elektrik enerji ihtiyacini
karsilamasi planlanan ¢alismada PV*SOL programi kullanilmistir.
PV panel kapasitesi 320 kWp giic olarak ele alinmis olup, enerji
ihtiyaci tim aylar igin sabit 25.200 kWh olarak kabul edilmistir.
En yuksek tretim Kuzey-Guiney yoneliminden elde edilmis olup
amortisman suresi 11 yil olarak bulunmustur (Delice H. ve ark.
2021).

Bu calismada ise Sivas Teknoloji Gelistirme Bolgesi Kurucusu
ve Isletici A.S. (Cumhuriyet Teknokent) binasinin ¢atisina yine
PV*SOL programi kullanilarak cati tipi glines enerijisi santrali
tasarimi yapilmistir. Similasyonda 238 adet moddl kullanilimis,
108,29 kWp gliciinde bir GES elde edilmistir. GES'in geri 6deme
suresi gliney ve kuzey cepheler igin sirasiyla 2,9 ve 3,1 yil olarak
hesaplanmistir. Bu calismanin amaci, giinlik ortalama isinim
stresi 7,2 saat olan Sivas ilinde yapilacak gilines enerjisi
yatirimlarinin projelendirmeden 6nce ne kadara mal olacagy, geri
6deme siiresi ve elde edilecek elektrik enerijisi gliciniin nceden
hesaplanabileceginin gorilmesidir.

Fotovoltaik Teknolojisi

Fotovoltaik etki, fotovoltaik bir hiicre tarafindan giines
isiniminin elektrige dénustrildugli temel bir fiziksel islemdir.
Glnes 1sinimindaki  fotonlarin, silikon gibi yan iletken
malzemelerin yiizeyine c¢arparak, atomlardan elektronlari
serbest birakmalari ile ortaya cikar. Glnesten gelen i1gsinim
spektrumundaki farkh dalga boylarina bagh olarak, farkh
miktarda enerii igerirler. Fotonlar, fotovoltaik bir hiicre tizerine
geldiginde; bir kismi hicre tarafindan sogrulur, bir kismi
yansitilir, kalan kismi da hiicre igerisinden geger. Fotovoltaik
hiicre tarafindan sogurulan fotonlar elektrik Gretir. Fotonun
enerjisi, yari iletken bir malzemenin atomundaki elektrona
transfer edilir (Oztiirk vd. (2013:59)).

Elektron, yeni kazandigl bu enerji sayesinde, bir elektrik
devresindeki akimin bir pargasi olabilmek icin yar iletken
malzemedeki bir tek atomun normal durumundan kurtulma
yetenegi kazanir. Bir elektrik alanindaki PV hiicrenin belirli
elektriksel ozellikleri, dis bir ylikten gelen akimi karsilamak igin
gerekli gerilimi saglar.

Fotovoltaik paneller yapisinda bulunan fotovoltaik hiicreler
yardimiyla glines enerjisinden elektrik enerjisi elde edilmesini
saglayan panellerdir. Normal sartlarda fotovoltaik hicreler
diisik gerilim ve akimda elektrik enerijisi Gretirler. Urettikleri
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elektrik enerjisini kullanilabilir hale getirebilmek icin, fotovoltaik
hiicreler birbirleri arasinda paralel ve seri baglantilar yapilarak
modiiller, modiillerden PV panelleri, PV paneller ise yapilan seri,
paralel baglantilar sonucu dizileri olustururlar (EO, 2024). Sekil
1'de PV hiicre yapisi gorilmektedir.

Giines enerjisi sistemleri

Gilnes panellerinin endustriyel ve evsel uygulamalari,
sebekeye paralel (on- grid), ve sebekeden bagimsiz (off-grid)
olmak Uzere iki ana baglk altinda toplanir. Sebekeye paralel
sistemler (sebekeye bagl) depolama gerektirmeyen sistemler
olup maksimum gtic elde etmek icin tasarlanirlar.

Sebekeden bagimsiz sistemler ise sebekenin olmadigl veya
sebekenin getirilmesi igin alt yapi masraflarinin olacagi yerler igin
kullanilmaktadir. Ayrik sistemlerin tasarimi belirli bir glice gore
yapilmaktadir ve depolama gerektirir (Ceylan vd. (2018:91-97)).

Sebekeye bagimli sistemler ise diinyada en popiiler
fotovoltaik elektrik Gretimi uygulamasidir. Binalarin ¢atilarindaki
ve cephelerindeki PV panellerden elde edilen gilic elektrik
sebekesine aktarilir. Bu uygulamada fotovoltaik elektrik Gretim
sistemi adeta bir mini elektrik santrali gibi ¢alisir. Fotovoltaik
panellerden Uretilen elektrik ayr bir saya¢ Gzerinden ayr bir
tarife ile sebekeye satilir. Sebeke baglantili sistemlerin konut gibi
olanlar, cift saat ya da yonlu sayag ile sebekeye baglanilir.
Catilarda PV panellerin yerlestiriimesinde gerekli alan hesabinin
yapilmasi gerekir (Yigit vd. (2018:192)).

Materyal -Metot

Bu calisma kapsaminda Sivas ilinde faaliyet gOsteren
Cumhuriyet Teknokent binasinin catisina PV*SOL programi
kullanilarak cati tipi GES tasanmi yapilmis, mevcut fiziksel
tasarim verileri ile kiyaslanarak yapilacak yeni tasarimlarin
verimliliklerinin  belirlenmesi  amaglanmistir. Calisma
kapsaminda programda Sivas ili cografik ve glines 1sinim verileri
kullanilarak hesaplamalar yapilmistir.

Fotovoltaik (PV) Hiicre

44+ ++ 44+

= D D S D S I I S S .

-:00000..60&#

Panel

Sivas ili Tarkiye'nin glineslenme siiresi ve i1sinim miktari
acgisindan  degerlendirildiginde kaydadeger miktarda gilines
enerjisi potansiyeli olan bir sehirdir. Sivas ilinin aylara gore
kiresel 1sinim degerleri Sekil 2'de, aylara gore glineslenme
stireleri ise Sekil 3'te gorilmektedir.

Glnes enerjisi sistemleri tasarimlarinda yazilim programlari
yaygin olarak kullaniimaktadir. Bunlardan biriside PV*SOL
programidir. PV*SOL Fotovoltaik sistemler igin tasarim ve
similasyon yazilimidir. Fotovoltaik sistemlerin cihazlar, batarya
sistemleri ve elektrikli aracglarla birlikte tasanmi ve
optimizasyonu igin dinamik bir similasyon programidir.
Programa, sistemde kullanilan PV modil alani, kapasitesi,
jenerator bilgileri, sistemin kurulacagi blgenin konum bilgisi gibi
veriler girilerek sistemin glci, sistemin kullanim orani ve
onlenen CO2 emisyonu miktari gibi veriler elde edilmektedir.

Calisma kapsaminda o©ncelikle giines paneli tasarimi
yapilacak olan Cumhuriyet Teknokent’in lokasyonunun Google
hybrid uydu goriintlisii belirlenmistir. Sekil 4'te verilen s6z
konusu goriintli PV*SOL programina yiiklenmistir. Cumhuriyet
Teknokent'in catisinin gliney cephesinde bir glines enerjisi
kurulumu mevcuttur. Bu ¢alismada, hem gliney cepheye hem
de kuzey cepheye olmak Uzere iki ayri glineg enerijisi sistemi
tasarimi  yapilmis ve mevcut sistemle  kiyaslanmasi
amaglanmistir. PV*SOL programinda panel yerlesimi hem gliney
cepheye hem de kuzey cepheye olacak sekilde uygulanmistir.
Guiney cephe igin yapilan tasarim Sekilde 5’te verilmistir.

Gilnes 1sinimi miktarinin  yani sira, Uretilecek elektrik
enerjisinin hesaplanmasinda en o6nemli faktor fotovoltaik
modiilin karakteristigidir. Simulasyonda kullanilan fotovoltaik
modiil, yazilmin veri tabaninda yer alan bir modeldir. Giines
paneli olarak CW Enerji Mih. Ticaret ve San. Ltd. Sti markasinin
CWT455-144PM-V modulu kullanilmistir.  Sekil 5'te secilen
glney cepheye 238 modiilin vyerlesimi gosterilmektedir.
Kullanilan PV modiiliin teknik bilgileri Cizelge 1'de mekanik
ozellikleri de Cizelge 2'de verilmistir.

Modiil

Dizi

Resim 1. PV hiicrelerin yapisi (KES, 2024)
Figure 1: Structure of PV cells
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Resim 1. Sivas ilinin aylara gére kiiresel isinimi (EIGM, 2024)
Figure 1: Global radiation of Sivas province by months
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Resim 2. Sivas ilinin aylara gére giineslenme siireleri (EIGM, 2024)
Figure 3: Sunshine hours of Sivas province by months

Resim 4. Segilen lokasyonun Google hybrid uydu gorintiisi
Figure 4: Google hybrid satellite image of the selected location
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Resim 5. Giliney cephe modiil yerlesimi
Figure 5: South facade module layout

Cizelge 1: CW Enerji Mih. Ticaret ve San. Ltd. Sti, model CWT455-144PM-V teknik bilgileri

Table 1: CW Ener En. Trake ant San. Ltd. Sti, CWT455-144PM-V technicus information

PV Modiil Teknik Bilgiler Degerler
Maksimum Gig (Pmax)(Wp) 455
Modil Verimliligi (%) 20,90
Maksimum Glg Gerilimi (Vmp) 41,60
Gug¢ Akimi (Imp) 10,94
Acik Devre Gerilimi (V) 49,4
Kisa Devre Akimi (A) 11,67
Gug Toleransi (W) 045
Maks. Sistem Anma Gerilimi (V DC) 1000/1500
Calisma Sicakhk Araligi (°C) -40 +85
Guvenlik Sinifi Maks C
Maks. Seri Sigorta Akimi (A) 15/20
Cizelge 2: PV Panel CWT455-144PM-V Mekanik 6zellikleri
Table 2: PV Panel CWT455-144PM-V Mechanical properties
Mekanik ozellikleri Degerler
Hicre Boyutu (mm) 166x83
Hicre Sayisi (adet) 144 (24x6)
Agirlik (kg) 24,5
Panel Boyutu (mm) 2095x1039x40
Maks. Ruizgar/Kar Yiki Dayanimi (Pa) 2400/5400
Baglanti Kutusu Koruma Sinifi IP68
Baglanti Kutusu Kablo Boyu (mm) 350-1200
Cizelge 3: Mevcut kurulum ve simulasyon verilerinin karsilastiriimasi
Table 3: Comparison of existing installation and simulation data
. Teknokent Gliney Kuzey
Karsilastirilan Degerler GES GES GES
PV jenerator cikisi (kWp) 108,01 108,29 108,29
Egim 33° 33° 33°
Yerlesim Yon Glney Gliney Kuzey
Kullanilan PV modiil sayisi (adet) 238 238 238
Yillik Ozgiil Kazang (kWh/kWp) 126.020 126.000 113.400
Sistem kullanim orani ( %) 90,9 90,3 89,4
Onlenen CO, emisyonu (kg/yil) 85.750 85.750 85.750
Amortisman suresi (yil) 4,6 2,9 3,1
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Resim 5. Gliney ve Kuzey Cephelerin Amortisman Sireleri
Figure 6: Depreciation Periods of South and North Facades

10

Bu sistemlerde panelden sonra en 6nemli bilesen
invertérdir. invertdrlerin daha verimli calisabilmesi igin
kurulacak olan fotovoltaik sistemin giicline yakin giigte bir
invertor secilmesi gerekmektedir. Kurulmasi tasarlanan
sistem icin Huawei Technologies SUN2000-60KTL-MO
model 480Vac invertor tercih edilmistir.

