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FIiBER TAKVIYELIi KOMPOZITLERDE
MALZEME KUSURLARI

Omer Can FARUKOGLU!
ihsan KORKUT?

1. GIRIS

Tarihsel olarak bakildiginda kompozit malzemelerin
gecmisi milattan dnceki donemlere kadar uzanmaktadir. Ornegin,
kil saman ve su kullanimiyla elde edilen kerpig tuglalar eski Misir
yapilarinda goriilmektedir. Ote yandan, bu dénemlerde modern
manadaki kompozit malzeme kavrami daha tanimlanmamustir.
Mihendislik ve teknik gerektiren alanlarda ozellikle sanayi
devriminden sonra hizli bir yikselis katedilmistir. Teknik
alanlarda farkli gereksinimlerin olugsmasiyla yeni malzemelere
ihtiya¢ duyulmustur. Bu gereksinimlere cevap verebilmek adina
modern kompozit malzemeler gelistirilmistir.

Giiniimiizde kullanilan fiber takviyeli kompozit malzeme
tanimi takribi olarak yirminci yiizyilin ortalarina dayanmaktadir.
Ik fiberglas tekne 1942’de iiretilmistir ve bu yillarda filament
sarim metodu gelistirilmistir. Metodun bulunmasiyla beraber
fuzeler igin ilk uygulamalar 1950’1 yillarda yapilmistir. Farkli
malzemelerin ve imalat yontemlerinin teknik alanlara ve bilime
kazandirilmasiyla fiber takviyeli kompozit kullanimi yaygin hale
gelmistir. Bu alanlar savunma, otomotiv, havacilik ve uzay,
biyomedikal, denizcilik ve alt yap1 olarak siralanabilir.

L Ars. Gor. Dr., Gazi Universitesi, Teknoloji Fakiiltesi, Imalat Miihendisligi, ORCID:
0000-0003-3244-8355.
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En genis tanimiyla kompozit malzeme fiziksel veya
kimyasal olarak iki veya daha fazla malzemenin birlestirilmesiyle
elde edilen malzemelerdir. Birlestirme vasitasiyla malzeme
bilesenlerinin tek basina sahip olmayacag1 6zellikler elde edilen
yeni malzemeye kazandirilmis olur. Burada not etmek gerekir ki
malzeme bilesenleri belirgin olarak farkli 6zelliklere sahipse
malzeme kompozit olarak smiflandirilabilir. Ornegin, metalik
malzemelerdeki dislokasyonlar veya alasim elementleri
malzemeyi kompozit olarak smiflandirmaya yetmemektedir.
Kompozit malzemelerin takviye ve matris yapisina gore
smiflandirmast Sekil 1’de sunulmustur (Agarwal vd. 2017,
Callister & Rethwisch 2007, Daniel & Ishai 2006).

Fiber Takviveli
Takviye o
N Parcacik Takviyeli
Yapisina Gore ;
. Yapisal Kompozit
Kompozit L )
Malzemeler
| Polimer Matrisli
Matris L.
. Metal Matrisli
Yapisina Gire
| Seramik Matrisli

Sekil 1. Kompozitlerin simiflandirmasi
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Bu c¢alismada, fiber takviyeli kompozitlere ve bu
kompozitlerde  karsilasilabilecek ~ malzeme  kusurlarma
odaklanilmaistir.

2. FIBER TAKVIYELI KOMPOZITLER

Fiber takviyeli kompozitler genellikle diisik agirlikla
birlikte yiiksek dayanim ve elastik modiil gerektiren
uygulamalarda tercih edilmektedir. Bu kompozitlerin tasarimu,
metalik malzemelere kiyasla daha karmasiktir. Bunun baslica
nedeni, fiberlerin farkli yonlerde farkli mekanik oOzellikler
gostermesidir. Bir diger ifadeyle anizotropik bir yapiya sahip
olmasidir. Anizotropi ayni zamanda Onemli avantajlar
sunmaktadir. Fiber hacim orani ve yoneliminin degistirilmesiyle,
belirli uygulamalara 6zel olarak optimize edilmis malzemeler
tasarlanabilmektedir.

Fiber takviyeli malzemeler, yuksek mukavemetli
fiberlerin bir matris fazi igerisine yerlestirilmesiyle elde edilirler.
Kompozit malzemeyi olusturan bu iki fazin 6zellikleri birbirinden
belirgin sekilde farklidir. Bu fazlar bir araya geldiginde, her
birinin sahip oldugu mekanik ve fiziksel 6zellikler biiyiik 6lgiide
korunmaktadir. Farkli faz kombinasyonlar1 sayesinde tek bir
malzemeden elde edilemeyecek  Ozellikler  kompozite
kazandirilir. Malzemede fiber fazi esas olarak mekanik yiikleri
tasirken, matris fazi fiberleri istenilen yon ve dizilimde sabitler.
Ayrica matris, fiberleri ¢evresel etkilerden koruyarak
malzemenin biitiinligiinii korumasina katki saglar (Callister &
Rethwisch 2007, Kalemtas 2014).
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3. FIBER TAKVIYELI KOMPOZITLERDE
MALZEME KUSURLARI

Fiber takviyeli kompozitlerde meydana gelen kusurlarin
bazilar1 imalat kaynakliyken, kimi kusurlar da malzemeye
uygulanan yiik sebebiyle meydana gelmektedir. Ayrica kusur ve
yiikiin kombine olarak gorildiigii vakalar da mevcuttur. Alt
basliklarda meydana gelebilecek bu unsurlar detaylandirilmistir.

3.1. Fiber Dalgalanmasi

Fiber takviye kompozitlerde meydana gelen kusurlardan
birisi fiberlerde dalgalanma halidir. Dalgalanma, dalganin
genligi, dalga boyu ve ulastigt maksimum ag¢i parametreleri
lizerinden tanimlanmaktadir. Esasen, fiberlerin tasarlanan
malzeme yoniinden c¢ikarak lokal veya genis Olgekte kivrilmasi
veya dalgali bir yap1 olusturmasi durumudur. Sekil 2’de karbon
fiber prepreg IMA-M21 malzemeden imal edilmis kompozit
borularda dalgalanma kusuru 6rnek olarak sunulmustur.

Sekil 2. (a) Farkh kalinliklara sahip IMA-M21 borularin kiirleme
sonrasi kesitleri, (b) 4 mm ve (¢) 6 mm kalinhgindaki kesitlerin
tipik mikrograf gorintileri (Belnoue vd. 2018).
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Bu malzeme kusuru genellikle imalat esnasinda meydana
gelmektedir. Malzemenin kaliba yanlis yerlestirilmesi, kalip
hatalar1, yanlig basing ve sikistirma uygulamalar1 veya uygun
olmayan  kiirleme  kosullar1  malzemede  dalgalanma
olusmasindaki temel etmenlerdendir. Ornegin, Sekil 2’de verilen

durumda dalgalanmanin sebebi kiirleme kaynaklidir (Belnoue vd.
2018).

Dalgalanma sonucunda malzemenin 0zellikle fiber
yoniindeki dayanim ve rijitliginde azalmalar meydana
gelmektedir. Bu durum malzemede gerilme yigilmalarin
arttirarak yiik altinda hasar baslangicini kolaylastirmaktadir.
Ayrica dalgalanma geometrik olarak malzemenin biitiinliigiinde
sapmalara sebep olarak, hassas toleransli uygulamalarda

problemleri tetiklemektedir.
3.2. Arayiizde Ayrilma

Araylizde ayrilma, fiber takviyeli kompozitlerde meydana
gelen bir arayiiz-faz kusurudur. Fiber ve matris arasindaki bagin
zayiflamasi ve tamamen kopmasi sonucunda ortaya ¢ikmaktadir.
Fiberleri bir arada tutan matris ile fiberlerin ayrilmasi olarak da
ifade edilebilir. Sekil 3’te fiber takviyeli bir polimer kompozitte
¢ekme yiikii altinda meydana araylizde ayrilma durumunun
goriintlisii verilmistir.

Sekil 3. Cekme yiikii altindaki enine kesit kompozitte meydana
gelen arayiizde ayrilma (Yang vd. 2012).
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Araylizde ayrilma olmasi durumunda fiberler ve onlarn
cevreleyen matris fazi arasindaki yiik transferi etkin olarak
olusmaz. Normal sartlarda matris fiberlere gelen yiikii aktarma
islevi gorerek kompozit yapmin uyum igerisinde ¢aligmasina
olanak tanir. Ote yandan arayiizde ayrilma olustugu durumda
kompozitteki biitlinliik bozulur ve yiik tasima islevi ¢gogunlukla
fiberler tlizerinde lokalize olur. Bu da gerilme yigilmasi, catlak
baslamasina ve ilerlemesine veya fiberlerin kirilmast gibi
durumlara sebebiyet verebilir.

Arayiizde ayrilmanin temel nedenlerinden birisi
kompozitin imalati esnasinda fiber yiizeyinin reg¢ine ile yeterince
islatilamamasidir.  Esasen yetersiz 1slanma, disiik kiirleme
basinci, uygun olmayan vizkozite kosullar1 ve yetersiz regine
akis1 gibi sebeplerden kaynaklanmaktadir. Buna ilaveten, fiber
ylizeyinde yag ve nem gibi unsurlarin bulunmasi baglanmay1
zayiflatict rol oynayarak; arayilizde lokal zayif bdlgelerin
olusmasina sebep olmaktadir. Bu gibi {iretim kaynakl
problemler, fiber-matris arayiiziinde zayif baglanmay: arttirarak
malzemenin dayanimini diistirmektedir.

3.3. Delaminasyon

Delaminasyon, fiber takviyeli kompozitlerde meydana
gelebilen arayliz kusurlarindan birisidir ve cogunlukla lamine
kompozitlerde ortaya ¢ikmaktadir. Bu durum genellikle
katmanlar arasindaki matris fazinin tagidigi gerilmenin belirli bir
seviyeyi asmasi halinde go0zlemlenmektedir. Mekanik, termal
veya hidrotermal ylkler kompozit (zerinde delaminasyon
meydana gelmesine sebep olmaktadir.

Delaminasyon kompozit malzemenin genellikle en st
veya en alt tabakalarinda meydana gelmekle birlikte bazi
durumlarda kompozitlerin orta katmanlarinda da olugmaktadir.
Sekil 4’te basma yiikii altinda kompozitin list katmanlarinda
olugmus bir delaminasyon vakasi sunulmustur.
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Sekil 4. Basma yiikii altinda iist yiizey tabakasimin ayrilmasi ve
delaminasyon olusumu (Keller & Schollmayer 2004).

Burada belirtilmelidir ki porozite ve dalgalanma gibi
malzeme  kusurlari  ¢ogunlukla  imalat  kaynakliyken
delaminasyon kompozitin kullanimi veya uygulanan islemlerden
meydana gelmektedir. Ornegin lamine kompozitlerde darbe
yiklemesi, delik delme veya kesme islemlerinde olusan
delaminasyon; literatiirde ¢esitli ¢aligmalara konu olmustur
(Johnson & Holzapfel 2006, Patel & Chaudhary 2022,
Schwartzentruber vd. 2018).

3.4. Matris ve Fiberin Homojen Dagilmamasi

Matris ve fiberlerin kompozit malzeme igerisinde
homojen olarak dagilmamasi, imalat siirecinde ortaya c¢ikan
kusurlardan birisidir. Fiber ve matris fazlarinin kompozit yapi
icerisinde diizglin ve dengeli bir sekilde dagilmasi, kompozitin
beklenen mekanik 0Ozellikleri saglayabilmesi agisindan kritik
Ooneme sahiptir. Ancak imalat sirasinda ¢esitli nedenlerle bu
homojenlik bozulabilir ve malzeme igerisinde diizensiz bir yap1
goriilebilir. Sekil 5’te homojen olmayan bir fiber-matris dagilimi
sunulmustur.
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yogun

bolge

Sekil 5. Fiber ve matris fazlarinin homojen dagilmadig bir
kompozitin optik mikroskop altinda enine Kkesit goriintiisii (Li vd.
2021).

Bu durum arayiizde ayrilma kusurunda oldugu gibi
yetersiz karigtirma islemleri, matrisin uygun viskozitede
olmamasi, fiberlerin yeterince islanmamasi, fiber yerlestirme
hatalar1 ve imalat parametrelerinin dogru sekilde kontrol
edilmemesi gibi sebeplerle olusmaktadir.

Bu kusur mikroyap: diizeyinde kompozit igerisinde
heterojenlikler meydana getirmektedir. Fiber yogun bolgelerde
lokal olarak malzeme sertliginde artis1 goriilebilirken, matris
yogun bolgelerde mekanik dayanim ve rijitlikte diismeler
olusmaktadir. Bu dengesiz yapi, dis yiikler altinda malzemede
meydana gelen gerilmenin malzeme boyunca esit sekilde
dagilmasini engeller. Dolayisiyla heterojen bolgelerde gerilme
yigilmalarina yol acar. Gerilme yigilmalar1 o6zellikle zayif
mekanik 0Ozelliklere sahip matris yogun bdlgelerde catlak
baslangicin1  kolaylastirir ve c¢atlaklarin hizli bir sekilde
ilerlemesine neden olabilir. Sonu¢ olarak kompozitin ¢ekme,
egilme ve darbe dayanimi gibi muhtelif mekanik ozellikleri
belirgin sekilde diiser.
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3.5. Porozite

Fiber takviyeli kompozitlerde karsilasilan kusurlar
arasinda porozite, mekanik performansi belirgin bicimde
diisiirmesi sebebiyle malzemede karsilasilan kritik problemlerden
biri olarak gorilmektedir. Bu kusur genellikle malzemenin
imalati esnasinda meydana gelmektedir ve olusmasinin temel
nedeni, fiberlerin matris banyosu i¢inden gegirilmesi esnasinda
fiber ylizeyi ile matris arasinda hapsolan havanin tahliye
edilememesidir. Sekil 6’da porozite unsurlari bulunan bir
kompozit 6rnegi sunulmustur.

