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EFFECTS OF INTERNAL CONTACT SURFACES OF DENTAL IMPLANTS
AND ABUTMENT SCREW SURFACE ROUGHNESS ON SCREW LOOSENING

ABSTRACT

Dental implants have revolutionized dentistry; however, complications such as screw
loosening remain persistent challenges for manufacturers, dentists, and patients. This
research aimed to comprehensively investigate the factors affecting screw loosening in
dental implants, with a specific focus on the effects of internal contact surfaces and screw
surface roughness. To achieve this, a two-pronged approach of computational modeling
and experimental analysis was employed.

The computational study utilized 3-dimensional (3D) finite element analysis (FEA) to
evaluate and compare the mechanical effects of the abutment implant angle (0), the
abutment screw head diameter (D), and the abutment screw length (L) on screw
loosening. A total of 27 models presenting various mechanical scenarios were built by
using combinations of three different abutment implant angles (30 degrees, 45 degrees,
and 60 degrees), abutment screw head diameters (2.65 mm, 2.75 mm, and 2.85 mm), and
abutment screw lengths (4 mm, 5 mm, and 6 mm). In FEA, a static test with a 200-N force
inclined 30 degrees in the implant axial direction was applied to the upper surface of the
abutment in order to evaluate and compare the maximum von Mises stresses of the
implant components and the maximum total deformation in all models. In addition, modal
analysis was applied to identify the natural frequencies in all models under free (unforced)
vibration, and a Kruskal-Wallis statistical test (a=.05) was performed followed by
multiple pairwise comparisons using the Dunn test. The Kruskal-Wallis test demonstrated
a significant influence of the abutment implant angle on implant stress, total deformation,
and natural frequency (P<.001). For example, increasing the abutment implant angle from
30 degrees to 45 degrees and 60 degrees can considerably reduce the model’s natural
frequencies to 18% and 26%, respectively. Similarly, the test underscored the significant
impact of the abutment screw head diameter on both abutment screw stress and abutment
stress (P=.010 and P=.002, respectively). However, the abutment screw length appeared
to have no significant effect on any of the dependent variables (P>.05). The 3D FEA
study concluded that the abutment implant angle and the abutment screw head diameter
significantly influenced the stresses of dental implant components, total deformation, and
natural frequency of the model, which may impact the mechanical stability of the screw
joint. Nevertheless, the abutment screw length does not appear to significantly affect these
values.

Simultaneously, an experimental study was conducted to investigate the effect of dental
implant abutment screw surface roughness on screw loosening. A total of 30 M4-sized
screws, made of grade 5 titanium alloy (Ti-6Al-4V), were manufactured using machining,
thread rolling, and die methods. Additionally, six steel abutments, six steel implants with
internal threads created using cutting and thread rolling taps, and an aluminum holder

Xi



were fabricated. The surface roughness of six abutment screws, two from each group, was
assessed using a contour measuring device and scanning electron microscopy (SEM).
Furthermore, the torque losses of each group’s samples were evaluated before and after a
vibration test by using a digital torque meter. Each group was divided into two subsets:
one subset was paired with machined implants, and the other was paired with thread-
rolled implants. In this process, a dental implant was secured in a holder, and each
abutment screw was tightened to approximately 100 Ncm, and a 24-hour vibration test
was conducted at a frequency of 75 Hz. Post-vibration, the implant was detorqued to
measure torque loss. A one-way ANOVA and an independent samples t-test (a=.05) were
conducted. Machined screws, thread-rolled screws, and die screws exhibited an average
total torque loss of 3.51%, 5.12%, and 7.53% when paired with machined implants, and
2.42%, 4.32%, and 6.27% when paired with thread-rolled implants, respectively.
Furthermore, detailed SEM images revealed distinct differences in surface roughness
among these screws. For example, machined screws exhibited lower surface roughness
compared to thread-rolled and die screws. In contrast, die screws demonstrated higher
surface roughness, a finding consistent with the profilograms obtained. Statistically, the
one-way ANOVA and the independent samples t-test revealed a significant influence of
the abutment screw type on the total torque loss (P<.05). Moreover, the implant type had
a significant effect on the torque loss values before and after the vibration test (P<.05). In
conclusion, a correlation was found between abutment screw surface roughness and screw
loosening. Importantly, machined screws demonstrated less loosening compared to
thread-rolled screws and die screws, which can be attributed to the lower surface
roughness. Moreover, it was found that modifying the internal threading process of the
implant and adjusting the surface roughness of the screws could control screw loosening
effectively.

Keywords: Dental Implants, Finite Element Analysis, Internal Contact Surfaces, Screw
Loosening, Surface Roughness, Thread Rolling.
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DIS IMPLANTLARIN iC TEMAS YUZEYLERININ VE DAYANAK VIDASI
YUZEY PURUZLULUGUNUN VIDA GEVSEMESI UZERINDEKIi ETKILERI

OZET

Dis implantlar1 dis¢iligi devrimlestirdi; ancak vida gevsemesi gibi komplikasyonlar
iireticiler, disciler ve hastalar i¢in siirekli zorluklar olusturmaya devam etmektedir. Bu
aragtirma, dis implantlarinda vida gevsemesini etkileyen faktorleri kapsamli bir sekilde
incelemeyi amacglamaktadir, Ozellikle i¢ temas yiizeylerinin ve vida yiizey
puriizliiliigiiniin etkileri tizerine odaklanmaktadir. Bunu basarmak i¢in, hesaplamali
modelleme ve deneysel analiz olmak {izere iki u¢lu bir yaklagim kullanilmistir.

Bu hesaplamali ¢alisma, 3 boyutlu (3D) sonlu eleman analizi (FEA) kullanarak, vidanin
gevsemesi tlizerindeki mekanik etkileri degerlendirmek ve karsilastirmak i¢cin abutment
implant agis1 (8), abutment vida bast ¢ap1 (D) ve abutment vida uzunlugu (L)’ nun
mekanik etkilerini degerlendirdi. Toplamda, ii¢ farkli abutment implant acis1 (30 derece,
45 derece ve 60 derece), abutment vida basi ¢aplar1 (2,65 mm, 2,75 mm ve 2,85 mm) ve
abutment vida uzunluklari (4 mm, 5 mm ve 6 mm) kombinasyonlar1 kullanilarak g¢esitli
mekanik senaryolar1 sunan 27 model olusturuldu. FEA'da, tiim modellerde implant
bilesenlerinin maksimum von Mises gerilmelerini ve maksimum toplam deformasyonunu
degerlendirmek ve karsilastirmak igin abutmentin iist yiizeyine implant aksiyal yoninde
30 derece egik 200-N kuvveti ile statik bir test uygulandi. Ayrica, tiim modellerde serbest
(zorlamasiz) titresim altindaki dogal frekanslar1 belirlemek i¢in modal analiz uygulandi
ve bir Kruskal-Wallis istatistiksel testi (a=.05) ger¢eklestirildi, ardindan Dunn testi
kullanilarak ¢oklu ikili karsilastirmalar yapildi. Kruskal-Wallis testi, abutment implant
acisinin implant gerilmesi, toplam deformasyon ve dogal frekans lizerinde 6nemli bir
etkiye sahip oldugunu gésterdi (P<.001). Ornegin, abutment implant a¢isin1 30 dereceden
45 dereceye ve 60 dereceye artirma, modelin dogal frekanslarini sirasiyla %18 ve %26
oraninda 6nemli Ol¢iide azaltabilir. Benzer sekilde, test, abutment vida basi ¢apinin hem
abutment vida gerilmesi hem de abutment gerilmesi lizerinde 6nemli bir etkisi oldugunu
vurguladi (swrastyla P=.010 ve P=.002). Ancak, abutment vida uzunlugunun bagimli
degiskenlerden herhangi biri {izerinde anlamli bir etkisi goriinmemektedir (P>.05). 3D
FEA calismasi, abutment implant agisiin ve abutment vida basi ¢apmnim, dis implant
bilesenlerinin gerilmeleri, toplam deformasyon ve modelin dogal frekansi iizerinde
onemli bir etkisi oldugunu sonucuna vardi, bu da vida eklemi

Ayni anda, dis implant1 abutment vidas1 yiizey piirlizlilligliniin vidanin gevsemesi
Uzerindeki etkisini aragtirmak i¢in deneysel bir ¢alisma gergeklestirildi. grade 5 titanyum
alasimli (Ti-6Al-4V) 30 adet M4 boyutunda vida, talas, pafta ve ovalama yontemleri
kullanilarak tiretildi. Ayrica, alt1 ¢elik abutment, kesme ve dis agma burgulari kullanilarak
i¢ dis olusturulan alt1 ¢elik implant ve bir aliiminyum tutucu tiretildi. Her gruptan ikiser
olan alt1 abutment vidasmin yiizey piiriizliiligii, bir kontur 6l¢im cihaz1 ve taramali
elektron mikroskobu (SEM) kullanilarak degerlendirildi. Ayrica, her grubun 6rneklerinin
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tork kayiplary, bir dijital tork metre kullanilarak titresim testinden Once ve sonra
degerlendirildi. Her grup, tornalanmis implantlarla eslestirilen bir alt gruba ve dis agmali
implantlarla eslestirilen diger bir alt gruba ayrildi. Bu islemde, bir dis implant1 bir
tutucuda sabitlendi ve her abutment vidas1 yaklagik 100 Nem'ye sikildi ve 75 Hz frekansta
24 saatlik bir titresim testi yapildi. Titresimden sonra, implantin torku gevsetildi. Tek
yonli ANOVA ve bagimsiz drnekler t-testi (0=.05) gergeklestirildi. Tornalanan vidalar,
dis agma vidalar1 ve kalip vidalar1 sirasiyla tornalanan implantlarla eslestirildiginde
ortalama toplam tork kaybi %3.51, %5.12 ve %7.53 ve dis agmali implantlarla
eslestirildiginde %2.42, %4.32 ve %6.27 olarak belirlendi. Ayrica, detayli SEM
goriintiileri, bu vidalar arasinda yiizey piiriizliilligiinde belirgin farklar ortaya koydu.
Ornegin, tornalanan vidalar, dis agma ve kalip vidalarma gore daha diisiik yiizey
purtizliliigi sergiledi. Buna karsilik, kalip vidalar1 daha yiiksek yiizey piirtizliligii
gosterdi, bu bulgu elde edilen profilogramlarla tutarliydi. Istatistiksel olarak, tek yonlii
ANOVA ve bagimsiz 6rnekler t-testi, abutment vidasi tipinin total tork kaybi ilizerinde
onemli bir etkiye sahip oldugunu ortaya koydu (P<.05). Ayrica, implant tipinin, titresim
testinden 6nce ve sonra tork kaybi degerleri iizerinde 6nemli bir etkisi oldugu bulundu
(P<.05). Sonug olarak, abutment vidasi yiizey piiriizliliigii ile vidanin gevsemesi arasinda
bir iliski bulundu. Ozellikle, talash vidalar, paftali ve ovalamali vidalarma gére daha az
gevseme gosterdi ve bu, daha diisiik yiizey piirlizliiliigiine atfedilebilir. Ayrica, implantin
i¢c disleme islemini degistirerek ve vidalarin yiizey piiriizliliigiinii ayarlayarak vidanin
gevsemesinin etkili bir sekilde kontrol edilebilecegi bulundu.

Anahtar Kelimeler: Dental Implantlar, I¢ Temas Yzeyleri, Ovalama, Sonlu Elemanlar
Analizi, Vida Gevsemesi, Yiizey Pirtzliligi.
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DIS IMPLANTLARIN iC TEMAS YUZEYLERININ VE DAYANAK VIDASI
YUZEY PURUZLULUGUNOUN VIDA GEVSEMESI UZERINDEKIi ETKILERI

GENISLETILMIS TURKCE OZET

Son birka¢ on yilda, dental implantlar, dis kaybmna dayanikli ve estetik olarak hos bir
¢Oziim sunarak dis hekimligi alaninda devrim yaratmistir. Basarilarina ragmen, dental
implant tireticilerinin bugiin karsilastig1 yaygin ve karmasik bir sorun vardir. Bu sorun,
zamanla abutment vidasinin gevsemesidir, bu da implant protezi basarisizligina yol
acabilir. Cene kemigindeki implant govdesi, bir abutment vidasi ile proteze baglanir. iste
bu ylizden, implant protezinin genel basarisi i¢in onun stabilitesi biliyiik 6nem tasir.

Dental implantlardaki vida gevsemesi, Ureticiler, dis hekimleri ve hastalar i¢cin 6nemli bir
zorluk olusturmaktadir. Abutment vidasinin tekrar gevsemesini azaltmaya yonelik yogun
cabalar olmasina ragmen, i¢ temas ylizeylerinin toplu etkisi (abutment implant agis1 (8),
abutment vidanin bas cap1 (D) ve abutment vidanin uzunlugu (L)) iizerinde vida
gevsemesi heniiz aragtirilmamistir. Bu {i¢ parametrenin vida gevsemesini onemli dl¢iide
etkileyip etkilemedigi ve eger etkiliyorsa, hangisinin en biiyiik etkiye sahip oldugu hala
belirsizdir.

Ayrica, bazi caligmalar ylizey piiriizliiliigiiniin vidas1 ve karsilik gelen parcasi arasindaki
mekanik  baglantiy1 etkileyebilecegini, bu da vidanin gevseme olasiligini
etkileyebilecegini gostermektedir. Ancak, bu potansiyel korelasyonla ilgili daha
sistematik ve dogru bir arastirmaya ihtiya¢ vardir. Ayrica, bugiine kadar yapilan
arastirmalar, farkli {iretim yOntemlerinden etkilenen abutment vidalarinin yilizey
puriizliiliigiiniin, vida gevseme olasiligina nasil etki ettigini kapsamli bir sekilde
incelememistir.

Abutment vidasinin gevseme siklig1, dental implantlar i¢indeki i¢ temas yiizey alanindaki
degisikliklerle ve abutment vidasmin yiizey piiriizliliiglindeki varyasyonlarla 6nemli
Olclide etkilenebilir. Sonug olarak, bu arastirma bu faktorleri daha derinlemesine
incelemeyi amaglamaktadir. Oncelikle, dental implantlar i¢indeki i¢ temas yiizeylerinin
vida gevsemesi iizerindeki potansiyel etkisini arastrmak i¢in hesaplamali bir ¢alisma
gerceklestirilecektir. Ikincil olarak, abutment vidasmn yiizey piiriizliiliigiiniin gevseme
iizerindeki etkilerini arastirmak i¢in deneysel bir calisma yiiriitiilecektir. Bu nedenle, bu
arastirma, hem hesaplamali hem de deneysel bir calisma araciligiyla konuyu kapsamli bir
sekilde incelemektedir.

Bu tez bes boliimden olusmaktadir; ilk boliim konuya genel bir bakis sunar ve ¢calismanin
amagclarmi sunar. Ikinci boliimde literatiir taramalar1 incelenmektedir. Tezin {igiincii
boliimiinde, dental implantlardaki vida gevsemesine katkida bulunan faktorlere yonelik
hem hesaplamali hem de deneysel arastrmalar gergeklestirilmektedir. Bu, i¢ temas
yiizeylerindeki varyasyonlarin etkilerini incelemek i¢in hesaplamali modellemeyi ve
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farkli iiretim yontemleriyle iiretilen vidalardaki ylizey piirtizliiliigiinii deneysel olarak
analiz etmeyi igerir. Dordiincli bolim, tglincli boliimde gergeklestirilen hesaplamali ve
deneysel caligmalardan elde edilen sonuglarin kapsamli bir analizini ve tartigmasini
sunmaktadir. Son boliim olan besinci boliim, ana bulgular1 6zetleyerek, derinlemesine
sonuclar sunarak ve dental implantlar alaninda gelecekteki aragtirmalar i¢in Onerilerde
bulunarak tezi sonlandirir.