Bulgular ve Tartisma

PV*SOL programi kullanilarak Cumhuriyet Teknokent
binasinin gatisinda fotovoltaik sistemin similasyonu igin
gerekli ekipmanlar belirlenerek fotovoltaik modiil,
invertor gibi sisteme uyumlu proje tasarimi yapilmistir.
Yapilan tasarimda kullanilan bazi veriler ve elde edilen
sonuglarla yapilan hesaplamalarin bulgulari Cizelge 3’te
verilmistir.

Cizelge 3’te, PV sisteminin yillik 6zgil kazanci gliney
cepheigin 126.000 kWh/kWp, kuzey cephe i¢in 113.400 ve
sistemin kurulmasi ile 6nlenebilecek CO, emisyonunun
85.750 kg/yil olacagi gorilmektedir. Tasarlanan sistemin
finansal analizi yapildiginda geri édeme sireleri gliney
cephe icin 2,9 yil kuzey cephe igin ise 3,1 yil olarak
hesaplanmistir. S6z konusu ¢izelge incelendiginde mevcut
sistemin geri 6deme siiresinin 4,6 yil oldugu gorilmekte
olup, gines enerjisi sistemlerinin kurulumunun ve
kullaniminin son yillarda ¢ok hizli yayginlasmasi ile birlikte
sistem bilesenlerinin(6zellikle PV’lerin) maliyetlerindeki
diisusiin geri 6deme sirelerini 6nemli dl¢lide etkiledigi
gorilmustir. Sekil 6'da gliney ve kuzey cepheler igin
tasarlanan sistemlerin geri 6deme sireleri verilmistir.
Sistemlerin yaklasik 3 yil gibi bir sirede kendisini amorti
ettigi gorilmektedir.

Sonug

Bu ¢alismada, Sivas Teknoloji Gelistirme Bolgesinde yer
alan Cumhuriyet Teknokent binasinin c¢atisina PV*SOL
programi yardimiyla giines enerjisi santrali tasarimi
yapilmigtir. Tasarimda, uygun cati alani, panel ve invertor
tird belirlenerek similasyon yapilmis olup asagidaki
sonuglar elde edilmistir.

1. Glines enerijisi santralinin 108,29 kWp giiciinde olmasi
ve gliney cephe igin 126.000 kWh/kWp, kuzey cephe
icin ise yillik 113.400 kWh/kWp enerji Uretmesi
beklenmektedir.

2. Tasarlanan sistemle yaklasik olarak yillik 85.750 kg CO,
emisyonunun 6nlenebilecegi goriilmektedir.

3. Sistemin kendini gliney ve kuzey cepheler igin sirasiyla
2,9 ve 3,1 yilda geri 6deyecegi hesaplanmistir. Glines
enerjisi  sistemleri ekonomik agidan maliyetli
olmalarina ragmen, uzun 6murli olmalari nedeniyle ilk
yatirirm maliyetlerini ilk birka¢ yilda karsilayabildikleri
gorilmektedir.

Yenilenebilir enerji kaynaklarindan yararlanma oranina
biyik katki saglayan glines enerjisi sistemlerinin
kullaniminin yayginlasmasi agisindan yapilan yatirimlarin
ekonomik ve gevre dostu olmasinin 6nemi blyuktir. Bu
calismada tasarlanan, cati tipi glines enerjisi santralinin
Uretecegi enerji miktari, 6nleyecegi CO, emisyonu ve geri
o6deme siresi incelendiginde, tasarlanan sistemin ekonomik
ve cevre dostu oldugu goriilmektedir.

PV*SOL programi bir binanin enerji ihtiyacinin,
onlenebilecek CO, emisyonu miktarinin ve geri 6deme
stresinin belirlenmesi igin kullanilabilecek bir program
oldugu goriimis olup bundan sonraki ¢calismalarda binalarin
enerji ihtiyaclarinin belirlenmesinde PV*SOL programi ile
birlikte baska glines enerjisi yazihm programlari da
kullanilarak elde edilen sonuglar karsilastirilabilir.
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ABSTRACT

This study focuses on developing a piezoelectric-based passive damper to mitigate high-frequency brake noise.
The research investigates different designs of piezoelectric transducer elements to convert mechanical energy
into electrical energy using a mass sliding belt test system that simulates real disc brake noise mechanisms.
Integration of these electrical elements into the existing mass-sliding belt system is investigated. Five distinct
piezoelectric transducer designs (Design-1, Design-2, Design-3, Design-4 and Design-5), each with unique
technical specifications, boundary conditions, and scaling, are developed to suppress high frequency noise from
friction-induced vibrations. To facilitate effective selection, a scoring method is employed, identifying Design-5
with a cylindrical model as the most efficient transducer design. Evaluation criteria include energy generation,
compressive strength, operating temperature, weight, ergonomic usability, cost, and safety. In the scoring
process, the designs respectively received 65, 56, 27, 44, and 89 points. Analyses are performed to assess
potential stress-induced damage to the piezoelectric material resulting from the selected design. This study aims
to contribute a novel perspective to noise reduction techniques and successfully demonstrates the integration
of a piezoelectric transducer and an RLC circuit into a functional system.
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Introduction

Research in the area of energy damping of piezoelectric

the concept of damping was differentiated and Hollkamp's
work on the RLC circuit in 1994 and Wu's work on the use of
resonant circuits (LC) in 1998 also attracted attention [3, 4].

transducers has been ongoing for more than the last four
decades. The ability of piezoelectric materials to convert
mechanical energy into electrical energy has been particularly
studied in the conversion of energy from mechanical
vibrations into electrical energy. It is important to analyze how
the electrical energy obtained in this conversion process can
be effectively distributed to an RLC circuit [1]. Detailed studies
in the literature revealed the existence of the energy damping
potential of piezoelectric transducers. Forward's inductor
experiments in 1979 and Hagood and Von Flotow's
contributions to analytical formulas for resistive and inductor
(RL) circuits in 1991 was notable [2]. As research progressed,

Studies on energy dissipation of piezoelectric transducers
through RLC circuits revealed practical applications of the
piezoelectric material's capacity to convert its mechanical
energy into electrical energy. Moreover, the structural
behavior of R and RL shunts has also been studied in detail in
the literature [5-7]. Studies on vibration damping methods
have demonstrated the effectiveness of using piezoelectric
passive vibration damping. It has been observed that
piezoelectric transducers can be integrated into electrical RL
circuits to provide passive vibration damping [3]. Various
studies have been conducted, ranging from conceptual
designs to applied tests. Structural tests were conducted using
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RC and LRC circuits in a piezoelectric damper weighing 0.5 kg
in a structure weighing 5000 kg to absorb vibration in the test
system of the ASTREX space structure, aiming at improving
vibration in designs through piezoelectric passive energy
damping [2]. The use of R and RLC circuits in this study
demonstrates the potential applicability of a similar approach
within the scope of design projects. Focused on mitigating
excessive vibrations in turbomachinery blades, this study
examined passive vibration damping methods implemented
using piezoelectric transducers, particularly investigating the
feasibility of resonance damping control through the use of
piezoelectric materials in plate geometries, employing both
passive and active control techniques. The results obtained
indicate that, with passive damping circuits, bending
resonance vibration at the third highest energy point could be
reduced by 50%, and with the most suitable inductive circuits,
this vibration could be reduced by 90% [8]. Neubauer and
Oleskiewicz pioneered the development of a controller
utilizing piezoceramic networks, wherein piezoactuators are
autonomously controlled and operate concurrently employing
a straightforward proportional and derivative feedback signal
[9,10]. Park et al. introduced an active noise control system
incorporating piezoelectric patches, deploying said system
within the practical context of a vehicle's braking mechanism.
Notably, this endeavor encompassed simultaneous
management of active actuators and damping through a
passive resonance shunt methodology [11]. Furthermore,
Jearsiripongkul  and  Hagedorn  advanced  distinct
methodologies for the active modulation of brake noise

[12,13]. Literature review indicates that the application of a
piezoelectric-based passive damping element to a mass-spring
test system for suppressing high-frequency noise can play an
effective role in passive damping applications of piezoelectric
transducers. Therefore, this study demonstrates the effective
utilization of designs through passive damping with
piezoelectric transducers.

This study focuses on the design of a piezoelectric-based
passive damper for the suppression of high frequency brake
noise. Piezoelectric-based passive damping design studies are
carried out on a mass-sliding belt test system that can mimic
the high-frequency noise generation mechanism of the real
disc-brake test system. Various designs of piezoelectric
transducer elements which are used to convert mechanical
energy into electrical energy and their integration into the
current mass-scale tape system are performed. In this study, 5
different piezoelectric transducer designs with different
technical specifications, boundary conditions and scaled are
developed. These designs aim to provide damping by
transmitting friction-induced vibrations to the transducers. In
order to make an effective selection between the designs, a
scoring method is applied and the most effective transducer
design is identified. These 5 designs are evaluated in terms of
energy generation, compressive strength, operating
temperature, weight, ergonomic use, cost and safety criteria.
This study aims to add a new aspect to the research on noise
reduction techniques and demonstrates the successful
implementation of a system combining a piezoelectric
transducer and an RLC circuit.