Sekil 6. Bilgisayarh tomografi metodu ile 6l¢iilmiis %0,9 porozite
oramina sahip karbon fiber takviyeli kompozit (Kastner vd. 2010).

Fiber ve matris arayiiziinde hava hapsolmasina yol acan
cesitli faktorler bulunmaktadir. Bu faktorler, fiberlerin matris
banyosundan c¢ekilme hizi, islem esnasinda uygulanan fiber
gerginligi, fiber ile matris arasindaki yiizey enerjisi uyumu ve
matrisin viskozitesi olarak siralanabilir.
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Yalnizca fiber-matris arayliziinde degil, matris icinde
stkismis halde bulunan hava kabarciklar1 ya da ugucu bilesenler
de porozite olusumuna sebep olabilmektedir. Matris malzeme
fazinin viskozitesini regiile etmek igin kullanilan ¢oziiciilerin
icinde bulunabilecek nem, kiirleme gibi yliksek sicaklikli islemler
sirasinda buharlagarak porozite olusumunu tetikleyebilmektedir.
Laminasyon yontemiyle imal edilen kompozitler de ise katmanlar
arasinda hapsolan hava poroziteyi artiran bir diger etkendir.

Bunun yani sira fiber takviyeli kompozitler ¢evresel
kosullardan etkilenmektedir. Porozite varligi, o6zellikle nemli
ortamlarda malzemenin nem alma hizin1 ve miktarinm artirir. Bu
durum, malzemede boyutsal degisimlere yol acabilmektedir.

Fiber yiizeylerinde de nadiren olugsmasma ragmen
porozite esasinda bir matris fazi kusurudur. Bu sebeple
malzemenin 6zellikle matris fazinin baskin oldugu 6zelliklerde
bozulmalar daha belirgin goriilmektedir. Kompozit yapida
porozitenin bulunmasi; ¢ekme ve basma dayanimi ile elastik
modul gibi temel mekanik 06zelliklerde 6nemli kayiplara yol
acmaktadir. Hacimsel olarak yalnizca %?2-3 seviyelerinde
porozite bile mekanik 6zelliklerde %50’ye varan azalmalara
neden olabilmektedir. Porozitenin mekanik &zelliklere olan
etkisini inceleyen cesitli caligmalar literatiirde bulunmaktadir,
bakmiz (Bhat vd. 2012, Hernandez vd. 2013, Jiang vd. 2019,
Koushyar vd. 2012).

3.6. Matris ve Fiberlerde Catlak

Matriste olusan catlaklar kompozit malzemelerde siklikla
goriilen hasar baslangic modlarindandir. Bu catlaklar genellikle
matris fazinin fiber fazina gore daha diisik dayanimda
olmasindan kaynaklanmaktadir. Malzeme iizerindeki yiikler
gerilme olusturarak matriste mikro catlaklarin olusmasina neden
olur. Ayrica, matris ve fiber fazlarmin sahip oldugu 1s1l genlesme
katsayilarindaki farklar sicaklik degisimlerinde kompozit

10
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malzeme igerisinde i¢ gerilme olusturur. Bu gerilmeler ¢atlak
olusumunu hizlandirmaktadir. Benzer sekilde imalat esnasinda
uygulanan kiirleme islemi matriste hacimsel olarak biiziilme
olusturarak malzeme i¢inde kalint1 gerilme olusturabilmektedir.
Bu gibi durumlar mikro catlak meydana getirebilmektedir.
Malzemenin tabi oldugu yilikleme durumu mikro catlaklarin
ilerlemesine veya birlesmesine sebep olarak delaminasyon veya
arayiizde ayrilma gibi durumlan tetikleyebilmektedir.

Fiber liflerinde meydana gelebilecek olan catlak ve
kirilmalar ise fiber liflerinin yiik altinda dayanimini kaybetmesi
sonucunda olusmaktadir. Sekil 6’da matris ve fiberlerde olusan
catlaklar 6rneklendirilmistir.

¥
(Y
S o%aSad

Sekil 6. (a) Matris ¢atlamasi, (b) Fiber ¢atlamasi (Loukil 2013).

Fiber lifleri ¢ogunlukla yiiksek c¢ekme dayanimim
sergilemelerine karsin ¢cekme, basma veya yorulma gibi farkli

11
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yiikler altinda hasar gorebilmektedir. Cekme yiiklemelerinin fiber
liflerinin dayanimini asmasinda ¢ogunlukla malzemede ani
olarak olusan gevrek karakterli kirilmalar gozlemlenmektedir.
Basma  yikleri  fiberlerde burkulma ve dalgalanma
olusturabilmektedir. Bu gibi durumlarda kompozit yapi igerisinde
fiber lifi kinldiginda lifin tasidigr yiik ¢evredeki diger liflere
aktarilir ve gerilme yigilmalari olusur (Daniel & Ishai 2006, Jones
2018).

Tekrarli yorulma yiiklerinde ise malzemede kirilma ve
catlama zamanla biriken mikro boyutlu kusurlarin ilerlemesiyle
olugmaktadir. Yiik cevrimleri genellikle ilk olarak matriste mikro
catlaklar olusturur ve lokal zayiflamalar meydana getirir. Bu
durum fiber liflerine yiiklerin esit olarak dagilmasmni engeller.
Her bir yik cevrimiyle kigik kusurlar ilerleyerek fiber icinde
catlaklari olusmasina sebep olur.

4. SONUC VE ONERILER

Fiber takviyeli kompozitlerde meydana gelen fiber, matris
ve araylizey tabakalar1 arasindaki kusurlar, kompozitin sadece
dayanikliligini degil, ayrica hasar toleransini ve malzeme dmriinii
de olumsuz olarak etkilemektedir. Fiberlerin dalgalanma ve
dizilime bagl yonlenme hatalari ve fiberlerde meydana
gelebilecek catlamalar, ytiklerin esit sekilde dagilmasini engeller.
Bu durum da lokal gerilme yigilmalarina sebep olabilmektedir.

Hatali kiirleme ve matriste olusan catlak problemleri
malzeme icerisinde ¢atlak ilerlemesini hizlandiran role sahiptir.
Fiber ve matris baglant1 yiizeylerinde meydana gelen zayif
baglanma malzemenin yiik transfer mekanizmasimnin istenilen
sekilde calismasmi engeller. Bu durum tasarlanandan erken
stirede veya diisiik yilikte malzemede hasar olusmasina sebep olur.
Ayrica, malzemede olabilecek porozite veya delaminasyon gibi
kusurlar  genellikle i¢ yapida bulunmakta ve fark

12
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edilememektedir. Bu kusurlar yiik altinda hizla ilerleyerek
beklenmedik dayanim kayiplarma sebep olmaktadir. Bu tiir
kusurlarin tesiri sadece statik yiiklemeler altinda degil, ayni
zamanda tekrarli, termal veya hidrotermal yiikler altinda da daha
belirgin hale gelmektedir. Ik etapta mikro ebatta olan kusurlar
birleserek makro boyuta ulasip; malzemede biiyiik stabilite
kayiplarina sebep olmaktadir.

Bu calismada fiber takviyeli kompozitlerde meydana
gelen kusurlar Ozetlenmistir. Bilindigi tizere fiber takviyeli
kompozitler havacilik, uzay ve otomotiv gibi kritik 6neme sahip
teknik alanlarda siklikla kullanilmaktadir ve teknolojik
ilerlemelerle bu alanlar daha da genislemektedir. Bu sebeplerle
calismada  Ozetlenen kusurlar dogru malzeme imalat
yontemlerinin tatbiki ve ilgili kalite kontrol uygulariyla bertaraf
edilmelidir.

13
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OSSEOINTEGRATED PROSTHETIC SYSTEMS:
PRINCIPLES, TECHNOLOGIES, AND FUTURE
PERSPECTIVES

Esen KiRIT!?
Bilcen MUTLU MITIL?2

1. INTRODUCTION TO PROSTHETIC SYSTEMS
AND BIOMECHANICAL CHALLENGES

Trauma, peripheral vascular disease, persistent infection,
or sarcomas reason limb loss resulting from can significantly
impede an individual's movement and autonomy, leading to
substantial economic and psychological repercussions (Cignini et
al., 2012; Ferguson, Nightingale, Pathak, & Jayatunga, 2010;
Mckechnie & John, 2014; Varma, Stineman, & Dillingham,
2014). Modern prostheses aim not only to replace missing limbs
but also to restore physiological movement and motor control
abilities (Wolf et al., 2020). Despite increasing technological
advances, traditional socket-based prostheses still have some
biomechanical limitations.The continuous volumetric changes in
soft tissue disrupt the socket fit, leading to elevated device
abandonment rates (Biddiss, Beaton, & Chau, 2007; Biddiss &
Chau, 2007). From a solid mechanics viewpoint, socket systems
necessitate physiological stresses to penetrate non-linear,
viscoelastic tissue layers to access the bone, which diminishes
mechanical force efficiency, generates metabolic fatigue, and
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causes relative micromotion (pistoning) that impairs natural
proprioceptive input (Biddiss et al., 2007; Biddiss & Chau, 2007;
Egamov & Isrofilov; Swinnen & Kerckhofs, 2015).
Osseointegrated prosthetic devices remove the external socket by
establishing attachment of an intramedullary component to the
host bone through a percutaneous or transcutaneous interface
(Egamov & Isrofilov; Schneider et al., 2003; Skalak & Zhao,
2000; Swain & Rautray, 2020). These invasive prostheses
significantly enhance joint range of motion (ROM), dynamic gait
symmetry, stability, and intuitive sensory input by reinstating a
physiological load-transfer channel directly along the skeletal
axis (Arabnejad, Johnston, Tanzer, & Pasini, 2017). Structural
connections, free of fibrous tissue intervening between the living
bone and the weight-bearing implant surface, rely on initial
mechanical fixation and a robust biological interface formed
through bone integration, providing long-term
stability(Branemark, Branemark, Rydevik, & Myers, 2001; X.
Liu, Chu, & Ding, 2004; Y. Liu, Rath, Tingart, & Eschweiler,
2020).

Recent advancements in additive manufacturing (AM)
have enabled patient-specific implants to be produced at different
scales from computed tomography (CT) data, leading to new
developments in implant production (Jiang et al., 2021;
Mahmoud & Elbestawi, 2017; Tofail et al., 2018). In addition to
large-scale personalization, additive manufacturing techniques
such as laser or electron beam powder bed fusion enable the
fabrication of metallic designs of complex microarchitectures
(FGMs) and Triple Periodic Minimal Surface (TPMS)
lattices(Bandyopadhyay, Mitra, Goodman, Kumar, & Bose,
2023; Gupta & Talha, 2015; Kechagias, Oosterbeek, Munford,
Ghouse, & Jeffers, 2022; McGregor, Patel, McLachlin, & Vlasea,
2021; Tyagi & Manjaiah, 2023; Yu, Li, Dai, Xiao, & Song, 2022;
Zhang et al.,, 2024). Next-generation biomimetic structures
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reduce the stiffness of traditional implants to match the elastic
modulus of host bone, mitigating stress shielding effects that lead
to aseptic loosening and bone resorption(Arabnejad et al., 2017;
Jain, Sharma, & Ghosh, 2024; Mahmoud & Elbestawi, 2017; Y.
Wang, Arabnejad, Tanzer, & Pasini, 2018).

This chapter seeks to provide a comprehensive
perspective on contemporary invasive prosthetic systems to
assess these interconnected fields thoroughly. The subsequent
sections examine the biological and mechanobiological principles
that regulate the bone-implant interface (Y. Liu et al., 2020),
advanced additive manufacturing workflows (Mahmoud &
Elbestawi, 2017), and novel low-modulus metallic biomaterials
(Najibi, Mokhtari, & Jin, 2026).

2. NON-INVASIVE  PROSTHETIC  SYSTEMS
(EXOPROSTHESES)

Non-invasive prosthetic devices (exoprostheses) provide
a specific role without direct attachment to the limb, so entirely
circumventing the surgical risks associated with percutaneous
treatments. In exoprostheses, the macroscopic mechanical
stresses are sent to the host body through a custom-fitted socket
that encases the remaining limb.