Bugiin, Sonlu Elemanlar Analizi (FEA) ile hesaplamali modelleme, biyomedikal
miithendislik uygulamalarinda 6nemli bir yontem olarak kabul edilmekte ve abutment
vidasmin gevsemesini degerlendirmek i¢in bir¢cok calismada kullanilmistir (Chen ve dig.,
2021; Kitagawa ve dig., 2005; Pournasrollah ve dig., 2019).

I¢ temas yiizeylerinin (0, D ve L) vida gevsemesi lizerindeki etkileri heniiz topluca
arastirilmamistir. Bu nedenle, bu hesaplamali c¢aligma, bu ii¢ parametrenin vida
gevsemesini etkileyip etkilemedigini ve eger etkiliyorsa, bu parametrelerden hangisinin
implant vidalarinin gevsemesi iizerinde daha biiyiik bir etkiye sahip oldugunu belirlemeyi
amaclamaktadir.

(Chen ve dig., 2021) baz1 FEA ¢alismalarinin, abutment vidasindaki maksimum von
Mises gerilmelerindeki artis1 vida gevsemesiyle dogrudan iliskilendirdigini belirtti. Bu
nedenle, hesaplamali ¢alismada, 6zellikle abutment vidasi ve implant olmak {izere dental
implant bilesenlerinin maksimum von Mises gerilmesi ve maksimum toplam
deformasyonu, tiim modellerdeki vida gevsemesini degerlendirmek ve karsilagtirmak i¢in
bir gosterge olarak kullanildi. Degerlendirmede kullanilan ikinci yontem, modal analiz
kullanilarak modelin titresim modlarindaki dogal frekanslar1 kullanmakti. Bu yaklasim,
bu calismada bir dental implant olan bir sistemin dinamik davranisini, ¢esitli kosullar
altinda degerlendirmek i¢in 6zellikle yararhdir.

Bu arastirmadaki sifir hipotezi, abutment implant agis1 (), abutment vidanin bas ¢ap1 (D)
ve abutment vidanmn uzunlugu (L)'nun dental implant bilesenlerinin gerilmeleri, toplam
deformasyon ve dental implant tasariminin dogal frekansi iizerinde anlamli bir etkisinin
olmadigin1 belirtir. Bu da sirayla vida eklemi ve dental implantlardaki vida gevsemesi
olasiliginin mekanik kararliligmi etkilemez.

Bu calismada, dental implant bilesenlerinin mekanik davranigmi kapsamli bir sekilde
degerlendirmek i¢in hem statik hem de modal analizler kullanilmistir. Statik analiz, belirli
bir yiik altinda (bu calismada 200N) gerilme dagilimi ve deformasyona iligkin i¢gdrii
saglarken, modal analiz bir sistemin (bu durumda bir dental implant) titresim kuvvetleri
altinda dinamik tepkisini ve kararliligin1 anlamada yardimci olur (bu ¢aligmada serbest
(zorlanmamig) titresim kullanilmistir). Bu iki yaklagimi birlestirerek, dental
implantlardaki vida gevsemesini etkileyen faktorlerin daha kapsamli bir degerlendirmesi
beklenmektedir.
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Faktor gruplar1 arasinda anlamli farkliliklar olup olmadigini belirlemek igin, bazi
verilerin normal dagilim gdstermedigi Shapiro-Wilk normalite testi ile belirlendiginden
dolay1, parametrik olmayan bir Kruskal-Wallis istatistik testi uygulandi. Kruskal-Wallis
testinden sonra, Dunn testi kullanilarak ¢oklu ikili karsilastirmalar yapildi. Istatistiksel
analizler, IBM SPSS Istatistik yazilim programu (versiyon 29.0.1.0, IBM Corp., Amerika)
kullanilarak gerceklestirildi ve P-degeri 0,05'in altinda olanlar istatistiksel olarak anlaml
kabul edildi.

Bu arastirmada, ti¢ farkli tiretim yontemi kullanilarak ii¢ grup dental implant vidasi
tiretildi. Her yontem, smif 5 titanyum alasimindan (Ti-6Al-4V) yapilmis on adet M4
boyutunda vida tliretmek icin kullanildi. Ek olarak, bir grup abutment, implant ve bir
tutucu celik malzeme kullanilarak iretildi. Daha sonra, bazi vida 6rneklerinin yiizey
puriizliiliigii kontur 6lgtim cihazi kullanilarak 6lgiildii. Ayrica, bir dijital tork metre, her
grubun Orneklerinin titresim testinden dnce ve sonra tork kayiplarmi degerlendirmek ve
karsilagtirmak i¢in kullanildi. Son olarak, bir taramali elektron mikroskobu (SEM) vida
profili boyunca yiizey topografisini incelemek i¢in kullanildi.

Bu aragtirmada, ticari abutment vidalarinin mekanik ozellikleri ve biyouyumlulugu
nedeniyle Ti-6Al-4V'den yapildigi i¢in dental implant vidalar1 i¢in simif 5 titanyum
alasimi se¢ildi. Ayrica, implantlar ve abutmentlar i¢cin ¢elik malzeme kullanilirken, tutucu
icin alliminyum kullanildi. Bu arastirmada kullanilan tiim malzemeler Tablo 3.4'te
listelenmistir.

M2 boyutunda dental implant vida tiretmenin, M2 vida dislerinin hassas boyutu nedeniyle
vida yiizey piiriizliliigiiniin 6l¢iilmesini oldukca zorlastirdigir bulunmustur. Bu nedenle,
bu ¢alismada kullanilan tiim abutment vidalar1 M4 vida boyutunda iiretildi. Ek olarak,
implant ve abutmentin tiim boyutlar1 ve geometrisi buna gére modifiye edildi. Sekil 3.6,
iiretilmeden 6nceki dental implantin son tasarimini ve boyutlarini gostermektedir.

Dental implant iiretim yontemleri yillar igcinde onemli 6lgiide gelisti, bu da hastalarin
sonuglarmi iyilestirdi ve liretim siireclerini basitlestirdi. Bu aragtirmada, dental implant
ve bilesenlerini iiretmek i¢in ti¢ farkli liretim yontemi kullanildi. Kullanilan yontemler,
isleme, dokiim ve dis sarma seklindeydi. Her bilesenin ayrintili tiretim prosediirleri su

sekildedir:

Bilgisayar destekli tasarim (CAD) SolidWorks yazilim programi dental implant
tasarimmim 3D modelini olusturmak icin kullanildi, ardindan CNC makinesi i¢in
talimatlara (G-kodu) déniistiiriildii. Bilgisayar Destekli imalat (CAM) Mastercam yazilim
programi, CAD dosyasindan talimatlar1 takip etmek ve is parcasindan istenen sekli
olusturmak i¢in kesin olarak malzeme ¢ikarmak iizere programlandi.

Bu yontemde, Sekil 3.7'de gosterilen bilgisayar niimerik kontrol (CNC) makinesi, i¢
disleri olmadan alt1 adet abutment, alt1 adet implant, on adet dental implant vidas1 6rnegi
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iiretmek i¢in kullanildi ve ayn1 zamanda dis sarma ve kalip yontemleri kullanilarak dig
acilmadan Once diger vida 6rneklerini tiretmek i¢in de kullanild1.

Ikinci yontemde, Sekil 3.10'da gosterilen dnceden sekillendirilmis kalip, isleme yontemi
kullanilarak iirettikten sonra bir vida boslugunda dis disleri olusturmak i¢in kullanildi. Bu
isleme dis kesme denir ve on adet dental implant vidasi 6rnegi tiretmek i¢in kullanild.

Ucgiincii yontemde, Sekil 3.16'da gosterilen dis sarma makinesi, isleme ydntemi ile
onceden hazirlanmig on vida boslugunda (Sekil 3.17) dis disleri tiretmek i¢in kullanilda.
Dis sarma islemi, is pargasi malzemesinin plastik deformasyonunu, isleme ve kalip
yontemlerinin aksine malzeme kesme veya ¢ikarmak yerine dis olusturmak i¢in igerir.

Bu calismada, Sekil 3.26'da gosterildigi gibi hem kesme hem de sarma musluklar, isleme
yontemi kullanilarak iiretilen tiim implantlarin i¢ dislerini {iretmek i¢in kullanild1. i
disleri kesme muslugu ile olusturulan implantlar, dogustan asinma yaratan bir arag oldugu
icin, calisma boyunca islenmis implantlar (Implant Tipi M) olarak anilacaktir (Sekil
3.27A). Tersine, i¢ disleri sarma muslugu kullanarak yapilan implantlar, asmma
olusturmayan bir ara¢ oldugu i¢in, Dis Sarma Implantlari (Implant Tipi TR) olarak
tanimlanacaktir (Sekil 3.27B).

Bu aragtirmanin baglaminda, her vida grubunun yilizey piiriizliliigiinii 6lgmek, vida
gevsemesi lizerindeki abutman vida yiizey piirlizliiliigiiniin etkisini aragtirmak i¢in kritik
bir adimdr.

Bu c¢alismada, vidalarm yiizey piirlizliiliigli profil (kontur) Ol¢iimleri ile 6l¢iildi. Sekil
3.29'da gosterildigi gibi stilus donanimli bir kontur 6lgme cihazi, piiriizliiligiin niimerik
bir temsilini elde etmek i¢in kullanildi. Bu testte, kontur 6lgme cihazinm stilusu dogrusal
olarak hareket eder, bu da yiizey iizerinde tek bir yol elde etmemizi saglar. Bu cihaz, her
gruptan iki Ornegin yiizey pirizliligini O6l¢mek icin kullanildi. Her Ornegin
profilogramlar1 sonuglar boliimiinde gosterilmistir.

Sekil 3.30'da gosterildigi gibi dijital bir torkmetre, tiim ornekler i¢in tork kayiplarmi
6lemek i¢in kullanildi. Bu siirecte, her vida 6rnegi baslangigta yaklasik 100 Ncm tork ile
sikildi. Ardindan, bir vida gevsetildi ve gevsetme icin gerekli tork (detork) olgiildii.
Uygulanan (sikma) tork ile detork arasindaki fark, tork kaybini degerlendirmek igin
yaygin olarak kullanilir. Her vida 6rnegi, vibrasyon testinin uygulanmasindan 6nce ayni
baslangic torkuna, yaklasik 100 Nem'ye tekrar sikildi.

Bu calismada, Sekil 3.31'de gosterilen bir titresim cihazi (vibrator) gercek bir agiz
ortaminda dis abutman vidalarina maruz kalacaklar1 mekanik stres kosullarmi taklit
etmek icin kullanildi. Bu cihazi kullanmanin temel amaci, bu simiile edilmis kosullar
altinda her grubun Ornekleri arasindaki tork kayiplarmi degerlendirmek ve
karsilastirmakti.
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Vibrator, Sekil 3.31'de gosterildigi gibi dis implantiin dikey ekseniyle gore 30 derecelik
bir agiyla sikigtrma ¢ekme makinesine monte edildi. Bu pozisyon, dis implantlarinda
yorgunluk testiyle ilgili olan ISO 14801'e uygun olarak se¢ildi. Uygulanan kuvvetin dis
implant1 lizerindeki etkisini artirmak i¢in vibratdriin cubugunun ucuna doért somun takild.
Ayrica, vibrasyonun etkisini genisletmek i¢in abutman yiizeyi ile temas alanin1 biiylitmek
amaciyla cubuga bir metal daire bagland1 (Sekil 3.31B). Sonunda, vibrasyon cihazi, tim
abutman vidalar1 i¢in 24 saat boyunca 75 Hz frekansta ¢alistirildi. Bu siire sonunda, dis
implant1 tekrar detork edilerek sonuctaki tork kaybi 6l¢iildii.

Bu arastirmada, Sekil 3.32'de gosterildigi gibi bir Taramali Elektron Mikroskobu (SEM)
kullanildi. Bu mikroskop, abutman vidasinin yiizeyinin ¢esitli biiylitme oranlarinda,
Ozellikle X10, X25, X100, X200, X1000 ve X5000'de detayl1 goriintiilerini yakalamak
i¢cin kullanildi.

SEM analiz prosediirii, her gruptan iki 6rnegin temizlenmesini ve hazirlanmasini (Sekil
3.33), hazirlanan 6rneklerin SEM odasina yerlestirilmesini ve ardindan Orneklerin
elektron demetiyle taranmasini icermektedir. Elde edilen goriintiiler daha sonra analiz
edildi ve sonuclar bélimuinde sunuldu.

Statik testin bulgulari, abutman vidasi, abutman ve implant i¢in maksimum von Mises
esdeger gerilme ve tiim modeller i¢in maksimum toplam deformasyon agisindan
sunulmustur (Tablo 4.1). Sonlu eleman (FE) modelinin modal analiz simiilasyon
sonuglari, serbest titresim altinda elde edildi ve tiim modeller i¢in dogal frekans agisindan
sunuldu, 6zellikle asimetrik titresim modunda (mod 1) iken (Tablo 4.1). Sekil 4.1A-C, bir
model i¢in implant bilesenlerindeki gerilme dagilimini gostermektedir.

Kruskal Wallis istatistiksel testi, P=0.05 anlamlilik diizeyi ile, bu calismada arastirilan ii¢
faktoriin abutman vidasi, abutman ve implant i¢in maksimum esdeger gerilmeler
iizerindeki etkisini degerlendirmek icin gergeklestirildi. Ayrica, test tiim modeller i¢in
toplam deformasyon ve dogal frekanslar lizerindeki etkilerini de degerlendirdi. Tablo
4.2'de gosterildigi gibi, Kruskal Wallis testi, abutman implant agisinin implant gerilmesi,
toplam deformasyon ve dogal frekans lizerinde 6nemli bir etkisi oldugunu ortaya koydu
(P<0.001). Ayrica, bu bulgular Dunn testi kullanilarak coklu ikili karsilastirmalarla
dogruland1. Bu test, 6lgiilen degerler igin tiim ti¢ grup ¢ifti (30-45, 30-60 ve 45-60 derece)
arasinda onemli farklar oldugunu gosterdi. Ancak, 45-60 derece grup cifti arasindaki
toplam deformasyonda, istatistiksel olarak anlamli olmayan bir fark oldugu gézlemlendi
(P=0.272), bu da Tablo 4.3'te sunuldu.

Abutman vida basi ¢apiyla ilgili olarak, Kruskal-Wallis testi, hem abutman vida gerilmesi
hem de abutman gerilmesi tizerindeki 6nemli etkisini vurgulamistir (sirasiyla P=0.010 ve
P=0.002) (Tablo 4.2). Dunn testi kullanilarak yapilan daha ileri arastirmalar, abutman
vida gerilmesi i¢in grup cifti (2.65-2.75) mm ve abutman gerilmesi igin grup ciftleri (2.65-
2.85) mm ve (2.75-2.85) mm arasinda 6nemli farklar oldugunu ortaya koydu (Tablo 4.3).
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Ancak, abutman vida uzunlugunun, tiimii icin P degerlerinin 0.05'ten biiyiikk oldugu
bagimli degiskenler {izerinde anlamli bir etkisi olmadigi gériilm (Tablo 4.2).

Maksimum von Mises esdeger gerilmenin ana etkisi, implant geriliminin abutman
implant acis1 tarafindan biyiik 6lgiide etkilendigini gdstermektedir. Ornegin, abutman
implant agis1 30 dereceden 45 dereceye arttiginda implant gerilmindeki degisim orani
%76 ve -28% idi ve bu oranlar sirastyla 60 dereceye ¢iktiginda da devam etti (Sekil 4.2A).
Ek olarak, modellerin maksimum toplam deformasyonu, abutman implant ag¢is1 30'dan 45
dereceye degistiginde %55 artt1 ve ag1 30'dan 60 dereceye degistiginde daha diisiik bir
oran olan %17 artt1 (Sekil 4.2A). Ayrica, ana etki grafigi (Sekil 4.2A) abutman implant
acisindaki bir artisa karsilik dogal frekansta bir azalmay1 ortaya koymaktadir. Ozellikle,
abutman implantin agis1 30 dereceden 45 dereceye ve 60 dereceye arttiginda, modellerin
dogal frekanslar1 sirasiyla %18 ve %26 azald:.