Dynamic Force Transducer

Motor Side Telescopic Arm

Transducer
Assembly

Motor

Elastic Springs

Pulley Side Telescopic Arm

Force-adjusting
Screw Joint

Mass

Sliding Belt

Figure 1. Mass-sliding belt test setup.

i

Design-1 Design-2

Design-3

Design-4 Design-5

Figure 2. Transducer designs.
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Design Options and Selection Criteria

The study focuses on resolving resonance problems
caused by mechanical vibration on a specific design. The
design, representing a real disc-brake test system,
involves a sliding belt in contact with an angularly
positioned telescopic cylinder between a mass and a
spring creating pressure on top. This test system
investigated the noise generated by the mass
representing the pad on the sliding band representing the
disc at various forces and speeds [14]. The mass-sliding
belt test system is demonstrated in Figure 1. The
preferred piezoelectric method for vibration damping in
the study examined three fundamental methods for
damping mechanical vibrations using transducers. These
methods can be listed as active vibration damping,
piezoelectric energy harvesting, and passive vibration
damping. Active vibration damping involves applying
counter vibrations with piezoelectric transducers to
prevent the system from resonating. However, prior
knowledge of the system's natural frequency is required
for this process. The control system intervenes when the
natural frequency of the system approaches a certain level
and prevents resonance formation. This active vibration
damping method involves electrical, electronic, and
automation system circuits. The cost of hardware and
software design is higher compared to others.

Vibrations generated in piezoelectric energy
harvesting are converted into electricity and stored
through piezoelectric transducers. Energy losses in this
system negatively affect the energy storage efficiency of
the system. Electrical and electronic auxiliary products are
used to convert the high voltage and low current
generated in the transducers from alternating current to
direct current for storage. In passive vibration damping,
the resistance to vibration generated through transducers
allows vibration to be converted into heat and dissipated
into the environment using inductor and capacitor
circuits. This method aims to convert mechanical energy
into thermal energy while minimizing automation and
storage needs. In the comparison, mechanical energy is
converted to thermal energy using RLC circuits as the
fastest and most economical solution.

When these three methods are considered, passive
vibration damping emerges as a more optimal solution, as
active vibration damping and piezoelectric energy
harvesting methods require more control systems and
integrations. With passive vibration damping, vibration is
converted into heat using transducers without the need
for complex control algorithms and energy management
systems. With this feature, it has the advantage of dealing

with less complexity and lower costs in the design process.
Parameters such as dimensions, voltage, capacitance,
resonant frequency, compression force and temperature
are critical in selecting the preferred transducers for the
chosen passive vibration damping method for design
implementation.

Industry brands such as Kemet, Noliac, PI, Piezosystem
Jena and Thorlabs are identified for transducer brand
selection. To better observe the differences between each
brand's products and make appropriate choices, a
material library has been created using technical
information obtained from shared datasheets. The listing
includes 1250 transducers with different specifications.

Geometric shapes play a significant role in transducer
selection. Transducers can have various geometries such
as stacked single-piece, rectangular prism, cube, cylinder,
and hollow cylinder. In the design, transducers can be
positioned both inside and outside the telescopic cylinder.
The selected transducer designs (Figure 2) are respectively
modeled as Design-1, Design-2, Design-3, Design-4, and
Design-5.

In the modeling of Design-1 in Figure 3, Kemet
AER20x15.4x13.5DF model ring-stack transducer is
utilized. The transducer is chosen for external mounting
according to its geometric structure. The outer diameter,
inner diameter, and height dimensions of the transducer
are 20 mm, 15.4 mm, and 13.5 mm, respectively. The
operation is carried out with two cable connections for
positive and negative voltage outputs on the transducer.
The accessibility of the design from the outside facilitates
the control of connection accents. The operation of R and
RLC circuits, which will convert electrical energy into heat,
can be observed. This positively affects the operational
safety of the system. Being exposed to the external
environment enhances heat transfer, enabling rapid
cooling at ambient temperature. The transducer, with a
capacity of 5300 nF and a voltage output of 150V, is able
to facilitate the transfer of high wattages. The PZT piezo
material used is highly resistant to impact, capable of
withstanding compression strength up to 4200 N. The
mass value on a single piston in the design is 7.65%
heavier than the default design. This change in weight may
result in a variation in the natural frequency of the design.
Despite the shocks that cause vibrations in the
mechanism, the transducer resonates at a frequency of
102 kHz. It can suppress friction induced vibrations at
frequencies below 102 kHz. The transducer can effectively
operate within a temperature range of -25°C to 85°C.
Exceeding these temperature values may lead to the loss
of strength properties of the PZT material inside and
render it unusable.
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Figure 3. Design-1

Figure 4. Design-2

In the modeling of Design-2 in Figure 4, Noliac
NAC2015-HO08 model stack transducer is selected. The
transducer has a cubic geometric shape. The stack is
formed by soldering transducer parts, each 2 mm thick, in
parallel layers. The dimensions of Design-2 transducer are
10 x 10 x 10 mm for width, length, and height,
respectively. The design is made according to the closed
inner part based on the geometric shape of the
transducer. To enable a healthy comparison of analyses,
the design is made based on the dimensions of the springs
used in the default design. A sleeve is used as an
intermediate support to ensure the pressure of the spring
on the transducer. The compression spring, sleeve, and
transducer are located inside the inner-outer telescopic
bodies. To reduce mass and avoid obstruction to the
transducer, the threaded portion of the ball joint
connection is shortened by cutting. The telescopic outer
body, shown in red, is planned to be welded to a seamless
steel drawn tube using a welded disc for connection to
facilitate production. After welding, slag will be turned to
obtain a clean surface and reduce mass. The telescopic
inner body, shown in green, is aimed to be produced from
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a single piece without any welding process. The cable
input and output for the transducer are made through the
hole drilled at the fixing end of the green part. Design-2
has a 20.07% higher mass difference compared to the
default design. The transducer, with electrical properties
of 150 volts and 2740 nF capacitance, can operate up to
150 degrees Celsius. It withstands a compression strength
of 4200 N. It is the transducer with the highest resonant
frequency, 248 kHz.

In Design-4 depicted in Figure 6, Piezosystem Jena brand
P18-522 model transducer is housed in a large cylindrical
volume. The transducer, placed in the brown outer telescopic
body, has a diameter of 22 mm and a length of 30.5 mm. To
prevent displacement of the spring during vibration and to
ensure better grip, a special washer with a hexagonal head
screw is attached to the M4 guide hole located at the top of
the transducer. The inner and outer telescopic bodies of the
transducer, with large dimensions, are constructed by
welding flanges to seamless steel drawn tubes according to
DIN2448 standard. The cable connection of the transducer is
routed outside through a hole drilled in the outer body. The
energy generated by the transducer, with a maximum
applied force of 130 volts and 5400 nF capacitance in the
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enclosed volume, is 45.63 mJ. Assuming the system operates
at 10 kHz frequency, the theoretical heat generated would
be 456.3 J/s. Despite this performance, the recommended
operating temperature range for the transducer is -20°C to
80°C, and using it above or below this range may cause
permanent damage. It is 88.28% heavier compared to other
designs. The inconsistency in natural frequency resulting
from the volumetric differences in the design significantly
affects the validity of the design. However, a sleeve design
was not preferred due to the transducer diameter being
larger than the compression spring. The reduction in distance
between the transducer and the inner telescopic body due to
this aspect increases the force applied by the spring,
potentially hindering the achievement of the appropriate
compression force for testing in the experiment. The
compression strength of design-4 is 3400N.

In Design-5 depicted in Figure 7, the transducer used is
the cylindrical model PK25LA2P2 from Thorlabs. It is a design
with two transducers placed between two plates. The
transducers have a diameter of 8.2 mm and a length of 9.2
mm. The compression force between the spring and the
body is transmitted to the transducers through the black
metal plate. The transducers are planned to be used by
adhering them to the metal plate used as a transmitter

without being glued to it and can be glued with Thorlabs'
recommended epoxy, 353NDPK. Since the transducers in the
design are positioned externally, they contribute to
increased heat dissipation, aiding in the cooling of the
transducers. The recommended operating temperature
range for the transducers is between -25°C and 130°C. Their
compressive strength is 1800 N. As two transducers are used
on a telescopic arm, this compression strength value is
considered as 3600 N. Although the capacitance value of a
single transducer is the lowest in the comparison, at 2200 nF,
it has the highest voltage value of 200 volts, enabling it to
operate at the highest voltage. These values result in a higher
energy value compared to other designs when evaluated as
two transducers on a single telescopic arm. Designed
externally, it is 17.90% heavier than the default design,
allowing for the use of fewer parts.

The developed designs have different advantages and
disadvantages in terms of their ability to dissipate heat.
Transducer selections and designs were made with simplicity
and ease of use in mind. Among these options, the most
suitable one will be evaluated and chosen. The transducers
used in the designs discussed in terms of their technical
specifications are listed in Table 1.

Figure 5. Design-3

Figure 6. Design-4
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Figure 7. Design 5

Table 1. Transducer specifications used in the designs.

Design-1 Design-2 Design-3 Design-4 Design-5
Brand Kemet Noliac Physik Piezosystem Thorlabs
Instrumente Jena
Model AER 20x15.4 NAC2015- P-885.95 P18-S22 PK25LA2P2
x13.5DF H10
Location Outer Inner Inner Inner Outer
Geometry Hollow Cylinder Cube Cylinder Cylinder Cylinder
Dimensions @D20 x #d15.4 x 13.5 10 x 10 x @D11.2 x 40.5 @D22 x @D8.2 x
mm 10 mm mm 30.5 mm 9.2 mm
Voltage 150 VDC 150 VDC 120 VvDC 130 VDC 200 VDC
Capacitance 5300 nF 2740 nF 3100 nF 5400 nF 2200 nF
Resonance 102 kHz 248 kHz 35 kHz 24 kHz 125 kHz
Frequency
Compression 4200 N 4200 N 900 N 3400 N 3600 N
Strength
Operating -25/85°C 150°C -40/150°C -20/80°C -25/130°C
Temperature

Determination Of Optimal Design With Appropriate
Selection Criteria

The criteria for the designs vary internally. These
designs need to be evaluated by eliminating them based
on the established criteria to select the best one. The time
involved in the production and procurement of designs is
a significant factor that can affect a study. The transducers
used in the designs are not widely available in the market,
making it difficult to find the products. Suppliers do not
maintain product inventory and instead source them from
abroad based on the orders they receive. This situation
may prolong the process in case of product purchase or
malfunction, necessitating an evaluation of the timing of
design production and procurement. The prolongation of
the process and additional tax payments affect its cost.
The difficulty in finding the product adversely affects its
cost due to the supply-demand relationship. It is
necessary to classify the preferred products economically.
It is important for the designs to be user-friendly. The
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difficulty of part replacement during maintenance and
repair reduces the preference for the design. Simple and
ergonomic designs are preferred for user and
performance aspects.