2.1. Interface Force Transmission Mechanics and
Suspension

The essential component of an exoprosthesis is the rigid
or semi-rigid socket shell, which functions as the primary load-
bearing boundary layer. The macro-geometry of the socket is
engineered to transmit multi-axial mechanical stresses
experienced during activities of daily living (ADL) to the soft
tissues of the residual extremity. This interface transmits stresses
to the underlying skeletal system via the epidermis, adipose
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tissue, muscle, and connective components(C. Lu et al., 2009;
Moulic et al., 2019; van der Stelt et al., 2021). A socket is a
mechanism that distributes normal pressures evenly over load-
bearing anatomical regions, preventing stress concentrated
around bony prominences. Unlike physiological skeletal
transmission, load transmission in socket systems relies solely on
soft tissue deformation. Essentially, the effectiveness of force
transmission in the socket is limited by the highly nonlinear,
anisotropic, and viscoelastic properties of the interstitial soft
tissues. Innovative designs incorporate suspension mechanisms
such as pin-lock liners, suction valves, or vacuum-assisted and
self-suspended socket geometries to maintain stable structure
during kinetic movement (Perry et al., 2018; Wilson, 1975).
Elastomeric or silicone liners mitigate localized peaks in
compressive pressure by acting as a cushioning layer.
Furthermore, vacuum-assisted devices improve gait stability by
reducing pistoning between the socket wall and the limb skin.

2.2. Biomechanical Limitations and Volumetric
Instability

The main clinical drawbacks of exoprostheses lead to
device abandonment and subsequent musculoskeletal disorders.
Continuous contact pressure, shear stress, friction, and localized
temperature increase in the closed socket environment cause
chronic tissue degradation (Bazaka & Jacob, 2012; Meulenbelt,
GEERTzEN, JONKMAN, & DIJKSTRA, 2011). Volumetric
changes result from variations in systemic hydration, muscle
atrophy, localized temperature fluctuations, and fluid
redistribution due to cyclical compression. Small volumetric
differences can compromise the precise alignment of the socket
contour, leading to instantaneous interface macro-slippage,
reduced prosthetic control, and increased borderline slippage
(Biddiss & Chau, 2007; Manero et al., 2019; Perry et al.,
2018During dynamic load transfer, significant energy dissipation
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occurs through mechanical hysteresis resulting from the nonlinear
viscoelastic properties of biological soft tissues (Masaki et al.,
2017; Masaki, Ji, Yamauchi, Tateuchi, & Ichihashi, 2019). This
damping mechanically reduces the overall kinetic efficiency of
the gait cycle, exacerbating the user's metabolic fatigue during
prolonged  physical activity. Furthermore, discomfort
concentrated around compressed tissue often leads to inadequate
prosthetic loading during the stance phase. Asymmetrical gait
patterns lead to significant compensatory movement patterns,
exacerbating irregular skeletal loading and secondary high-stress
disorders such as chronic paraspinal muscle fatigue and low back
pain (Newell & Driscoll, 2021).

Socket Prosthesis Dsseointegrated Prosthesis
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Figure 1. The difference between the socket prosthesis and the
osseointegrated prosthesis

3. INVASIVE PROSTHETIC SYSTEMS

The significant biomechanical and dermatological
constraints of traditional socket-based prostheses, namely skin
issues, volumetric instability, and ineffective load distribution,
have prompted the advancement of alternative skeletal
attachment methods. Invasive prosthetic systems aim to achieve
permanent structural integration between the external prosthesis
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and the host skeleton. Invasive devices transmit macroscopic
mechanical stresses directly through the bone, hence offering a
highly efficient and healthy load-bearing pathway (Bazaka &
Jacob, 2012; Meulenbelt et al., 2011).

3.1. Definition and Classification of Skeleton-
Anchored Systems

Invasive prosthetic systems depend on osseointegration,
which is the direct structural and functional link between
organized, living bone and the surface of a load-bearing implant,
devoid of intervening fibrous tissue, and utilizes surgically
implanted metallic components. Invasive prostheses are
categorized into two types according to the soft-tissue interface:
percutaneous and transcutaneous systems (Bosshardt, Chappuis,
& Buser, 2017; Ggthesen et al., 2013; Parithimarkalaignan &
Padmanabhan, 2013; Prkic, Welsink, The, van den Bekerom, &
Eygendaal, 2017). Percutaneous devices provide efficient load
transfer and superior proprioceptive control through a direct
mechanical connection between bone and the exogenous
component. In contrast, persistent skin disruption leads to
permanent complications, including escalating bacterial
colonization, peri-implant infection, and extensive soft tissue
management at the device interface (Comotti, Regazzoni, Rizzi,
and Vitali, 2015; Li and Tanaka, 2018; Tavangarian, Proano, and
Zolko, 2019; Vitali, Regazzoni, Rizzi, and Colombo, 2017).
Transcutaneous devices prevent persistent skin disruption by
transmitting mechanical pressure or control signals through intact
soft tissues (Shevtsov et al., 2019; Shi et al., 2017).

3.2. Clinical and Biomechanical Advantages of
Skeleton-Anchored Systems

The primary benefit of invasive prosthetic systems is the
direct transfer of physiological load through cortical and
trabecular bone. The direct passage of stress significantly
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improves macroscopic mechanical efficiency, circumvents the
uncomfortable socket-skin contact, and eradicates dermatological
problems. Direct load transmission ensures optimal prosthesis
stability. The endoprosthesis is securely affixed to the skeleton,
significantly reducing relative motion (e.g., pistoning) (Alex,
Shanmugam, Salunkhe, & Cep, 2025; Y. Liu et al., 2020; Safavi
et al., 2023). Ultimately, skeleton-anchored prostheses eliminate
extraneous socket components that hinder multi-axial joint
mobility due to cumbersome geometries or physical interference,
thereby facilitating an unlimited physiological range of motion
(ROM).  Subsequent investigations have  consistently
demonstrated transformative enhancements in overall quality of
life (QoL), encompassing unrestricted sitting tolerance, markedly
extended wearing durations, and elevated overall patient
satisfaction (Najibi et al., 2026; Prakasam et al., 2017; Sarraf,
Rezvani Ghomi, Alipour, Ramakrishna, & Liana Sukiman, 2022).

4. OSSEOINTEGRATION MECHANISMS

Osseointegration is a multifaceted biological and
mechanical process operating at multiple scales that governs the
long-term structural integrity and clinical efficacy of invasive
prosthetic devices (X. Lu et al., 2025). Interface bone formation
is more than a passive chemical reaction influenced by the
biomaterial substrate; it arises from the interaction between the
implant properties (surface topography, free energy, and
metallurgy) and the dynamics of the host tissue (cyclic loading,
interface prestressing, and local fluid space variations)
(Albrektsson & Albrektsson, 1987; Albrektsson & Jacobsson,
1987; Puleo & Nanci, 1999).
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4.1. Hierarchical Progressions and  Stability
Transitions

To create load-bearing structures suitable for the bone-
implant interface, a seamless transition from initial mechanical
placement to biological attachment is necessary. Immediately
following placement, water molecules and plasma proteins
adhere to the exposed metallic substrate, forming a dynamic
"conditioning film" (Firkowska-Boden, Zhang, & Jandt, 2018;
Gittens, Olivares-Navarrete, Schwartz, & Boyan, 2014). The
molecular phase is governed by the VVroman effect, where highly
mobile proteins initially adhering to the metal are replaced by
larger structural proteins (Hohn, Virtanen, & Boccaccini, 2019;
Mitra, 2020). Physical filters of substrate surface free energy and
roughness alter the spatial conformation of proteins,
accumulating specific cell-binding domains that translate the
material properties of the component into biochemical signals for
initial cell attachment (Puleo & Nanci, 1999). Osteoblasts form a
structured collagen fibril network using the cement line as a
template; this network then undergoes secondary calcification,
transforming the delicate, isotropically woven bone into solid,
anisotropically layered bone (Bosshardt et al., 2017; Davies,
1996; Stanford & Brand, 1999).

Optimizing the boundary layer requires addressing two
conventional failure mechanisms. The significant stiffness
mismatch between the stress shield, bulk titanium alloys (E = 110
GPa), and cortical bone (E = 10-20 GPa) leads to localized bone
resorption, causing the rigid implant to bear the load (Gao,
Fraulob, & Haiat, 2019a; X. Lu et al., 2025). Interfacial micro-
movement occurs when the relative displacement exceeds the
critical threshold of 100-150 um, thus disrupting the newly
formed mineralized matrix and redirecting the healing process
towards a mechanically inadequate fibrous tissue capsule,
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accelerating aseptic loosening (Gao et al., 2019a; Puleo & Nanci,
1999).

4.2. Physicochemical and Mechanobiological
Determinants

The surface properties of a material include four elements:
chemical composition, surface free energy, multiscale roughness,
and topography (Le Guéhennec, Soueidan, Layrolle, and
Amourig, 2007; Silva-Bermudez and Rodil, 2013). While early
designs utilized smooth machined surfaces, modern
biomechanical requirements necessitate rough
surfaces(Wennerberg & Albrektsson, 2009). Micro-roughness
facilitates micro-scale mechanical interlocking and improves
focused cell adhesion by increasing the effective three-
dimensional contact area (Gittens et al., 2014; Le Guéhennec,
Soueidan, Layrolle, & Amourig, 2007; X. Lu et al., 2025; Walter,
Stich, Docheva, Alt, & Rupp, 2022). Simultaneously, the
increased surface free energy enhances the kinetics of early
protein adsorption by causing wetting of hydrophilic surfaces and
stabilizing molecular conformations (Advincula, Petersen,
Rahemtulla, Advincula, & Lemons, 2007; Le Guéhennec et al.,
2007).

This physicochemical envelope is in contact with a
mechanically sensitive fluid environment (Jee & Frost, 1992;
Melo-Fonseca et al.,, 2020). Mechanical performance is
particularly sensitive to the energy density range used during
additive manufacturing, as faulty parameters can lead to
significant microstructural failures. Failure to melt voids occurs
when volumetric energy density is low, and the thermal input fails
to melt the powder layer or penetrate the underlying layer traces.
This leaves unmelted powder traces and irregular, sharply edged
voids; these act as severe stress intensifiers, accelerating fatigue
crack formation under physiological loading. Keyhole porosity
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occurs when excessively localized energy density causes volatile
alloying elements to vaporize. The resulting metal vapor exerts
rebound pressure, creating a deep, unstable vapor void that leaves
trapped gas pores after rapid solidification. The collection
phenomenon separates continuous melt traces into disconnected
spherical droplets. This reduces the interlayer bond strength and
creates high surface roughness (Gao et al., 2019a; Rosso et al.,
2021).

4.3. System-Level Failure Modes and Structural
Vulnerabilities

When the initial levels of structural fixation fall below
physiological limits, it initiates a chain of instability that reduces
interface stiffness and increases dynamic displacement through
compatibility multipliers (Gao et al., 2019a). During dynamic
cyclic loading, surfaces are vulnerable to tribocorrosion; this is a
combined wear-corrosion process in which protective oxide
passive films are eroded by microfriction and chemically reactive
bare metal undergoes galvanic dissolution. Progressive
periprosthetic osteolysis and late aseptic loosening occur due to
changes in chemical equilibrium resulting from the formation of
wear particle debris (Guglielmotti, Olmedo, & Cabrini, 2019). In
percutaneous implant designs, persistent epidermal fracture
constitutes a significant structural fragility. Bacterial adhesion to
the exposed metal surface disrupts biosealability, leading to
increased inflammation and bone bed collapse around the implant
and facilitating biofilm formation (Hasirci & Hasirci, 2025).

5. ADDITIVE MANUFACTURING IN INVASIVE
PROSTHETIC SYSTEMS

Additive manufacturing (AM) or 3D printing has
transformed invasive prosthetic systems by enabling the direct
creation of complex, patient-specific, and topologically optimal
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structures from digital data. Unlike traditional manufacturing
methods such as CNC milling, which are limited by tool axes and
lead to material waste, additive manufacturing creates
components incrementally (Gibson et al., 2021). The design
flexibility enables the creation of functionalized structures that
replicate the anatomical intricacy and anisotropic stiffness
characteristics of natural host tissues (Jemat, Ghazali, Razali, &
Otsuka, 2015).

5.1. The End-to-End Digital Process Workflows

The development of a patient-specific, additively
manufactured implant relies on a seamless digital workflow,
including image capture, computer-aided design (CAD), finite
element analysis, and computer-aided manufacturing (CAM)
preparation. The process begins with high-resolution computed
tomography (CT) or magnetic resonance imaging (MRI) to
capture patient-specific morphometric data (Allawi, 2021).

Instead of constructing rigid structures, engineers are
integrating complex internal architectures, including stochastic
trabecular-inspired meshes, deterministic cellular periodic
lattices, and Triple Periodic Minimal Surfaces (TPMS) such as
Gyroid, Primitive, or Schwarz Diamond architectures
(Kladovasilakis, Tsongas, & Tzetzis, 2020). The CAD cycle
incorporates simulation-driven optimization techniques to
improve mechanical efficiency and preserve fatigue life. For
topology optimization, the Solid Isotropic Microstructure
Penalization (SIMP) algorithm, combined with dimension
optimization of individual lattice supports and generative design
constraints, is implemented in advanced numerical solvers
validated with Finite Element Analysis (FEA) (Rosso et al.,
2021). The improved CAD model is divided into successive 2D
sections to determine machine tool paths, scan range, and beam
exposure vectors. Support structures must be created for
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protruding features, especially in metal powder bed fusion
systems. These supports fulfill two engineering functions: they
provide rigid resistance to cladding blade forces and act as
necessary thermal absorbers to dissipate local heat buildup,
reducing warping and macroscopic sheet separation (Piedra-
Cascon, Krishnamurthy, Att, & Revilla-Ledn, 2021).