Abutman vidasi bas ¢apmin (D) ana etkisini inceledigimizde, ¢capin 2,65'ten 2,75 mm'ye
degistiginde abutman vidasmim maksimum von Mises gerilmesinin %9 arttigini, ¢apin
2,65'ten 2,85 mm'ye arttiginda ise %3 arttigin1 bulduk (Sekil 4.2B). Buna karsilik, vida
bas ¢apindaki artig, abutman gerilmesinin sirasiyla 264.15 MPa'dan 252.07 MPa'ya ve
226.16 MPa'ya diismesine neden oldu (Sekil 4.2B).

Vida uzunlugu s6z konusu oldugunda, implantm, abutmanin ve abutman vidasinin
maksimum von Mises esdeger gerilmesi arasinda net bir iliski gézlemlenmedi (Sekil
4.2C). Ek olarak, L degerlerini 4 mm'den 5 mm'ye ve 6 mm'ye artirmanin modelin dogal
frekanslar1 iizerinde herhangi belirgin bir etkisi oldugu kanitlanmadi (Sekil 4.2C). Bu
gOzlemler, istatistiksel testler tarafindan dogrulandi ve vida uzunlugunun bu &lgiilen
parametreler tizerinde 6nemli bir etkisi olmadigmi gosterdi (Tablo 4.2).

Tim modeller i¢in maksimum toplam deformasyonun ana etki grafigine baktigimizda,
incelenen faktor gruplari i¢inde net bir dogrudan veya ters iliski bulunamamustir. Ancak,
toplam deformasyonun en yiiksek oldugu goézlendiginde model parametreleri, bir
abutman implant agis1 olan 45 derece, vida bas cap1 olan 2.75 mm ve vida uzunlugu olan
5 mm'yi igeriyordu (Sekil 4.2A-C).

iki makine ile islenmis vida (M1 ve M2), iki kalip vida (D1 ve D2) ve iki dis agma rulosu
vida (TR1 ve TR2) Sekiller 4.3-4.8'de sirasiyla gosterilmektedir. Bu profilogramlar, vida
diglerinin adim, a¢1 ve derinlik gibi dnemli 6zelliklerini gdsterir. Bu parametreler, her
ornegin profilogramindan ¢ikarilmistir ve Tablo 4.4'te niimerik olarak sunulmaktadir. Bu
profilogramlar, Tablo 4.4'te swralanan kuantitatif verileri ile birlikte, vida dislerinin
geometrik Ozelliklerine kapsamli bir bakis sunar. Bu parametrelerin farkli liretim
yontemleri arasinda sistemli bir karsilastirmasi, dis 6zelliklerindeki varyasyonlara degerli
icgoriiler saglar ve vida gevsemesi olaymin potansiyel etkisini anlamada yardimci1 olur.
Tablo 4.4'0 inceleyerek, gruplar i¢inde makul bir tutarlilik oldugu gézlemlenebilir ve ayni
zamanda ¢esitli liretim yontemleri arasindaki farklar1 da ortaya koyar.
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Islenmis vidalar grubu, her biri bes vida igeren iki alt gruba ayrild1. 11k alt grup islenmis
implantlarla (Implant Tipi M) eslestirildi, digeri ise dis agma rulosu implantiyla (Implant
Tipi TR) eslestirildi. Tablo 4.6 ve 4.7, titresim testinden dnce ve sonra her ornek igin
uygulanan tork degerlerini, detork degerlerini ve tork kaybindaki degisiklikleri
gostermektedir. Tablo 4.6, islenmis vidalarin islenmis implantlarla eslestirildigini, Tablo
4.7 ise dis agma rulosu implantlariyla eslestirildigini belirtir. Ortalama toplam tork kaybi1
degerleri hesaplanirken, verilerde olasi bir sapmay1 ortadan kaldirmak ve adil bir
kargilastirma saglamak i¢cin son derece yiiksek veya negatif toplam tork kaybi (%)
degerleri hari¢ tutulmustur. Bu anomali degerler, agiklik icin tabloda mavi ile
isaretlenmistir.

Tablo 4.8, islenmis implantlarla eslestirilen dis agma rulosu vidalari i¢in titresim testinden
once ve sonra tork, detork ve tork kaybi 6lgtimlerini sunmaktadir. Bu dis agma rulosu
vidalari, ortalama bir toplam tork kaybi olan %5.12'yi gostermistir. Bu ortalamanin
hesaplanmasinda beklenmeyen bir tork kaybi1 varyasyonunu temsil ettigi i¢in anomali bir
negatif deger (-1.05%) dikkate alinmamustir.

Benzer sekilde, Tablo 4.9, dis agma rulosu implantlariyla eslestirilen dis agma rulosu
vidalar1 i¢in ilgili 6l¢timleri sergilemektedir. Veriler, ortalama bir toplam tork kaybi olan
%4.32'yi gostermistir. Bu hesaplama, titresim testinden sonra tork kaybinda beklenen
egilime aykir1 olan negatif bir degeri (-0.81%) ve dnemli derecede yiiksek bir degeri
(19.20%) harig¢ tutmustur. Bu tablolar, testin titresim stresine maruz kalan dis agma rulosu
vidalarinin, eslestirildikleri implant tiirlerinden bagimsiz olarak, tork kayiplar1 yasadigini
vurgulamaktadir. Anomali degerler, aciklik i¢in tabloda mavi ile isaretlenmistir.

Tablo 4.10, islenmis implantlarla eslestirilen kalip vidalar1 i¢in titresim testinden 6nce ve
sonra tork, detork ve tork kaybi 6l¢iimlerini detaylandirmaktadir. Kalip vidalari, titresim
testinden sonra tork kaybindaki beklenen artisa aykiri olan bir negatif degeri (-2.61%)
hari¢ tutarak ortalama bir toplam tork kaybi olan %7.53'i gosterdi. Bu anomali deger,
aciklik i¢in tabloda mavi ile isaretlenmistir.

Benzer sekilde, Tablo 4.11, dis agma rulosu implantlariyla eslestirilen kalip vidalar1 i¢cin
Ol¢timleri belirtir. Bu durumda, ortalama toplam tork kayb1 %6.27 olarak hesaplanmistir.
Hesaplamadan, titresim testinden sonra tork kaybindaki beklenen egilimden sapma
gosteren 6nemli derecede yiiksek bir deger (%21.36) ve bir negatif deger (-3.58%) haric
tutulmustur. Bu degerler, tabloda mavi ile isaretlenerek belirginlestirilmistir. Bu sonuclar,
kalip vidalarinin, eslestirildikleri implant tiirlerinden bagimsiz olarak, titresim testinden
sonraki tork kayiplarini gosterdigini vurgulamaktadir.

Sekil 4.9-4.14, alt1 vida 6rneginin yilizeylerini gostermektedir: sirastyla iki islenmis vida
(M1 ve M2), iki kalip vida (D1 ve D2) ve iki dis agma rulosu vida (TR1 ve TR2). Detayl
SEM goriintiileri, bu tiirler arasinda yiizey piiriizliiliiglinde belirgin farklar oldugunu
ortaya koymaktadir. Islenmis vidalar, kalip ve dis agma rulosu vidalara gore daha diisiik
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ylizey piriizliligine sahiptir. Diger yandan, kalip vidalar1 daha yiksek yizey
puriizliliigii géstermekte, bu bulgu profilometri sonuglariyla tutarlidir.

Bu aragtirmanin bulgulariyla ilgili olarak, modelin dogal frekansi, abutment implant agis1
arttikca onemli Olglide azaldi (Sekil 4.2A), bu da implant bilesenlerinin stabilitesinin
azaldigini gosteriyor. Daha yiiksek dogal frekanslarin daha biiytik stabiliteyle iligkilendigi
varsayimimiza dayanarak bu sonuca vardik. Bu varsayim, bir modelin rezonansta
oldugunda maksimum yer degistirmeyi sergiledigi anlayisindan kaynaklanmaktadir, bu
da daha yiiksek dogal frekanslara sahip modellerin daha stabil oldugu anlamina gelir.
Stabilite azalmasmin nedeni, abutment implant acis1 azaldik¢a abutment ile implant
arasindaki temas ylizey alaninin azalmasina baglanabilir. Ayrica, bu c¢alismanin
baglaminda, bir modelin stabilitesi azaldikca vida gevsemesi olasiliginin arttigi
varsayillmaktadir, bu da model stabilitesi ve vida gevsetme arasinda degistirilebilirlik
olusturmaktadir.

Modal analiz sonuglari, serbest titresimler altinda FE modelinde alt1 tiir titresim modunu
icerir. Bu modlar modelin normal titresim modlarin1 temsil eder: asimetrik, simetrik,
sallama, biikiilme, makaslama ve sallanma. Diger bes modun dogal frekanslarmin ana
etkisi, mode 1'de oldugu gibi abutment implant agisindaki artisla ters orantili ve abutment
vida bas capindaki artisla dogru orantilidir. Bu nedenle, tiim modellerdeki dogal
frekanslar, sonug ve grafiklerin bollugundan ka¢inmak i¢in yalnizca ilk modu kullanarak
sunuldu ve karsilastirildi.

Bu c¢alismada, abutment vida uzunlugu, abutment vidasinin gevsemesini agikca
etkilemedi. Bu bulgu, diger ¢calismalarla (Lee & Cha, 2018; Yeo ve dig., 2014) tutarhdr,
ancak vida tutunmasini artirmak i¢in daha uzun ve daha fazla dise sahip bir vida 6neren
baska bir calisma (Kanneganti ve dig., 2018) ile ¢elismektedir. Calismada kullanilan
modeller arasindaki tek fark tasarimdir, malzeme 6zellikleri, yiik ve smir sartlar1 ve temas
tanimlar1 ayn1 kalmistir. Tablo 4.1'deki sonuglar, farkli vida uzunluklar1 arasinda elde
edilen gerilme degerlerindeki farkin ¢ok kiiciik ve istatistiksel olarak anlamli olmadigini
gosteriyor, bu da vida uzunlugunun von Mises gerilmesine etkisi olmadigini gosteriyor.
Sekil 4.15, abutment implant agis1 degistirildiginde vida disi ve dis yuvasi arasindaki
kesisme noktasinin degistigini gostermektedir. Bu kesisme noktasi kritiktir ¢iinkii
abutment vidasinin maksimum gerilmesi bu bolgede bulunmaktadwr, Sekil 4.2C'de
gosterildigi gibi. Genel olarak, bu iliskinin olmamasi, vida disi ile dis yuvasi arasindaki
kesigme noktasinin konumuna baglanabilir.

Kontur 6l¢lim cihazinin stili, ylizey boyunca tek bir yolu dlgmek i¢in kullanildi. Bu
yizeyin purizliligi, Sekil 4.3-4.8'de gosterildigi gibi profilogramlar araciligiyla
degerlendirilebilir. Sekil 4.5 ve 4.6, isaretli bolgelerde gdzlemlenebilir sekilde Sl¢ii
vidasinin daha yiiksek yiizey piiriizliiliigiine sahip oldugunu belirtmektedir. Aksine, Sekil
4.3 ve 4.4'te gosterilen islenmis vidalar, daha az ylizey piiriizliliigii gostermektedir. Digli
vidalar, diger iki yonteme kiyasla ara yiizey piirtizliiligii sergilemektedir.
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Tablo 4.6 ve 4.7'den, islenmis vidalarin, islenmis veya disli implantlarla eslestirilip
eslestirilmedigine bakilmaksizin, titresim testinden dnce ve sonra tork kayiplarina sahip
oldugu goriilebilir. Ancak, islenmis vidalarin islenmis implantlarla eslestirilmesi (3,51%)
ile disli implantlarla eslestirilmesine (2,42%) kiyasla ortalama toplam tork kayb1 biraz
daha ytiksektir. Toplam tork kaybi, vida gevsemesinin dnemli bir 6l¢ilisiidiir; bu nedenle,
bu gozlemlere dayanarak, islenmis vidalarin islenmis implantlarla eslestirilmesinin,
islenmis vidalarin digli implantlarla eslestirilmesine kiyasla vida gevsemesi i¢in daha
yiiksek bir egilimle sonuglanabilecegi ¢ikarilabilir.

Benzer sekilde, Tablo 4.10 ve 4.11'de sunulan sonuglara dayanarak, islenmis implantlarla
eslestirilen Ol¢ti vidalari, disli implantlarla eslestirilenlere kiyasla %7,53 daha ytliksek
ortalama toplam tork kaybina sahipken, disli implantlarla eslestirilenlerin ortalama
toplam tork kayb1 %6,27 idi. Bu, 6l¢ii vidalarinin islenmis implantlarla eslestirildiginde
vida gevsemesi i¢cin daha yiiksek bir egilim gosterdigini 6nermektedir. Bu bulgular,
islenmis  vidalarm  islenmis implantlarla  eslestirildiginde disli  implantlarla
eslestirildigindeki gibi daha yiiksek vida gevsemesine yatkin oldugunu dogrulayan daha
onceki gozlemleri desteklemektedir.

Bu ortalama degerler hesaplanirken, son derece yiiksek veya negatif toplam tork kaybi
(%) degerleri adil bir karsilastirma saglamak ve verilerdeki olasi sapmay1 ortadan
kaldirmak i¢in diglandi. Bu aykir1 degerler, tork uygulama veya 6lgtim stirecinin énemli
Olciide degisebilecegi durumlar1 belirtebilir ve bu nedenle, digslamalar1 tipik kosullar
altinda tork kaybi davranisinin daha temsilci bir degerlendirmesini sunmaya yardimci
olur.

Bu kombinasyonlu 3D Sonlu Eleman Analizi (FEA) ve deneysel ¢alismadan elde edilen
bulgulara dayanarak asagidaki sonuglara ulasilmistir:

Calisma sonuglari, abutment implant agis1 ve abutment vidanin bas ¢ap1 i¢in bos hipotezi
reddetti, bu da bu parametrelerin dis implant1 bilesenlerinin gerilmesini, toplam
deformasyonu ve dis implantinin dogal frekansini énemli 6lgiide etkiledigini gosterdi.
Bu, sirayla, vida baglantisinin mekanik stabilitesini ve dis implantlarinda vida gevsemesi
olasiligini potansiyel olarak etkileyebilir.

Ancak, abutment vida uzunlugu i¢in bos hipotez reddedilemedi, bu da bagimli
degiskenlerin lizerinde 6nemli bir etkisi olmadigini gosterdi. Abutment vida uzunlugunun
dis implantlarinin mekanik stabilitesindeki roliinii tam olarak anlamak i¢in daha fazla
aragtirmaya ihtiya¢ duyulabilir.

Deneysel ¢alismamiz bir¢gok dnemli bulguya yol agt1. Yiizey piiriizliiliigii 6l¢timleri, tork
ve titresim testleri ve SEM goriintiileme sonuglar1 analiz edildiginde, bu ¢alismada
kullanilan her tiretim yonteminin benzersiz bir ylizey piiriizliiligi tirettigi agiktir. Yiizey
plriizliliigiindeki bu degisiklik, vida gevsemesi derecesini buna gore etkiler. Bu nedenle,
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vida gevsemesi ve vida ylizey piiriizlilligii arasinda 6nemli bir korelasyon oldugu
sonucuna varilabilir.

Islenmis vidalar, hem disli vidalara hem de 6l¢ii vidalarmma kiyasla daha az gevseme
gosterdi. Bu, islenmis vidalarin diger tiirlere kiyasla daha diisiik ylizey piirlizliliigiine
sahip olmasina baglanabilir.

Vida gevsemesi, vidalarin yiizey puriizliilligiinii ayarlayarak ve/veya implantin i¢ disli
isleme siirecini degistirerek kontrol edilebilir. Bu ¢alismada, digli implantlar islenmis
implantlara kiyasla daha az vida gevsemesi ile sonucglandi, bu da bu yontemin potansiyel
faydasii gostermektedir.