Considering that the aim of the study design is to
convert existing vibration into heat, the transducers and
the associated R and RLC circuits should have a design
model that allows heat conduction. Thus, the ability to
dissipate heat into the surroundings will significantly
affect the system's performance. Therefore, open systems
will always be more effective. The information in Table 1
provides details about the positions of transducers on the
assembly. The position boundaries are examined in two
categories: internal and external. If the transducers are
positioned internally, it adversely affects heat conduction.
Transducers positioned externally are more advantageous
in dissipating heat to the outside environment compared
to internal positioning due to being in an open
environment.
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Table 2. Weights of parts required for transducer connection (grams)

Default Design-1 Design-2 Design-3 Design-4 Design-5
Transducer - 14.75 7.80 26.27 77.10 10.90
Outer Body 42.99 42.99 88.06 93.99 121.35 42.99
Inner Body 59.40 59.40 46.79 97.58 80.75 59.40
Spring 8.52 8.52 8.52 8.52 8.52 8.52
Sensor 31.24 31.24 31.24 31.24 31.24 31.24
Joint Connection 50.20 50.20 39.17 39.17 39.17 50.20
Bolts - - - - 4.03 -
Hive - - 9.38 23.79 - -
Plate - - - - - 23.54
TOTAL 192.35 207.10 230.96 320.56 362.16 226.79
Difference [%] - 7.67 20.07 66.65 88.28 17.90

Table 3. Natural frequency change of telescopic arm mounting in designs.

Design Name Natural Frequency [Hz]

Natural Frequency Change [%]

Default 1623.72 -

Design-1 1564.81 3.63

Design-2 1481.68 8.75

Design-3 1257.64 22.54

Design-4 1183.28 27.13

Design-5 1495.22 7.91

Table 4. Energy calculation in transducers exposed to vibration at a frequency of 10kHz
Design-1 Design-2 Design-3 Design-4 Design-5
Voltage (V) 150 150 120 130 200
Capacitance (nF) 5300 2740 3100 5400 2200
Energy (Joule) 0.0596 0.03083 0.02232 0.04563 0.0880
Power (Watt) 596.25 308.25 223.20 456.30 880.00
Table 5. The scores of the designs.
Design-1 Design-2 Design-3 Design-4 Design-5

Energy Generation 20 5 1 13 35
Compression Strength 20 20 1 15 17
Operating Temperature 2 6 6 2 5
Weight 10 9 3 1 9
Ergonomics 4 2 1 2 3
Supply Time 4 2 3 1 4
Cost 1 7 6 3 10
Safety 5 6 7 7
Total Score 65 56 27 44 89

Advantages of Selected Design 5

Changes in the mass of the designs will result in differences
in the natural frequency of the default system; therefore, it is
important to select a design with minimal weight variation to
ensure that the experiment can be conducted accurately again.
The weight values are shown in Table 2, where the total weights
of the designs are listed along with their percentage differences
in the bottom row.

The value of the natural frequency is one of the fundamental
calculation parameters for all systems. In this study, the aimis to
minimise mass changes so that the natural frequency remains
unchanged. Any change in the natural frequency could lead to
discrepancies in the data compared to previous experiments.
There could be many variables involved, but the vibration in the
design should be limited to ensure that the weight at the point
of measurement remains constant. The calculated natural
frequencies of the system are shown in Table 3.

The ergonomic design of the system allows for easy
observation during experiments and access to cables due
to the positioning of the transducers. While the likelihood
of any risk of ignition in the system is low, there should be
effective intervention in case of a short circuit that could
disrupt the operation of the system. The ability to observe
the system from the outside allows for intervention and
observation in possible situations. The safety of the
system is evaluated based on these limitations.

Considering the purpose of the design to expel heat, it
is important to consider the data of the transducers that
will be connected to the R and RLC circuits. The energy
produced by the transducers determines the performance
of the design. The calculation in the Table 4 is based on
the power (Watt) value corresponding to the 10 kHz
vibration frequency in the mechanism.
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The maximum theoretical energy production
achievable through passive vibration damping in the
designs is provided in the table above. The use of two
transducers in Design 5 allows for higher energy
production compared to other designs, making it
considered as the design with the highest energy output.
The energy generated by the designs is crucial in terms of
the intended usage of the design. The operational
temperature value is important for the effective operation
of the design. Since it needs to generate heat for energy
conversion, the use of heat-resistant transducers is more
critical.

Compression strength comparison is an important
part. Since each transducer has its own material and
structure, it can withstand different force values. These
strength values were taken from the datasheets shared by
the manufacturers and evaluated. For scoring, the lowest
score was given to the one with the lowest strength, while
the highest score within the determined limit was given to
the one with the most durability.

Evaluations will be based on energy production,
compression strength, operating temperature, weight,
ergonomic usage, supply time, cost, and safety. The
designs are evaluated based on a total score out of 100.
The highest score is given to the value showing the best
performance in comparison. The product with the lowest
performance receives a score of 1. The scoring of technical
specifications with intermediate values is done according

to the established linear equation. A comparison of the
scores of the 5 different designs is provided in Table 5. As
a result, Design-5 received the highest score of 89,
followed by Design-1, Design-2, Design-4, and Design-3,
with scores of 65, 56, 44, and 27 respectively. Design-5,
with a score of 89, achieved the highest score. In the final,
work continues with Design-5, which is made with the
Thorlabs brand PK25LA2P2 model transducer for noise
reduction through passive vibration damping.

In accordance with the established criteria, the design
made with Thorlabs transducers has been identified as the
most effective model with a score of 89. The prominent
features of the design include the positioning of the
transducers in an open configuration and their
advantageous mass properties. Among the designs, this is
the only one that utilizes two transducers. It has been
observed that this system generates a high level of energy,
as shown in Table 4. The dimensions of the transducers,
with a diameter of 8 mm and a length of 9 mm, contribute
to a lightweight product. This lightness helps maintain an
acceptable level of change in the system's natural
frequency. Being in an open environment facilitates the
temperature regulation, maintenance, and potential
interventions of the transducers. It is the transducer
model with the lowest cost among the designs. The
specifications of Design-5 made with Thorlabs transducers
are listed in Table 6.

Figure 8. Half-section perspective view of Design-5

Table 6. Characteristics that make the choice of Design-5 important

Parameters Design-5
Weight 226.79 grams
Natural frequency change 7.91%
Maximum energy that can be collected 880 W
Temperature resistance -20°C/150°C
Compression Strength 3600 N
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Conclusion

In this study, various passive vibration damping
methods have been proposed to attenuate the high-
frequency noise induced by friction-induced vibration.
Within this scope, five different piezoelectric transducer
designs are suggested. The mass-spring test system used
in the study is modified for the purpose of converting
mechanical energy into heat energy using different
piezoelectric transducer designs. A market survey is
conducted by listing five different products selected from
existing transducer brands. Various designs are made with
five different transducers in accordance with the
dynamics of the mass-spring test system. Through a
comparative scoring method, designs are eliminated, and
the most suitable model, Design 5, was selected.
Following the selection of Design 5, development analyses
aimed at increasing efficiency within the boundaries of
the design are applied.

This study aims to provide a new dimension to
research on noise reduction techniques and demonstrates
the successful applicability of a system involving a
piezoelectric transducer and an RLC circuit. The results
obtained have the potential to shed light on further
research in acoustic control systems.

The application area of this study focuses on
experimental studies aimed at reducing vibration-induced
noise by dissipating vibration as heat energy. It
contributes to research aimed at eliminating noise
associated with vibration. The design developed in the
study contributes particularly to research aimed at
effectively  controlling friction-induced noise in
environments such as laboratories and research centers.

Friction-induced noise can be ubiquitous in human
surroundings. This design aims to convert vibration-
induced noise into electricity using passive vibration
damping methods. According to experimental results, the
areas of application for this design may include machines
that produce noise from vibration. This study has opened
a door towards reducing noise originating from friction
using piezoelectric transducers. In the future, providing an
applicable solution for noise elimination through further
analysis and examination of parametric values is planned.
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ABSTRACT

In recent years, the use of electromechanical systems in dental implant applications has become widespread as
an alternative to traditional dental surgery. Electromechanical systems include electronically controlled
mechanisms. Such applications include methods developed to minimize important factors that directly affect
the quality of the procedure, such as the physician's personal dexterity and sensitivity. Electromechanical
systems enable physicians to perform more accurate operations thanks to their advanced sensitivity and
accuracy capabilities. In particular, the process of precisely determining and preparing the place where the
implant will be installed is extremely important for patient health and operation success. In this regard, the
electromechanical system works together with the physician and supports the physician in the control and
application of the system. This study presents a review of the scope and nature of recent available studies.

Keywords: Dental implant, electromechanics, robot, artificial intelligence.
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0oz

Son vyillarda geleneksel dis cerrahisine alternatif olarak dental implant uygulamalarinda elektromekanik
sistemlerin kullanimi yayginlagsmaktadir. Elektromekanik sistemler elektronik kontrolli mekanizmalari ihtiva
etmektedir. Bu tlr uygulamalar, hekimin kisisel el becerisi ve hassasiyeti gibi islem kalitesini dogrudan etkileyen
onemli faktorleri minimize etmek igin gelistirilen yontemleri icermektedir. Elektromekanik sistemler gelismis
hassasiyet ve dogruluk yetenekleri sayesinde hekime daha dogru operasyon yapma olanagi saglar. Ozellikle
implantin monte edilecegi yerin hassas bir sekilde belirlenmesi ve hazirlanmasi siireci, hasta sagligi ve operasyon
basarisi igin son derece 6nemlidir. Bu bakimdan elektromekanik sistem hekimle birlikte galisarak sistemin
kontrollinde ve uygulamasinda hekime destek olur. Bu ¢alismada, yakin zamandaki mevcut ¢alismalarin kapsami
ve niteligi hakkinda bir derleme sunulmaktadir.