5.2. Powder Bed Fusion (PBF) Technical Modalities

In orthopedic implantology, the standard manufacturing
method is metal-based powder bed fusion techniques. These high-
resolution methods utilize localized thermal energy sources to
selectively fuse small layers of metallic powders, primarily Ti-
6Al-4V ELI alloys. Major industrial variations include Laser
Powder Bed Fusion (LPBF/SLM) and Electron Beam Melting
(EBM).

5.3. Process Parameter Control, Defects, and
Mechanical Metrology

The practical application of the layer-by-layer fusion
cycle creates a dynamic melting pool governed by volumetric
energy density. This value is the total thermal energy transferred
per unit volume of powder, determined by the interaction of laser
power, scan rate, scan interval, and layer thickness. The
advantage of AM is the resolution of the stiffness mismatch
problem. The Young's modulus of ordinary Ti-6Al-4V is
significantly higher than that of cortical or trabecular bone. The
Gibson-Ashby cellular solids model predicts that the elastic
modulus varies in a nonlinear proportion with relative density
depending on whether the lattice topology exhibits bending or
stretching. The optimum open porosity range, characterized by
interconnected pore sizes within specific micrometer limits,
facilitates bone growth by increasing fluid permeability and
nutrient  transfer and  supports long-term  secondary
osseointegration (Jemat et al., 2015).
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On the other hand, the stepping effect in layered
manufacturing, combined with partially melted powder particles
adhering to the boundaries, leads to manufacturing roughness.
This uncontrolled roughness and crack propagation, scaled from
these surface notches, reduces fatigue resistance under cyclic
multiaxial walking stress. Secondly, downward-directed heat
flow into the substrate plate causes the columnar grains to grow
epitaxially along the construction direction. Consequently, tensile
strength, fracture toughness, and elongation limits vary
depending on the load vector orientation relative to the layer. Hot
Isostatic Pressing (HIP) exposes the component to simultaneous
high gas pressure and high temperature, causing the collapse of
internal fusion deficiency voids and keyhole pores through
localized plastic flow and diffusion bonding, thus restoring
fatigue life. Thermal Stress Relief utilizes controlled vacuum
annealing cycles to eliminate residual stress areas accumulated
during rapid LPBF cooling, thus preventing geometric distortion.
Finally, Advanced Surface Treatment methods are used to smooth
external interfaces, thereby reducing surface notch effects while
preserving the macroporosity of internal lattice regions (Seifi et
al., 2017).

6. BIOMECHANICAL DESIGN AND STRESS
MANAGEMENT

The definitive biomechanical compatibility between the
metallic implant and the host skeleton determines the structural
integrity of an invasive prosthesis (Deering et al., 2021; Melo-
Fonseca et al., 2020). The mechanical fields produced at the
dynamic bone-implant interface critically influence primary
mechanical stability, localized strain-driven osseointegration
kinetics, and the long-term viability of the reconstruction
(Egamov & Isrofilov).
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6.1. Interface Load Transfer and the Mechanics of
Stress Shielding

The major structural bottleneck of orthopedic design is the
huge stiffness mismatch between industrial bulk metals and
native skeletal tissue (Gunashekar, Reddy, Penumakala, &
Narala, 2025; Najibi et al., 2026). Bulk titanium alloys and cobalt-
chromium configurations are noted for their high fracture
toughness and fatigue limits but have an elastic modulus that is
exponentially higher than that of living bone tissue (Al-Tamimi,
Peach, Fernandes, Cseke, & Bartolo, 2017; Gunashekar et al.,
2025). Living bone is a dynamic and mechanosensitive structure
that self-optimizes its mass and trabecular alignment based on
local strain deformations according to Wolff’s Law and Frost’s
Mechanostat Theory (Jafariandehkordi & Jafariandehkordi,
2021; Najibi et al., 2026). When load bypass forces local bone
strains to chronically drop into the disuse window (below 200 pe),
osteocyte mechanosensors signal upregulation of osteoclast
activity (Melo-Fonseca et al., 2020; Stanford & Brand, 1999).
This triggers progressive periprosthetic bone resorption and
osteopenia. Over-extended service lives, this loss of supporting
bone stock destroys the osseointegrated boundary seal, leading
directly to aseptic loosening, macro-instability, or catastrophic
periprosthetic fractures(Liverani et al., 2021; Najibi et al., 2026).

6.2. Cellular Metamaterials and Topology
Optimization

The modern implant design is highly dependent on Design
for Additive Manufacturing (DfAM) to integrate open, cellular
metamaterials directly into the implant core, thereby actively
mitigating the destructive load-bypass cascade. The engineers
systematically decrease the apparent bulk density by intentionally
introducing controlled porosity, thereby downscaling the
macroscopic effective lattice stiffness to precisely match the
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Young's modulus of native cortical and trabecular structures
according to Gibson-Ashby cellular mechanics (Gaur, Ghyar, &
Bhallamudi, 2022; Gunashekar et al., 2025). Modern lattice
shapes are usually classified in two major geometric families,
with very different regimes of structural deformations:

Strut-Based Truss Networks are constructed by periodic spatial
repetition of 1D beam members joined at discrete nodal
junctions. Under physiological cyclic compression, severe
localized stress concentrations develop at their sharp, discrete
nodes. Such nodal junctions are strong stress concentrators that
can significantly accelerate fatigue crack nucleation, thereby
greatly limiting the high-cycle fatigue limit (Emanuelli et al.,
2025). Octet-Truss designs are stretching-dominated structures
that transfer loads efficiently via direct axial strut deformation,
resulting in higher static strength but slightly lower overall fluid
permeability (Deering et al., 2021). Triply Periodic Minimal
Surface (TPMS) Structures divide space into non-intersecting,
intertwined, labyrinthine channels that smoothly partition it,
providing an exceptionally high surface-area-to-volume ratio
that accelerates early protein adsorption and cellular
vascularization (Gandhi et al., 2025; N. Wang et al., 2022). In
the view of solid mechanics, TPMS structures in sheet form do
not have any sharp nodal junctions (Kelly et al., 2019). The
continuously and smoothly sweeping surface curvatures evenly
distribute the stresses under complex multi-axial loading. The
unique topology actively defeats local notch effects, leading to
significantly enhanced compressive fatigue resistance and
substantially increased energy absorption capacity of the
construct (Emanuelli et al., 2025; Gandbhi et al., 2025).
Advanced implant engineering is shifting from monolithic,
uniform lattice infills to Functionally Graded Porous Structures
(FGPS) and multi-morphology hybrid platforms (Gandhi et al.,
2025; Zhang et al., 2024). This cutting-edge methodology
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enables the production of a dense outer shell that resembles
cortical bone wraps, encapsulating a highly compliant interior
that is perfectly aligned with the trabecular core, thereby
uniformizing physiological strain distributions throughout the
remaining host bone bed (Gandhi et al., 2025).
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Figure 2. Lattice Comparison
6.3. Biomechanical Evaluation Vectors

The computational solver, when successfully solved under
dynamic physiological boundary load cases such as cyclic multi-
axial compressive vectors, extreme bending moments, and
localized muscle reaction forces, presents three main evaluation
parameters. Von Mises Equivalent Stress uses a powerful scalar
criterion for rapid identification of localized yielding paths,
structural fatigue thresholds, and regions susceptible to
catastrophic ~ mechanical  failure or  extreme  stress
shielding(Ceddia et al., 2026; Jain et al., 2024). Interfacial
Micromotion, accurately measured at the un-bonded bone-
implant interface. In the early stage, the relative displacement
should strictly stay below the critical clinical threshold of 50-150
um. Exceeding this shear threshold at the boundaries leads to
irreparable fracturing of the developing mineralized matrix and
an abrupt default failure mode of the biological system governed
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by fibrous tissue encapsulation and subsequent aseptic loosening
(Ghosh, Chanda, & Chakraborty, 2022; Jain et al., 2024).

7. SURFACE ENGINEERING AND COATINGS

The physicochemical and topographical properties of the
surface interface strictly govern the long-term high-cycle fatigue
durability, biocorrosion resistance, and biological survivability of
invasive prosthetic devices. Immediately after surgical
implantation, the primary boundary layer that governs the early
cascade of blood-material interactions and protein adsorption
forms from the outermost atomic layers of the component (Puleo
& Nanci, 1999; Zheng, Fu, Du, Wang, & Yi, 2018). While
advanced AM techniques (e.g., Laser Powder Bed Fusion)
effectively produce optimized and patient-specific macro-
geometries and cellular lattices, the resulting *“as-built” surfaces
inevitably possess unacceptably high macro-roughness, extensive
arrays of partially melted satellite particles, and profound
microstructural heterogeneity (Kelly et al., 2019; Lerebours et al.,
2019; Liang et al., 2025). Multiscale surface engineering thus
offers a decoupled, bio-instructive design strategy that precisely
engineers interface-specific mechanical, tribocorrosive, and
biological boundary conditions beyond the intrinsic metallurgical
capacity of the bare structural alloy.

7.1. The Topographical Dilemma: Roughness
Mechanics vs. Fatigue Limits

The long-term fatigue durability, biocorrosion resistance,
and biological survivability of invasive prosthetic systems are
determined by the physicochemical and topographical
characteristics of surface interfaces. The outer atomic layers of
the component immediately after implantation form the main
boundary layer, which will dictate the first cascade of interactions
with blood and control the race for the surface between host cell
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integration and bacterial colonization. AM techniques can
fabricate optimized macro-geometries, but their as-built surfaces
inherently possess high macro-roughness, unmelted satellite
particles, and microstructural heterogeneity. Surface engineering
offers a decoupled design approach that tailors interface-specific
mechanical, tribological, and biological boundary conditions far
beyond the inherent capacity of the bare structural alloy.

Surface roughness is a highly non-linear control parameter
that governs biological secondary fixation and macroscopic
fatigue life in parallel. This indicates a severe, unavoidable
optimization trade-off in load-bearing implants. In biological
terms, surface microroughness is clinically essential (Gittens et
al., 2014; Wennerberg & Albrektsson, 2009). This highly
textured topography exponentially enhances the effective surface
area, modifies the surface free energy, and facilitates the selective
adsorption of adhesive proteins (such as fibronectin), which
subsequently leads to integrin-mediated osteoblast adhesion,
proliferation, and optimizes long-term bone-to-implant contact
(BIC) (Barberi & Spriano, 2021; Gittens et al., 2014).

Nevertheless, from the perspective of structural solid
mechanics, this highly irregular surface topography is highly
detrimental. The same peaks, deep valleys, and partially melted
powder particles that enable biological mechanical interlocking
are also severe local stress concentrators under multi-axial cyclic
physiological loading (Emanuelli et al., 2025; Liang et al., 2025).
These microscopic stress raisers, often referred to in the literature
as “killer defects,” increase the rate of fatigue crack nucleation at
the surface boundary by orders of magnitude. Therefore, the high-
cycle fatigue endurance limit of a “as-built” AM titanium
component (around 210 MPa) can be reduced by more than 50%
compared to a mechanically polished counterpart (around 500
MPa). This fundamental topographical dilemma, therefore,
requires that modern implant surfaces cannot be uniformly rough,
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but rather must be strictly hybrid, site-specific surface treatments
such as electropolishing in high-stress areas to restore fatigue life,
combined with bioactive nano-texturing at the direct bone-
interface to successfully balance the conflicting requirements of
mechanical fatigue survivability and rapid biological integration
(Chaghazardi & Withrich, 2022).

Subtractive engineering operations are employed to solve
this topographical problem. These operations modify the surface
texture and eliminate manufacturing-induced defects while
preserving the bulk mechanical envelope. Traditional grinding,
micro-blasting, and mechanical polishing lines physically abrade
as-built surface asperities and unmelted satellite particles, thereby
removing surface notches, eliminating crack initiation zones, and
shifting the high-cycle fatigue limit back toward the polished
alloy standard (Seifi et al., 2017). Mechanical options are
restricted by stringent line-of-sight requirements imposed by the
physical tool-to-part contact paths and are therefore ineffective in
the tortuous internal channels of additively manufactured porous
lattices or Triply Periodic Minimal Surface (TPMS) blocks. To
overcome these line-of-sight limitations, state-of-the-art
frameworks leverage electropolishing (EP) and chemical acid
etching. Electropolishing is a non-contact anodic electrochemical
dissolution process that removes partially fused powder particles
deep inside the porous cores while preserving the macro-scale
lattice profiles. EP removes structural surface defects and
strengthens the biocorrosion barrier by forming a dense, highly
homogeneous passive oxide layer (TiO2). Simultaneously,
sequential acid etching (HCI, H2SO4, or HF blends) destroys the
outer matrix grains to superimpose sub-micron nanostructures on
the roughened micro-profiles, to turn the interface into a super-
hydrophilic boundary layer that reduces the water contact angle
to zero degrees to accelerate early fibrin clot stabilization

35



Makine Miihendisligi Alaninda Akademik Tartismalar

If subtractive surface updates alone are insufficient to
achieve all biological and mechanical design goals, additive
surface engineering deposits distinct functional thin films by
Physical Vapor Deposition (PVD) or chemical synthesis. Bare
alloys with articulated configurations subjected to repetitive
kinetic motion are prone to rapid wear and passive-layer abrasion.
High-vacuum PVD-deposited Titanium Nitride (TiN) ceramic
coatings provide extreme surface hardness and a low coefficient
of friction to protect these tracking zones, thereby limiting sub-
micron debris tracking and blocking macrophage-mediated,
debris-induced osteolysis (Guglielmotti, Olmedo, & Cabrini,
2019). Diamond-Like Carbon (DLC) films comprise graphite-
like and diamond-like carbon networks and are chemically inert
and hemocompatible, preventing substrate ion leaching.
However, during deposition, hard coatings generate high internal
residual stresses, which make them susceptible to catastrophic
delamination under cyclic physiological shearing. Modern
concepts to preserve coating adhesion include ductile metallic
buffer zones (e.g., pure Ti interlayers) or carbon-matrix metal
doping to relieve boundary shear gradients.