Bu calisma esas olarak vida gevsemesi lizerindeki yiizey piiriizliliigliniin etkisine
odaklanirken, vida gevsemesine katkida bulunan diger faktorlere, malzeme 6zelliklerinin
etkisi, implant veya vidanin tasarimi ve biyolojik faktorlerin etkisi gibi, daha fazla
arastirma yapilmasi 6nerilmektedir.

Bu calisma, farkli {iretim yOntemlerinin, vida gevsemesini etkileyen farkh yiizey
plrtizliiliik seviyeleri ile sonu¢landigini bulmustur. Yiizey piiriizliiliigi ve vida gevsemesi
iizerindeki etkileriyle ek iiretim siireglerini kesfetmek 6nerilmektedir.

Bu calismada kullanilan vidalar metrik 4 boyutundadir, bu da dis implantlarinda tipik
olarak kullanilan boyutlardan farklidir. Bununla birlikte, iiretim siireci, ylizey
puriizliiliigii ve vida gevsemesi arasindaki korelasyon hakkindaki bulgular temelde
degerlidir. Bu bulgular1 dogrudan klinik pratige uygulanabilir kilmak icin, dis
implantlarinda tipik olarak kullanilan vidalarm boyutlar1 kullanilarak benzer ¢alismalar
yapilmalidir. Bu nedenle, bu ¢alismanin bulgularinin uygulanabilirligini dogrulamak ve
genigletmek i¢in dis implantlarinda yaygin olarak kullanilan vida boyutlar1 araliginda bu
deneyleri tekrarlamak énerilmektedir.

Cesitli kaplama ve yiizey islem siireclerinin ylizey piiriizliliigli ve vida gevsemesi

iizerindeki etkisi arastirilabilir. Bu, yiizey Ozelliklerini degistirerek vida gevsemesini
azaltmak icin potansiyel ¢oztiimler sunabilir.
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1. INTRODUCTION

Over the past few decades, dental implants have revolutionized the field of dentistry by
providing a durable and aesthetically pleasing solution to tooth loss. Despite their success,
there is still a common, complicated issue encounters dental implant manufacturers today.
This issue is the loosening of the abutment screw over time, which can lead to implant
prosthesis failure. The implant body in the jawbone is connected to the prosthesis by an
abutment screw. That is why its stability is significant for the overall success of the
implant prosthesis.

1.1. Problem Statement

Screw loosening in dental implants presents a significant challenge for manufacturers,
dentists, and patients alike. Despite rigorous efforts to reduce the recurrence of abutment
screw loosening, the collective effect of the internal contact surfaces (the abutment
implant angle (0), the abutment screw head diameter (D), and the abutment screw length
(L)) on screw loosening has yet to be investigated. Whether these three parameters
significantly influence screw loosening remains unclear, and if so, which has the most

substantial impact.

Moreover, some studies indicate that surface roughness may affect the mechanical
connection between the screw and its corresponding part, which may affect the
probability of the screw loosening. However, a more methodical and accurate
investigation into this potential correlation is required. Furthermore, no research to date
has comprehensively examined how the surface roughness of abutment screws,
influenced by different manufacturing methods, impacts the likelihood of screw

loosening.

1.2. Objective

1.2.1. General Objective

To comprehensively investigate the factors affecting screw loosening in dental implants,
with a specific focus on the effects of internal contact surfaces and screw surface

roughness.



1.2.2. Specific Objectives

The specific objectives are to:

1. Use computational modelling to evaluate and compare the mechanical effects of the
abutment implant angle (0), the abutment screw head diameter (D), and the abutment
screw length (L) on screw loosening.

2. Conduct experimental studies to characterize the surface roughness of dental implant
abutment screws manufactured by different methods, including machining, thread
rolling, and die.

3. Determine the correlation between surface roughness and screw loosening and
understand the impact of manufacturing methods on this relationship.

4. Evaluate the torque loss of these screws under applied vibration to simulate a clinical
scenario.

5. Analyze the microscopic variations among the screws using Scanning Electron

Microscopy (SEM), and associate these observations with screw loosening.
1.3. Thesis Layout

This thesis consists of five chapters, the first chapter provides an overview of the topic
and presents the objectives of the study. Literature reviews are explored in chapter two.
In the third chapter of the thesis, both computational and experimental investigations into
the factors contributing to screw loosening in dental implants are carried out. This
includes computational modeling to study the effects of variations in internal contact
surfaces within a dental implant and an experimental analysis of surface roughness across
screws produced by different manufacturing methods. The fourth chapter presents a
comprehensive analysis and discussion of the results derived from the computational and
experimental studies conducted in chapter three. The final chapter, chapter five,
concludes the thesis by summarizing the main findings, offering insightful conclusions,

and providing recommendations for future research in the field of dental implants.



2. LITERATURE REVIEWS
2.1. Dental Implant Systems

A dental implant is an artificial device, placed in contact with oral connective and bone
tissues, which has the function to replace the natural tooth root (Boemio et al., 2011).
Dental implants can reach the clinical success if they are not toxic to the cells in the
surrounding tissues, or undergo dissolution and cause systemic damage to the patient, and
they must be able to form a stable bone-implant interface that is capable of carrying
occlusal loads, and transferring or distributing stresses to the adjacent bone so that bone
vitality is maintained over long periods (Hench & Wilson, 1993).

2.1.1. Endosseous Screw-Shaped Implants

Today, endosseous titanium implants are widely used in restorative dentistry to restore
missing teeth. There are two types of dental implants, one-piece (monoblock) and two-

piece (multi-parts), depending on the area to be applied in the mouth (Resnik, 2020).
2.1.1.1. One-Piece Implants

As shown in Figure 2.1, these types of implants, in which the abutment and the implant
body consist of one piece, are applied in a one-stage surgery. They are generally used in
cases of narrowing of the mesiodistal space due to congenital tooth defects, in cases where
the natural teeth root distance is less than 3 mm and as orthodontic anchorage devices
(Resnik, 2020).

8

Figure 2.1. One-piece dental implant (Resnik, 2020).
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2.1.1.2. Two-Piece Implants

Multi-parts implant consists of implant, abutment and abutment screw. It is applied to
patients undergoing two-stage surgery. In first stage, it is placed into the jawbone under
the soft tissue for approximately 2-5 months according to the patient’s bone structure and
other factors for the osseointegration process. After the osseointegration process is
complete, the abutment is connected to the implant with a screw and a crown then can be
placed on the abutment (the second stage). These types of implants are widely used today
as they allow more compatible restorations in the preparation of the prosthetic
superstructure. As shown in Figure 2.2, the abutment is attached to the implant with a
screw. A conical central surface is used for precise contact and maximum contact
resistance against the forces coming to the implant. Thanks to the internal hexagonal
connection, the implant system resists the torsional forces during tightening the abutment
screw and against the torsional forces of the implant upper group. After a hole is drilled
in the bone with a self-tapping screw, the implant can be screwed directly into the bone

without guiding need.

Abutment

§j Abutment screw
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Micro-threads
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Figure 2.2. Multi-parts dental implant and its structure (Resnik, 2020).
2.2. Screw Loosening

Micromovements of the retaining screws, caused by the occlusal forces acting on the
prosthesis, can lead to their eventual loosening (von Krammer, 1999). Implant

manufacturers have tried to address this issue by integrating design features that prevent



rotation in their systems (Dixon et al., 1995). Research has indicated that the incidence of
instability in abutment screws ranges from 12.7% to 43% (Jung et al., 2008; Jemt, 1990).
Another study found that approximately 26% of abutment screws required retightening

after being in use for a year (Jemt et al., 1991).

In restorations that attach directly to the implant, the implant and abutment are connected
through the preload achieved by the tightening torque applied to the prosthetic screw
(Armentia et al., 2021; Patterson & Johns, 1992), providing the essential structural
integrity to the restoration (Barbosa et al., 2011; Stlker et al., 2008; Lang et al., 2003).
The recommended torque value is provided by manufacturers based on various factors
related to the design of the implant (Dixon et al., 1995).

2.2.1. Screw Loosening in Implant-Supported Prostheses

Dental implant prostheses can be fixed either with cement or screws. The majority of
previous research has shown that cement can cause peri-implantitis (Quaranta et al., 2017;
Staubli et al., 2017). Lack of cement and good retrievability are considered advantages of
a screw-retained implant prosthesis compared to a cement-retained implant prosthesis
which offers superior esthetics (Ma & Fenton, 2015). Accordingly, screw-retained
implant prostheses are preferred over permanent cement-retained implant prostheses (Ma
& Fenton, 2015). However, screw loosening is considered one of the most common
complications in both screw-retained and cement-retained implant prostheses (Cho et al.,
2004; Lee et al., 2020), but it was reported to be more common in screw-retained implant
prostheses (Lee et al., 2020). In contrast, (Assenza et al., 2005) conducted an experimental
study in six adult male Beagles to evaluate the frequency of the screw loosening between
screwed and cemented abutments. Twelve months later, the screwed abutments had eight

(27%) loose screws, whereas the cemented abutments exhibited no loosening.
2.2.2. Screw Loosening: Statistical Insights

In a long-term study, (Kreissl et al., 2007) evaluated the incidence of the most common
issues such as screw fracture, screw loosening, veneer porcelain fracturing and structural
fracture in implant-supported fixed partial dentures. As a result, abutment screw
loosening was reported to be the most common issue, with a cumulative incidence of

6.7% in six single crowns and two cantilever bridges (Kreissl et al., 2007). In addition,
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many short- and long-term studies reported the incidence of screw loosening in 7.2% of
1928 implants placed in 837 patients,6 in 27.3% of 107 single-implant restorations placed
in 92 patients (Jemt et al., 1991), in 6.7% of 205 fixed-implant restorations placed in 76
patients (Kreissl et al., 2007), in 10.3% of 39 single implants and 12.1% of 174 multiple
implants placed in 106 patients (Cho et al., 2004), in 6.8% of all implants (Bréagger et al.,
2001), and in 5.8% as a cumulative incidence (Pjetursson et al., 2004). (Goodacre et al.,
2003) indicated that abutment screw fracture occurred in 2% of 13160 implants and
abutment screw loosening occurred in 6% of 6256 implants and can reach up to 45% in
implant single crowns. Consequently, loosening the dental implant-abutment screw is one
of the most common and complicated issues encountered by dental implant

manufacturers.
2.2.3. Factors and Parameters Influencing Abutment Screw Loosening

Factors and parameters that influence abutment screw loosening were investigated and
reported in many studies, as follows: screw length (Kanneganti et al., 2018; Lee & Cha,
2018; Yeo et al., 2014), angulation-correcting implants (Hotinski & Dudley, 2019),
external hex abutments (Ha et al., 2011), implant diameter (Londhe et al., 2020),
contamination by blood and saliva during the implant treatment process (Koosha et al.,
2020), lubricant use (Wu et al., 2017), coating screws with gold (Bulaqi et al., 2019),
adding a conical spring washer to a gold screw (Korioth et al., 1999), coating screws with
a diamond-like layer (de Moura et al., 2017), microleakage (Sahin & Ayyildiz, 2014),
abutment collar length (Siadat et al., 2015), abutment screw retightening (Bulaqgi et al.,
2015; Farina et al., 2014), using anti-rotation resistance features, such as notches or
micro-stops (Aboyoussef et al., 2000; Kofron et al., 2019), abutment screw head shape
(Arnetzl et al., 2016; Coppedé et al., 2013), implant-abutment connection designs
(Sammour et al., 2019; Siadat et al., 2018), lateral forces (Londhe et al., 2020; Khraisat
et al., 2004), frequent reuse or replacement the retained abutment screw (Butkevica et al.,
2018; Weiss et al., 2000; Arshad et al., 2018; Guzaitis et al., 2011; Xiao et al., 2017),
interchangeable abutments (Park et al., 2017; Alonso-Pérez et al., 2018; Kim et al., 2012),
torque values (Siamos et al., 2002; Lee et al., 2002; Kim & Lim, 2020), preload values
(Guda et al., 2008), and abutment screw material (Farina et al., 2012). In addition, (Lee

et al., 2020) came to the conclusion that screw loosening is affected by implant position,



implant type and manufacturer, implant diameter, implant-abutment connection type,
implant prosthesis retention type, and type of implant prosthesis. (Duncan et al., 2003)
reported that screw loosening in males (9.4%) was much higher than in females (3.1%),
while it was unaffected by the sex factor (Lee et al., 2020). While these studies have
highlighted some aspects of screw loosening, a significant knowledge gap remains.
Specifically, the internal contact surfaces of dental implants, a potentially crucial factor

in screw loosening, have been largely overlooked.
2.2.4. Preventing Screw Loosening Techniques

There are a lot of research have been done to prevent screw loosening. The used methods
were gold screws, silicone plug, different implant-abutment joint design, and screw
cement (Cavazos Jr & Bell, 1996). Although the efforts of the researchers to prevent the

screw loosening, it still a common problem.

2.2.4.1 Silicone Plug

(Cavazos Jr & Bell, 1996) have proposed a new technique for preventing abutment screw
loosening by using internal dimples on the internal surface of abutment screw cylinder
above the screw and filling the cylinder with elastomeric impression material such as
polyvinyl siloxane which is used indirectly in prosthodontics and restorative dentistry. A
Cotton pellet was placed above the polyvinyl siloxane material and condensed using an
amalgam condenser. Finally, a temporary composite (Fermit) was used to seal the
opening (Figure 2.3A). Their method can also be used for angled abutments (Figure
2.3B).

.

Figure 2.3. A, Polyvinyl siloxane, cotton pellet, and composite. B, Temporary composite
over head of screw and dimples in angled abutment.
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This technique is unwieldy because it requires two synchronous syringes to ensure that
the access canal to screw is filled correctly with a silicone. Therefore, this technique has
been modified by Roberto. There were two modifications added to Cavazos’s technique,
the first is using a root canal filler instead of the syringes to pack a material into abutment
screw cylinder and using acrylic resin instead of a composite (von Krammer, 1997).
However, Roberto did another study to simplify the obturation process of the abutment
screw cylinder and prevent the screw loosening because in his first study there wasn’t a
guide for replacing the silicone plug to its correct place after inspection for any reason
Figure 2.4A (von Krammer, 1999).

=

Figure 2.4. A, Access canal and hex portion of screw head with antirotational grooves, B,
Dimples. C, Placement and direction of rotation (arrows) of root canal filler.

2.3. Surface Roughness

During the chip removal process in machining, surface flaws occur on the machined
surface due to the influence of physical, chemical, temperature, and mechanical
movements between the tool and the workpiece, depending on the machining operation,
type of cutting tool, and machining conditions. The irregular deviations that occur in the
nominal surface line in the upward and downward direction are called "surface
roughness". There are many factors affecting surface roughness. These include the way
the workpiece is attached, the axis and business gaps of the bench, structural defects due
to the machined material, irregular chip flow during machining of brittle materials, cutting
speed, feed speed, chip depth, cooling and lubrication conditions of the cutting tool,

chemical and metallurgical structure of the workpiece, cutting tool geometry, type of



machine on which machining is performed, machining conditions, and rigidity status.
Theoretically, the value of surface roughness is mainly affected by two parameters during
cutting. These are the feed speed of the cutting tool and the tip radius. The surface
roughness value can be calculated according to Equation (1.1), depending on these two
parameters. In the given equation, Rt represents the maximum surface roughness value,
fn represents the feed speed (mm/rev), and r represents the cutting tip radius (mm)
(Bhushan, 2000).