Anahtar Kelimeler: Dis implanti, elektromekanik, robot, yapay zeka.
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Girig

Dis implantlariyla tedavi yontemi cesitli nedenlerle dislerini
kaybetmis hastalar icin protez uygulamalarina
alternatif/destek olmasi amaciyla kullanilmaktadir. Bu
baglamda gelisen implant teknolojisi sayesinde 6zellikle tekil
dis kayiplarinda hizla protez uygulamalarinin yerini almistir.
Ancak burada karsilagilan en biylk sorun implantin gene
kemigine dogru bir sekilde yerlestiriimesidir. implantin olmasi
gereken yere yerlestiriimesi hem ¢ene kemiginin mekanigini
hem de hasta konforunu dogrudan etkilemektedir. Bunun yani
sira vicudun diger iskelet sisteminde oldugu gibi implantin
kullanim 6mrind uzatmaktadir. Diger taraftan bu islemin
dogru vyapilmamasi durumunda uzun vadeli implantin
kullanilmasini engellemekte ve cerrahi islem yapilan bolgede
kanama, nekroz, sinir harabiyeti ve inflamasyona neden
olmaktadir(Bahrami et al., 2024).

Geleneksel dis implant uygulamalarinda, implantin yer
se¢imi ve pozisyonunun ayarlanmasi tamamen hekimin bilgi,
beceri ve yetenegine kalmistir. Bu durum hastanin kendisini
tedavi edebilecek dogru hekimi arayip bulmasi icin ekstra
zaman harcayacagl sireci dogurmaktadir. Oysaki gelisen
elektromekanik teknoloji hayatin her alaninda oldugu gibi dis
implant tedavisinde de kullanilabilmektedir.

Dental implant islemleri icin tasarlanan elektromekanik
sistemler U¢ ana kissmdan olusur. Bunlar; elektromekanik bir
isletim platformu, bir gorsel sistem ve bir merkezi kontrol
sistemidir. Bu elemanlar sirasiyla dis hekiminin ellerine,
gozlerine ve beynine benzer islevleri yerine getirir (Wu et al.,
2019). Ameliyat yapilirken merkezi kontrol sistemi, digsiz alanin
mevcut konumunu belirlemek igin gorsel sistemi kullanir. Daha
sonra implant alanini hazirlamak ve implanti ameliyat 6ncesi
plana gore yerlestirmek icin elektromekanik kola kilavuzluk
eder (Tao et al., 2022). Dental implant elektromekanik sistem,
manuel proseddirlerle karsilastinldiginda hassas, etkili ve stabil
cerrahi islem agisindan blyik bir kolaylik saglar. Bu kolaylk,
implant yerlestirmede dogrulugun artmasini ve cerrahi
risklerin azalmasini saglar (Liu et al., 2023; Wu et al., 2019).
Elektromekanik yardiml implant yerlestirmenin dogrulugunu
ve glivenligini artirmak icin gesitli ilerlemeler kaydedilmistir.

ilk olarak robotik kol, implanti konumlandirirken problar
yardimi ile fiziksel klavuzlugu saglar. ikinci olarak, hastanin ¢ene
hareketini iziemek ve ekranda es zamanli geri bildirim saglamak
icin robotik sisteme bir hasta izleme cihazi entegre edilmistir.
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Son olarak, bu sistem operator tarafindan kontrol edilir ve
calistirilir. Bu da tedavi planinda esnek degisiklikler yapilmasina
ve gerektiginde cerrahi islemin durdurulabilmesine olanak tanir
(Chengetal., 2021; Tao et al., 2022).

Son zamanlarda dis hekimi ile robot arasindaki etkilesimin
diizeyine bagli olarak aktif, pasif ve yari aktif sistemler gibi farkl
tipte dental implant robotlari kullanima sunulmustur (Sekil 1)
(Wu et al.,, 2019; Xu et al., 2023; Yan & lia, 2022). Ayrica bir
takim calismalar, robot destekli implant yerlestirmede
robotunun dogrulugunu degerlendirmistir (Bolding & Reebye,
2022; Cheng et al., 2021; Shi et al., 2024; Tao et al., 2022; Xu et
al., 2023). Dental implant robotlari, cerrahi riskleri azaltirken
implant  yerlestirmenin  verimliligini,  stabilitesini  ve
dogrulugunu artirma yetenekleri nedeniyle blyik ilgi
gormektedir. Ancak su anda dental implant robotlarinin
cerrahi verimlilik (hazirlik ve operasyon stiresi) ve farkli robotik
sistemlerde implant yerlestirme dogrulugu (zerindeki
etkilerini degerlendiren kapsamli bir inceleme
bulunmamaktadir.

Cene kemigi rekonstriiksiyonunda robot teknolojisinin
uygulanmasi, yirmi yili askin bir stiredir kapsamli bir sekilde
arastirlmaktadir. Robot destekli dis cerrahisi, dis implanti
tedavisinde 6ne cikan bir konu olarak ortaya ¢ikmistir (Wu et
al., 2019). Dis cerrahisinde robotik sistemlerin gelistirilmesi, dis
implanti prosedirlerinin hassasiyetini ve etkinligini artirma ve
sonugta hem hastalara hem de uygulayicilara fayda saglama
konusunda biylk umut vaat etmektedir. Dental implant
robotlari, insan-robot etkilesiminin diizeyine bagl olarak aktif,
pasif ve yari aktif sistemler halinde kategorize edilebilir. Aktif
robotlar, bagimsiz olarak agza girip ¢ikabiliyor, implant yerini
hazirlayabiliyor ve implanti yerlestirebiliyor. Operatoriin roli
oncelikle delici takimi degistirmek, komut vermek ve robotun

calismasini izlemektir. Pasif robotlar, islem sirasinda
operatoriin robotik kollarini  yonlendirmesini  gerektirir.
Robotun  agza giris ¢kisindan, implant  yerinin

hazirlanmasindan ve implantin yerlestirilmesinden operator
sorumludur. Yari aktif robotlar ise implant alaninin
hazirlanmasini ve implant yerlestiriimesini otonom olarak
gerceklestirebilir. Ancak bu robotlar, agza giris ve ¢ikis sirasinda
robot kolunun manevrasi icin operatoriin yardimina ihtiyag
duyar (Chen et al., 2023; Haidar, 2017; Li et al., 2023; Qjao et
al., 2023; Shi et al., 2024; Tao et al., 2022; van Riet et al., 2021;
Wang et al., 2024; Wu et al., 2019; Xu et al., 2023; Yan & Jia,
2022; Yang et al., 2022).
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Resim 1. Dental implant robotlari (A: Pasif, B: Yari aktif, C: Aktif) (Xu et al., 2023)
Figure 1. Dental implant robots (A: Passive, B: Semi-active, C: Active)
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Elektromekanik Destekli Dis implanti Operasyonunun
Verimliligi

Elektromekanik destekli implant cerrahisi de dahil olmak
Uzere implant yerlestirme slrecini iyilestirmek igin gesitli
teknolojiler tanitilmigtir. Bu teknolojinin, implant yerlestirme
hassasiyetini 6nemli olg¢lide artirma yetenegi oldugu
bildirilmistir (Pimkhaokham et al., 2022). Elektromekanik
destekli implant cerrahisinin amaci, basarisizliklari, bitisik
anatomik dokuya verilen hasar ve cerrahi komplikasyonlar
gibi olumsuz etkileri azaltarak daha iyi klinik sonuglar elde
etmektir (Pimkhaokham et al.,, 2022; Wu et al.,, 2019).
Elektromekanik destekli implant cerrahisi statik ve dinamik
olmak Uizere iki temel teknolojik yaklagim igerir. Statik
elektromekanik destekli implant cerrahisinde, osteotomi ve
implant yerlesimini yonlendirmeyi igerir. Bunun tersine,
gercek zamanl dinamik olarak da bilinen elektromekanik
destekli implant cerrahisi sistemi, islem sirasinda canli
gorintileme saglamak igin optik izleme cihazlarini kullanarak
cerrahlara gercek zamanli olarak yardimci olur. Her iki sistem
de yaygin olarak kullanilmakta ve kapsaml bir sekilde
incelenmekte olup, geleneksel cerrahiye kiyasla cerrahlarin
implant yerlestirmede daha yiksek dogruluk elde etmelerine
yardimci olma yeteneklerini géstermektedir (Pimkhaokham
et al., 2022; Wu et al.,, 2019). Elektromekanik destekli
teknolojiler ameliyat 6ncesi planlamayi, cerrahi sablonlari ve
video navigasyonunu gelistirmis olsa da, hala bazi zorluklar
vardir. Delme ve kesme prosediirleri sirasinda gercek zamanl
dogruluk ve kararliigin saglanmasi temel zorluklardandir
(Gargallo-Albiol et al., 2019; Pimkhaokham et al., 2022).

Bu alandaki yapilan g¢alismalardan anlasilan odur ki,
elektromekanik  sistemlerle yerlestirilen implantlarin,
bilgisayar  destekli implant cerrahisi  sistemleriyle
yerlestirilenlerden daha dogru oldugunu gostermistir.
(Gargallo-Albiol et al., 2019; Pimkhaokham et al., 2022).

Elektromekanik Sistemlerin Hassasiyeti

Bu tiir calismalarda Talmazov ve arkadaslarinin ortaya
koydugu implant konumlandirma dogrulugu metodolojisi

kullanilarak degerlendirilmistir (Talmazov et al.,, 2020).
Cerrahi operasyon sonrasi implant yerlestirilen bolgenin
hassas olgiimleri konik 1sinli bilgisayarli tomografi (CBCT) ile
gerceklestirilmistir. Sekil 2’de gosterildigi gibi implantin
yerlestirilmesinin  i¢ boyutlu sapmasinin  dl¢imi igin

dizlemsel sapma, tepe sapmasi ve agisal sapma
kullanilmigtir. Burada;
Diizlemsel sapma: Yerlestirilen implantin  boyun

platformunun merkezi ile planlanan implant arasinda
milimetre (mm) cinsinden Olgilen dogrusal yer degistirmeyi
ifade eder.

Tepe sapmasi: Yerlestirilen implantin apikal kisminin
merkezi ile planlanan implant arasinda milimetre (mm)
cinsinden olgllen dogrusal yer degistirmeyi ifade eder.

Eksenel sapma: Yerlestirilen implantin varsayilan merkezi
ekseni ile planlanan implant arasindaki derece (2) cinsinden
aclyl temsil eder.

Serbest elle yerlestirme ile karsilastinldiginda robot
yardimli implant yerlestirme, 6nemli Olglide daha ylksek
konumsal dogruluk sergiledi (Shi et al., 2024). Serbest elle
yerlestirme icin diizlem sapmasi, tepe sapmasi ve agisal
sapmanin sirasiyla 1,88 - 1,12 mm, 2,89 - 1,64 mm ve 8,232 -
7,142 arasinda oldugu bildirilmistir. Buna karsilik,
elektromekanik destekli yerlestirmenin diizlem sapmasinin
1,17 - 0,36 mm, tepe sapmasinin 1,41 - 0,62 mm ve agisal
sapmasinin 3,462 - 3,112 oldugu gorilmistir (Shi et al.,
2024).