Hard coatings are used to prevent friction, while
Hydroxyapatite (HA) and resorbable calcium phosphate (Ca-P)
coatings are used to directly recruit cells. Crystalline HA is
similar to the mineral phase of natural bone matrix and alters the
local surface energy to enhance early protein binding (fibronectin
and vitronectin) and osteoblast differentiation (Advincula et al.,
2007). The bioactive masking process promotes rapid contact
osteogenesis, which can increase bone-to-implant contact ratios
by up to 300% in the early phase of healing. The structural
standard is a uniform thin-film profile limited to 40 to 50 um to
avoid premature fatigue failure or delamination at the coating-
substrate boundary. Finally, to reduce the high risk of early- or
late-stage periprosthetic infection, modern functional layers
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incorporate active antimicrobial heavy metal ions, primarily
silver, copper, or zinc (Y. Liu et al., 2020). These systems possess
broad-spectrum bactericidal action by binding with bacterial thiol
groups to disrupt cell membranes, generating highly toxic
Reactive Oxygen Species (ROS) to halt microbial DNA
replication and fully block irreversible biofilm formation (Hasirci
& Hasirci, 2025). The modern state of the art in surface design
involves multifunctional hybrid platforms (e.g., silver-doped
hydroxyapatite or zinc-functionalized drug-eluting hydrogels)
that can  simultaneously  promote rapid secondary
osseointegration, prevent biocorrosion, and release localized
antimicrobials to ensure the long-term structural survivability of
the reconstruction.

8. FUTURE DIRECTIONS AND PARADIGM
SHIFTS

The multidisciplinary field of invasive prosthetic
rehabilitation is moving from the fabrication of passive structural
components to the design of intelligent, autonomous, and
mechanobiologically active hardware systems (Alex et al., 2025;
Maroti et al., 2024). While today’s skeleton-anchored
reconstructions can reliably attain primary and secondary
stability, long-term weaknesses such as high-cycle fatigue decay,
local stress shielding, sub-micron tribocorrosive wear, and
ascending bacterial biofilm colonization demand next-generation
solutions (Cheah, Azman, & Bajuri, 2022; Mathur, Phogat,
Jewariya, & Wan, 2025). Future development tracks focus on the
use of breakthroughs in microelectromechanical systems
(MEMYS), flexible bioelectronics (Demir & Gu, 2019; Maroti et
al., 2024), four-dimensional (4D) printing of stimuli-responsive
smart shape-memory alloys, and advanced additive 3D
bioprinting to produce prostheses with dynamic real-time
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interaction with the host physiological environment (Lele, 2018;
Maroti et al., 2024).

8.1. Sensorized Smart Systems and Predictive
Diagnostics

Next-generation invasive prostheses provide passive
structural scaffolds and function as active diagnostic platforms
via the seamless integration of in situ tribomechanical telemetry
and biochemical boundary sensing. The smart device is integrated
with miniaturized microelectromechanical systems (MEMS)
strain gauges, piezoelectric crystals, pressure sensors, and solid-
state accelerometers directly embedded within topology-
optimized lattice voids, which allows for continuous monitoring
of multi-axial load-transfer profiles, real-time stress distributions,
and dynamic boundary shear vectors throughout the daily gait
cycles (Maroti et al., 2024). The system can algorithmically
identify abnormal hysteresis trends or early-stage interfacial
micromotion exceeding the critical 50-150 pum threshold (Ghosh
et al., 2022), by analyzing these continuous kinematic datasets
using edge-based machine learning (ML) solvers and
computational intelligence frameworks (Gao, Fraulob, & Haiat,
2019b). Such unique predictive diagnostic capability enables
preemptive clinical weight-bearing adaptations long before
macroscale aseptic loosening or catastrophic structural fatigue
failure (Naghavi et al., 2023; Verma et al., 2024). At the same
time, this solid mechanics tracking is enhanced by functionalized
nanoscale biosensor arrays integrated at the wvulnerable
percutaneous stoma junction (Firkowska-Boden et al., 2018;
Maroti et al., 2024). These state-of-the-art sensors continuously
track early metabolic markers of failure in the local interstitial
fluid, precisely measuring localized drops in pH, rapid
temperature changes, and particular bacterial metabolites.
Additionally, the prosthesis is enabled to act as an active bio-
sentinel by wirelessly transmitting these diagnostic vectors
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through embedded telemetry modules and inductive wireless
power transfer networks, which can alert to acute peri-implantitis
or compromised osseointegration much before classical clinical
markers become evident (Ghomi, Khosravi, Neisiany, Singh, &
Ramakrishna, 2021).

9. CONCLUSION

Traditional socket-based devices are still widely
prescribed, but their inevitable biomechanical bottlenecks, such
as highly non-linear load transfer, compliance-induced
mechanical hysteresis, dermatological tissue degradation, and
lack of proprioceptive pathway control, have directly favored the
emergence of invasive options based on the fundamental
principles of osseointegration. Osseointegration is a multiphysics,
multiscale, mechanobiological process that involves initial
competitive protein adsorption kinetics governed by the Vroman
effect, integrin-mediated cell adhesion, afibrillar matrix
synthesis, and continuous strain-driven skeletal adaptation.
Therefore, the performance of skeleton-anchored prostheses
depends not only on macroscale geometric fit or bulk alloy
properties but also on the continuous, dynamic physical fields that
direct localized peri-implant bone remodeling. High-resolution
AM powder bed modalities such as LPBF and EBM enable one-
step fabrication of patient-specific configurations directly from
segmented medical imaging data. These generative tools enable
the strategic integration of advanced cellular metamaterials,
multiscale porous networks, and functionally graded materials
into metallic titanium frames, as well as macro-personalization.
These biomimetic layouts faithfully replicate the highly
anisotropic, heterogeneous mechanical responses of native
cortical shell layers and trabecular cores. This is why structural
computational biomechanics has become the key driver of
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optimization in modern implantology. The main engineering
compromise is to find the right balance between absolute
macroscopic fatigue durability and physiological, multi-axial
load-sharing across the bone bed. Cellular topologies of higher
order, namely sheet-like TPMS structures such as the Gyroid and
Schwarz Diamond, have been shown to be highly effective at
matching the effective elastic modulus of the host bone, according
to Gibson-Ashby scaling bounds. Stiffness is reduced in a
topology-driven fashion to eliminate the cascade of destructive
load bypass, preventing local stress shielding, bone stock
resorption, and late-stage aseptic loosening. Ultra-thin, hard
tribological barriers, such as Titanium Nitride (TiN) or Diamond-
Like Carbon (DLC) films, are effective for separating the
underlying metallic substrate from synergistic tribocorrosive
dissolution, and for strictly limiting abrasive third-body wear
tracking. At the same time, the load-bearing metallic core is
coated with bio-instructive bioceramics or antimicrobial, ion-
releasing hybrid matrices, which greatly accelerate contact
osteogenesis while effectively preventing the formation of
opportunistic  bacterial biofilms. Ultimately, the unique
convergence of computational solid mechanics, advanced
material processing, and digital health is fundamentally reshaping
the field of personalized (patient-specific) skeletal reconstruction.
Modern invasive prostheses can no longer be considered passive,
bio-inert space fillers. They are, instead, fully integrated bio-
instructive engineering platforms that seamlessly integrate multi-
axial structural support, long-term biological integration, and full
physiological function.
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KiRiS VE PLAKA YAPILARININ AGSIZ
YONTEMLERLE MEKANIK ANALIZi!

Yakup Hakan AYDIN?
Muhsin Gokhan GUNAY?

1. GIRIS

Kiris, ¢ubuk, plaka ve kabuk tiirli tasiyic1 elemanlar;
makine miihendisligi, insaat miihendisligi, havacilik yapilari,
enerji sistemleri ve kompozit yapir tasarimlart gibi ¢cok sayida
mithendislik alaninda temel modelleme bilesenleri olarak
kullanilmaktadir. Bu tiir yap1 elemanlarinin yer degistirme,
gerilme, sekil degistirme, egilme, burkulma ve hasar
davraniglarinin dogru bi¢imde belirlenmesi, giivenli ve ekonomik
tasarim acisindan kritik Oneme sahiptir. Geleneksel analitik
¢Oziimler, cogunlukla basit geometri, ideal sinir sart1 ve diizenli
ylikleme kabulleri altinda gegerli oldugundan, uygulamada
karsilasilan karmasik problemler i¢in sayisal ¢oziim yontemlerine
ihtiyag duyulmaktadir (Timoshenko & Goodier, 1970; Reddy,
2002; Zienkiewicz, Taylor, & Zhu, 2013).

Sonlu Elemanlar Yodntemi (Finite Element Method,
FEM), uzun yillardir miihendislik problemlerinin sayisal
¢Oziimiinde en yaygin kullanilan yontemlerden biridir. FEM,
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¢ozlim bolgesini elemanlara aywrarak karmasik geometrilerin,
farkli malzeme Ozelliklerinin ve degisik smir kosullarinin
modellenmesine olanak tanir. Bununla birlikte yontemin basarisi,
olusturulan ag yapismin kalitesine ve eleman topolojisinin
problem geometrisi ile uyumuna baglhidir. Biiyiik deformasyon,
catlak ilerlemesi, hareketli sinir, siireksizlik veya yogun yerel
gradyan igeren problemlerde yeniden ag olusturma gereksinimi
ortaya ¢ikmakta; bu durum hem hesaplama maliyetini artirmakta
hem de ¢OzUm slrecini karmasiklastirmaktadir (Bathe, 1996;
Cook, Malkus, Plesha, & Witt, 2002; Moés, Dolbow, &
Belytschko, 1999).

Bu sinirlamalar, ag bagimlilig1 daha diistik olan alternatif
sayisal yaklasimlarin gelistirilmesini tegvik etmistir. Agsiz
yontemler, ¢0ziim alanim1 Onceden tanimlanmis eleman
baglantilar1 ile temsil etmek yerine, dagimik digiim noktalari
tizerinden yaklagik alan fonksiyonlar1 kurar. Bu yaklagim,
Ozellikle blyltk deformasyon, sureksizlik ve geometri/topoloji
degisimi iceren problemlerde esnek bir modelleme zemini
sunmaktadir. Agsiz yontemler arasinda Eleman Bagimsiz
Galerkin (Element-Free Galerkin, EFG) yontemi, Hareketli En
Kiiciik Kareler (Moving Least Squares, MLS) yaklasimi ile
yiiksek siireklilige sahip sekil fonksiyonlar1 olusturmasi
bakimindan dikkat ¢ekmektedir (Belytschko, Lu, & Gu, 1994;
Liu, 2009; Nguyen, Rabczuk, Bordas, & Duflot, 2008).

Bu kitap boliminde, yuksek lisans tezinde yduritilen
calismanin kapsami kitap boliimii formatina indirgenerek
sunulmustur. Caligmanin temel amaci, EFG-MLS yaklagiminin
kiris ve plaka benzeri temel yapt problemlerinde
uygulanabilirligini degerlendirmek; Gauss integrasyonu, diigiim
yogunlugu, MLS baz derecesi ve sinir sarti uygulama
yontemlerinin ¢dziim dogrulugu iizerindeki etkilerini akademik
bir cergevede tartismaktir. Bu kapsamda Euler-Bernoulli ve
Timoshenko kiris problemleri ile iki boyutlu Plaka/Poisson tipi
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problem, agsiz ¢0ziim yaklagimmin temsil giiclinii gdstermek
amaciyla birlikte ele alinmistir.

2. AGSIZ YONTEMLER VE EFG-MLS
YAKLASIMI

2.1. Ags1iz Yontemlerin Temel Yaklagimi

Agsiz yontemlerin ayirt edici ozelligi, ¢oziim alaninin
eleman baglantilaria bagl bir ag yapis1 yerine diigiim noktalar1
ve bu diiglimlerin etki alanlari kullanilarak temsil edilmesidir. Bu
yoniiyle agsiz yontemlerde geometrik model ile sayisal yaklasik
alan arasinda daha esnek bir iliski kurulabilmektedir. Ozellikle
¢Oziim alanmnin zamanla degistigi, catlak veya malzeme
stireksizligi gibi yerel olaylarin gelistigi problemlerde, eleman
aginin bozulmasi veya yeniden olusturulmasi 6nemli bir sorun
olmaktan ¢ikabilmektedir (Li & Liu, 2002; Nayroles, Touzot, &

Villon, 1992).