R, =Jn_ (2.1)

Surface roughness most commonly refers to the variations in the height of the surface
relative to a reference plane. It is measured either along a single line profile or along a set
of parallel line profiles (surface maps). It is usually characterized by one of the two
statistical height descriptors advocated by the American National Standards Institute
(ANSI) and the International Standardization Organization (ISO). These are (1) Ra, CLA
(center-line average), or AA (arithmetic average) and (2) the standard deviation or
variance (c), Rq or root mean square (RMS). Two other statistical height descriptors are
skewness (Sk) and kurtosis (K); these are rarely used. Another measure of surface
roughness is an extreme-value height descriptor Rt (or Ry, Rmax, or maximum peak-to-
valley height or simply P-V distance). Four other extreme-value height descriptors in
limited use, are: Rp (maximum peak height, maximum peak-to-mean height or simply P—
M distance), Rv (maximum valley depth or mean-to-lowest valley height), Rz (average

peak-to-valley height), and Rpm (average peak-to-mean height) (Bhushan, 2000).

A profile, z(x), in which profile heights are measured from a reference line Figure 2.5. A
center line or mean line such that the area between the profile and the mean line above
the line is equal to that below the mean line. Ra, CLA, or AA is the arithmetic mean of
the absolute values of vertical deviation from the mean line through the profile. The
standard deviation ¢ is the square root of the arithmetic mean of the square of the vertical

deviation from the mean line (Bhushan, 2000).
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Figure 2.5. Schematic of a surface profile z(x) (Bhushan, 2000).

In mathematical form, it can be written

1 L
Ra=CLA=AA=Zf |z—m|dx (2.2)
0
and
1 L
m=—f zdx (2.3)
LJ,

Where L is the sampling length of the profile (profile length).

The variance is given as
1 L

o = —f (z —m)?dx (2.4)
L 0

=R,* —m? (2.5)

Where, o is the standard deviation and Rq is the square root of the arithmetic mean of the

square of the vertical deviation from a reference line, or
1 L
R, = RMS? = Zf (z®)dx (2.6)
0

For the special case where m is equal to zero,
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R, =0 (2.7)

In many cases, the Ra and o are interchangeable, and for Gaussian surfaces,

s
a~\g R, ~1.25R, (2.8)

The value of Ra is an official standard in most industrialized countries. Table 2.1 gives
internationally adopted Ra values together with the alternative roughness grade number.

The o is most commonly used in statistical analyses.

Table 2.1. Center-line average and roughness grades (Bhushan, 2000).

Ra Values up to a Value in um Roughness Grade Number

0.025 N1
0.05 N2
0.1 N3
0.2 N4
0.4 N5
0.8 N6
16 N7
3.2 N8
6.3 N9
125 N10
25.0 N11
F(N) 542

2.3.1. Surface Modification Techniques and Screw Loosening

The incidence of abutment screw loosening can be significantly influenced by
modifications to the surface roughness of abutment screw. Various methods have been
explored to modify the surface roughness of abutment screws to reduce screw loosening.
For instance, (Jeong et al., 2014) used electron beam physical vapor deposition (EB-PVD)
to deposit films of titanium nitride (TiN) and tungsten carbide (WC) onto abutment screw
surface. In another study, (Elias et al., 2006) compared the opening torque of abutment
screws coated with four different materials (TiN, titanium carbonitride (TiCN), teflon,
and parylene). Furthermore, (Chen et al., 2020) utilized thermal spraying to prepare
Polyetheretherketone (PEEK) and Polytetrafluoroethylene (PTFE) coatings on the
abutment screw surface, noting an improvement in immediate fastening and long-term

anti-loosening performance. Moreover, plasma nitriding treatment (PNT) is a recent
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surface modification technique developed to address the problem of screw loosening (Sun
et al., 2020). In this context, (Sun et al., 2020) investigated the impact of PNT on dental
implant abutment screw joint. Their results showed that PNT not only reduced friction
and increased preload force, but also enhanced the anti-loosening performance of the

screws under dynamic load.

(Dixon et al., 1995) investigated and compared the amount of torque required to loosen
the abutment screws for three implant designs from different manufacturers. The
researchers did not measure the surface roughness of the implant screws; instead, they
relied solely on mean torque results to compare the implant designs. In another study,
(Armentia et al., 2021) examined the impact of dental implant prosthetic screws on fatigue
performance. The authors produced screws with both rolled and cut threads and identified
the surface roughness parameters of these screws. However, they did not examine how
these parameters could be influence screw loosening. To address this gap, this study
conducted an experimental investigation to examine both the surface roughness and
torque loss (before and after a vibration test) required to loosen abutment screws produced

by machining, thread rolling, and die methods.

2.4. Screw Thread Manufacturing Techniques

Screw thread manufacturing in the industry primarily relies on two processes: machining
(cutting) and thread rolling (Armentia et al., 2021). In machining, equipment like the CNC
lathe precisely remove material from the workpiece to create the desired thread shape.
Conversely, in thread rolling, specialized dies with the desired thread profile and pitch
engraved on their surfaces form threads on the workpiece through plastic deformation
rather than cutting or removing material (Aktas & Kisioglu, 2020; Domblesky & Feng,
2002).

2.5. Finite Element Method (FEM)

FEA has been widely adopted in biomedical engineering applications and has been used
in many studies to evaluate abutment screw loosening (Chen et al., 2021; Pournasrollah
et al., 2019; Bulaqi et al., 2019a, 2015b; Kanneganti et al., 2018; Wu et al., 2017; Jorn et
al., 2014, Kitagawa et al., 2005).
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(Chen et al., 2021) indicated that some FEA studies directly linked the increase in
maximum von Mises stresses in the abutment screw with screw loosening. Therefore, in
the present study, the maximum von Mises stress and the maximum total deformation of
dental implant components, particularly the abutment screw and implant, were used to
evaluate and compare screw loosening in all models. Additionally, the natural frequencies
of the vibrational modes of the model were assessed using modal analysis, an approach
that is particularly useful for assessing the dynamic behavior of a system (Chen et al.,
2020).
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3. METHODOLOGY

This research addresses the influence of internal contact surface area modifications within
dental implants and variations in abutment screw surface roughness on screw loosening.
Firstly, a computational study was performed to explore the potential impact of internal
contact surfaces within dental implants, specifically the abutment implant angle (0), the
abutment screw head diameter (D), and the abutment screw length (L), on screw
loosening. Finite element analysis (FEA) and various statistical tests were conducted to
determine the interplay between these parameters and their collective influence on the
mechanical stability of the screw joint. Secondly, an experimental study was conducted
to investigate the influence of different manufacturing methods, specifically machining,
thread rolling, and die, on the surface roughness of dental implant abutment screws and
their subsequent impact on screw loosening. Additionally, this research aimed to
determine whether modifying the internal threading process of the implant would affect
the torque loss of abutment screws. Therefore, this research presented a comprehensive

investigation of the issue through both a computational and an experimental study.
3.1. Computational Study: Finite Element Analysis

Both static and modal analyses were used to evaluate and compare the stability of 27
models through the evolution of the maximum von Mises stresses for the implant
components, maximum total deformation, and natural frequencies. Static analysis
provided insight into the stress distribution and deformation under a 200-N load, whereas
modal analysis helped in understanding the dynamic response and stability of the dental
implant system under unforced vibration. Combining these two approaches provided a

more thorough evaluation of the factors affecting screw loosening in dental implants.
3.1.1. Research Hypothesis

The null hypotheses were that the abutment implant angle (0), the abutment screw head
diameter (D), and the abutment screw length (L) would not have a significant effect on
the stresses of dental implant components, total deformation, or natural frequency of
dental implant design and that they would not influence the mechanical stability of the

screw joint and the probability of screw loosening in dental implants.
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3.1.2. FE Model Generation

The implant, the abutment, and the abutment screw were analyzed with the parameters
illustrated in Figure 3.1. Three abutment screw lengths (4 mm, 5 mm, and 6 mm), three
abutment screw head diameters (2.65 mm, 2.75 mm, and 2.85 mm), and three abutment
implant angles (30 degrees, 45 degrees, and 60 degrees) were evaluated, with a total of
27 combinations (Figure 3.2, Table 3.1).

Figure 3.1. Implant design parameters investigated.
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Figure 3.2. Three-dimensional computer-aided design models used with different
parameters. A, Abutment screw lengths: 4 mm (L1), 5 mm (L2), and 6 mm (L3). B,
Abutment screw head diameters: 2.65 mm (D1), 2.75 mm (D2), and 2.85 mm (D3). C,
Abutment implant angles: 30 degrees (01), 45 degrees (02), and 60 degrees (63). D,
Assembled model. E, mesh model.

15



Solid components of the 27 implants were constructed and assembled using a 3-
dimensional (3D) computer-aided design (CAD) software program (SolidWorks version
2020; Dassault Systemes SolidWorks Corp) and exported into a CAD modeling software
program (ANSYS version 21; ANSYS, Inc.) for analysis (Figure 3.2). According to the
mesh convergence, the screw element size was selected as 0.1 mm, and the element size
of other components was 0.25 mm. The mesh of the total model is shown in Figure 3.2E.
After the 27 finite element (FE) mesh models had been developed, friction was assumed
between all implant components, with a friction coefficient of 0.2 (Jeng et al., 2020).

Table 3.1. Combinations of abutment implant angle (0), abutment screw head diameter
(D), abutment screw length (L) with model nodes and element numbers used.

Abutment Implant Screw Head

Angle (0) Diameter (D) Screw Length (L) Node Element
[mm] Number Number
[degrees] [mm]
4 253255 170557
2.65 5 291182 196586
6 327407 221391
4 264181 178301
30 2.75 5 301131 203631
6 338699 229433
4 274004 185560
2.85 5 311451 211289
6 348092 236376
4 253963 171066
2.65 5 291401 196781
6 327816 221694
4 264489 178585
45 2.75 5 301616 204059
6 338834 229561
4 274593 186039
2.85 5 311626 211438
6 348388 236586
4 254049 171158
2.65 5 291375 196767
6 304511 207918
4 268980 181205
60 2.75 5 301196 203740
6 338507 229342
4 274370 185926
2.85 5 311683 211525
6 347807 236199

3.1.3. Static Test

A tightening torque of 25 Ncm was applied to the screw to simulate preload, calculated

by substituting the values of the abutment screw design parameters (Table 3.2, Figure
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3.3A) in the torque equation (1). A torque of 25 Ncm with a coefficient of friction of 0.2
assumed for all screw threads and screw head resulted in a preload of 542 N, which was
transformed along the interface between the surface of the threads of the abutment screw
and the surface of the internal threads of the screw channel (Figure 3.4A).

Figure 3.3B illustrates the interface between the screw and the screw channel in the
implant design. The screw channel was a threaded, cylindrical hole within the implant
body, while the abutment screw had a matching threaded outer surface. The threads on
the abutment screw and the screw channel are complementary in terms of their shape,
size, and pitch. As the abutment screw is tightened into the screw channel, the threads
engage and create friction, which helps to keep the screw in place and prevent loosening.
This well-designed interface ensures a strong and secure connection between the
abutment and the implant, while also allowing for ease of installation and removal if

needed.

Figure 3.3. A, Abutment screw design parameters values used. B, Interface between
abutment screw and screw channel.

Table 3.2. Measurements and preload value for model.

Parameters Value
T (Nmm) 250
P (mm) 0.35
Ut 0.2
Mn 0.2

d2 (mm) 1.78

dn (mm) 2

B (deg) 30
F(N) 542
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A 200-N force inclined 30 degrees in the axial direction was applied to the upper surface
of the abutment (Figure 3.4B) to simulate the maximum masticatory load in the posterior
area (Jeng et al., 2020; Yao et al., 2018). All sides of the external surface of the implant
were fixed as boundary conditions before the simulation was carried out (Figure 3.4C).
The mechanical properties of the materials, including the Poisson ratio and elastic
modulus, were standardized, and all materials were assumed to be isotropic,
homogeneous, and linearly elastic (Table 3.3) (Jeng et al., 2020; Eraslan & Inan, 2010;
Noureddine et al., 2017; Yodrux et al., 2019).

309°

N
-
-
-
-

Figure 3.4. Boundary conditions used. A, Screw preload 542 N. B, Load applied to upper
surface of abutment 200 N. C, Fixed support (external surface of implant).

Table 3.3. Material properties used in this analysis.

Elastic Modulus E Poisson Ratio  Yield Strength
[GPa] v [MPa]

110 0.35 860

Components Material

Abutment Screw, Titanium Alloy
Abutment, Implant (Ti-6Al-4V)

Torque calculations

By using the torque equation to calculate screw preload applied in all models:

F d
PL RS g n] (3.1)

21T cosP nkt
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By solving for F

F= 2T (3.2)
[P, mdy '
n T Cos B + d“un]

Where;

T (Nmm)=tightening torque

P (mm)=thread pitch

pt=coefficient of friction for the threads

pn=coefficient of friction for the screw head

d2 (mm)=the effective diameter of thread contact (pitch diameter of the thread)

dn (mm)=the effective diameter of contact between the implant and the joint (major

diameter of the thread)
B (deg)=half of thread angle (flank angle )
F (N)=screw preload

By substituting the values of the abutment screw design parameters from Table 3.2 in

equation (3.2)

Fe 2 %250 ~ £42 N
_[035 02*178+2*02]:
T cos 30 )

3.1.4. Modal Analysis

The natural frequencies of the 27 models were identified under free vibration by using
modal analysis in the ANSY'S software program. Free vibration referred to the oscillatory
motion of the dental implant in the absence of external forces. All internal contact surfaces
in all models were assumed to have a coefficient of friction of 0.2, and the external surface

of the implant was fixed from all sides.
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3.1.5. Statistical Analyses

To determine whether there were significant differences between factor groups, a
nonparametric Kruskal-Wallis statistical test was used because of the nonnormal
distribution of some of the data, as determined by the Shapiro-Wilk normality test.
Following the Kruskal-Wallis test, multiple pairwise comparisons were conducted using
the Dunn test. Statistical analyses were performed using a statistical software program
(IBM SPSS Statistics, v29.0.1.0; IBM Corp) (0=.05).

3.2. Experimental Study: Manufacturing and Testing Methods

A total of 30 M4-sized screws were manufactured using machining, thread rolling, and
die methods. Each method was used to produce 10 screws made from 6-mm-diameter
rods of grade 5 titanium alloy (Ti-6Al-4V) (Figure 3.5). Six steel abutments, six steel
implants with internal threads created using cutting and thread rolling taps, and an
aluminum holder were fabricated for the purpose of the research. Afterwards, the surface
roughness of two screws from each group was measured using a contour measuring
device. Furthermore, a digital torque meter was used to evaluate and compare the torque
losses of each group before and after a vibration test. Finally, a scanning electron
microscope (SEM) was employed to examine the surface topography along the thread

profile.
3.2.1. Research Hypothesis

This research hypothesizes that torque loss values, both before and after the vibration test,
as well as the total torque loss, would remain consistent across various categories of
abutment screws and implants manufactured using different methods when subjected to

identical vibration test conditions.
3.2.2. Implant Materials

A grade 5 titanium alloy (Ti-6Al-4V) was selected for the dental implant screws to
simulate commercial abutment screws, which are made of Ti-6Al-4V due to its
mechanical properties, biocompatibility, and status as the gold standard for dental

implants and prosthetic screws (Al-Sanea et al., 2023; Osman & Swain, 2015; Faria et
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al., 2012; Wang & Fenton, 1996). In addition, steel material was used for the implants
and the abutments, while aluminum was used for the holder. All materials used are listed
in Table 3.4.

Table 3.4. Materials used for manufacturing dental implants.

Components Material
Abutment Screw Titanium Alloy (Ti-6Al-4V)
Abutment Steel
Implant Steel
Holder Aluminum

Figure 3.5. 6-mm metal rods of grade 5 Ti alloy.
3.2.3. Dental Implant Geometry

It was found that manufacturing the dental implant screws with M2-size will make the
process of measurement of screw surface roughness very challenging due to the precise
size of M2 screw threads. Therefore, all abutment screws in this study were manufactured
with screw size M4. In addition, all dimensions and geometry of implant and abutment
were modified accordingly. Figure 3.6 shows the final design of the dental implant before

being manufactured.