Benzer calismalar degerlendirildiginde, robotik sistemin
dinamik navigasyon sistemine kiyasla implant
konumlandirmada daha az sapma oldugunu gostermistir. Bu
yontemin dis implant cerrahisi icin hala degerli bir arag olma
potansiyelini strdiirmektedir. Robotik sistemin basarisi
gelismis konum dogrulugu, delme eksenini stabilize etme ve
insan titremelerini ortadan kaldirma becerisine baglanabilir.
Ote yandan, bilgisayar destekli dinamik navigasyon biiyiik
Olglide cerrahin becerisine ve deneyimine baglidir ve bu da
implant yerlestirme dogrulugunda degiskenlik yaratabilir
(Chen et al., 2023; T. Sun et al., 2018; Tao et al., 2022; Wu et
al., 2019; Zhou et al., 2021).

Planlanan pozisyon

T

,
)
\\

fmq——————————

Gercek pozisyon

Resim 2. Olgiim dogrulugunun sematik diyagrami (dx, Diizlemsel sapma; dy, Tepe sapmasi; a, Eksenel sapma) (Shi et al., 2024)
Figure 2. Schematic diagram of measurement accuracy (dx, Plane deviation; dy, Peak deviation; o, Axial deviation)
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Cerrahi Operasyon Siiresi

Elektromekanik destekli implant operasyonlarinda her
ne kadar manuel operasyonlara gore daha hassas islemler
gerceklestirilebilse de islem siresi icin bu avantajdan
bahsetmek miumkiin degildir. Cinkl elektromekanik
sistemin hazirlanmasi ve implant bolgesinin analizi uzun
siirmektedir. Ozellikle birden fazla implant yerlestirilmesi
giindeme geldiginde bu siire oldukga yiiksek olmaktadir.
Literatlrdeki sinirli sayida yapilan ¢alismalar gostermistir
ki tek dis implant uygulamasinda bu siire 20 — 25 dakika
iken iki dis implant uygulamasinda 40 — 50 dakika arasinda
olmaktadir. Ote yandan aktif ve pasif elektromekanik
destekli implant yerlestirme sistemleri karsilastirildiginda
aktif sistemlerin pasif sistemlere gére daha uzun sire
aldiklari gozlemlenmistir. Pasif sistemlerde sistemin
delme hizi ve konumlandirma asamalari kontrol ediliyor
olmasi islemin daha kisa slrede tamamlanmasini
saglamaktadir. Aktif sistemlerde ise operasyonun biitlin
asamalarinin bilgisayar kontroli ile gerceklesmesi siireyi
uzatmaktadir (Bai et al., 2021; Bolding & Reebye, 2022;
Qiao et al., 2023; X. Sun et al., 2011; Xu et al., 2023).

Elektromekanik Sistemlerin Avantaj ve Dezavantajlari

Elektromekanik sistemler konumlandirma ve hassas
delme islemlerinde el ile yapilan operasyonlara gére daha
ustiindir. Ozellikle hekimin yorgunluk, dikkat eksikligi ve
titreme gibi insan  kaynakh  hatalari  bertaraf
edebilmektedir (Bolding & Reebye, 2022; Cheng et al.,,
2021; Qiao et al., 2023; Shi et al., 2024; Tao et al., 2022;
Xu et al., 2023).

Salt elektromekanik sistemler yerine yapay zeka
kullanan sistemlerin kullanilmasi bu alanda daha biyilk
ilerlemelere yol agmasi disiiniimektedir. Yapay zekaya
sahip elektromekanik sistemler egitilebilir olduklarindan
islem Oncesi hazirlik asamalari ve implant yerlestirme
islemlerini optimize ederek daha hizli ve kisiye ozel
operasyonlari gerceklestirebilir (Kurt Bayrakdar et al.,
2021; Muresanu et al., 2023; Revilla-Ledn et al., 2023).

Elektromekanik  sistemler yukarida bahsedilen
avantajlarinin yani sira bazi dezavantajlara da sahiptir.
Bunlar ozellikle maliyetinin yliksek olmasi, kalifiye ekip
ihtiyact ve agiz agikhginin sinirh oldugu hastalarda
uygulamanin  yapilabilirliginin ~ zorlastirmasi  olarak
siralanmaktadir (Chiapasco et al., 2009; Wallace & Froum,
2003).

Ayrica implant uygulanan hastanin ¢ene kemigi
kalitesi, yasi ve cinsiyeti gibi kisiye bagl degisim gosteren
faktorler de elektromekanik sistemin karar vermesini
zorlastirmaktadir (Clementini et al., 2012).

Sonuglar

Sonu¢  olarak, elektromekanik dis implanti
uygulamalarinda maliyet, ulasilmasi zor alanlara erisim
zorlugu ve karmasik vakalari yonetememe gibi
sinirlamalari  vardir. Bu cerrahi islemler hald insan
uzmanligl gerektirmektedir. Bununla birlikte, dis implanti

robotlari, implant konumlandirmasinda iyi bir dogruluk
sergilemektedir. Mevcut galismalar laboratuvar ortamlari
veya basit vakalarla sinirli oldugundan, dis implanti
robotlarinin belirli durumlara uygunlugu konusunda 6zel
bir 6neride bulunmasi zordur. Ayrica mevcut dis implanti
robotlarina gére daha fazla segenek ve islevsellige sahip
yeni robotlara ihtiya¢ duyulmaktadir. Bu yeni robotlar
daha kiglk boyutlara sahip olmalidir ve yapay zekayi
icermelidir. Yapay zekanin dis implanti robotlarina
entegrasyonu, gercek zamanh rehberlik, dinamik karar
verme ve otonom cerrahi yetenekler saglayarak bu alanda
devrim yaratma potansiyeline sahiptir. Bu baglamda
yapilan bu derleme c¢alismasi gelisen teknolojiye paralel
olarak dis implanti tedavisinde elektromekanik sistemlerin
kullanilabilecegini gdstermektedir. Ele alinan calismalar
degerlendirildiginde, arastirmalarin  heniliz baslangi¢
asamasinda oldugu sonucuna varilmistir. Tam otonom bir
sistemin kullanilabilmesi icin daha fazla arastirma ve
gelistirme  calismalarina  ihtiyag  oldugu  acikca
goriilmektedir.
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ABSTRACT

This study investigates the influence of process parameters on kerf width in abrasive waterjet (AWJ) machining
of glass fiber reinforced polymer (GFRP) composites. The experimental analysis was conducted using a Taguchi
L27 orthogonal array to optimize the machining parameters: pressure, feed rate, abrasive flow rate, and standoff
distance. The top kerf width (TKW) and bottom kerf width (BKW) were measured to evaluate the impact of these
parameters. Results indicate that higher pressures and abrasive flow rates generally increase both TKW and BKW
due to enhanced material removal rates. Conversely, increased feed rates tend to reduce kerf widths,
highlighting the importance of optimizing cutting speeds. Standoff distance exhibited a less pronounced effect
but still influenced the kerf widths. The optimal parameters for minimizing TKW and BKW were identified,
providing valuable insights for improving precision and efficiency in AWJ machining of GFRP composites. These
findings contribute to the development of more effective manufacturing practices for high-performance
composite materials.

Keywords: Abrasive waterjet cutting, optimization, reinforced composite, GFRP, machining
parameters, kerf width.
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0oz

Bu calisma, cam elyaf takviyeli polimer (GFRP) kompozitlerin asindirici su jeti (AWJ) islenmesinde islem
parametrelerinin kerf genisligi Uzerindeki etkisini arastirmaktadir. Deneysel analiz, isleme parametrelerini
optimize etmek igin bir Taguchi L27 ortogonal dizisi kullanilarak gergeklestirilmistir: basing, ilerleme hizi,
asindirici akis hizi ve ara mesafe. Bu parametrelerin etkisini degerlendirmek igin Ust kerf genisligi (TKW) ve alt
kerf genisligi (BKW) olgtilmustur. Sonuglar, daha yiksek basinglarin ve asindirici akis hizlarinin, artan malzeme
gikarma hizlari nedeniyle genellikle hem TKW'yi hem de BKW'yi artirdigini géstermektedir. Tersine, artan ilerleme
oranlari kerf genigliklerini azaltma egilimindedir ve bu da kesme hizlarini optimize etmenin 6nemini
vurgulamaktadir. Ara mesafe daha az belirgin bir etki gostermistir ancak yine de kerf genisliklerini etkilemistir.
TKW ve BKW'yi en aza indirmek i¢in optimum parametreler belirlenmis ve GFRP kompozitlerin AW/ islenmesinde
hassasiyet ve verimliligi artirmak icin degerli bilgiler saglanmistir. Bu bulgular, yiksek performansl kompozit
malzemeler igin daha etkili Gretim uygulamalarinin gelistirilmesine katkida bulunmaktadir.

Anahtar Kelimeler: Asindirici su jeti kesimi, optimizasyon, takviyeli kompozit, GFRP, isleme parametreleri, kesme
genisligi.
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Introduction

Glass fiber reinforced polymer (GFRP) composite materials
are extensively utilized in various sectors, including space,
automotive, machinery, and electronics industries, primarily
due to their exceptional properties. These materials are known
for their high hardness and resistance, low thermal expansion,
and superior damping properties, which make them ideal for a
broad range of applications (Agarwal and Broutman, 2017).
Despite being manufactured in the desired geometrical
configurations, composite structures often require additional
cutting during the assembly process (Mallick, 2007). In the
context of manufacturing processes, cutting operations
represent a significant portion, accounting for approximately
40% of all machining activities (Davim, 2012). However, drilling
composite materials poses several challenges, notably surface
damage to the holes, such as delamination and fiber breakage
(Singh and Bhatnagar, 2006). Such damage is a critical issue as
it can significantly impair the structural integrity and
performance of the composite materials. Preventing these
damages necessitates a meticulous selection of the workpiece,
cutting tools, and cutting parameters (Davim, 2012). Research
has consistently highlighted that the quality of the machined
surface is heavily dependent on factors such as cutting
parameters, tool geometry, and cutting forces (Singh and
Bhatnagar, 2006; Kartal and Kaptan, 2024; Abrdo, 2008; Kartal
and Kaptan, 2023). Polymer matrix composite materials, due
to their advantageous engineering properties, are not only
common in daily applications but also prominent in the
aerospace industry. Nevertheless, the inherent complexity of
these materials can lead to adverse effects on their
engineering properties during machining operations. The
assembly of composite parts often involves the use of pin
connections, which necessitates an increased frequency of
drilling operations. Extensive research in the literature has
focused predominantly on the drilling process, investigating
surface damages at the inlet and outlet of holes while
considering variables such as cutting tools, cutting parameters,
and tool geometry.