EFG yontemi, agsiz yontemler icinde Galerkin zayif
formiilasyonunu ve MLS tabanli yaklasim fonksiyonlarini
birlikte kullanan gii¢lii bir yontemdir. Yontemde diigiim
noktalari, yaklagik alanin olusturulmasi i¢in kullanilir; ancak bu
digiimlerin FEM’deki gibi eleman topolojisiyle birbirine
baglanmasi zorunlu degildir. Bu nedenle EFG yontemi, yiiksek
stireklilik gerektiren egilme problemleri, plaka problemleri ve
kirlma mekanigi uygulamalar1 i¢in Onemli avantajlar
saglamaktadir (Belytschko et al., 1994; Krysl & Belytschko,
1995; Belytschko, Krongauz, Organ, Fleming, & Krysl, 1996).

Bununla birlikte agsiz yontemlerin tamamen agdan
bagimsiz olmadig1 da belirtilmelidir. EFG gibi Galerkin tabanli
yontemlerde sayisal integrasyon i¢in ¢ogunlukla arka plan
hiicreleri  kullanilmaktadir. Bu hiicreler, ¢o6ziim alanmin
integrasyon bdlgelerine ayrilmasini saglar; ancak FEM’deki
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elemanlar gibi alan  degiskenlerinin  interpolasyonunu
tanimlamaz. Dolayisiyla EFG yonteminde baglantisiz digiim
yapisi ile arka plan integrasyon hiicreleri farkl islevlere sahiptir.

EFG-MLS yaklasiminda izlenen temel sayisal ¢oziim
siireci, digim dagiliminin olusturulmasindan sonuglarin
degerlendirilmesine kadar ardisik hesaplama adimlarindan
olugmaktadir. Bu siirecin genel akis1 Sekil 1°de verilmistir.

EFG-MLS sayisal ¢ozim sdreci

DOGhm dageima Arka plan hiicreleri MLS gekil fonksiyonlan
ve problem aland we Gauss noktalan we tirevieri

Sinir gartlai
Lagrange ( penalty Wik vekuard

Lineer sistem n Rijitlik matrisi ve
chzimi

Deplasman, gerilme
ve hata dederlendirmesi

Sekil 1. EFG-MLS yontemine dayah sayisal ¢6ziim algoritmasimin
genel akasi.

Kaynak: Yazarlar tarafindan hazirlanmistir.
2.2. Hareketli En Kiiciik Kareler Yaklasim

EFG yonteminin temel bileseni olan MLS yaklasimi, bir
¢Oziim noktasindaki alan degiskenini, bu noktaya komsu
diigiimlerin katkilariyla ve agirlik fonksiyonlarinin etkisi altinda
yaklasik olarak ifade eder. MLS yaklagimi klasik interpolasyon
yerine yaklasik bir temsil olusturur. Bu nedenle elde edilen sekil
fonksiyonlar1 genel olarak Kronecker delta 6zelligini saglamaz;
yani bir diigiimdeki yaklasik alan degeri dogrudan o diiglime ait
bilinmeyene esit olmayabilir (Lancaster & Salkauskas, 1981; Liu
& Gu, 2005).

Bir boyutlu bir alan degiskeni i¢in MLS yaklasimi genel
olarak asagidaki bi¢cimde ifade edilebilir:
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w0 =" @ae() = ) e w

Burada u"(x) yaklasik alani, p(x)polinom baz
vektorind, a(x) konuma baglh katsay1 vektoriini, ¢;(x) ise MLS
sekil fonksiyonlarim1 gostermektedir. Katsayr vektori, ¢oziim
noktasina komsu diigiimlerin katkisini1 agirliklandiran en kiigiik
kareler fonksiyonelinin minimize edilmesiyle elde edilir. Agirlik
fonksiyonunun destek bolgesi, hangi diigiimlerin ilgili ¢oziim
noktasinda etkili olacagini belirler. Bu nedenle destek bolgesi
biiyiikliigii, MLS baz derecesi ve diigiim dagilimi yontemin
dogrulugunu dogrudan etkileyen parametrelerdir.

MLS sekil fonksiyonlarmin diizgiin ve siirekli yapisi,
deplasman alaninin yani sira tiirev tabanl biiyiikliiklerin de daha
kararli bicimde hesaplanmasina katki saglar. Bu durum, Euler-
Bernoulli kirig teorisinde egrilik hesabi, Timoshenko Kkiris
teorisinde donme ve kayma sekil degistirmesi hesab1 ve plaka
problemlerinde alan gradyanlarinin degerlendirilmesi acgisindan
onemlidir.

2.3. Smir Sartlarimmin Uygulanmasi

MLS tabanli EFG yaklasiminda esas sinir kosullarinin
uygulanmasi, yontemin en kritik sayisal konularindan biridir.
FEM’de diigiim bilinmeyenleri dogrudan fiziksel alan degerlerine
karsilik geldigi i¢in zorunlu sinir kosullar1 cogunlukla dogrudan
atanabilir. Buna karsiik MLS sekil fonksiyonlarinin Kronecker
delta 6zelligine sahip olmamasi nedeniyle EFG ydnteminde bu
kosullar dogrudan uygulanamaz. Bu nedenle Lagrange carpanlari
yontemi, penalty yontemi, Nitsche tipi yaklasimlar ve FEM-EFG
eslestirme stratejileri gibi farklt teknikler gelistirilmigtir
(Krongauz & Belytschko, 1996; Fernandez-Méndez & Huerta,
2004; Nguyen et al., 2008).

Lagrange carpanlart yoOntemi, smir kosullarmi ek
bilinmeyenler araciligiyla sistem denklemlerine dahil eder. Bu
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yaklagim simnir kosullarinin giiclii bicimde saglanmasina olanak
tanir; ancak sistem matrisinin boyutunu artirir ve eyer noktasi
tipinde denklem sistemi olusturabilir. Penalty yontemi ise sinir
kosullarin1 biiyiik bir ceza katsayisi ile yaklagik olarak uygular.
Uygulamas1 daha basit olmakla birlikte, penalty katsayisinin
se¢cimi ¢Oziim dogrulugu ve matris kosullanmasi bakimindan
belirleyicidir (Zhu & Atluri, 1998; Liu, 2009).

[k ¢"llul =[Fl, K,-K + aC'C

Yukaridaki sematik gosterimde K rijitlik matrisini, G
kisitlama matrisini, u bilinmeyen alan vektoriini, F yiik
vektoriinii, a penalty katsayisini ve C sinir kisit matrisini temsil
etmektedir. Lagrange yaklagimi sinir kosullarini daha kesin
bicimde saglarken, penalty yaklasimi uygun katsay1 sec¢ildiginde
daha diisiik uygulama karmasiklig1 sunabilir.

3. KiRiIS VE PLAKA PROBLEMLERININ
SAYISAL MODELLEMESI

3.1. Euler-Bernoulli Kiris Modeli

Euler-Bernoulli kiris teorisi, ince ve narin Kkirislerin
egilme davraniginin modellenmesinde yaygin olarak kullanilan
klasik bir teoridir. Bu teoride diizlem kesitlerin deformasyon
sonrasinda diizlem kaldig1 ve kiris eksenine dikligini korudugu
kabul edilir. Bu nedenle kayma deformasyonlari ihmal edilir ve
egilme davranigi esas olarak diisey deplasman alaninin ikinci
tiireviyle iliskilendirilir. Teori, ince kirisler i¢in yiliksek dogruluk
saglamakla birlikte, kalin kirislerde veya kayma etkilerinin
onemli oldugu durumlarda yetersiz kalabilir (Timoshenko &
Goodier, 1970; Reddy, 2006).

EFG-MLS yaklasim1 acisindan Euler-Bernoulli kiris
problemi, yuksek mertebeden tirevlerin guvenilir bigimde
hesaplanmasini  gerektirdigi igin uygun bir dogrulama
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problemidir. MLS sekil fonksiyonlarmin siireklilik 6zelligi,
egrilik ve buna bagh egilme momenti gibi biiyiikliiklerin
hesaplanmasinda avantaj saglar. Calismada diiz, degisken kesitli,
egrisel ve egrisel-degisken kesitli Euler-Bernoulli kiris modelleri
ayrt ayri degerlendirilerek geometrik degisimin yOntem
tizerindeki etkisi incelenmistir.

3.2. Timoshenko Kiris Modeli

Timoshenko kiris teorisi, Euler-Bernoulli teorisinden
farkli olarak kesit donmesini ve kayma deformasyonlarini
bagimsiz alan degiskenleri olarak dikkate alir. Bu ozellik,
ozellikle kalin kiriglerde veya kisa aciklikli yap1 elemanlarinda
daha gercekgi sonuglar elde edilmesini saglar. Timoshenko Kkiris
modelinde diisey deplasman, kesit donmesi ve kayma sekil
degistirmesi arasindaki iliski, yontemin tiirev alanlarini ne dlgiide
dogru temsil ettigini degerlendirmek acisindan Snemlidir
(Timoshenko, 1921; Cowper, 1966).

EFG-MLS c¢o6ziimiinde Timoshenko kirisler i¢in hem
deplasman hem de donme alanlan yaklasik olarak temsil edilir.
Bu durum, sistemin serbestlik derecesi yapisini Euler-Bernoulli
modeline gore daha kapsamli hale getirir. Ayrica kayma sekil
degistirmesi alaninin dogru hesaplanmasi, smir sartt uygulama
yontemlerinin karsilastirilmasi agisindan belirleyici bir 6lgiit
sunar. Tezden tiiretilen degerlendirmelerde Lagrange carpanlari
yonteminin, 6zellikle kayma sekil degistirmesi alaninda penalty
yaklagimina gore daha tutarli sonuglar tiretebildigi goriilmiistiir.

3.3. Plaka/Poisson Tipi iki Boyutlu Model

Plaka problemleri, iki boyutlu ¢6ziim alaninda tanimlanan
alan degiskenlerinin ve bunlarin tiirevlerinin degerlendirilmesini
gerektirdigi icin agsiz yoOntemlerin ¢ok boyutlu temsil
kabiliyetinin incelenmesine olanak tanir. Bu calismada plaka
davranigini temsil eden iki boyutlu Poisson tipi dogrulama
problemi, EFG-MLS yaklasimmin iki boyutlu alan
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problemlerindeki uygulanabilirligini degerlendirmek amaciyla
kullanilmustir.

Poisson tipi model, analitik ¢oziimle karsilastirmaya
elverisli olmasi nedeniyle hata metriklerinin agik bicimde
hesaplanmasina izin verir. Bu baglamda orta kesit ve diyagonal
kesit boyunca sayisal-analitik karsilagtirmalar yapilabilir; ayrica
mutlak hata dagilimi ve kontiir temsilleri yardimiyla Lagrange ve
penalty  yaklagimlarmin  alan  genelindeki  davranisi
degerlendirilebilir. Bu tiir iki boyutlu dogrulama problemleri,
EFG yonteminin yalnizca kiris gibi  bir boyutlu yap1
elemanlarinda degil, alan problemlerinde de uygulanabilir
oldugunu gostermesi bakimindan 6nemlidir (Krysl & Belytschko,
1995; Peng, Kitipornchai, & Liew, 2005).

Calismada ele alnan kiris ve plaka problem gruplar,
geometri, sinir kosulu ve yiikleme bi¢imi acisindan farklilik
gostermektedir. Bu model gruplarinin sematik gdsterimi Sekil
2’de verilmistir.

Kiris ve plaka problemleri icin model gruplan

IR | ﬂ o -
ﬁ T L e

() Efrisel-degigken kesith kirky (6] PlaiarPoisson alan: o) Semar ve yilk simgeser

Sekil 2. Kiris ve plaka problemleri icin ele alinan temel model
gruplari.

Kaynak: Aydin (2026)’dan uyarlanmistir.
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Cizelge 1. Cahsmada degerlendirilen problem tiirleri ve sayisal

amaglar

Problem grubu Model kapsami Degerlendirme amaci

Eksenel yikleme ve EFG-MLS yaklasiminin
1B cubuk 4 - .

. temel dogrulama temel alan degiskeni

problemi S -

kosullari dogrulugunu incelemek
Euler-Bernoulli Qu;, deglsken k.e51t11, Egllme"hakl.nl(?ayramsta
Kiri egrisel ve birlesik MLS siirekliligini
irig . - .

geometri degerlendirmek

Deplasman, dénme ve Kayma etkileri ve sinir
Timoshenko kiris | kayma sekil degistirmesi | sart1 uygulama

alanlan duyarliligini incelemek
. iki boyutlu alan EFG-MLS yaklagiminin
PIaka/Po_lsson problemi ve analitik iki boyutlu dogrulugunu
problemi - - .
¢Oziim karsilastirmasi degerlendirmek

4. GAUSS INTEGRASYONU VE HESAPLAMA
STRATEJIiSI

4.1. Zayif Formiilasyon ve Arka Plan Hiicreleri

EFG yontemi Galerkin temelli bir zayif formiilasyon
kullandig1 i¢in rijitlik matrisi ve yiik vektorii integrallerinin
sayisal olarak hesaplanmasi gerekir. Bu amagla ¢6ziim alani, arka
plan hiicreleri adi1 verilen integrasyon bdlgelerine ayrilir. Bu
hlcreler, FEM’deki elemanlardan farkli olarak alan degiskeninin
interpolasyonunu tanimlamaz; yalnizca sayisal integrasyonun
diizenli bigimde yapilmasini saglar.