Figure 3.6 Final design of dental implant before being manufactured.
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3.2.4. Dental Implant Manufacturing Procedures

Dental implant manufacturing methods have significantly advanced over the years,
leading to improved patient outcomes and simplified production processes. In this
research, three different manufacturing methods were used for manufacturing dental
implant and its components. The methods used are machining, die, and thread rolling.

Detailed manufacturing procedures of each component are shown as follows:

3.2.4.1. Abutment Screw Manufacturing Methods

Abutment screws were manufactured using three methods are described in details as

follows:

3.2.4.1.1. Machining Method

Computer-aided design (CAD) SolidWorks software program was used to create a 3D
model of the dental implant design, then it was converted into instructions (G-code) for
the CNC machine using Computer Aided Manufacturing (CAM) Mastercam software
program, which was programmed to follow the instructions from the CAD file and

precisely remove material from the workpiece to create the desired shape.

In this method, the computer numerical control (CNC) machine shown in Figure 3.7 was
used to produce six samples of abutments, six samples of implants without the internal
threads, ten samples of dental implant screws, and it was also used to produce other screw

samples before being threaded using die and thread rolling methods.

|

Figure 3.7. Computer Numerical Control (CNC) machine used.
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The process of manufacturing abutment screws using the CNC lathe machine involved
several steps, from preparing the raw material to cutting the threads and finishing the
screw. The steps of this method were as follows:

1. Material preparation:
A 6-mm metal rod of a grade 5 titanium alloy was cut to the desired length for the screw.
2. Workpiece setup:

The cut material was securely set on the CNC lathe chuck using a collet with an M8 size
(Figure 3.8A).

3. Facing and turning:

The CNC lathe machine was programmed to perform facing and turning operations to
create the desired diameter and length of the screw blank (Figure 3.8B). Facing removes
material from the end of the workpiece to create a flat surface, while turning reduces the

diameter to the desired size (in this study M4).

The CNC lathe machine is used to rotate the workpiece while a cutting tool removes

material along the screw’s length, creating its cylindrical shape and smooth surface finish.
4. Thread cutting:

Once the screw blank is prepared, the CNC lathe was programmed to cut the threads. The
cutting speed of 100 m/min and the feed rate of 0.7 mm/r were set according to the desired
thread pitch and profile. The cutting tool, a single-point threading tool, moves along the
axis of rotation at a specific angle to create a helical groove corresponding to the screw’s
thread profile. The CNC lathe precisely controls the cutting tool’s movement and spindle

speed, ensuring accurate and consistent thread dimensions (Figure 3.8C).
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Figure 3.8. Process of manufacturing abutment screw using the CNC lathe machine. A,
Workpiece setup. B, Screw blank. C, Machined screw.

5. Parting off:

After completing the turning and thread cutting operations, the finished screw is separated
from the remaining stock by parting off. This involves moving a narrow cutting tool
perpendicular to the workpiece’s axis of rotation, cutting through the material until the

screw is released.
6. Secondary operations and finishing:

Additional operations, such as grinding and drilling were necessary to complete the

screw. For example, a hole was drilled through the screw head for a specific driver type.

The previous machining operations were repeated to produce 10 samples of machined

screws. The machined screws group are shown in Figure 3.9.

Figure 3.9. Group of machined screws (10 samples).
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3.2.4.1.2. Die Method

In this method, the preformed die shown in Figure 3.10 was used to create the external
threads on a screw blank after it was produced using the machining method. This process
is called thread cutting and it was used to produce ten samples of dental implant screws.

M4 round thread
cutting die with 3
cutting edges

Die sto
(die wrench)

Figure 3.10. A die tool used for cutting external threads on a screw blank by forcing it
through the die’s form.

The general process for manufacturing threaded screws using the die method in this study

is outlined as follows:

1- Production of a screw blank with the desired length and size, as shown in Figure 3.11,

by repeating the first three steps of the machining method.

Figure 3.11. A screw blank of the desired length and size (M4x12) produced through the
machining method.
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2- Thread cutting with a die:

An M4 round thread cutting die with three cutting edges as shown in Figure 3.10,
matching the desired thread profile and pitch for the screw, was employed. The die was

secured in a die stock (die wrench) for holding and rotating the die.
3- Lubricate:

A cutting oil or lubricant was applied to the workpiece (the screw blank) and the die to

reduce friction, heat, and tool wear during the threading process.
4- Align and start threading:

The die was carefully aligned with the workpiece, ensuring that it was perpendicular to
the longitudinal axis of the workpiece as shown in Figure 3.12. Additionally, steady
pressure was applied to the die while turning it clockwise to engage the cutting edges with
the workpiece. Subsequently, the die began cutting threads into the workpiece as it was

turned.

Figure 3.12. Aligning the die perpendicular to the workpiece’s longitudinal axis for
accurate and consistent thread formation.

5- Cutting the threads:

The die was consistently rotated clockwise, as illustrated in Figure 3.13, under steady
applied pressure. After completing each half or full rotation, a slight counter-clockwise

turn of the die was carried out to dislodge and clear away any material fragments. This
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step is crucial to prevent the obstruction of the die and to facilitate a smoother thread

cutting process.

Figure 3.13. Illustration of the thread cutting process with clockwise die rotation (yellow
arrow).

6- Finish threading:

The threading process was continued until the desired thread length was achieved (Figure
3.14).

L+=10 mm

L=12 mm

Figure 3.14. Completion of the threading process at desired thread length (L=10 mm).

7- Cleaning:
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The die was removed from the workpiece, and any remaining cutting oil, chips, or debris

were cleaned from the screw threads.
8- Finishing operation:

The finishing process was subsequently carried out using the CNC lathe machine. All

screws produced using the die method are shown in Figure 3.15.
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Figure 3.15. Group of die screws (10 samples).

3.2.4.1.3. Thread Rolling Method

The thread rolling machine shown in Figure 3.16 was utilized to produce external threads
on ten screw blanks (Figure 3.17), which were preprepared using the machining method.
The thread rolling process involves plastic deformation of the workpiece material to form

threads rather than cutting or removing material, in contrast to the machining and die

methods.

The process of producing threaded screws using thread rolling can be described in the

following steps:

1- Producing a screw blank with the desired length and size, as shown in Figure 3.16, by

repeating the first three steps of the machining method.

2- Setup of the thread rolling machine:
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A thread rolling machine was set up with the appropriate thread rolling dies, which were
flat dies with the desired thread profile and pitch engraved on their surfaces. The dies

were aligned and adjusted in the machine according to the specifications of the screw
being produced.

Two flat dies

Figure 3.16. Thread rolling machine used. A, Final setup of the thread rolling machine

for screw production. B, A pressure gauge, serving as a position switch C, A screw blank
between two flat dies.
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A pressure gauge, serving as a position switch, was employed to commence a new
production cycle. The cycle initiation is triggered when the gauge’s indicator comes into

contact with the vertical bolt, as shown in Figure 3.16B, and resets to zero.

Figure 3.17. A group of screw blanks before being threaded using the thread rolling
method.
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Figure 3.19. All machined, die, and thread-rolled screws (30 samples) produced.
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3.2.4.2. Screw Head Formation

Mailing machine, shown in Figure 3.20, was used for manufacturing a specific driver
type, shown in Figure 3.21A, based on the design of the screw head. Figure 3.21B shows
the final shape of the specific driver. In addition, it was used for the screw head formation
as shown in Figure 3.22. However, the process failed due to the small size of screw head
(Figure 3.23). To address this issue, a hand saw was subsequently employed to form the
screw head.

Figure 3.20. Milling machine used to produce a specific driver type and form a screw
head.

Figure 3.21. A, Manufacturing a specific type of driver using milling machine. B, Final
shape of the specific driver.
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Figure 3.23. Two abutment screws showing manufacturing failure at the screw head.

3.2.4.3. Abutment Manufacturing

Six steel abutments, as shown in Figure 3.24, were manufactured using the CNC machine.

Figure 3.24. Group of abutments produced using the CNC machine.
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3.2.4.4. Implant Manufacturing

Six steel implants, as shown in Figure 3.24, were manufactured using the CNC machine.

Figure 3.25. Group of implants produced using the CNC machine.
3.2.4.4.1. Production of Internal Threads in Implants

In this study, both cutting and rolling taps, as shown in Figure 3.26, were utilized to
produce the internal threads of the implants, all of which were manufactured using the
machining method. Implants whose internal threads were generated with the cutting tap,
a tool that inherently creates wear, will henceforth be referred to as machined implants
(Implant Type M) throughout the study (Figure 3.27A). Conversely, implants with
internal threads made using the rolling tap, a tool that does not induce wear, will be
identified as Thread Rolled Implants (Implant Type TR) (Figure 3.27B).

Figure 3.26. Taps used for creating the internal fhreads of implants. (A) Cutting tap, (B)
Rolling tap.

33



A

Figure 3.27. Different types of implants. A, Machined implants. B, Thread rolled
implants.

3.2.5. Assembled Model of Dental Implant

Figure 3.28. The completed assembly of the dental implant model.
3.2.6. Analysis Tests and Measurements
3.2.6.1. Surface Roughness Assessment (Contour Measurements)

In the context of this research, measuring the surface roughness of each screw group is a
critical step to investigate of the effect of abutment screw surface roughness on screw

loosening.

In this study, the surface roughness of the screws was measured through profile (contour)
measurements. A stylus-equipped contour measuring device, as shown in Figure 3.29,
was employed to obtain a numerical representation of the roughness. In this test, the stylus

of the contour measuring device moves linearly, allowing us to obtain a single path across
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the surface. This device was utilized to measure the surface roughness of two samples

from each group. Profilograms of each sample are shown in the results section.

Figure 3.29. Contour measuring device used to measure surface roughness of dental
implant screw.

The procedures followed of measuring surface roughness of screws using contour

measuring device were as follows:

The abutment screw samples were first cleaned and prepared. Once prepared, each sample
was carefully placed on the stage of the contour measuring device. The device's stylus
was then delicately lowered onto the surface of the screw at a predetermined starting
point. The device was then set to scan a single, linear path along the surface of the screw
thread. During this process, the stylus traced the surface contour of the screw, recording
the vertical deviations which are indicative of surface roughness. Following this, the
recorded data was analyzed to obtain surface roughness parameters Ra (average
roughness), Rq (root mean square roughness), and Rz (average maximum height of the
roughness profile). These values were obtained for each screw sample and presented in

the results section.
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3.2.6.2. Vibration Test and Torque Loss Assessment

A digital torquemeter, as shown in Figure 3.30, was utilized to measure torque losses for
all samples. In this process, each screw sample was initially tightened to a torque of
approximately 100 Ncm. Then, a screw was loosened, and the torque necessary for
loosening (detorque) was measured. The difference between applied (tightening) torque

and detorque is commonly used to assess torque loss.

Figure 3.30. The digital torquemeter used for the assessment of torque losses in screw
samples.
Each screw sample was subsequently retightened to the same initial torque of

approximately 100 Ncm before the application of the vibration test.

In this study, a vibration device (vibrator) shown in Figure 3.31 was utilized to simulate
the conditions of mechanical stress that dental abutment screws would be subjected to in
a real-life oral environment. The primary objective of using this device was to evaluate
and compare the torque losses between the samples of each group under these simulated

conditions.

Vibration test settings:

The vibrator was installed on the compression tensile machine at an angle of 30 degrees
relative to the vertical axis of a dental implant as illustrated in Figure 3.31. This position
was chosen in accordance with 1SO 14801, which pertains to fatigue testing in dental
implants (Aktas et al., 2022). To augment the impact of the applied force on the dental
implant, a set of four nuts was affixed to the end of the vibrator’s bar. Additionally, a
metal circle was attached to the bar to enlarge the contact area with the abutment surface,
thereby expanding the effect of vibration (Figure 3.31B). Ultimately, the vibration device
was set to operate for 24 hours at a frequency of 75 Hz for all abutment screws. After this

period, the dental implant was detorqued again to measure the resulting torque loss.
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Figure 3.31. A vibrator device used. A, 4 nuts to increase the effect of a force applied. B,
Metal circle to increase the effect of vibration. C, Abutment. D, Implant. E, Holder.

3.2.6.3. Scanning Electron Microscopy (SEM) Analysis

In this research, a Scanning Electron Microscope (SEM) as illustrated in Figure 3.32, was
employed to capture detailed images of the abutment screw’s surface at various
magnifications, specifically at X10, X25, X100, X200, X1000 and X5000.

The SEM analysis procedure involved cleaning and preparing two samples from each
group (Figure 3.33), positioning the prepared samples within the SEM chamber, and then
scanning the samples with the electron beam. The resulting images were then analyzed

and presented in the results section.
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Figure 3.33. Two screw samples from each group were analyzed using SEM.

3.2.6.4 Statistical Analyses

Since the data was found to be normally distributed (as determined by the Shapiro-Wilk
normality test), parametric tests were used. The one-way analysis of variance (ANOVA)
and the independent samples t-test were used to investigate whether there were significant
differences between the factor groups. Statistical analyses were conducted using a

statistical software program (IBM SPSS Statistics, v26; IBM Corp) (a=.05).
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4. RESULTS AND DISCUSSIONS
4.1. Results
4.1.1. Computational Study Results

The findings of the static test and modal analysis are presented in Table 4.1. Figure 4.1
illustrates stress distribution in implant components for one model. As shown in Table
4.2, the Kruskal-Wallis test revealed a significant influence of the abutment implant angle
on implant stress, total deformation, and natural frequency (P<.001). Furthermore, the
Dunn test showed significant differences (P<.05) among all three group pairs (30-45, 30-
60, and 45-60 degrees) for the same measured values, except for total deformation
between the 45-60-degree group pair (P=.272) (Table 4.3).

MPa

926,25
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700
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400
300
200
100

0

A B C

Figure 4.1. Stress distribution in one model. A, Implant. B, Abutment. C, Abutment
screw.

The abutment screw head diameter significantly affected both abutment screw stress and
abutment stress, (P=.010 and P=.002, respectively) (Table 4.2). The Dunn test revealed
significant differences in abutment screw stress between the group pair (2.65-2.75) mm
and in abutment stress between the group pairs (2.65-2.85) mm and (2.75-2.85) mm
(Table 4.3). However, abutment screw length had no significant effect on any of the
dependent variables (P>.05) (Table 4.2).

The main effect of the maximum von Mises equivalent stress indicated that the implant
stress was influenced by the abutment implant angle. For example, the rate of change in
implant stress was 76% and -28% when the abutment implant angle increased from 30
degrees to 45 degrees and 60 degrees, respectively (Figure 4.2A). Additionally, the
maximum total deformation of the models significantly increased to 55% when the

abutment implant angle changed from 30 to 45 degrees (P<.001) and increased, but at a
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Table 4.1. Maximum von Mises stress of implant components, total deformation and natural frequency for all models.