Importance of Composite Materials in Various Industries

Composite materials, particularly glass fiber reinforced
composites, are indispensable in modern industry due to their
unique combination of high strength and low weight. These
materials exhibit superior mechanical properties, including
high stiffness and durability, which are critical for aerospace
applications where weight reduction is paramount (Kaw,
2005). In the automotive sector, the use of composites
contributes to the production of lighter vehicles, thereby
improving fuel efficiency and reducing emissions (Friedrich and
Almajid, 2013). Similarly, in the electronics industry,
composites are favored for their excellent thermal stability and
electrical insulation properties, making them suitable for
various components and housings (Hegde and Sharma, 2008).

Challenges in Machining Composite Materials

Despite their advantages, machining composite materials,
especially  drilling, presents numerous challenges.
Delamination, which refers to the separation of layers within
the composite, is a common issue that occurs during drilling
and can compromise the structural integrity of the material
(Hegde and Sharma, 2008). Fiber breakage is another
prevalent problem that leads to rough hole surfaces and
36

reduced material strength (Hocheng and Tsao, 2003). These
defects are influenced by several factors, including the type of
cutting tool used, the cutting parameters (such as feed rate
and spindle speed), and the geometry of the cutting tool
(Khashaba, 2004).

Influence of Cutting Parameters and Tool Geometry

The relationship between cutting parameters and the
quality of the drilled holes in composite materials has been a
focal point of numerous studies. Optimal cutting parameters
are crucial for minimizing surface damage and ensuring a high-
quality finish. For instance, appropriate feed rates and spindle
speeds can reduce the forces exerted on the material, thereby
mitigating delamination and fiber breakage (Rahme et al,,
2011). Additionally, the geometry of the cutting tool, including
its point angle and helix angle, plays a significant role in the
drilling process. Tools with specific geometries designed for
composite materials can enhance cutting performance and
reduce damage (Isbilir and Ghassemieh, 2013).

Advances in Drilling Techniques for Composite Materials

Recent advancements in drilling techniques have aimed to
address the challenges associated with machining composite
materials. Innovations such as the use of special coatings on
cutting tools, the development of hybrid drilling methods, and
the implementation of automated drilling systems have shown
promising results in improving the quality of drilled holes
(Sarasini et al., 2009). Furthermore, ongoing research
continues to explore the effects of different tool materials,
cutting fluids, and cooling methods to optimize the drilling
process for composite materials (Rubio et al., 2008).

Material and Methods

Material Preparation

The material used in the experiments was glass fiber
reinforced polymer (GFRP), characterized by its high strength-
to-weight ratio and resistance to corrosion. Prior to machining,
samples were prepared to standard dimensions of 100x100
mm with a thickness of 10 mm to ensure uniformity across all
tests. The surface of each sample was cleaned and dried to
remove any contaminants that could affect machining
outcomes. The mechanical properties of the composite
material used in this study are outlined in Table 1.
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Table 1. Mechanical properties of the GFRP material.
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Figure 1. GFRP composites machining with AW.J.
Table 2. AWJ machining parameters
Parameters Levels
1 2 3
Pressure [MPa] 200 250 300
Feed rate [mm/min] 200 300 400
Abrasive flow rate [g/min] 100 150 200
Standoff distance [mm)] 2 4 6
Experimental Setup and Parameters parameter  adjustments could optimize  machining
The abrasive waterjet (AWJ) machining was conducted  performance.

using a precision AWJ machine capable of exerting a maximum
pressure of 400 MPa. The machine was equipped with a 0.3 mm
diameter nozzle and utilized garnet abrasive particles of 80 mesh
size. The operational parameters adjusted during the
experiments included. Figure 1 shows the machining process of
GFRP composite material using AWJ.

A Taguchi L27 orthogonal array was utilized to design the
experiments, allowing for an efficient exploration of the
parameter space with a minimized number of experimental
runs. The effects of the parameters on kerf width were analyzed
using analysis of variance (ANOVA), which helped in identifying
the statistically significant factors. The interaction effects
between parameters were also explored to understand their
combined influence on the outcomes. The experimental setup
involves varying four parameters: Pressure (P), abrasive flow
rate (m_v), feed rate (V), and standoff distance (d). Pressure is
ranged from 200 to 300 MPa in increments of 20 MPa. Feed rate
is set between 100 mm/min and 200 mm/min, with increments
of 25 mm/min. Abrasive flow rate is adjusted from 150 g/min to
300 g/min in increments of 30 g/min. Standoff distance is varied
from 2 mm to 6 mm in increments of 1 mm. This systematic
variation allows for comprehensive analysis of the effects of
these parameters on the desired outcomes.

To further understand the quantitative relationship
between the machining parameters and the kerf widths,
multiple linear regression analysis was conducted. The
regression model was developed with kerf width as the
dependent variable and pressure, feed rate, abrasive flow rate,
and standoff distance as independent variables. This model
provided coefficients that quantified the impact of each
parameter on the kerf width, offering insights into how

Based on the regression model and the ANOVA results,
response surface methodology was employed to find the
optimal set of parameters for minimizing kerf width while
maintaining the integrity of the machined surface. Contour plots
were generated to visualize the relationship between
parameters and their effects on kerf width, aiding in the
decision-making process for parameter selection. Table 2 shows
the processing parameters and levels.

Results

In the current work, the effect of the AWJ process
parameters on the top and bottom slit widths was examined
using an L27 orthogonal array. A total of 27 experiments were
conducted, each with two recurrences. The operational
parameters for each run are detailed in Table 3. During each run,
a 20 mm length was cut from the test sample using a three-axis
AWIJ computer numeric control machine. The widths of the slits
on the top and bottom surfaces are referred to as the TKW and
the BKW, respectively. The kerf widths were measured using a
digital caliper tool. For each sample, the kerf width was
measured at seven equidistant points along the length of the
cut, and the average values were recorded in Table 3. The
analyze influence of four key AWJ process parameters on the
TKW and BKW. These parameters are P, m_v, V and d. The goal
is to understand how variations in these parameters affect the
kerf widths and to identify optimal conditions for minimizing
surface damage while achieving precise cuts. The Taguchi L27
orthogonal array was selected for its specific advantages in
optimizing and understanding the influence of multiple
parameters on kerf widths in abrasive waterjet machining of
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GFRP composites. This array structure allows for a
comprehensive analysis of three levels for each factor in fewer
experimental runs than would be required in a full factorial
design. Specifically, the L27 array supports the examination of up
to 13 factors simultaneously, which provides significant
efficiency and robustness in experimental design. The use of this
orthogonal array enhances the reliability of the results by
minimizing the effects of variability in the experiments. It
systematically covers the interaction and main effects of the
parameters, thereby providing a balanced view of the process
factors under study. This design methodology not only reduces
the time and resources needed but also improves the precision
of the data obtained, facilitating a more effective optimization of
the machining parameters. As a result, it is particularly valuable
in industrial applications where time and cost efficiency are
crucial, and it contributes substantially to the reproducibility and
scalability of the findings.

The line graphs presented elucidate the impact of various
operational parameters on the mean cutting thicknesses (TKW
and BKW) in a controlled experimental setting. From the
Table 3. Experiment parameters and their levels

analysis, it is evident that increasing pressure correlates with an
increase in both TKW and BKW, suggesting that higher pressures
enhance the material's removal rate, possibly due to intensified
jet penetration capabilities (Figure 2.a). Conversely, as the
abrasive flow rate rises, there is a noticeable reduction in the
thickness measurements, indicating improved cutting efficiency
and precision, attributable to the increased availability of
abrasive particles to erode the material more effectively (Figure
2.b). Similarly, an increase in feed rate leads to a decrease in
both TKW and BKW, which could be attributed to reduced
interaction time between the abrasive jet and the material,
resulting in thinner cuts (Figure 2.c). However, the variation in
standoff distance shows a less pronounced effect on the cutting
thickness, implying that its influence might be overshadowed by
the other more dominant operational parameters (Figure 2.d).
This analysis highlights the intricate balance and interplay
between different machining conditions that can be optimized
for enhanced cutting performance in abrasive water jet
machining processes.

Pressure . Feed rate Standoff distance TKW BKW
Exp. Abrasive flow rate .
Number [MPa] [g/min] (m,) (mm/min) [mm] [mm] [mm]
(P) v V) (d)

1 200 100 200 2 1.01 0.98
2 1.00 0.98
3 1.01 0.92
4 150 300 4 0.98 0.95
5 0.95 0.95
6 0.97 0.95
7 200 400 6 0.95 0.93
8 0.94 0.93
9 0.95 0.93
10 250 100 300 1.10 1.00
11 1.10 1.05
12 1.00 1.05
13 150 400 2 1.03 1.04
14 1.06 1.01
15 1.03 1.04
16 200 200 4 0.98 0.93
17 0.99 0.93
18 0.99 0.93
19 300 100 400 1.18 1.14
20 1.18 1.14
21 1.18 1.14
22 150 200 6 1.11 1.03
23 1.11 1.03
24 1.11 1.03
25 200 300 2 1.06 1.01
26 1.06 1.01
27 1.02 1.01
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Figure 2. Effects of operational parameters on mean cutting thicknesses (TKW and BKW) in AWJ machining a.)
Pressure b.) Abrasive flow rate c.) Feed rate d.) Standoff distance
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Correlation Heatmap with Grid Lines
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Figure 3. The heatmaps illustrate the combined effects of the parameters

The combined effects of these parameters can be
analyzed using interaction plots, which show how two
parameters together influence the kerf widths.
Understanding these interactions is crucial for optimizing
the AWJ process. Understanding the combined effects of
multiple parameters on TKW and BKW is crucial for
optimizing the AWI process. The interplay between P, m,,
V, and d significantly influences machining performance.
Higher pressure combined with increased abrasive flow
rate generally results in greater kinetic energy and more
effective material removal, widening both TKW and BKW
due to the enhanced abrasive action. High pressure
coupled with a lower feed rate often leads to increased
exposure time of the material to the jet, resulting in wider
kerf widths, whereas a high feed rate at high pressure
might reduce the kerf width due to shorter interaction
time. Increasing both pressure and standoff distance can
significantly affect the kerf widths as high pressure
ensures effective cutting, but a larger standoff distance
may cause the jet to spread more, widening the kerf
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widths. A high abrasive flow rate paired with a low feed
rate usually results in a wider kerf due to prolonged
cutting action, while a high feed rate with a high abrasive
flow rate may balance out, depending on the material's
response to rapid cutting. Higher abrasive flow rates and
increased standoff distances can lead to wider kerf widths
as the spread of the jet and the quantity of abrasives
erode the material more effectively. A low feed rate with
a large standoff distance typically results in wider kerf
widths due to extended exposure and jet spread, whereas
a high feed rate with a small standoff distance may lead to
narrower kerfs. Understanding these combined effects is
crucial for optimizing the AWJ process, as each
combination influences TKW and BKW differently, and the
optimal settings depend on the specific machining task
requirements, such as precision, material properties, and
desired surface quality. In conclusion, careful
consideration and optimization of P, m,, V, and d can
lead to improved machining performance and higher
quality outcomes.
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The heatmaps (Figure 3) illustrate the combined
effects of pressure and abrasive flow rate on the TKW and
BKW in the AWJ machining process. As observed in the
heatmaps, both TKW and BKW tend to increase with
higher pressure and abrasive flow rates. This trend is
particularly evident at higher pressure levels, where the
increased kinetic energy and abrasive particle flow
contribute to wider cuts. The heatmaps also show that the
BKW is generally narrower than the TKW, reflecting the
jet's diminishing energy as it penetrates deeper into the
material. These visualizations highlight the critical
influence of operational parameters on the precision and
quality of the machining process.