Gauss integrasyonu, her arka plan hicresi icinde belirli
sayida integrasyon noktast kullanilarak alan integrallerinin
yaklasik hesaplanmasma dayanir. Integrasyon noktasi sayismin
az sec¢ilmesi, 6zellikle yiiksek gradyanl bolgelerde rijitlik ve yiik
terimlerinin yetersiz temsil edilmesine neden olabilir. Buna
karsilik ¢ok yiiksek Gauss noktasi sayisi, hesaplama siiresini
artirarak pratik uygulamalarda verimlilik kaybina yol agabilir. Bu
nedenle diigiim yogunlugu ile Gauss noktasi sayisi arasinda
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dengeli bir se¢im yapilmasi gerekir (Beissel & Belytschko, 1996;
Liu & Gu, 2005).

4.2. Parametrik inceleme Mantig

Agsiz  yontemlerde ¢oziim  dogrulugu  yalnizca
matematiksel formiilasyona degil, ayni zamanda sayisal
parametrelerin se¢imine de baglhdir. Diigiim sayisi, destek bolgesi
katsayisi, MLS baz derecesi, agirlik fonksiyonu tipi ve Gauss
integrasyon noktast sayist bu parametreler arasinda yer
almaktadir. Bu parametrelerin her biri ¢6ziim dogrulugu, matris
kosullanmas1 ve hesaplama maliyeti iizerinde farkli etkiler
olusturabilir.

Diiglim sayisinin artirilmasi genel olarak alan temsilini
tyilestirir; ancak bilinmeyen sayisini ve buna bagl olarak ¢6ziim
stiresini yiikseltir. Gauss noktasi sayisinin artirilmasi integrasyon
dogrulugunu artirabilir; ancak 6zellikle iki boyutlu problemlerde
hesaplama yukulnu belirgin bigimde buydtebilir. MLS polinom
derecesinin yiikseltilmesi daha esnek bir yaklagik alan
saglayabilir; buna karsilik destek bolgesinde yeterli diigiim
bulunmamasi durumunda moment matrisinin tekillesmesi veya
kotii kosullanmast gibi problemler ortaya ¢ikabilir.

Bu nedenle EFG-MLS uygulamalarinda en iyi sonug,
genellikle tek bir parametrenin en biiyiikk se¢ilmesiyle degil,
diigim dagilimi, destek bolgesi, baz derecesi ve integrasyon
diizeninin birlikte dengelenmesiyle elde edilir. Bu yaklasim, agsiz
yontemlerin pratik miihendislik problemlerine uygulanmasinda
onemli bir tasarim O6lgiitii olarak degerlendirilmelidir.
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Cizelge 2. EFG-MLS ¢oziimiinde temel sayisal parametrelerin

etkileri

Parametre

Artirlldiginda
beklenen etki

Dikkat edilmesi gereken
durum

Diiglim sayis1

Alan temsil dogrulugu
artar

Cozlim siresi ve bellek
kullanimt yiikselir

Destek bdolgesi

Daha fazla diigiim
katkis1 saglanir

Asir genis destek yerel
davranisi zayiflatabilir

MLS baz
derecesi

Yaklasim esnekligi artar

Yetersiz diigiimde
moment matrisi kot
kosullanabilir

Gauss noktasi
sayisi

Integrasyon hatasi azalir

Hesaplama maliyeti artar

Penalty katsayisi

Sinir kosulu ihlali
azalabilir

Cok biiytik degerler kotii
kosullanmaya yol agabilir

4.3. Python Tabanh Uygulama Cerc¢evesi

Calismanin sayisal uygulama kismu Python tabanli bir
¢Oziim cercevesi ile gergeklestirilebilir. Python ortaminda
NumPy matris islemleri, SciPy seyrek matris ve ¢6zim rutinleri,
Matplotlib ise sonuglarin gorsellestirilmesi i¢in uygun araglar
sunmaktadir (Harris et al., 2020; Hunter, 2007; Virtanen et al.,
2020). Modiiler bir EFG uygulamasinda, MLS sekil
fonksiyonlarinin hesaplanmasi, destek bolgelerinin belirlenmesi,
Gauss noktalarinda tiirevlerin degerlendirilmesi, global rijitlik
matrisinin kurulmasi ve smir sartlarinin uygulanmasi ayri alt
moduller halinde diizenlenebilir.

Genel hesaplama akisi; diigiim ve arka plan hiicrelerinin
olusturulmasi, Gauss noktalarinda MLS sekil fonksiyonlarinin ve
tiirevlerinin hesaplanmasi, zayif formdan global sistem matrisinin
kurulmasi, siir kosullarinin Lagrange veya penalty yontemiyle
uygulanmasi, lineer
deplasman/gerilme alanlarinin ~ gorsellestirilmesi  bi¢ciminde
Ozetlenebilir. Bu yapi, farkli problem tipleri i¢in ayni ¢ekirdek
EFG-MLS algoritmasinin kullanilmasina olanak tanir.

sistemin ¢Oziilmesi ve son olarak
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5. BULGULARIN DEGERLENDIRILMESI

5.1. Bir Boyutlu Problemler ve Euler-Bernoulli
Kirisler

Bir boyutlu cubuk problemi, EFG-MLS yaklagiminimn
temel dogrulama adimi olarak degerlendirilebilir. Bu problemde
analitik ¢ozlimle karsilastirma yapmak nispeten kolaydir ve elde
edilen sonuglar, MLS sekil fonksiyonlarinin alan degiskenini
temsil etme kabiliyeti hakkinda dogrudan bilgi verir. Digim
sayisinin artirilmasi ve uygun destek bolgesi se¢imi ile deplasman
hatalarinin azaldig1 gozlenmektedir. Bununla birlikte yiiksek
MLS baz derecesi tek basina her zaman daha iyi sonu¢ anlamina
gelmez; baz derecesi ile destek bolgesindeki aktif diigiim sayisi
birlikte degerlendirilmelidir.

Euler-Bernoulli kiris problemlerinde egilme davranisi,
diisey deplasman alanmin yiiksek mertebeden tiirevleriyle
iliskilidir. MLS yaklasgiminin siirekli sekil fonksiyonlar1 bu
acidan onemli bir avantaj saglamaktadir. Diiz kirislerde analitik
¢oziime yakin sonuglar elde edilebilirken, degisken kesitli ve
egrisel kirislerde ¢oziim dogrulugu geometri tanimi, digim
dagilim1 ve integrasyon kalitesine daha duyarli hale gelmektedir.
Bu durum, agsiz yontemlerin esnek geometri temsilinin gii¢lii bir
yon oldugunu; ancak parametre se¢iminin rastgele yapilmamasi
gerektigini gostermektedir.

Lagrange ve penalty yontemleri Euler-Bernoulli kiriglerde
genel olarak basarili sonuglar iiretebilmektedir. Ancak penalty
yonteminde ceza katsayisinin uygun secilmesi gerekmektedir.
Cok diisiik penalty katsayisi sinir sart1 ihlalini artirirken, c¢ok
yiksek penalty katsayisi sistem matrisinin kotii kosullanmasina
neden olabilir. Lagrange ¢arpanlar1 yontemi ise sinir kosullarini
daha kontrollii bi¢gimde saglamakta, fakat sistem boyutunu
artirmaktadir.
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5.2. Timoshenko Kirislerde Kayma Etkisi

Timoshenko kiris problemleri, EFG-MLS yaklasiminin
yalnizca deplasman alanmi degil, donme ve kayma sekil
degistirmesi gibi ek alan degiskenlerini de temsil etme basarisini
degerlendirmek i¢cin daha zorlayici bir test alani sunmaktadir.
Kayma deformasyonunun hesaba katilmasi, Ozellikle kalin
kiriglerde fiziksel davranigin daha dogru temsil edilmesini saglar.
Ancak bu durum sayisal formiilasyonda kayma alaninin hassas
bicimde hesaplanmasini gerektirir.

Elde edilen bulgular genel olarak, Lagrange carpanlar
yonteminin Timoshenko kirislerde 0Ozellikle kayma sekil
degistirmesi  alaninda daha tutarli sonuglar  verdigini
gostermektedir.  Penalty yontemi  deplasman  degerleri
bakimindan basarili sonuglar iiretebilse de, kayma alan1 gibi tiirev
tabanli bliytikliikklerde parametre duyarliligi daha belirgin hale
gelebilmektedir. Bu nedenle Timoshenko kirislerde siir kosulu
uygulama yontemi secilirken yalnizca deplasman hatasi degil,
donme ve kayma sekil degistirmesi dagilimlar1 da
degerlendirilmelidir.

Egrisel ve degisken kesitli Timoshenko kiriglerde
geometri tanimi1 daha karmasik oldugu i¢in diigiim dagilimi ve
integrasyon dizeni daha kritik hale gelmektedir. Bu tlr
problemlerde destek bolgesinin ¢cok dar secilmesi alan temsilini
zayiflatabilirken, ¢ok genis secilmesi yerel geometri etkilerini
yumusatabilir. Dolayisiyla egrisel kiris uygulamalarinda
parametrik duyarlilik analizi yapilmasi, ¢oziim giivenilirligi
acisindan gereklidir.

5.3. Plaka/Poisson Probleminde iki  Boyutlu
Dogrulama

Iki boyutlu Plaka/Poisson problemi, EFG-MLS
yaklagiminin alan problemlerindeki basarisint degerlendirmek
icin kullanighh bir dogrulama ornegidir. Analitik ¢dzlimle
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karsilagtirma yapilabilmesi, hem global hata metriklerinin hem de
yerel hata dagilimlariin incelenmesine olanak tanir. Orta kesit ve
diyagonal kesit karsilastirmalari, sayisal ¢6zlimiin alan boyunca
tutarlt davranip davranmadigini gosterirken; kontiir haritalar1 hata
dagiliminin mekéansal karakterini ortaya koyar.

Bu problem siifinda penalty yontemi bazi hata metrikleri
bakimindan hafif {stiinlik gosterebilir; ancak Lagrange
yaklasimi daha iyi kosullanmis bir lineer sistem saglayabilir. Bu
sonug, siir sartt uygulama yoOntemlerinin basarisinin yalnizca
maksimum hata degerine gore degil, sistem kararliligi,
kosullanma, uygulanabilirlik ve hesaplama maliyeti gibi
oOlciitlerle birlikte degerlendirilmesi gerektigini gdstermektedir.

Lagrange carpanlar1 yontemi ile penalty yonteminin genel
ozellikleri, sinir kosulu uygulama bi¢cimi ve sayisal kararlilik
acisindan Cizelge 3’te 6zetlenmistir.

Cizelge 3. Lagrange ¢arpanlari ve penalty yontemlerinin genel

karsilastirmasi
Olciit Lagrange ¢arpanlari yontemi Penalty yontemi
Kisitlar ek bilinmeyenler Kisitlar biiytik bir ceza
Sinir sarti - . . .
uygulama aracilifiyla sistem denklemlerine | katsayisi ile yaklasik olarak
dogrudan dahil edilir. uygulanir.

Ozellikle Timoshenko kirislerde
Dogruluk ve | kayma alani gibi hassas
tutarlilik biiyiikliiklerde daha tutarli
sonuclar verebilir.

Sistem boyutu artmasia ragmen | Cok biiyiik katsay1 kullanimi
kosullanma agisindan daha rijitlik matrisinde kotu
dengeli davranis gosterebilir. kosullanmaya neden olabilir.
Matris boyutu genellikle
korunur; ancak katsay1 segimi
icin deneme gerekebilir.

Sinir sart1 hassasiyeti ve tiirevsel | Hizli uygulama gereken ve
alan degiskenleri 6nemliyse uygun katsay1 segilebilen
tercih edilebilir. problemlerde kullanilabilir.

Bazi hata metriklerinde diisiik
hata Uretse de sonugclar segilen
penalty katsayisina duyarlidir.

Sayisal
kararlilik

Hesaplama Ek bilinmeyenler nedeniyle
maliyeti denklem sistemi baydar.

Kullanim
onerisi

Plaka/Poisson dogrulama probleminde analitik ¢6ziim ile
Lagrange ve penalty yontemleriyle elde edilen EFG-MLS
¢Oziimleri arasindaki uyum, kontiir haritalari tizerinden Sekil 3’te
gosterilmisgtir.
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Sekil 3. Plaka/Poisson probleminde analitik ¢éziim ile EFG-MLS
Lagrange ve penalty ¢oziimlerinin kontiir karsilastirmasi.

Kaynak: Aydin (2026)’dan uyarlanmistir.