Abutment Screw Head Screw Maximum von Mises Maximum von Mises ~ Maximum von Mises Maximum Total ~ Natural Frequency
Angle (8)  Diameter (D) Length (L)  Stress of Abutment Screw  Stress of Abutment Stress of Implant Deformation of Model (Mode 1)
[deq] [mm] [mm] (MPa) (MPa) (MPa) of Model (mm) (Hz)
30 2.65 4 666.64 261.16 738.10 0.0075079 92098
30 2.65 5 697.32 259.64 711.80 0.0075121 92136
30 2.65 6 689.02 261.00 729.58 0.0075484 92085
30 2.75 4 693.21 240.12 566.33 0.0077083 92753
30 2.75 5 716.85 239.98 580.10 0.0076633 92772
30 2.75 6 721.58 239.64 728.03 0.0076963 92722
30 2.85 4 721.66 354.50 237.43 0.0085641 93138
30 2.85 5 680.09 197.50 605.19 0.0078479 93445
30 2.85 6 695.73 197.83 721.06 0.0078792 93401
45 2.65 4 703.45 264.28 1036.5 0.0089318 75180
45 2.65 5 675.11 263.13 956.87 0.0088812 75186
45 2.65 6 671.84 263.92 663.42 0.0089596 75418
45 2.75 4 702.49 243.25 1035.3 0.0091241 75864
45 2.75 5 926.25 284.46 823.28 0.0353830 75871
45 2.75 6 733.63 242.72 1584.9 0.0091323 75808
45 2.85 4 737.75 216.06 1280.1 0.0092667 76715
45 2.85 5 661.6 215.13 898.50 0.0091817 76727
45 2.85 6 712.38 215.37 1588.8 0.0093205 76662
60 2.65 4 660.99 267.31 482.28 0.0085860 67679
60 2.65 5 674.54 266.40 475.94 0.0086431 67709
60 2.65 6 707.54 270.53 443.77 0.0112000 65672
60 2.75 4 747.46 299.99 313.91 0.0092026 68463
60 2.75 5 691.57 239.66 476.16 0.0088097 68433
60 2.75 6 738.27 238.81 417.76 0.0087534 68417
60 2.85 4 724.89 213.18 470.46 0.0089609 69199
60 2.85 5 675.78 212.98 507.32 0.0090377 69218
60 2.85 6 722.25 212.90 471.25 0.0089451 69210
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Table 4.2. K independent Kruskal-Wallis test P values (significance level at P<.05).

Abutment Abutment Implant Total Natural
Screw Stress Stress Stress Deformation Frequency
Abutment Implant .799 .852 <.001 <.001 <.001
Angle
Abutment Screw Head .010 .002 .952 .336 276
Diameter
Abutment Screw 291 291 934 917 934
Length

Table 4.3. Multiple pairwise comparisons using Dunn test P values (significance level at
P<.05).

Pairwise Abutment Abutment Implant Total Natural
Comparisons Screw Stress Stress Stress  Deformation Frequency
Abutment Group 30-45 .018 <.001 .016
Implant Angle Group 30-60 .043 .002 <.001
[degrees] Group 45-60 <.001 272 .016
Abutment Group 2.65-2.75 .003 181
Screw Head  Group 2.65-2.85 .070 <.001
Diameter[mm]  Group 2.75-2.85 .235 .033

lesser rate of 17%, when the angle changed from 30 to 60 degrees (P=.002) (Table 4.3,
Figure 4.2A). Furthermore, the main effect plot (Figure 4.2A) reveals a decrease in natural
frequency corresponding to an increase in the abutment implant angle. Specifically, when
the angle of the abutment implant increased from 30 degrees to 45 degrees and 60 degrees,

the natural frequencies of the models decreased to 18% and 26%, respectively.

For the main effect of abutment screw head diameter (D), the maximum von Mises stress
of the abutment screw increased to 9% when the diameter changed from 2.65 to 2.75 mm
(P<.05) and increased to 3% when the diameter increased from 2.65 to 2.85 mm (Table
4.3, Figure 4.2B). In contrast, the increase in screw head diameter resulted in a decrease
in the abutment stress from 264.15 MPa to 252.07 MPa and 226.16 MPa, respectively
(Figure 4.2B).

For screw length, no clear relationship was observed between the maximum von Mises
equivalent stress of the implant, the abutment, and the abutment screw (Figure 4.2C).
Additionally, it was not evident that increasing L values from 4 mm to 5 mm and 6 mm
had any distinct effect on the natural frequencies of the model (Figure 4.2C). These
observations were corroborated by statistical tests, which demonstrated that screw length

had no significant impact on these measured parameters (P>.05) (Table 4.2).
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When looking at the main effect plot for maximum total deformation across all models,
no clear direct or inverse relationship was found within the investigated factor groups.
However, the total deformation was observed to be at its highest when the model
parameters included an abutment implant angle of 45 degrees, a screw head diameter of
2.75 mm, and a screw length of 5 mm (Figure 4.2A-C).

Maximum Von Mises Equivalent Stress (MPa) % Change
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Total Deformation (mm) % Change Natural Frequency (Hz) % Change
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Figure 4.2. A-C, Main effect of abutment implant angle (8), abutment screw head
diameter (D), and abutment screw length (L) at each level of maximum stresses of implant
components, total deformation, and natural frequency for all models.
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Figure 4.2. (Continued) A-C, Main effect of abutment implant angle (6), abutment screw
head diameter (D), and abutment screw length (L) at each level of maximum stresses of
implant components, total deformation, and natural frequency for all models.
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Figure 4.2. (Continued) A-C, Main effect of abutment implant angle (0), abutment screw
head diameter (D), and abutment screw length (L) at each level of maximum stresses of
implant components, total deformation, and natural frequency for all models.

4.1.2. Experimental Study Results
4.1.2.1. Surface Roughness Assessment Results

Profilograms of two machined screws (M1 and M2), two die screws (D1 and D2), and
two thread-rolled screws (TR1 and TR2) are illustrated in Figures 4.3-4.8, respectively.
These profilograms illustrate important characteristics of the screw threads, such as their
pitch, angle, and depth. These parameters, extracted from each sample’s profilogram, are
numerically presented in Table 4.4. These profilograms, along with their respective
quantitative data tabulated in Table 4.4, provide a comprehensive view of the geometric
characteristics of the screw threads. A systematic comparison of these parameters across
different manufacturing methods provides valuable insights into the variations in thread
characteristics and helps in understanding their potential influence on the incidence of

screw loosening.

Table 4.4. Thread characteristics of different abutment screw samples.
Thread Pitch  Thread depth  Thread Angle

Sample No (mm) (mm) (deg)
M1 0.6989 0.4804 60.7367
M2 0.6924 0.4847 61.0205
D1 0.7238 0.4011 62.1458
D2 0.6896 0.4268 64.8838
TR1 0.7059 0.4644 58.8929
TR2 0.6988 0.4611 58.8585
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By examining Table 4.4, it can be observed that there is a reasonable consistency within
the groups for both machined screws (M1 and M2) and thread-rolled screws (TR1 and
TR2) across all thread parameters (pitch, depth, and angle). However, the die screws (D1
and D2) show noticeable differences across all thread parameters. Overall, Table 2 reveals

differences between the various manufacturing methods.

In addition, these profilograms provide visual representations of surface roughness.
Significantly, the die screws (D1 and D2) exhibited higher surface roughness, as can be
observed in the marked areas. Conversely, the machined screws (M1 and M2)
demonstrated lesser surface roughness, while the surface roughness of the thread-rolled
screws was between the two other methods (Figure 4.3-Figure 4.8).
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Figure 4.3. Profilogram of sample M1 (machined screw), showing thread pitch, angle,
and depth.
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Figure 4.4. Profilogram of sample M2 (machined screw), showing thread pitch, angle,
and depth. The marked areas (indicated by small black squares) highlight regions of
surface texture, indicating the lower surface roughness of this sample compared to
samples D1 and D2.
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Figure 4.5. Profilogram of sample D1 (die screw), showing thread pitch, angle, and depth.
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Figure 4.6. Profilogram of sample D2 (die screw), showing thread pitch, angle, and depth.
The marked areas (indicated by small black squares) highlight regions of significant
surface irregularities, indicative of the higher surface roughness of this screw sample.
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Figure 4.7. Profilogram of sample TR1 (thread rolled screw), showing thread pitch, angle,
and depth.
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Figure 4.8. Profilogram of sample TR2 (thread rolled screw), showing thread pitch, angle,
and depth. The marked areas (indicated by small black squares) show regions with
moderate surface irregularities, representing the medium surface roughness of this sample
compared to the other samples. The dashed line represents the mean line, which is used
as a reference for surface roughness measurements.

In this research, the surface roughness for the aforementioned screw samples was
quantified using three parameters: Ra (average roughness), Rq (root mean square
roughness), and Rz (maximum height of the profile). The gathered data is listed in Table
4.5. Rarepresents the average of the absolute values of the profile height deviations from
the mean line, which is shown as a dashed line in Figure 4.8, within the evaluation length.
The dashed line is a conceptual representation for understanding; the actual surface

roughness measurements were obtained using the contour measuring device.

Lower Ra values suggest a smoother surface, while higher Ra values indicate a rougher
surface. Rq, while similar to Ra, incorporates the squaring of deviations prior to averaging
and then involves the extraction of the square root of the average. Consequently, Rq is
more sensitive to extreme values, whether peaks or valleys, compared to Ra as observable
in Table 4.5. Rz, on the other hand, is the average of the absolute values of the five highest

peaks and the five lowest valleys over the evaluation length.

48



Table 4.5. Surface roughness parameters for different abutment screw samples.

Sample No Ra (mm) Rq (mm) Rz (mm)
M1 1.9455 1.9519 0.4941
M2 1.4627 1.4712 0.5021
D1 0.2151 0.2587 0.4449
D2 0.2002 0.2405 0.4361
TR1 0.1516 0.1799 0.4677
TR2 0.1854 0.2266 0.5296

Looking at data in Table 4.5, it can be observed that samples M1 and M2 have
significantly higher Ra and Rq values, indicating a rougher surface compared to D1, D2,
TR1, and TR2 samples.

4.1.2.2. Torque and Vibration Tests Results
1. Machined Screws

The group of machined screws was divided into two subsets, each consisting of five
screws. The first subset was paired with machined implants (Implant Type M), and the
other was paired with thread rolled implant (Implant Type TR). Tables 4.6 and 4.7 show
the applied torque values, detorque values, and changes in torque loss for each sample
both before and after the vibration test. Table 4.6 relates to the machined screws paired

with machined implants, and Table 4.7 to those paired with thread-rolled implants.

Table 4.6. Torque, detorque, and torque loss measurements before and after vibration test
for machined screws paired with machined implants.

Before Vibration Test After Vibration Test 75 Hz / 24h Total
Sample | Implant
No Type Torque | Detorque | Torque | Retorque | Detorque | Torque Torque
(Nem) | (Nem) | Loss (%) | (Ncm) (Nem) | Loss (%) | Loss (%)
1 M 99.8 81.4 18.44 100.1 75.6 24.48 6.04
2 M 100.3 77.1 23.13 99.8 75 24.85 1.72
3 M 100.6 78.3 22.17 100.4 73.1 27.19 5.02
4 M 100.2 86.9 13.27 100 67.9 32.10 18.83
5 M 101.3 81.4 19.64 101 79.9 20.89 1.25
Average - - - 3.51%
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Table 4.7. Torque, detorque, and torque loss measurements before and after vibration test
for machined screws paired with thread-rolled implants.

Before Vibration Test After Vibration Test 75 Hz / 24 H Total
Sample | Implant
No Type Torque | Detorque | Torque | Retorque | Detorque | Torque Torque
(Ncm) (Ncm) Loss (%) (Ncm) (Ncm) Loss (%) | Loss (%)
1 TR 100.5 83.6 16.82 100 79.8 20.20 3.38
2 TR 100.8 87.2 13.49 99.7 83.4 16.35 2.86
3 TR 100.2 83.1 17.07 101.7 83.3 18.09 1.03
4 TR 101.7 88.2 13.27 102.6 81.4 20.66 7.39
5 TR 100.1 79.5 20.58 100.4 80.4 19.92 -0.66
Average - - - - - - - 2.42%

When calculating the average of the total torque loss values, any extremely high or
negative total torque loss (%) values were excluded to ensure a fair comparison and to
eliminate any potential deviation in the data. These values outside the expected range are
marked in blue in the table for clarity. This includes notably high values such as 18.83%
in Table 4.6, 7.39%, and a negative value -0.66% in Table 4.7.

2. Thread Rolled Screws

Table 4.8 presents the torque, detorque, and torque loss measurements before and after
the vibration test for thread-rolled screws paired with machined implants. These thread-
rolled screws exhibited an average total torque loss of 5.12%. A negative value (-1.05%)
was disregarded in the computation of this average, as it represented an unexpected

variation in the total torque loss.

Similarly, Table 4.9 showcases the corresponding measurements for thread-rolled screws
coupled with thread-rolled implants. The data indicated an average total torque loss of
4.32%. This computation excluded a negative value (-0.81%) and a significantly high
value (19.20%), both contradicting the expected trend in torque loss after the vibration
test. These tables underscore that thread-rolled screws, irrespective of the implant types
they were paired with, experienced torque losses after being subjected to the vibrational
stress of the test. Values outside the expected range were marked in blue in the table for

clarity.
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Table 4.8. Torque, detorque, and torque loss measurements before and after vibration test
for thread rolled screws paired with machined implants.

Before Vibration Test After Vibration Test 75 Hz /24 H Total
Sample | Implant
No Type Torque | Detorque | Torque | Retorque | Detorque | Torque Torque
(Ncm) (Ncm) Loss (%) (Ncm) (Ncm) Loss (%) | Loss (%)
1 M 99.9 72.3 27.63 100.1 70.1 29.97 2.34
2 M 100 83.4 16.60 100 76.2 23.80 7.20
3 M 101.2 81.1 19.86 100.2 74.1 26.05 6.19
4 M 99.2 77.2 22.18 98 77.3 21.12 -1.05
5 M 99.9 79.9 20.02 101 76 24.75 4.73
Average - - - - - - - 5.12%

Table 4.9. Torque, detorque, and torque loss measurements before and after vibration test

for thread rolled screws paired with thread-rolled implants.

Before Vibration Test After Vibration Test 75 Hz /24 H Total
Sample | Implant
No Type Torque | Detorque | Torque | Retorque | Detorque | Torque Torque
(Nem) | (Nem) | Loss (%) | (Ncm) (Nem) | Loss (%) | Loss (%)
1 TR 100 85.7 14.30 100.9 67.1 33.50 19.20
2 TR 101.2 77.6 23.32 100.4 77.8 22.51 -0.81
3 TR 100 84.6 15.40 100.7 81.7 18.87 3.47
4 TR 100.3 81.6 18.64 102.9 77.6 24.59 5.94
5 TR 100.7 77.3 23.24 100.8 73.8 26.79 3.55
Average - - - - - - - 4.32%
3. Die Screws

Table 4.10 delineates the torque, detorque, and torque loss measurements for die screws
paired with machined implants before and after the vibration test. The die screws
indicated an average total torque loss of 7.53%, following the exclusion of a negative
value (-2.61%), which contradicted the expected increase in the total torque loss. This

value was marked in blue in the table for clarity.

Similarly, Table 4.11 outlines the measurements for die screws coupled with thread-rolled
implants. The average total torque loss in this case was calculated to be 6.27%, with a
significantly high value (21.36%) and a negative value (-3.58%) being excluded from the
computation. These values, which deviated from the anticipated trend of the total torque
loss, were highlighted in blue in the table. These results collectively highlight that die
screws, regardless of the type of implants they were paired with, demonstrated torque

losses post-vibration testing.
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Table 4.10. Torque, detorque, and torque loss measurements before and after vibration
test for die screws paired with machined implants.

Before Vibration Test After Vibration Test 75 Hz /24 H Total
Sample | Implant
No Type Torque | Detorque | Torque | Retorque | Detorque | Torque Torque
(Ncm) (Ncm) Loss (%) | (Ncm) (Necm) | Loss (%) | Loss (%)
1 M 101.2 72.2 28.66 100.2 74.1 26.05 -2.61
2 M 100.3 73.3 26.92 100.6 70.4 30.02 3.10
3 M 102.4 70.2 31.45 100.5 60.2 40.10 8.65
4 M 100.2 80.8 19.36 100 68.6 31.40 12.04
5 M 102.3 71.7 24.05 98.4 68.5 30.39 6.34
Average - - - - - - - 7.53%

Table 4.11. Torque, detorque, and torque loss measurements before and after vibration
test for die screws paired with thread-rolled implants.