The main effects on TKW and BKW indicate that
increasing pressure generally increases both TKW and
BKW, suggesting that higher pressure results in wider cuts
at both the top and bottom surfaces. Similarly, higher
abrasive flow rates lead to increases in both TKW and
BKW, implying that more abrasive material contributes to
wider kerfs. Conversely, increasing feed rates tend to
decrease both TKW and BKW, meaning faster feed rates
result in narrower cuts. Additionally, a greater standoff
distance generally results in wider TKW and BKW, as the
increased distance between the nozzle and the workpiece
affects the spread of the water jet. These insights into how
each parameter individually influences the kerf widths are
valuable for optimizing the machining process. The
heatmaps provide a comprehensive visualization of the
interactions between various operational parameters - P,
m,, V, and d - on the mean values of TKW and BKW in
AWIJ machining. The analysis reveals that higher pressures
consistently result in increased cutting thicknesses for
both TKW and BKW, indicating that greater pressure
enhances the jet's penetration capability. However, the
abrasive flow rate exhibits a more complex relationship:
moderate levels of abrasive flow rate achieve optimal
cutting thickness, while extremes (either too high or too
low) result in suboptimal performance, likely due to
inefficient material removal or excessive dispersion of the
jet. Similarly, feed rate shows a negative correlation with
TKW and BKW, where increased feed rates lead to
reduced cutting thicknesses, suggesting a faster traversal
speed limits the interaction time between the jet and

115 Bottom Kerf Width (BKW)
BRw

® Optimal BRW

BKW (mm)

1.00
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material, thus reducing the cut depth. Standoff distance,
though less influential than other parameters, still plays a
role, with lower standoff distances generally favoring
better cutting performance by maintaining the jet's focus
and energy density. The interaction plots between pairs of
parameters underscore the importance of balanced
settings; for instance, combining higher pressure with
moderate abrasive flow rate and feed rate yields the best
results. These insights are crucial for optimizing the AW)J
machining process, ensuring efficient material removal
while maintaining precise control over the cut
dimensions.

The optimal parameters for minimizing kerf widths in
AWIM machining. For the smallest BKW of 0.92 mm,
(Figure 4.a) the ideal settings are 200 MPa pressure, 200
g/min abrasive flow rate, 200 mm/min feed rate, and a 6
mm standoff distance, which also resulted in a TKW of
1.01 mm. Conversely, the minimum TKW of 0.94 mm
(Figure 4.b) was achieved with 200 MPa pressure, 400
g/min abrasive flow rate, 150 mm/min feed rate, and a 2
mm standoff distance, producing a BKW of 0.93 mm.
These findings emphasize the necessity of fine-tuning
process parameters to enhance cutting precision and
efficiency in AWIM, highlighting that different optimal
settings are required to minimize upper and lower kerf
widths (Table 4 ).

The regression analysis for TKW (Table 5) shows that
none of the process parameters (P, m_v, V, and d) are
statistically significant predictors at the 0.05 level, as
indicated by their high p-values. The ANOVA results for
TKW (Table 6) support this, with none of the factors
having a significant effect on TKW, as all p-values exceed
0.05. Similarly, the regression analysis for BKW (Table 7)
indicates that only Pressure is marginally significant
(p=0.051048), while other parameters are not significant
predictors. The ANOVA for BKW (Table 8) confirms this,
showing a near-significant effect of Pressure on BKW
(p=0.051048), with other parameters not having
significant effects. In summary, pressure has a marginal
impact on BKW but not on TKW, while abrasive flow rate,
feed rate, and standoff distance do not significantly
influence either kerf width.
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Figure 4. Optimum value of experiment number for a.) BKW and b.) TKW
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Table 4. Optimum kerf width parameters and their values.

AW!IJ Parameters

Optimum parameters

TKW BKW
Pressure [MPa] 200 200
Feed rate [mm/min] 150 200
Abrasive flow rate [g/min] 400 200
Standoff distance [mm)] 2 6
Optimum kerf width 0.94 0.92
Table 5. Regresion analysis table for TKW.
sum_sq df F PR(>F)
Intercept 0.008411 1 2.129423 0.158627
Pressure 0.002468 1 0.624916 0.437665
Abrasive_Flow_Rate 0.002936 1 0.74331 0.397903
Feed_Rate 0.005498 1 1.392021 0.250665
Standoff_Distance 0.086895 22
Table 6. ANOVA for TKW.
sum_sq df F PR(>F)
Pressure 0.008411 1 2.129423 0.158627
Abrasive_Flow_Rate 0.002468 1 0.624916 0.437665
Feed_Rate 0.002936 1 0.74331 0.397903
Standoff_Distance 0.005498 1 1.392021 0.250665
Residual 0.086895 22
Table 7. Regresion analysis table for BKW.
Coef. Std.Err. t P>|t|
Intercept 0.858518 0.085631 10.02579 1.15E-09
Pressure 0.000788 0.000382 2.063618 0.051048
Abrasive_Flow_Rate 5.82E-06 0.000157 0.037028 0.970797
Feed_Rate -9.7E-05 0.000176 -0.55128 0.587001
Standoff_Distance 0.003621 0.00733 0.493988 0.626211
Table 8. ANOVA for BKW.
sum_sq df F PR(>F)
Pressure 0,015045 1 4,25852 0,051048
Abrasive_Flow_Rate 4,84E-06 1 0,001371 0,970797
Feed_Rate 0,001074 1 0,303905 0,587001
Standoff_Distance 0,000862 1 0,244024 0,626211
Residual 0,077723 22
Discussions range of parameters and more advanced statistical

The findings of this study reveal that while pressure
marginally impacts the bottom kerf width (BKW), other
parameters such as abrasive flow rate, feed rate, and
standoff distance do not significantly influence either the
top kerf width (TKW) or BKW. These results align partially
with previous research, where pressure has been noted to
play a crucial role in abrasive waterjet machining,
enhancing material removal rates and affecting kerf
geometry (Agarwal & Broutman, 2017; Mallick, 2007).
However, the insignificant effect of abrasive flow rate and
feed rate contrasts with some studies that highlight their
importance in optimizing cutting performance (Singh &
Bhatnagar, 2006; Isbilir & Ghassemieh, 2013). These
discrepancies could be attributed to differences in
experimental setups, material properties, and specific
machining conditions. The lack of significance for standoff
distance is consistent with findings from Davim (2012),
who noted its secondary role compared to other
parameters. Further research incorporating a broader
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analyses, such as interaction effects, could provide deeper
insights into the complex dynamics of AWJ machining of
GFRP composites.

Conclusion

AWIJM is a precise and efficient method for cutting
various materials, including metals, composites, and
polymers. This study investigated the effects of different
process parameters on the TKW and BKW, aiming to
identify optimal settings for minimizing these widths. This
study demonstrates that by carefully optimizing AWJ
machining process parameters, it is possible to achieve
desirable kerf characteristics. Specifically, achieving
smaller kerf widths, both upper and lower, can
significantly enhance precision and material efficiency in
AWIJM processes. The identified optimal settings—200
MPa pressure, 200-400 g/min abrasive flow rate, 150-200
mm/min feed rate, and 2-6 mm standoff distance—
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provide a useful guideline for improving cut quality and

minimizing material waste in various cutting applications.

e Top kerf width (TKW): The smallest TKW of 0.94 mm
was achieved with a P=200 MPa, an m,, = 400 g/min,
aV =150 mm/min, and a d = 2 mm. This indicates
that lower pressure and higher abrasive flow rates are
effective in reducing the upper kerf width.

e Bottom kerf width (BKW): The smallest BKW of 0.92 mm
was achieved with a P=200 MPa, an m,, = 200 g/min, a
V = 200 mm/min, and a d = 6 mm. This suggests that
lower abrasive flow rates and higher feed rates are
beneficial for minimizing the lower kerf width.

e  Water Pressure (P): Higher water pressure generally
helps in reducing kerf taper by maintaining a uniform
energy distribution, but beyond a certain point, it may
increase kerf widths. Optimal TKW and BKW were
found at 200 MPa, showing the significance of
balancing pressure.

e  Abrasive Flow Rate ( m,): Optimal abrasive flow rates
were 400 g/min for TKW and 200 g/min for BKW. This
highlights the complex influence of AFR on kerf
widths, necessitating careful optimization.

e Feed rate (V): Higher traverse speeds were effective
in minimizing BKW. The optimal BKW was achieved at
a feed rate of 200 mm/min, indicating the importance
of optimizing feed rates for better cut quality.

e Standoff Distance (d): Smaller standoff distances
significantly reduce kerf widths and improve cut
precision. Optimal TKW was achieved with a standoff
distance of 2 mm, but very small distances should be
managed to avoid excessive nozzle wear and cut
irregularities.

In  future studies, researchers can focus on
determining the optimum kerf width for composite
materials with different components. On the other hand,
as the size of the workpiece increases, the optimization of
the kerf width becomes more important. Therefore,
within the framework of the limitations of the abrasive
water jet process, the optimization of the kerf width can
be achieved by evaluating the material thickness together.
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