Plaka/Poisson dogrulamasi, EFG-MLS ydnteminin
yalnizca kiris gibi ¢izgisel yap1 elemanlarinda degil, iki boyutlu
muhendislik alan problemlerinde de gtvenilir bir ¢dzim
yaklasimi olarak kullanilabilecegine isaret etmektedir. Bununla
birlikte iki boyutlu problemlerde diigiim sayis1 ve Gauss noktasi
sayist arttikga hesaplama maliyeti daha hizli yiikseldiginden,
pratik uygulamalarda dogruluk-maliyet dengesinin korunmasi
onemlidir.

5.4. Genel Degerlendirme

Calisma kapsamindaki sonuglar birlikte
degerlendirildiginde, EFG-MLS yaklasimmin farkli geometri,
kesit ve sinir kogulu durumlari altinda basarili ve tutarli sonuglar
iretebildigi goriilmektedir. Yontemin temel giicli, eleman
baglantisina gerek duymadan yiiksek siireklilikli yaklasik alanlar
olusturabilmesidir. Bu 06zellik, o6zellikle egilme hakim yap1
elemanlarinda ve tiirev tabanhi biiyiikliiklerin 6nemli oldugu
problemlerde belirgin avantaj saglamaktadir.

Buna karsilik EFG-MLS yonteminin dogrulugu, sayisal
parametre se¢imlerine duyarlidir. Bu durum bir zayiflik olarak
degil, yontemin dikkatli tasarlanmas1 gereken bir 6zelligi olarak
gorlilmelidir. Diigiim yogunlugu, destek bdlgesi, MLS baz
derecesi ve Gauss integrasyonu, problem turiine gore birlikte
optimize edilmelidir. Ayrica smir kosullarinin uygulanmasinda
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Lagrange ve penalty yontemlerinin avantajlar1 ve sinirliliklar:
problem bazinda degerlendirilmelidir.

Genel olarak Lagrange carpanlari yontemi, sinir kosulu
uygulama hassasiyeti ve hata kararlilig1 bakimmdan giivenilir bir
secenek olarak One cikmaktadir. Penalty yOntemi ise uygun
parametre se¢imiyle basarili sonuglar verebilmekte, fakat ceza
katsayisina ve matris kosullanmasina duyarli olmasi nedeniyle
dikkatli kullanilmalidir. Bu bulgular, EFG-MLS yaklagiminin
kiris ve plaka benzeri miihendislik problemlerinde giiglii bir
alternatif sayisal ¢oziim yontemi olarak degerlendirilebilecegini
ortaya koymaktadir.

6. SONUC

Bu kitap boliimiinde, kiris ve plaka yapilarmin agsiz
yontemlerle  mekanik  analizi  kapsaminda  EFG-MLS
yaklagiminin temel kuramsal yapisi, sayisal uygulama asamalar1
ve dogruluk davranis1 degerlendirilmistir. Caligsma, yiiksek lisans
tezinden tiiretilmis olup ¢ubuk, Euler-Bernoulli Kiris,
Timoshenko kiris ve iki boyutlu Plaka/Poisson tipi problemlerden
elde edilen bulgular kitap boliimii formatinda biitiinciil bigimde
Ozetlenmistir.

Elde edilen genel degerlendirmeler, EFG-MLS
yonteminin uygun diigiim dagilimi, destek bolgesi, baz derecesi
ve Gauss integrasyonu secildiginde hem bir boyutlu hem de iki
boyutlu problemler i¢in giivenilir sonuglar iiretebildigini
gostermektedir. MLS sekil fonksiyonlarmin siireklilik 6zelligi,
ozellikle egilme problemleri ve tiirev tabanli biiyiikliiklerin
hesaplanmas1 agisindan Onemli bir avantaj saglamaktadir.
Bununla birlikte yontemin performansi, sayisal parametrelerin
problem tiriine uygun bigcimde secilmesine baghdir.
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Smir kosullarmm uygulanmas1 agisindan Lagrange
carpanlar1 yontemi genel olarak daha kararli ve tutarli bir
yaklasim olarak one ¢ikarken, penalty yontemi uygun ceza
katsayist secildiginde pratik ve etkili bir alternatif sunmaktadir.
Bu nedenle agsiz yontemlerin miihendislik uygulamalarinda
kullanilmasinda tek bir evrensel parametre seti yerine, problem
tiirline ve incelenen alan degiskenine gore uyarlanmis bir ¢éziim
stratejisi benimsenmelidir.

Gelecek calismalarda EFG-MLS yaklagiminin kompozit
plakalar, fonksiyonel derecelendirilmis malzemeler, catlak
ilerlemesi, dogrusal olmayan deformasyonlar ve dinamik
yiikleme kosullar1 altinda genisletilmesi miimkiindiir. Ayrica
Python tabanli ag¢ik kaynakli uygulamalarin gelistirilmesi,
yontemin akademik ve endistriyel kullanimini artirabilecek
onemli bir katki saglayacaktir.

71



Makine Miihendisligi Alaninda Akademik Tartismalar

KAYNAKCA

Aydin, Y. H. (2026). Kiris ve plaklarda mekanik davranigin agsiz
yontemlerle incelenmesi (Yuksek lisans tezi). Isparta
Uygulamali Bilimler Universitesi, Lisansiistii Egitim
Enstitisu, Isparta.

Atluri, S. N., & Zhu, T. (1998). A new meshless local Petrov-
Galerkin (MLPG) approach in computational mechanics.
Computational Mechanics, 22, 117-127.
d0i:10.1007/s004660050346

Bathe, K.-J. (1996). Finite element procedures. Prentice Hall.

Beissel, S., & Belytschko, T. (1996). Nodal integration of the
element-free Galerkin method. Computer Methods in
Applied Mechanics and Engineering, 139(1-4), 49-74.
doi:10.1016/S0045-7825(96)01079-1

Belytschko, T., Krongauz, Y., Organ, D., Fleming, M., & Krysl,
P. (1996). Meshless methods: An overview and recent
developments. Computer Methods in Applied Mechanics
and Engineering, 139(1-4), 3-47. doi:10.1016/S0045-
7825(96)01078-X

Belytschko, T., Lu, Y. Y., & Gu, L. (1994). Element-free
Galerkin methods. International Journal for Numerical
Methods in Engineering, 37(2), 229-256.
doi:10.1002/nme.1620370205

Belytschko, T., Lu, Y. Y., Gu, L., & Tabbara, M. (1995).
Element-free Galerkin methods for static and dynamic
fracture. International Journal of Solids and Structures,
32(17-18), 2547-2570. doi:10.1016/0020-
7683(94)00282-2

Cook, R. D., Malkus, D. S., Plesha, M. E., & Witt, R. J. (2002).
Concepts and applications of finite element analysis (4th
ed.). Wiley.

72



Makine Miihendisligi Alaninda Akademik Tartismalar

Cowper, G. R. (1966). The shear coefficient in Timoshenko’s
beam theory. Journal of Applied Mechanics, 33(2), 335—
340. d0i:10.1115/1.3625046

Fernandez-Méndez, S., & Huerta, A. (2004). Imposing essential
boundary conditions in mesh-free methods. Computer
Methods in Applied Mechanics and Engineering, 193(12—
14), 1257-1275. doi:10.1016/j.cma.2003.12.019

Harris, C. R., Millman, K. J., van der Walt, S. J., Gommers, R.,
Virtanen, P., Cournapeau, D., Wieser, E., Taylor, J., Berg,
S., Smith, N. J., Kern, R., Picus, M., Hoyer, S., van
Kerkwijk, M. H., Brett, M., Haldane, A., del Rio, J. F.,
Wiebe, M., Peterson, P., ... Oliphant, T. E. (2020). Array
programming with NumPy. Nature, 585(7825), 357-362.
d0i:10.1038/s41586-020-2649-2

Hunter, J. D. (2007). Matplotlib: A 2D graphics environment.
Computing in Science & Engineering, 9(3), 90-95.
doi:10.1109/MCSE.2007.55

Krongauz, Y., & Belytschko, T. (1996). Enforcement of essential
boundary conditions in meshless approximations using
finite elements. Computer Methods in Applied Mechanics
and Engineering, 131(1-2), 133-145. d0i:10.1016/0045-
7825(95)00954-X

Krysl, P., & Belytschko, T. (1995). Analysis of thin plates by the
element-free  Galerkin method. Computational
Mechanics, 17, 26-35. doi:10.1007/BF00356476

Lancaster, P., & Salkauskas, K. (1981). Surfaces generated by
moving least squares methods. Mathematics of
Computation, 37(155), 141-158. doi:10.1090/S0025-
5718-1981-0616367-1

73



Makine Miihendisligi Alaninda Akademik Tartismalar

Li, S., & Liu, W. K. (2002). Meshfree and particle methods and
their applications. Applied Mechanics Reviews, 55(1), 1-
34. doi:10.1115/1.1431547

Liu, G. R. (2009). Meshfree methods: Moving beyond the finite
element  method (2nd ed.). CRC  Press.
doi:10.1201/9781420082104

Liu, G. R,, & Gu, Y. T. (2005). An introduction to meshfree
methods and their programming. Springer. doi:10.1007/1-
4020-3468-7

Mindlin, R. D. (1951). Influence of rotatory inertia and shear on
flexural motions of isotropic elastic plates. Journal of
Applied Mechanics, 18(1), 31-38. doi:10.1115/1.4010217

Moés, N., Dolbow, J., & Belytschko, T. (1999). A finite element
method for crack growth without remeshing.
International Journal for Numerical Methods in
Engineering, 46(1), 131-150. doi:10.1002/(SIC1)1097-
0207(19990910)46:1<131::AID-NME726>3.0.CO;2-J

Nayroles, B., Touzot, G., & Villon, P. (1992). Generalizing the
finite element method: Diffuse approximation and diffuse
elements. Computational Mechanics, 10, 307-318.
doi:10.1007/BF00364252

Nguyen, V. P., Rabczuk, T., Bordas, S., & Duflot, M. (2008).
Meshless methods: A review and computer
implementation aspects. Mathematics and Computers in
Simulation, 79(3), 763-813.
doi:10.1016/j.matcom.2008.01.003

Peng, L. X., Kitipornchai, S., & Liew, K. M. (2005). Analysis of
rectangular stiffened plates under uniform lateral load
based on FSDT and element-free Galerkin method.
International Journal of Mechanical Sciences, 47(2),
251-276. doi:10.1016/j.ijmecsci.2004.12.006

74



Makine Miihendisligi Alaninda Akademik Tartismalar

Reddy, J. N. (2002). Energy principles and variational methods

in applied mechanics (2nd ed.). Wiley.

Reddy, J. N. (2006). Theory and analysis of elastic plates and

shells (2nd ed.). CRC Press. doi:10.1201/9780849384165

Timoshenko, S. P. (1921). On the correction for shear of the

differential equation for transverse vibrations of prismatic
bars. The London, Edinburgh, and Dublin Philosophical
Magazine and Journal of Science, 41(245), 744-746.
d0i:10.1080/14786442108636264

Timoshenko, S. P., & Goodier, J. N. (1970). Theory of elasticity

(3rd ed.). McGraw-Hill.

Virtanen, P., Gommers, R., Oliphant, T. E., Haberland, M.,

Reddy, T., Cournapeau, D., Burovski, E., Peterson, P.,
Weckesser, W., Bright, J., van der Walt, S. J., Brett, M.,
Wilson, J., Millman, K. J., Mayorov, N., Nelson, A. R. J.,
Jones, E., Kern, R, Larson, E., ... SciPy 1.0 Contributors.
(2020). SciPy 1.0: Fundamental algorithms for scientific
computing in Python. Nature Methods, 17(3), 261-272.
doi:10.1038/s41592-019-0686-2

Zhu, T., & Atluri, S. N. (1998). A modified collocation method

and a penalty formulation for enforcing the essential
boundary conditions in the element free Galerkin method.
Computational Mechanics, 21, 211-222.
d0i:10.1007/s004660050296

Zienkiewicz, O. C., Taylor, R. L., & Zhu, J. Z. (2013). The finite

element method: Its basis and fundamentals (7th ed.).
Butterworth-Heinemann.

75



MAKINE MUHENDISLIGi

ALANINDA AKADEMIK TARTISMALAR

yaz

yayinlari

YAZ Yayinlari
M.ihtisas OSB Mah. 4A Cad. No:3/3
iscehisar / AFYONKARAHISAR
Tel : (0 531) 880 92 99
yazyayinlari@gmail.com e www.yazyayinlari.com



	2.pdf
	2.1. Interface Force Transmission Mechanics and Suspension
	2.2. Biomechanical Limitations and Volumetric Instability
	The main clinical drawbacks of exoprostheses lead to device abandonment and subsequent musculoskeletal disorders. Continuous contact pressure, shear stress, friction, and localized temperature increase in the closed socket environment cause chronic ti...
	3.1. Definition and Classification of Skeleton-Anchored Systems
	Invasive prosthetic systems depend on osseointegration, which is the direct structural and functional link between organized, living bone and the surface of a load-bearing implant, devoid of intervening fibrous tissue, and utilizes surgically implante...
	3.2. Clinical and Biomechanical Advantages of Skeleton-Anchored Systems

	KAPAK.pdf
	Slayt Numarası 1
	Slayt Numarası 2

	KAPAK.pdf
	Slayt Numarası 1
	Slayt Numarası 2