Before Vibration Test After Vibration Test 75 Hz /24 H Total
Sample | Implant
No Type Torque | Detorque | Torque | Retorque | Detorque | Torque Torque
(Nem) | (Nem) | Loss (%) | (Ncm) (Nem) | Loss (%) | Loss (%)
1 TR 99.5 70.5 29.15 97.8 72.8 25.56 -3.58
2 TR 100.8 83.1 17.56 101.1 775 23.34 5.78
3 TR 101 81.1 19.70 101.6 78.3 22.93 3.23
4 TR 100.6 83.1 17.40 101.4 62.1 38.76 21.36
5 TR 103.3 90.5 12.39 101 78.6 22.18 9.79
Average - - - - - - - 6.27%

4.1.2.3. SEM Analysis Results

Figures 4.9-4.14 display the surfaces of six screw samples: two machined screws (M1
and M2), two thread rolled screws (TR1 and TR2), and two die screws (D1 and D2),
respectively. Detailed SEM images revealed distinct differences in surface roughness
among these types. For example, machined screws exhibited lower surface roughness
compared to thread-rolled and die screws. In contrast, die screws demonstrated higher

surface roughness, a finding consistent with the profilograms obtained (Figures 4.3-4.8).
4.1.2.4. Statistical Analysis Results

The one-way ANOVA and independent samples t-test revealed a significant influence of
the abutment screw type on the total torque loss (P<.05). Moreover, the implant type had
a significant effect on the torque loss values before and after the vibration test (P<.05);

however, it had not significantly affected the total torque loss (P>.05) (Table 4.12).
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Table 4.12. Torque loss comparisons using one-way ANOVA and independent samples
T-test P values (significance level at P<.05).

Torque loss before the  Torque loss after the  Total torque

vibration test vibration test loss
Abutment Screw Type 524 .045 .025
Implant Type .007 .004 418

1. Machined screws
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Figure 4.9. SEM images of machined screw sample M1 at different amplifications
(X25, X200, and X1000).
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Figure 4.10. SEM images of machined screw sample M2 at different amplifications
(X10, X25, X100, X200, and X1000).
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2. Thread rolling screws

Figure 4.11. SEM images of two different regions of thread rolled screw sample TR1 at
different amplifications (X25, X100, X200, and X1000).
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Figure 4.12. SEM images of thread rolled screw sample TR2 at different amplifications
(X10, X25, X100, X200, and X1000).
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3. Die screws
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Figure 4.13. SEM images of two different regions of die screw ample D1 at different
amplifications (X25, X100, X200, X1000, and X5000).
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Figure 4.14. SEM images of die screw sample D2 at different amplifications (X10, X25,
X100, X200, X1000, and X5000).
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4.2. Discussions
4.2.1. Computational Study Discussion

The Kruskal-Wallis analysis test partially supported rejection of the null hypothesis. The
abutment implant angle (0) significantly affected implant stress, total deformation, and
natural frequency (P<.001), while no significant impact was detected on abutment screw
stress (P=.799) or abutment stress (P=.852). Additionally, the abutment screw head
diameter (D) significantly influenced abutment screw stress (P=.010) and abutment stress
(P=.002) but had no significant effect on implant stress (P=.952), total deformation
(P=.336), or natural frequency (P=.276). Lastly, the findings indicated that abutment
screw length (L) had no significant effect on any of the measured variables (P>.05).
Furthermore, the Dunn test results in Table 4.3, which provide pairwise comparisons,
further supported the partial rejection of the null hypothesis for specific groups and

variables.

The purpose of this study was to evaluate and compare the mechanical effects of the
internal contact surfaces of a simple multi-part dental implant system on screw loosening
by comparing the maximum von Mises equivalent stress of the dental implant
components, the maximum total deformation and the natural frequencies for all models.
The factors selected in this investigation were the abutment implant angle (6), the

abutment screw head diameter (D), and the abutment screw length (L).

Neither experimental methods nor clinical observations can contribute to identifying the
detailed mechanical responses and interactions associated with the structure design
parameter variations (Jeng et al., 2020), such as the abutment implant angle, abutment
screw head diameter, and abutment screw length examined in this study. To comprehend
the biomechanical effect of abutment implant angle with a multi-part internal connection
implant, abutment screw head diameter, and abutment screw length on the screw joint
stability, a FEA with sensible boundary conditions and internal contact surfaces that

simulate real conditions within the implant system was used.

Optimum preload force should generate stresses in the range of 60% and 75% of the yield
strength of the abutment screw material (Guda et al., 2008). These stresses can be

controlled by either increasing the coefficient of friction or decreasing the tightening
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torque to keep the stresses within the optimal range, which in this study should be between
516 MPa and 645 MPa. As shown in the results section, the maximum von Mises stress
in all implant components was mostly below the yield strength of the implant material,
except for implant stress in some models which exceeded the yield strength of the implant
material when the abutment implant angle was 45 degrees, causing plastic deformation.
The abutment screw stress in all models exceeded the range of stress caused by optimum
preload; however, the stresses were still below the yield strength. However, whether the
preload was optimum or not, was not important in this study because the aim was to
evaluate and compare between models numerically based on the existing results. In
addition, the stress distributed within the implant components must be as convenient as
possible because excess stress may result in poor stability between implant components,

leading to loosening the screw.

In relation to the findings of this research, the natural frequency of the model decreased
significantly as the abutment implant angle increased (Figure 4.2A), indicating a decrease
in the stability of implant components based on the assumption that higher natural
frequencies would correlate with greater stability. This assumption stems from the
understanding that when a model is at resonance, it exhibits maximum displacement,
implying that models with higher natural frequencies are more stable. The decrease in
stability could be attributed to the reduced contact surface area between the abutment and
the implant as the abutment implant angle decreased. Additionally, it was assumed that
as the stability of a model decreases, the likelihood of screw loosening increases, leading

to the interchangeability of model stability and screw loosening.

Modal analysis results include six types of vibrational modes in the FE model under free
vibrations. These modes represent the normal modes of vibration for the model:
asymmetric, symmetric, wagging, twisting, scissoring, and rocking. The main effect of
the natural frequencies of the other five modes was inversely proportional to the increase
in the abutment implant angle and directly proportional to the increase in the abutment
screw head diameter, as in mode 1. Therefore, the natural frequencies in all models were

presented and compared by using the first mode only to avoid excessive results and plots.

The abutment screw length had no clear effect on the loosening of the abutment screw,
consistent with other studies (Yeo et al., 2014; Lee & Cha, 2018), but not with a study
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(Kanneganti et al., 2018) that recommended a long screw with more threads to increase
screw retention. The only difference between the models used was the design, while the
material properties, load and boundary conditions, and contact definitions were the same.
Table 4.1 shows that the difference in obtained stress values between the different screw
lengths was small and not statistically significant, indicating that screw length has
minimal effect on von Mises stress. Figure 4.15 demonstrates that the intersection point
between screw thread and thread slot varied when the abutment implant angle was
changed. This intersection point is crucial because the maximum stress of the abutment
screw is located in this region, as shown in Figure 4.2C. Overall, the absence of this
relationship can be attributed to the location of the intersection point between the screw
thread and the thread slot.
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Figure 4.15. Variation in intersection point between screw thread and screw slot at
different abutment implant angles. A, 30 degrees. B, 45 degrees. C, 60 degrees.

Although the statistical analyses did not reveal a significant effect of the abutment screw
head diameter on implant stress or the natural frequency of the models, the main effect
suggests a potential relationship. When the diameter changed from 2.65 to 2.75 mm, there
was an observed increase in stress and the natural frequency. Moreover, this trend
continued to increase when the diameter increased further to 2.85 mm (Fig. 4.2B). These

findings, while not statistically significant in our study, suggest that the abutment screw
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head diameter might influence these parameters. This provides a potential direction for
future research, which could further investigate this trend using larger sample sizes or

different methodologies.

Limitations of this study included simplifications such as modeling the implant without
external threads and not considering the simulation of cortical and cancellous bones
around the implant in the FE model. However, these simplifications should not impact
the comparative results of the investigated parameters. It was assumed that the implant’s
external threads had no effect on screw loosening, and, while bone may absorb stresses
transferred from the implant, affecting the stress values of dental implant components,
this aspect was not within the scope of this study. Despite these simplifications, the
abutment screw was modeled to accurately represent its real-life counterpart. Therefore,
the virtual representation of the abutment screw used in the study considered the physical
properties (elastic modulus, yield strength, and Poisson ratio) and geometries (shape, size,
and dimensions) of the screw’s threads, allowing for a more realistic simulation of the
behavior and performance of the actual abutment screw. Further research might be
required to fully understand the role of the abutment screw length in the mechanical

stability of dental implants.
4.2.2. Experimental Study Discussion

The statistical analysis results partially reject the research hypothesis. The abutment
screw type had a significant effect on the measured values of the torque loss after the
vibration test (P=.045) and the total torque loss (P=.025). The torque loss before the
vibration test, however, had not exhibited significant differences across various abutment
screw types (P>.05). This highlights the sensitivity of certain abutment screw types to
vibration-induced changes, emphasizing the importance of the vibration test in revealing
these distinctions. Moreover, modifying the internal threading process of the implant had

a significant effect on the torque loss values before and after the vibration test (P<.05).

The inconsistencies in the thread characteristics of die screws (as presented in Table 4.4)
can be traced back to the manual manufacturing process of these screws. This process
often lacks precision due to factors such as human error, wear and tear of the die tool, and

variability in applied pressure. As for the differences between the 3 manufacturing
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methods detailed in Table 4.4, while the thread angle should be consistent at 60 degrees
across all screws, minor discrepancies were observed in all methods (machining, thread
rolling, and die). The variation in angle measurements can be attributed to defects caused
by surface roughness on the thread’s side surfaces, which interfere with accurate angle
assessment. This surface roughness complication can result in errors when drawing the
line for angle measurement, as illustrated in Figures 4.3-4.8. Consequently, it would be a
misrepresentation to suggest that the thread angle varies based on the production method.
(Armentia et al., 2021) observed variations in the thread angle between machined and
thread rolled prosthetic screws. These discrepancies mirror the ones we encountered in

our analysis.

The surface roughness parameters presented in Table 4.5 suggest that the machined
screws might have a rougher surface compared to the other samples, due to their higher
surface parameters. The discrepancies observed between the surface roughness
parameters (Ra, Rq, and Rz) and the findings from the profilograms can be attributed to
the numerous surface irregularities and micro-imperfections identified on the rounded
crest of the machined screws, as shown in marked areas in Figure 4.16M2. These
irregularities, which appear as sharp edges and varying-sized protrusions termed as burrs,
are likely responsible for the high surface roughness parameters. Such imperfections

could also impact the functional behavior of the screws.

In fact, these parameters are typically derived from measurements along a single line
(path) across the surface. While this approach is practical due to measurement equipment
constraints, it may not fully capture the 3-dimensional complexities of the surface texture.
This can lead to potential overlooking of features not intersected by the line or an inability
to measure features oriented parallel to the line. This limitation could lead to potential
inaccuracies, depending on how representative the selected line is of the entire surface.
Thus, while these parameters offer valuable insights into aspects of surface roughness,
they should be interpreted with care. For a more thorough understanding of the surface
texture, scanning electron microscopy (SEM) imaging was utilized. The SEM analysis
afforded a more accurate understanding of the surface roughness at a micro level that
cannot be obtained with the contour measuring device. Insights into surface irregularities,
imperfections, and the overall micro-texture, which might impact the performance of the

screw, particularly in relation to potential loosening, were revealed through this process
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(Figure 4.17). Similarly, the findings of (Armentia et al., 2021) revealed that surface
roughness parameters for machined screws were consistently higher than those for thread
rolled screws, although the SEM images in their study portrayed a contrasting scenario.
The machined screws appeared to exhibit a lower surface roughness under SEM

examination, a result that aligns seamlessly with the observations of this study.

Figure 4.16. Surface irregularities and micro-imperfections on the rounded crest of screw
M1, Machined screw. TR1, Thread-rolled screw. D1, Die screw.
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Figure 4.17. SEM images revealing different surface irregularities on screw surface. M1,
Machined screw. TR1, Thread-rolled screw. D1, Die screw.

From Tables 4.6 and 4.7, it can be observed that the machined screws, regardless of

whether they were paired with machined or thread-rolled implants, exhibited torque
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losses both before and after the vibration test. However, the average total torque loss was
somewhat higher for machined screws paired with machined implants (3.51%) compared
to those paired with thread-rolled implants (2.42%). The total torque loss is a significant
measure of screw loosening; therefore, based on these observations, it can be inferred that
the pairing of machined screws with machined implants may result in a higher propensity
for screw loosening compared to the pairing of machined screws with thread-rolled

implants.

Similarly, based on the results presented in Tables 4.10 and 4.11, die screws paired with
machined implants exhibited a higher average total torque loss of 7.53% compared to
those paired with thread-rolled implants which had an average total torque loss of 6.27%.
This suggests a higher propensity for screw loosening in the die screws when paired with
machined implants. These findings corroborate earlier observations that machined screws
paired with machined implants were also prone to a higher degree of screw loosening

compared to when paired with thread-rolled implants.

When calculating these average values, any extremely high or negative total torque loss
(%) values were excluded. The decision to exclude certain outlier values from the average
total torque loss calculations was made based on their significant deviation from the
expected trend, ensuring a fair comparison and to eliminate any potential deviation in the
data. These values might result from experimental errors or unique circumstances that

require further investigation.
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5. CONCLUSIONS AND RECOMMENDATIONS
5.1. Conclusions

Based on the findings derived from this combined 3D Finite Element Analysis (FEA) and

experimental study, the following conclusions were drawn:

1. The abutment implant angle and the abutment screw head diameter significantly
affected the stresses of dental implant components, total deformation, and natural
frequency of dental implants. This, in turn, may influence the mechanical stability of
the screw joint and the likelihood of screw loosening in dental implants.

2. The abutment screw length had no significant effect on the dependent variables
studied.

3. Upon analyzing the results from surface roughness measurements, torque and
vibration tests, and SEM imaging, it was evident that each manufacturing method
used in this study produces a unique surface roughness. This variation in surface
roughness correspondingly influences the degree of screw loosening. Therefore, a
significant correlation can be concluded between screw loosening and screw surface
roughness.

4. The machined screws demonstrated less loosening compared to both thread-rolled
screws and die screws. This might be attributed to the lower surface roughness of
machined screws compared to the other types.

5. The type of screw (machined, thread-rolled, and die) significantly affected the total
torque loss (P<.05). In addition, the type of implant (whether machined or thread-
rolled) had a significant effect on the torque loss values before and after the vibration
test (P<.05).

5.2. Recommendations

1. Further research might be required to fully understand the role of the abutment screw
length in the mechanical stability of dental implants.

2. While this study mainly focused on the impact of surface roughness on screw
loosening, it is recommended to conduct further research into other factors that might

contribute to screw loosening, such as the impact of material properties, the design of
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the implant or screw, and the influence of biological factors.

. This study found that different manufacturing methods resulted in different levels of
surface roughness, which subsequently influenced screw loosening. It is
recommended to explore additional manufacturing processes and their effect on
surface roughness and screw loosening.

. The screws used in this study were of metric 4 size, which differs from the sizes
typically used in dental implants. Nevertheless, the findings on the correlation
between manufacturing process, surface roughness, and screw loosening are
fundamentally valuable. To make these findings directly applicable to clinical
practice, similar studies should be performed using screws of sizes typically used in
dental implants. Therefore, it is recommended to replicate these experiments using a
range of screw sizes that are commonly used in dental implants to validate and expand
the applicability of the findings of this study.

. The influence of various coating and surface treatment processes on surface roughness
and screw loosening can be investigated. This might offer potential solutions to reduce

screw loosening by modifying surface characteristics.
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Figure A.1. Surface roughness parameters of machined screw sample 1 (M1).
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Figure A.2. Surface roughness parameters of machined screw sample 2 (M2).
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Figure A.3. Surface roughness parameters of die screw sample 1 (D1).
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Figure A.4. Surface roughness parameters of die screw sample 2 (D2).
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Figure A.5. Surface roughness parameters of thread-rolled screw sample 1 (TR1).
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Figure A.6. Surface roughness parameters of thread-rolled screw sample 2 (TR2).
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